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ABSTRACT

This thesis describes the analysis and design of a micro squeeze flow rheometer.

The need to analyse the rheology of complex liquids occurs regulargustry and during
research. However, frequently the amount of fluid available is too smedluyding the use of
conventional rheometers. Conventional rheometers also tend to havesddgadiage of
being too massive, preventing them from operating effectively at higjudreies. The
investigation carried out in this thesis has revealed that currendbrir@ometry techniques

also have their own disadvantages.

The proposed design is a stand-alone device capable of measuriygdh@adproperties of
nanolitre volumes of viscoelastic fluid at frequencies up to the idtige, an order of

magnitude greater than conventional rheometers.

The device uses a single piezoelectric component to bothteetod sense its own position.
Thorough analytical analysis of the microrheometer has been camiedlhe capillary
effects, including contact angle hysteresis, and viscoelasticityiategbevith the liquid has
been combined with the dynamics and electrical response of the reeodtself to form a

complete and consistent model.

The validity of the model has been proven through fabrication and testing dfeometer.
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1 INTRODUCTION

In this thesis, the development and the theoretical analysis miceorheometer is
described. This chapter examines what rheometry is and why a maretes is
required, as well as discussing why existing technologies do not satisfy the need
Following this, the theory behind the proposed method of analysis willscasgd This
analysis will provide the required specification and the basic principlead#te design.

Finally, the thesis structure is outlined.

1.1 The Need for Microrheology

Microrheology is rheology on the micron scale. In order to ascereiy a
microrheometer is required it is necessary to first understand what meslagd why
conventional methods of studying rheology are not sufficient. Thetfal® in
conventional rheometry will then be used to derive a specificaticihnéomicrorheometer

ard sojustify the project.

Rheology is the study of the viscoelasticity of materials. Viscoeitysiticthe property of
materials that exhibit both viscous and elastic characteristics when aimderg
deformation. Neglecting inertial effects, Newtonrscous materials, like honey, resist
shear flow and strain linearly with time when a stress is applied. Tioeofastress to
strain rate is called viscosity and is a measure of the ‘slipperiness’ of a fluid. Alternatively,
Hookean elastic materials strain instantaneously when deformed aad mstkly return
to their original state once the stress is removed. If the mates#leiched, then the ratio
of stress to strain is known as the Young’s modulus. If the material is sheared then the
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ratio is known as the shear modulus. Viscoelastic materialsd@leviscous and elastic

elements and, as such, exhibit time-dependent strain [1].

Therefore it is clear that as most materials have a complestige and can be described
as viscoelastic, rheology is an important subject. Specifically, rheatogsnds the
classical disciplines of elasticity and Newtonian fluid mechanics whicbcreerned only
with materials that can be completely described by its elastic maduliiscosity
respectively to materials which cannot be described thus. These gamggierials can be
defined in terms of how they store and dissipate energy. In this thesis we will leenszhc
with materials that can be described in terms of their storage modulus (G’ — a measure of
how thematerial stores elastic energy) and their loss modulus (G” — a measure of how the
material dissipates energy). These properties are not constantthdik Newtonian or

Hookean counterparts and will be shown later to be frequency dependent.

Microrheology extends the field further still by considering the measnewf these
storage and loss moduli for very small volumes of material. Thosvalfor the study of
phenomeonn that occurs at the micrometre or sub-micrometre levehiiz] at very small

time scales. Historically there has been a distinct biological bihe ifield, since cells are

of the micrometre scale, providing a strong impetus to drive g&areh [3]. The theory of
microrheology has been widely extended to include the field of compledsflin
particular fluids such as polymer melts, colloidal suspensions and other biological

materials which also demonstrate viscoelastic behaviour.
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The industrial applications of complex fluids are vast. For exanipdels are complex
structural materials and may consist of mixtures of solid and ¢lmdponents. Therefore
rheology has many applications in the fields of food acceptability] fiocessing and
food handling [4, 5]. Also the rheological properties of cosmeticstatieir spreadability
and consistency and in turn the sensation their application causes [6]héidlegical
properties of a material also affects the acceptability of pbas the performance of a
drug delivery system and how a fruit cake changes as it undergdéplanphase
transitions during cooking [7]. Therefore there are a wide rangelds$ fileat will benefit

from the current research.

Microfluidics, which is primarily concerned with the flow of ridlely simple fluids, and
considers such phenomena as those involved in ink jet primtilcgpelectrophoresis on a
chip and microvalves, is closely connected to the field of nheaobgy [8]. The change
of emphasis, which separates the two fields, is the inclusion of \astiocekffects in
microrheology. The overlap is thus quite strong and the fluid mechahimaterials in

confined geometries is a common area to the two research fields.

To analyse the rheological properties of a material, conventalrheometers such as
cone and plate rheometers etc. are widely used [9]. However, bezsraters due to their
size are only able to measure the macroscopic propertiesiag #ad so can only give
limited information about a material, restricting their usefulness. Tisenally require a

relatively large volume of fluid to be able to perform the anslgad so are of limited use

in fields (such as the analysis of biological fluids in medicine, optb#typing of new
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compounds in the pharmaceutical industry) where the amount of fluid agailabl

analysis is small.

The inertia of such rheometers precludes the probing of compleds flat high
frequencies. High frequency rheometry, which is possible with a rheometer, is useful
in measuring the properties of materials at very high veloatesprovides details about
very short time scale relaxation processes within the molestrlacture of the material.
This allows for the measurement of the suspension stability in colloidal suspeasid
the chain stiffness and molecular architecture in polymers etg. Th® information is
very useful in many applications such as paint and drug synthesis and tbatilrof

high speed components. This thesis will therefore focus upon microrheometry.

1.2 Project Goal

It was shown in the last section that rheology is an extensive subject with dhingea
implications. It was also shown that industry, especially companies involvedeigrcks
and development in chemicals such as Unilever and ICI, require high throudhegbut,
frequency characterisation of small volumes of complex liquids. How#wsas also
shown that the capabilities of conventional rheometers are limited, incesbg their
sheer size. The goal of this work is therefore to developceorheometer. The device has
to facilitate the analysis of small (nanolitre) volumes of a wadee of different types of
fluid and soft materials but specifically materials that caddseribed as viscoelastic. The

rheometer has to be small enough so that it is sensitive to such smalegadf liquid and
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to have low enough inertia as to allow operation at high frequenciegyigater than

100Hz).

Given this specification it is now necessary to ascertain what sdneometry will give
the most useful results when scaled down to the micron scale. To athgeed current
methods and technologies used in rheometry will be reviewed. This revilewovear both
conventional rheometry and more modern micro-scale methods andhighlight the
issues associated with these methods and show why the method chosen istthe mos

beneficial.

1.3 Review of Conventional Rheometric  Experimental
Techniques

While it has been stated that conventional rheometers have limifgbiliées and
usefulness, much of the theory and data used in microrheology has itsirbasis
conventional rheometry. Therefore, in order to better undersiameint technology and

theory, traditional techniques will be briefly discussed.

1.3.1 Origins of Rheology

When discussing the development of technology, it is often benefwigbut the
advancements in context. For this reason the chronological developmdraotdgy is
given first. Then the various technologies and methods available foreromal

rheometry will be discussed.

Page 5



Rheology is one of the few disciplines whose origins can be preciaedtrWhile being
formally born in 1929, the theory of rheology is based on thedatsg back centuries as

this short chronology shows:

1678 Robert Hookeconsidered elastic behaviour and proposed that ‘the power of any

spring is in the same proportievrith the tension thereof”.

1687 Isaac Newton observed that in liquids ‘the resistance which arises from the lack of
slipperiness originating in a fluid other things being equal is proportional to the

velocity by which parts of the fluid are being separated from each’ other

1845 Navier-Stokes equations developed enabling the complete mathematical

characterisation of Newtonian liquids.

1867 Maxwell postulated his famous first-order empirical differdrdguation relating the
shear stress to the deformation and the accompanying simple exponesggateiaxation

(the Maxwell model).

1878 Boltzmann arrived at his ‘principle of superposition’: ‘the value of a characteristic
function of a system is equal to the sum of all changes induced in the systieendoiving
functions which have been applied to it throughout its history’. Thus an integral

generalisation of linear viscoelasticity was created.

1888 Thomson introduces the concept of a distribution of relaxatiosstitmus extending

the Maxwell model.
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1890 Schwedoff’s experimental work on colloidal gelatine solutions using a Couette
device (see sliding plate rheometry below) was one of theréisstits on non-Newtonian

systems.

1902 Poynting and Thomson introduce the walbwn ‘spring-anddashpot’ analogy for

the Maxwell model.

1922 Bingham proposed a ‘yield stress’ to describe the flow of paints to explain the

apparent plasticity of certain fluids.

1929 (April 29" to be exact): The study of rheology was created as a spsaiditce by a

committee chaired by Eugene Bingham.
19500Idroyd formalised the basic requirements for the mathematical models lafgheo
1956 The network theory for rubber-like fluids was developed by Lodge.

1978 The Doi-Edwards model extends the reptation theory to explain ffhetse of

entanglements in polymer melts.

1.3.2 Conventional Rheometry

Now it is known how recently rheology has come into existence and haklytine
theory has developed, it is a good juncture to see what conventi@thbde and

technologies are used to perform rheometry and to see where development is required.
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1.3.2.1 Sliding Plate Rheometry

Sliding plate rheometry is the simplest form of shear rheomitye a fluid is contained
between two flat platens which are moved laterally to each othertaming a constant
gap and parallelism between the platens (see Fig. 1.1) [13]. In this whgaa flow
(Couette flow- see Fig. 1.1) is generated within the fluid. The advantage of this msthod
that it is not subject to the flow instabilities caused by turbuléhat limit the use of
rotational rheometers to shear rates often beloWw [14]. Issues of secondary flow
(deviations in flow away from Couette flow) and slip (where fluid abléd-fluid interface
moves at a different velocity to the solid) must be addressed tio obliable data using a

sliding plate rheometer [15].

Moving Plate
—>
. Direction of
Velocity Motion
Gradient
Fluid
Fixed Plate

Fig. 1.1: A schematic of sliding plate rheometry. The velocity gradient caused by the
shear flow is known as Couette flow.

Despite its apparent simplicity, this is not a common method of rheprReactical issues
often arise as difficulties in maintaining a constant gap fstrivial [16]. Nevertheless a
number of fluids have been tested with reasonable accuracy [16, 17]. étostear flow
is a convenient configuration that allows for accurate analysis hence its frequoeissain
in rheology. In microrheology, instead of sliding-plate rheology, squidazerheology is
occasionally employed to induce shear flow. Squeeze flow will be desamilbgtllater in

this chapter.

Page 8



1.3.2.2 Cone and Plate

In cone and plate rheometry, the liquid is placed on horizgrtae and a shallow
truncated cone placed into it (see Fig. 1.2). Instead of a cone, tweepplatis could be
used however the cone ensures the flow is homogenous and has a constaatesHidaz r
angle between the surface of the cone and the plate is of theobrdelegree. Typically
the cone is rotated (either with angular velocity Q, or to an anguladisplacement ¢ and
held) and the force, F, and the torque, M, on the plate measure&igsée?) [11]. In a
stress-controlled cone and plate rheometer, a constant torque is applied to tekadtigé
the cone, and the rotation of the cone that results is measured wijtlicah encoder [12].
In either case the velocity field in the liquid is expected tadeeatical on a local level to

rectilinear simple shear (Couette) flow (described above).

w LM
vF

Fig. 1.2: A schematic of cone and plate rheometry.

A well-known version of this instrument is the Weissenberg Rheogoteonie which the
movement of the cone is resisted by a thin piece of metalhwiwists—known as a
torsion bar. The known response of the torsion bar and the degree djiweishe shear
stress, while the rotational speed and cone dimensions give the shelar peteiple the
Weissenberg Rheogoniometer is an absolute method of measurement gratvigin

accurately set up. Other instruments operating on this principlebe easier to use but
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require calibration with a known fluid. Cone and plate rheometeralsarnrotate the cone

sinusoidally to measure elastic properties, or in combined rotational and sinusodzes.

1.3.2.3 Rotational Coaxial Cylinder

In a coaxial-cylinder system, the liquid is placed within the annulumefcylinder inside
another (see Fig. 1.3). The inner cylinder is often referred to als, aha the external one
as a cup. One of the cylinders is rotated at a set speed. This determines the sheaterate i
the annulus. The liquid tends to drag the other cylinder round, and the tfesats on
that cylinder (torque) is measured. The shear stress is calculateth&dorque and the
geometrical dimensions [18]. This design is supposed to create the sasiedlows
described above as the cylinders can emulate infinite flatsphating relative to each
other. The curvature inherent in these devices gives rise to incrdesgdn the wall
region [19] but generally it is assumed that if the cylinders have ladji compared to
the fluid thickness, where the outer cylinder has only a slighthetaradius, then this

effect can be neglected locally.

Fllmd w__ Q0
Bob
Cup

Fig. 1.3: A schematic of coaxial cylinder rheometry.
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1.3.2.4 Capillary Tube Rheometer

In capillary tube rheometers, a fluid is forced to flow throughia cylindrical tube by
means of a pressure difference across the two ends of the rhef@@et€he premise is if
the tube is long enough to negate entrant effects (instabilities dcdnysehange in
geometry of the tube at the entrance) and the flow velocity is longantie flow will be
laminar and steady in the sense that it will have a constant vetlisitipution over the
cross-section of the tube, independent of the distance along the tube ThA#] fluid
properties are then calculated by measuring the flow rate duee tpréssure difference

from elementary pipe flow theory [22].

Capillary tubes are used for a number of reasons. The main redisantre flow induced
during an experiment emulates those found in typical polymer processihgds such as
die-drawing, extrusion and injection moulding [23]. They can alsolaewrganic
systems such as blood vessels [24] and nano-tubes [25] and other pro@é$ses |

Additionally capillary tube rheometry is easy to set up and interpret.

However, a number of issues exist in capillary tube rheometry. Ceyfaars of fluid
cannot be tested because of problems with obliteration, in thafluide structure is
destroyed changing its properties. This is especially true of wated-bgdeaulic fluids of

the emulsion type [20]. In addition, some of these fluids can contain solidntioants
making it nearly impossible to clean the system. Also the elemyehiory only applies if

the assumptions is based on hold true. The main assumption that needs correcting for is
the no-slip condition where it is assumed that the fluid has zero welwext to the solid
boundary [24, 26]. Other effects such as elastic effects, colloidal suspensida eftec
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have to be corrected for [22]. It is for these reasons that farelcommonly tested in

rheometers with moving boundaries.

1.3.2.5 Acoustic Rheometer

The acoustic rheometer employs a piezo-electric crystalahaches waves of extensions
and contractions into the fluid. In this way it applies an oscillaértgnsional stress
Acoustic rheometers measure the speed of the sound wave and the attenbiatio
ultrasound waves up to 2MHz. The speed of sound is a measure of thelsatiasticity
and density and can also be used to calculate théesodhpressibility. The attenuation of
the wave is a measure of the viscous properties of the materiaé tase of Newtonian
liquids, attenuation yields information on the volume viscosity, which is wsdyul when
fluid compressibility is significant [27]. Also, this method can produgaiicant heating

effects on the liquits properties due to internal friction.

1.3.3 Summary of Conventional Techniques

While conventional rheometry has been proven very useful for abasang fluids they
do have limitations. In the techniques above, the rheometers used ardlygErgeand
heavy. This means that they require relatively large volume sampliegiid in order to
produce meaningful results. It also means that their inherent inaedients them
operating at high frequencies. This suggests that methods whicle @ihaller scale
technologies will be beneficial. It is for these reasons that microrheptaehniques need

to be investigated.
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1.4 Review of Microrheometric Experimental Techniques

As was stated previously, microrheology can provide a number of adeantddowever
several techniques already exist and so it is necessary to sedeshymethods are not
satisfactory and why further development is required. At the emiisofection it should

be apparent what the basic premise behind the proposed microrheometer must be.

Microrheology is the study of the viscoelasticity in soft malkeia the micrometre or sub-
micrometre level. Microrheology has long been identified with #solution limit of an
optical microscope operating at its largest degree of rfiegtion, ~ 0.5um, and optical
techniques continue to dominate the field. However, the area is rapidigiag and
advancing with a series of technical and theoretical barriers beimgoawe. Within this

enlargement there has been the creation of new sub-fields which are didmlese

1.4.1 Origins of Microrheology

Microrheology has been around for a long time but its development hasemt steady
progression. However as analytical technology has increased giving uslittyet@probe

further into complex fluids, and as the need for more highly specdigireaments in the
fluids has increased, the development of microrheology has become amdrenore
intense. To give context to the following discussions in the types of nnemlmgy, here is

a simple chronology of the development of microrheology:

1827Robert Brown observed that pollen grains moved incessantly on the surfaateo

and posed the question: what is the origin of the force driving this motion?
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1879 Hannay publishedhe paper entitles ‘On the Microrheometer’. It is the first
indication of a technique that can be used to probe the natureds diaithe microscale.
He noticed that Poiseiulle’s theory on the rate of flow through a tube didn’t work for very
small diameter tubes and discussed the possibility of the effect of a fluid’s structure on its

properties.

1905 Albert Einsteintheoretically analysed Robert Brown’s problem and established the
molecular nature of matter by explaining Brown’s results in terms of a statistical analysis

of the collisions of pollen with the surrounding solvent molecules.

1924 Seifriz sugge®td that an active magnetic microrheometer may be able to mat@pula

micrometre-sized ferromagnetic particles and be used to measure the gsagditjuids.

19250seen wor&d on anisotropic liquid crystalline polymers.

1934 Kuhn developed the first molecular model characterising the configaratf

polymer molecules using a random coil model.

1944Treloar performadfirst biaxial and planar extension experiments.

1948 Jean Baptiste Perrin painstakingly demonstrated quiéawtitaEinstein’s theory by
showing the mean-squadésplacement of 0.37 um gutta-percha particles in water are
directly proportional to time with a constant of proportionalityt thescribes the frictional

dissipation of the particles.

1950Crick and Hughes created active magnetic rheometer.

1986 Ashkin developd optical tweezers and used them to manipulate a sphere submerged

in a fluid and uses the response to characterise the fluid.

1986 AFM invented.
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1993Weitz extendd dynamic light scattering to create diffusing wave spectroscopy.

1997 Mason uses particle tracking video-microrheology for the firseé tior rheological

purposes.

This chronology shows that there are a plethora of different approtwhasasuring
material properties at the micron scale. These methods cgroiyeed into three types.
These include interfacial microrheometers, which concentrate dhuithesurface, passive
microrheometers, which tend to use optical methods and active mimnoetexs which
manipulate the fluid sample directly. These methods will be discusgachiin order to

see where the new design can offer a better solution.

1.4.2 Interfacial Microrheometry

Interfacial rheology is the field of science that studies the respainBeid surfaces to
deformation [28]. It is used to measure the properties of fluid just next to angetéstach

as local viscosity- the viscosity next to an interface is different due to absorption and
other surface effects). Traditionally, free fluid surfaces were comrsidaurely to specify

an appropriate boundary condition for bulk fluid flow problems [29]sTikibecause a
precise knowledge of the normal stress boundary condition is often unngdéessabasic
understanding of the bulk-fluid motion. Hence, if the fluid surfeeeelume ratio, or
specific surface, is small for the particular system under consatelais is the case for
most microrheological techniques), a rigorous formulation of the normasstoadition at

fluid boundaries is generally unnecessary. Therefore interfaciabrneometry is only
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useful for systems with a high fluid surfatevolume ratio and can be considered an

extreme of microrheology see Fig. 1.4.

Interfacial
Microrheometry:

Conventional
Rheometry:

Microrheometry:

- Large volumes of
liquid

- Slip and surface
tension effects often
negligible.

liquid I - Large surface area
- Slip and surface of liquid
tension effects need ! - Surface tension
effects dominant
and often transient.

I
|
|
- Small volumes of !
|
1
|

to be considered.

<

Low Surfaceto-volume High
ratio

Fig. 1.4: The relationship between the different types of rheometry and the surface-
to-volume ratio.

However in circumstances for which the fluid system under study sseEssen large
specific surface, as occurs in many fluid-fluid colloidal dispersieng. emulsions and
foams), interfacial rheometrical knowledge may prove indispeaskbl understanding
bulk hydrodynamic behaviour, for example in dynamic phase mixing [28rfacial
rheometry seeks, amongst other things, to determine the shape ofnaicdjme fluid
interface, the nature of the interfacial response to deformatad the quantitative

influence that interfacial stress imparts upon hydrodynamic motion in coniguases.

Several different devices have been proposed to measure the riegoegsd to deform
these surfaces including canal devices [30, 31], rotating discs and rirg4][¥dife edge
devices [35,36] and Langmuir troughs [37,38]. Canal devices or deep-clanfeie
viscometers usually consist of two concentric cylinders in a pool of ligpeid Fig. 1.5).
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The dish is rotated with a known angular velocity and the mid-channetsurfation of
the interface within the channel formed by the two cylinders isitored by a small
micron sized particle. This device allows for sensitive measurenaéritse interfacial
shear viscosity but the inclusion of the particle can affectitkerfacial properties,

especially local curvature [30, 31].

i lC_:entre Edge of innef Edge of outer
i Iné cylinder cylinder
i O " ~Particle

i
&ﬁ Rotation channel

Fluid

Dish

Fig. 1.5: A schematic of canal surface rheometers.

In another configuration, discs and rings are floated on the surfa@4]3f2-alternatively
knife edge surface viscometers consist of a knife edge bob suspendedrsional wire
such that the circular knife use touches the interface of a surfactatibrsatontained
within a circular cup (see Fig. 1.6). In all cases, the cup is rotatethandrsional stress

onthe bob is measured to determine the interfacial shear viscosity [35, 36].
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| Disc, ring
or knife

Fluid

Dish

-

Fig. 1.6: A schematic of rotating disc, ring and knife rheometry. In all devices the
dish is rotated and the torque exerted on the floating object is monitored to measure
interfacial viscosity.

In the Langmuir trough method, a surfactant monolayer is spread gas@uid surface
(see Fig. 1.7). A barrier is moved from one side of the trough to tiee, ®weeping the
monolayer to one compartment of the trough leaving a clean sahteriace in the other
compartment. This causes a surface pressure force to act on tlee Waich can be
measured and used to determine a relationship between area peulenalet surface
pressure [37, 38]. These methods are only applicable to very speaifipfoblems. If the

dynamic properties of fluids are required other microrheometry methodddnae used.

Motion of
barrier
</ @ Barrier
Surfactant solution v
Fluid
Trough

Fig. 1.7: A schematic of a Langmuir trough.
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When the fluid surfacés-volume ratio is small for the particular system under
consideration, surface effects tend to become negligible (see Fig. hid)sifuation,
which occurs frequently, means that rheology is specifically concevitedhe structure
and properties of fluids away from the interface need to be dtiliBe this end several

methods have been investigated:

1.4.3 ‘Passive’ Microrheometers

Passive rheometers are frequently used in microrheometry to mehsdrerbperties.

Passive rheometers are those that are concerned with the magparicés or molecules
within the fluid, rather than the motion of the fluid itself. These rheters use optical
methods and use image processing to monitor the fluid (as comparettveorheometers
which use mechanical methods). The advantage of these methodstigetpatturbation

of the fluid is minimised allowing for the accurate analysis of the fluid’s structure.

1.4.3.1 Optical Tweezers

Optical tweezers, also known as optical traps or laser tweezezdivgerdescribed in the
1980s by Ashkin et al. [39]. They permit the non-invasive micromanipuaolafiacnert and
biological objects by means of optical radiation alone [40]. Opticazess use the forces
generated when light interacts with matter to trap objects near the gidiocus of an
objective lens. The premise is that, when photons are absorbed, reflectedabedefly an
object, the momentum they possess is changed i.e. the photon exetts @nfthe object.
Optical tweezers require an intense laser light source, tightly fddsan objective lens

of high numerical aperture. They produce forces in the pico-Newtore rdray are
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sufficient to trap microscopic particles (from whole cells dowpdudicles of a few tens of
nanometres in size) and move them relative to their surroundings (provided the pagticle

a refractive index significantly higher than its surroundings) [40].

More frequently used in biophysics as a means to manipulate oellsrganelles [41]
optical tweezers have played a role in molecular motor mechanustry [42, 43], DNA
transcription [44] and cytoskeletal-membrane interactions [45]. Experihegmpeoaches
based on optical tweezers also offer the ability to probe the seuahd response of
complex fluids at nanomette-micrometre length scales. Optical tweezers are especially
useful for applications in complex flua@s when combined with real-space imaging, such
as video and confocal microscopy [46]. For instance, Chu et midudted single polymer
visualization and manipulation to understand polymer dynamics in dilute aaagbt

solutions of DNA [47-4%

The dynant capabilities of laser tweezers can also be used for microrheological
measurements [46]. Several unique advantages are often cited inchinimal
mechanical perturbation, and a temporal range that spans mamesi¢té to >100s).
Inertial effects, in which the propagation of deformation becomeleoartier of the probe

size, occur at approximately megahertz frequencies, far aboteothanechanical
rheometers [90 However the light beams used are very intense and may heat and damage

the sample and so careful monitoring is required.
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1.4.3.2 Single/dual Particle Techniques

For this technique a micron-sized probe particle is introduced iresidieeologically
complex fluid (like a polymer melt) and its Brownian fluctuati@are noted [51]. The
properties of the fluid are then determined from the measured diffusédficeent using a
generalised Stokes-Einstein relationship. The principal advantages eédhisque are
that it can be used for the detailed study of materials thatotebe produced in bulk
quantities and that it can be used to probe rheologically inhomogeneousaisdft].

This method can also be used to probe soft biomaterials that arditated® be analysed
using conventional rheometry [53, 54]. Typically the position of the pparécles is
measured either by light scattering [53], laser interferometry [Bdlyairect real-space
imaging [55]. The exact physics of this method is contentious asiegres have shown
that discrepancies exist between microrheological and bulk measuseofethe shear
modulus of fluids in certain systems [52]. The issue is that, largeeprperturb the
medium by reducing the polymer network density in the vicinitshefprobe. To deal with
this issue researchers have considered dual particle techniques. tuahisrsit has been
shown that the interparticle position (the particles relative positiocoagared to the
absolute position of each probe) is insensitive to the localcfgartinvironment and
therefore provides a more reliable probe of the properties obulematerial than do

single-particle techniques [55].

The inspiration for using such a technique is that suspensions of partspessdd in a
viscoelastic complex fluid matrix are ubiquitous in chemical and materialsgsingd56].
For example, colloidal latex particles dispersed in associative polythérkeners are the

basis of water-borne paints and coatings [57]. Also at certairesstafj processing,
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pharmaceutical formulations are well described as drug partisultgbedded in a
polymer matrix. In addition, polymer melts have long been compounded vatbmeter-
sized particulate fillers to improve mechanical properties and rexhste [58]. The result
has been the emergence of polymer nanocomposites as a new cldissl @ofymeric
materials [59]. However these materials are only analogous to the systems siagtkior
dual particle techniques provided the dispersed particles are regldéivge; if this is not

the case diffusing wave spectroscopy may be more advantageous.

1.4.3.3 Dynamic Light Scattering and Diffusing Wave Spectroscopy

Dynamic Light Scattering (DLS) is a method used to determine the sizbwdisin profile

of small particles in solution [60]. Basically when light hits smalitipies the light
scatters in all directions (Rayleigh scattering) so long as ttielpa are small compared

to the wavelength (< 250m). If the light source is a laser, and thus is monochromatic and
coherent, then one observes a time-dependent fluctuation in the scattemsgy. These
fluctuations are due to the fact that the small molecules in swduoe undergoing
Brownian motion and so the distance between the scatterers ioltiersis constantly
changing with time. This scattered light then undergoes either constractiestructive
interference by the surrounding particles and within this intensicguation, information

is contained about the movement of the scatterers [60, 61].

Diffusing Wave Spectroscopy (or DWS) is essentially an extension of BL]S DWS
extends DLS to very strongly scattering media, where the propagatightat described
by the diffusion approximation, allowing the distribution of the light pathsb&o

determined [61]. Interference between these light paths results incklespattern of
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scattered light intensity that fluctuates over time due to thdivelanotion of the
individual scattering elements. Since many scatterers patéciyery small displacements
of these scatterers give rise to discorrelation of the intensitgcaftered light [62].
Therefore compared to DLS, DWS is sensitive to fluctuations of the noediangth-
scales much smaller than the wavelength of light. Moreover thededlions can be

probed over a very wide range of timescales® (tb010s) [63].

DWS can be used to study the transient nature of hydrodynamiactb@s between a
particle and the surrounding fluid [61]. It can also be used to measurgstduelastic

properties of complex fluids [64-65]. It has been shown that the response fafidhi

thermal fluctuations, as probed by the average motion of smalllpartispersed within
the fluid, provides a close representation of the response of the bdlkdlan imposed
shear strain. Good agreement has been found when comparing results tbthivsa by
more conventional boundary driven rheometers, with the added advahtagjag able to

probe much higher frequencies.

Passive rheometers are very useful for a number of systems. Hpwevénclusion of
particles into the fluid inherently changes its structure and hengeoperties. It can
therefore be argued that using these techniques have a builtaouiaey. These
techniques are also generally limited to transparent and lower viscosity flue to the
difficulties that arise in the detection and introduction of pagiclThe main reason,
however, why these techniques are not being considered further tightha are
complicated techniques and require a lot of equipment to operatiheSerreasons active

microrheometers will now be investigated.
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1.4.4 ‘Active’ Microrheometers

Boundary driven or active rheometers are rheometers that medlyameaipulate the
fluid itself. This usually involves using a moving plate to induce a flowiwithe fluid.
The fluid properties are then calculated by measuring the restiliightvelocity or
displacement and comparing it to the applied force (alternativebult be a velocity that
is applied to the fluid and the resultant force that is measured). Tregsebs rheometers

are those that follow this basic premise:

1.4.4.1 yCaBER and FiSER

In Capillary Breakap Extensional Rheometry (uCaBER) and conventional Filament-
Stretching Rheometry (FISER), a cylindrical liquid bridge is ®dnbetween two circular
end-plates that are separated in a prescribed manner, such that the fluid saoigkcted
to a strong extensional deformation [66]. This generates a uniaxiak@xtal flow at the
filament centre. This filament stretching is a common examipéxtensional flow which
has wide applications in the study of polymer solutions and melts. In additisna
common technique employed to quantify certain material fluid priegestia quantitative
measurements of the thinning process within fluid filament§ [B7e difference between
FiSER and pCaBER is that in FiSER it is common practice to impose an exponentially
increasing velocity upon the fluid formed between the plates [68pic@ly, the
subsequent development of the mid-flament diameter is monitor@aydhe process of
necking down. In contragiCaBER is based on the formation of an unstable fluid filament
by imposing a rapid axial step-strain of prescribed magnitude. The fitasnéen allowed

to relax until it break up under the action of viscous, elastic, gravitational and capillary
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forces [69, and as with FISER-procedures, the evolution of the mid-filamemeter is

again monitored.

The associated progressive thinning and break-up of a fludéiaiinto numerous small
beads/droplets occurs in many commercial operations, such as printiriggaications,
roll-coating of adhesives, and under food processing. Extensional flogvsalao
encountered in applications such as coatings, enhanced oil recovery tilmricabulent
drag reduction and atomization [70-72]. This method however can ww@gsure
extensional properties, not shear properties which often of mores usest flows exhibit

shear stresses.

1.4.4.2 Atomic Force Microscope Extensional Flow

The atomic force microscope (AFM) belongs to a series afnéeg probe microscopes
developed in the 1980s. These are the scanning tunnelling microscope (fikt),
allows the imaging of surfaces of conducting and semiconductingiataténe scanning
near-field optical microscope (SNOM), which allows microscopyhviight below the
optical resolution limit, and the AFM itself, which allows the imaginghef topography of
conducting and insulating materials, in some cases with atomic resdé8]. From this
data the molecular structure of fluids can be found [74]. It is also usetudy the
properties of systems ranging from polymer networks, to cells andoraass, to single

polymer filaments [75, 76].
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In an AFM force measurement, the sample is moved up and down by applyigge to
the piezoelectric transducer (onto which the sample is mourfed}es are measured
when a small micromachined tip is deflected when placed in contactawsirface.
Sensitive measurement of the tip motion is made possible by monitoringflewtide of a
laser. AFMs can be used to apply rather large forces by using tgmsalmaking them
ideal to study stiff elastic materials with elastic moduli of ortléGPa [77-80]. Recent
AFM experiments have also explored the viscoelastic properties of pobgiutions and
melts. Two distinct modes of AFM have been widely used to locally issbelastic
properties of various materials. The first is the force mappirthodeand the other is the

force modulation method (see below).

In the force mapping method [81], the tip of the AFM is slowly brougtat contact to
indent the material at a certain point and then retracted. ifhie tetracted at various
velocities and the force that acts on the tip due to the fluid is rddpp® point to point in
time. In this way the elastic and viscous forces can be deduced afididhgroperties
calculated [82]. However, uncertainties in the tip geometry and oczentitiffness make it
difficult to be quantitative in practice. Furthermore, adhesive artingggorces between
the tip and the surface need to be known as they determine the igeohtké bridge and
so affect the calculation of the fluid properties. While this method can tloatisebe used
to measure both shear and extensional fluid properties, the resulteearmoonsistent.n

order to calculate dynamic properties, an oscillatory method is required.
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1.4.4.3 Oscillating AFM Probes

In the force modulation method (or dynamic force microsgtipgy sample (or the base of

the tip) is vibrated to invoke a known strain normal to the surfacehendnplitude and
phase of the tip response is monitored. Usually the tip moves sinusoidally and the
displacement is resolved into an in-phase andobphase response [83]. Often, the in-
phase or amplitude responses are interpreted as elasticity, and-tfgbase or phase-

shift responses are interpreted as viscosity. For example, Ovetnaly EB4] have
generatedn “elasticity map” of a lipid bilayer with molecular resolution by measuring the
spatially-resolved amplitude response of the AFM tip during a two-dimensional s¢en of t
film. Also, Akari et al. [85] have imaged mixed self-assemblezh@ayers containing
dodecanethiol and a thiol-terminated polystyrene on gold by measurirgniplgéude of

the tip response as the tip was rastered across the surface.

Again, unfortunately, the contact geometry is not generally known fee thgstems, nor is
the cantilever spring constant known to any great precision. Fonthe, the compliance
of the AFM cantilever can lead to a viscous response that is langphase, causing it to

be confused with elasticity.

Alternatively the AFM can be excited using thermal noise [86]. In etthse, the response
of the system to the strain is analyzed in the frequency doneairextracting the
viscoelastic response of the materials. In a method described by Mea[&d Brownian
fluctuation spectroscopy, the local viscous or viscoelastic behagiaalstained from an
analysis of the power spectrum of the thermal fluctuations gbriblee. To do this, usually

a Langevin formalism in either Laplace or Fourier space [88] is used tprettéhe data.
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It has been shown that the AFM can theoretically be used to measure dynamic shea
properties. However, because of the ambiguities involved in AFM rheqgmietig
necessary to use a microrheometer with a more precisely defined tgeontes will
improve the accuracy and consistency of results and negate thi nsedan AFM which

IS not amenable to high-throughput testing.

1.4.4.4 Squeeze Flow Rheometry

In squeeze flow rheology, a fluid is trapped between two plates whidepir@arallel and

inline axially and a small distance apart (see Fig. 1.8). The gaariesdvby displacing
either plate thus generating a squeezing flow (a biaxial extensional ftosvpf particular
interest to study this type of flow because it appears in aweaidety of situations such as
machine bearings, human joints and manufacturing processes such as compressio
moulding [89]. If used in a steady shearing mode, such as in a patatielplastimeter,
certain properties such as shear modulus can be deduced. However, squerszmtiok

more frequently used to find the dynamic properties (storage andmodslus) of
viscoelastic materials [90]. Generally experiments consist of megsine normal force

on the top plate as a function of time whilst it is moving with @sgribed sinusoidal

motion [91].

ll
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-

Fig. 1.8: A schematic of squeeze flow rheometry. The velocity gradient is an example
of a biaxial extensional flow.
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At present very few commercially available rheometers ekgteptions include the
MFR2001 that is manufactured by GBC, in Melbourne, Australia [92]. Thikcelas
called a micro-Fourier rheometer and uses random squeezing to m#sswemplex
modulus of viscoelastic materials [89, 93]. This rheometer is capableeasuring the
viscoelastic properties of small quantities of fluid (a few millilitres) a/éequency range
of 1-100 Hz in 4 s or less [94]. This frequency range is typical astnsonventional
rheometry technigques. However, as explained above, complex fluids exdibiation
times that range over many orders of magnitude. Therefore measusemf the
rheological properties such as the storage and loss modulus musac@merrmous scale
in the time or frequency domain in order to capture all theexation processes that occur
in these materials [95]. In view of this Pechhold et al. recanttpduced a new device
named a piezoelectric axial viborometer [96]. It consists ofreachic press with a thin gap
in which the fluid is confined. A squeeze flow is generated by zoplectric drive and
monitored by piezosensors and has a frequency range between 10 and 4000 tp. The g
can be varied between 20 and 200 pm and the required sample volume is 100 pL [97]. This
allows for the measurements on fluid with viscosity range between 1 andriE08. The
device seems to be very promising; however, the volume of liquid required isastdrge

and the viscosity that can be measured is too low to satisfy a number of industrial needs.

Other squeeze flow rheometers do exist but are usually limited in thiilealdo8]. It
seems apparent that a device capable of measuring properties ointioittee kHz range
and operating on sulk volumes and sub-20 um gaps has yet to be developed. A device
with these capabilities would be able to measure the properties drappdine change in

structure of the fluid in thin films a non-trivial task.
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1.4.5 Summary of Current Rheometric Techniques

This review has shown that conventional techniques are too large andtbheaeasure
the properties of small volumes of liquid at high velocities. It has shbat interfacial
microrheometry doesn’t measure properties that are particularly relevant for most
applications and that passive microrheometers frequently require expeoysical
systems, difficult analysis and usually do not facilitate high thrgugtprocessing. Active
microrheometers were shown to offer a number of advantages ithéyatneasure the
pertinent dynamic properties using a relatively simple set-up. Hoviewas shown that
most active microrheometry methods still require expensive equipanenthere are few
devices available specifically for active microrheometryteims of which type of active
microrheometry to focus on, it is apparent that squeeze flow is ausefyl type of
rheometry as it emulates a vast number of natural processes theddsda generated will
be directly applicable. Therefore a micro squeeze flow rheonweterbe designed.
Existing devices generally require a number of actuators and sensarsaomplicated
arrangement making them expensive to produce. And as squeeze flow oftes iocc
micro-devices (often in the form of damping) it seems a napnajression to utilise
micro system technology (MST) to create such a device. Theretlage advantages to
using MST to fabricate a micro rheometer. With MST it is posstbl produce large
numbers of microrheometers cheaply, making it feasible to cexedgs of disposable
microrheometers facilitating high-throughput analysis on an industé@e. It is to this

end that the rest of this thesis is dedicated.
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In order to maximise the capabilities of the micro squeeze flow rbeomt is necessary
to fully understand squeeze flow theory. In the following section existijuggeze flow

theory will be discussed to see where further development is required.

1.5 Review of Existing Squeeze Flow Theory

In the previous section we saw that the use of squeeze flow rheologynesbar of
advantages that i@ not been exploited fully. To this end, this field will be investigated in
depth within this thesis. In order to give this investigation a goashdation, it is
necessary to understand what developments have occurred within squeetieetow

previously. This will highlight the areas which require further development.

1.5.1 Origins of Squeeze Flow Theory

As technology has improved, especially micro systems technology, the oreetbrfe
accurate and more specific theories on squeeze flow has increasak fow the theory

has developed so far, consider the following chronology:

1874 Stefan publishes his seminal paper on the force required to separalategowvith a

fluid in-between them, thus starting interest in squeeze flow.

1886 Reynolds conducts a theoretical investigation into squeeze flow andhtesli

Stefan’s results and creates the infamous Stefan-Reynolds equation.

1931 Scott develops his parallel-plate plastimeter and his power-law fluid theory.
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1933Eisenschitz and Philippoff conduct the first small-strain dynamicesuafi polymers

and polymer solutions.

1965 Tanner investigates the effect of viscoelastic non-Newtonian flmideertia-less

squeeze flow.

1975 Walters publishes ‘Rheometry’ which details the simplification of the Maxwell

model by using a complex viscosity for sinusoidal rheology.

1985Phan-Thien finds a computational solution of the complete flow field.

2006 Walters publishes for the first time a full treatment of the efd¢dtuid inertia on

viscoelastic squeeze flow.

1.5.2 The Development of Squeeze Flow Theory

There are many aspects to squeeze flow. In order to create pet@msive accurate
theory, researchers have investigated many facets of squeezeidiogy a myriad of
techniques from theoretical analysis, to numerical through to eapa&kaminations of a
range of systems with variable success. To see where developmeiied consider the

following review:

1.5.2.1 Geometries Found in Squeeze Flow Theory

Before a theoretical investigation can commence it is firsessry to define the
experiment, and so choose an arrangement that is the most convenientraast theeful.
In squeeze flow there are a number of possible configurations. This eve#nghough we

are only going to consider squeeze flow between parallel plates (squeezieetiveen
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spheres and other shapes are of high importance but is a geometry vetieathy
realisable using MST therefore this possibility is outside tlpesof this thesis). The

main possibilities include:

1. In Stefan’s classic study [99] he considered platens that wéudy submergedn the
fluid (see Fig. 1.9). This is a technique that has found little applicdtmmgh it was
used by Chatraei et al. [100]. This technique is only feasible wheadtssl fluid is of
low or medium viscosity or if it can be submerged in another ligwidout creating

unwanted interactions, and is therefore not applicable to many materials.

|

N\
| Upper Platen |

Fluid
| Lower Platen |

Fig. 1.9: A schematic of submerged squeeze flow rheometry.

2. Another method is the sedled ‘imperfect squeezing flowind is the penetration of a
platen into a ‘lake’ of fluid (see Fig. 1.10). This means that sample preparation is
simple for materials with low viscosity and low relaxation times. How#we flow is
asymmetric (the top and bottom contact areas between platens and fluid arerendiff
size) and the boundary conditions at the edge of the plate are not known [101-103

l

Upper Platen

Fluid
Lower Platen

Fig. 1.10: A schematic of imperfect squeeze flow rheometry. Note how the platens
have different radii.
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3. A more common geometry is tikenstant areggeometry. Here the sample radius is the
same or larger than that of the platens and the sample flovdsiong squeezing (see
Fig. 1.11). This has the advantage that the contact area is knowrimeall and that
the sample position errors are limited, which minimises losses of pamllélis to
additional torque. Disadvantages include the amount of fluid needdtlthe finitial
gap is higher and more importantly, the unknown boundary conditions addbe ef
the platens. This is because material accumulates outside the péatsing an
additional variable pressure, which is difficult to predict. This phenomenonyariyc

affects results when material viscosity is high or when compression speed is I¢w [104

l

| Upper Platen |

( Fluid )

| Lower Platen |

Fig. 1.11: A schematic of constant area squeeze flow rheometry. Note how the platens
have smaller radii than the fluid.

4. The last geometry is known asnstant volumgeometry. Here the platens are larger
than the sample and the radial interface is free (see Fig. 1.12adVhatages of this
geometry are that the stresses (not the shape) at the sample redgeseaclearly
defined, which minimises additional pressure build-up around the edges. This
geometry is also closer to industrial compression mouldingcegses. The
disadvantages are that the sample contact area needs teaWatedlor recorded and

that the wetting behaviour at the plate/sample/air interface may diéedata.
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| Upper Platen |

( Fluid )

| Lower Platen |

Fig. 1.12: A schematic of constant volume squeeze flow rheometry. Note how the
platens have larger radii than the fluid.

From the arguments above it is apparent that it is the constant vgkewneetry that is
most likely to give the most accurate and relevant results, providechéhgeometry of
the liquid bridge is carefully considered along with surface tensi@cttsff Therefore, in

this thesis, it is this geometry that will be used.

1.5.2.2 Inertial Effects in Squeeze Flow

Early work in this field was concerned with Newtonian fluids in cregpiow using the
now-classical lubrication approximation [99, 105]. However sample inertia becomes
relevant at high plate speeds and complicates the analysis of neapiii data
considerably. Later works attempted to correct for inertia bygusiperturbation method

or by solving the Navier-Stokes equations numerically [106]. Thesdon®t are
inconvenient however and so a first order closed form solutionsaaght and found by
Phan-Thien et al. [107]. It was not until very recently when a @lllten for the Navier-
Stokes including inertial terms was found by Bell et al. [108]. $bistion is very useful

not only in that it gives a closed form solution for the indstiait verified the assumption

that inertial effects can be ignored when the Reynolds number is less than unity.
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1.5.2.3 Slip Effects in Squeeze Flow

Relative motion between a solid surface and the material in contécit \fwall slip) is a
phenomenon observed in many materials such as concentrated suspensions [109]. It
disturbs the rheological characterisation by shear rheometry, whitie ipurpose of
squeeze flow. Stokes in 1845 was the first to establish the no-slip coratisofid walls
and further theoretical investigations were carried out in the 1930’s by Schofield and
Mooney. Pearson and Petrie in 1968 showed conclusively that for slipctw, dbe
molecular size must be greater than the wall roughness scale [1&0anTdunt of slip
therefore depends not only on the roughness of the plate but alsoftuidh&hus if there
is evidence of slip, a friction model may be required to separathénacterisation of slip
and rheological behaviour. Laun [111] took slip into account by assuarsfig velocity at
the boundary comparable to the Mooney analysis for capillary rheqmetmylarly
Hassager [111] uses a slip coefficient to modify the shear stress boundary naxtditie

wall. However both the slip velocity and the slip coefficient can only be found eailyiric

1.5.2.4 More Complex Constitutive Models

Traditional studies in squeeze flow mainly concentrated on Newtdhials due to the
ease of analysis. This meant the theory was very limited beoalysa small number of
fluids can be truly described as Newtonian. The first deviation from this trend vty
who considered power-law fluids (a type of generalised Newtoniadh) find began the
investigation into more comprehensive models that were valid vada range of fluids
[112]. These investigations delved into a wide range of materials tha were

immediately useful in industry. They included perfectly plastic nelteithat were of

importance in the area of metal forging, viscoplastic materere investigated by Scott
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[112] and Peek [113] who used the lubrication approximation and assumed tao yiel
surfaces within the material. Lipscomb and Denn [114] showed that this dnietthdo

kinematic inconsistencies in Bingham fluids leading to further developments [115]

Adams obtained an asymptotic solution for Herschel-Bulkley mé&temdnich are fluids
that exhibit a yield stress, and studies into Mooney-type and neo-Ho@keaitinear)
elastic materials are numerous [116]. Naturally there have la¢sm considerable
investigations into viscoelastic materials. For example, Tanner in 1968mad a
nonlinear Maxwell model [117], Kramer used another Maxwell model (thgd ododel

for rubber-like fluid) [118] and Phan-Thien used a Maxwell model in 1983][ There
are of course numerous other examples although these are the mostanimport

Traditionally the flow of viscoelastic fluids has been investigated in three diffexgys:

1. By assuming that the flow field is not substantially influenced bgtelity and
computing the viscoelastic stresses from an integral constitutive mode¢ basis
of the viscous velocity field obtained from a nearly parallel fepproximation
[119].

2. By assuming a specific form of the velocity field with or withemploying the
lubrication approximation where it is assumed the flow is predominately shea
[106, 107, 120], which usually leads to a set of PDEs. For example, infcase o
upper-convected Maxwell model, Phan-Thien and Tanner [107] obtained five
coupled PDEs that they solved by using a perturbation in the Reynolds and
Weissenberg numbers.

3. By numerical methods, such as finite elements or boundary elements [1R1, 122
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However, recently Bell et al. [108] have been able to perforall arfialysis of sinusoidal
squeeze flow for Maxwell fluids taking inertia into account. Thi$ te a closed form
solution for the constant area geometry. It is this method which mdiseconvenient and

will be used in the subsequent analysis upon conversion to the constant volume geometry.

1.5.2.5 Free Surface Boundary Conditions

At the interface between the platens and the sample, the no-slipia@omlto be used as
discussed previously, but these are not the only boundary conditionsettto be

considered. At the free surface (i.e. at the sample/air intetfaed®pundary conditions are
more complicated. In the traditional analysis of Reynolds and Stefesiassumed that
the material filled the space between the platens completelycahddsno free surface.
This meant that surface tension (see Chapter 4) was effectivehed) It should be noted
however that the material described in such an analysis may still ahdnee surface

outside the flow domain, which may affect the evolution of thesstand velocity profile
at the plate edges. In this case, strains and stresses are not umitwghout the sample
and so an assumption about the pressure or normal stress at thes ecsgedly made (i.e.
it is usually assumed that the pressure in the sample at the edgepdten is equal to

atmospheric pressure and so extra stresses are neglected).

If the free surface is contained within the platens, the form ofréfeesurface depends on
the axial direction and changes with time. The normal stresses are qualte the

capillary pressure caused by surface tension (see Chapter 4). This tmeaqueeze flow
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velocity/stress profile is a function of the radius of curvaturéhe profile making it
cumbersome to find an exact solution and a free boundary condition is thiysusse

except in some numerical analyses [121-123].

1.5.3 Summary of the Status of Squeeze Flow Theory

It is apparent that in order to develop a theory for squeeze flowvithdte consistent for
use in a future micro squeeze flow rheometer, an investigation inefféots of constant
volume geometry and the edge effects caused by having a freeeswifiabave to be
carried out. The effects of slip and inertia will initially be igribra the current
investigation as their effects are easily made negligible throegntrolled
experimentation, i.e. ensuring the amplitude is sufficiently smakke later chapters for

details.

1.6 Conclusion

This chapter has shown that microrheometry is of industrial intefaste is a need in
several different fields and yet it has been shown that existing technologies fdifil all
requirements. It has been shown that the theory of squeeze flow, whilstngais still
not complete and that further analysis is necessary. It has also beentkhb squeeze
flow rheometry can be incorporated into a MEMS design. The rest othibsss will
therefore concentrate on the design, fabrication and analysis otra sgueeze flow
rheometer capable of measuring the dynamic shear properties (specifically G’ and G”) of

small volumes of fluid at high frequencies.
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1.7 Structure of the Thesis

This thesis comprises nine chapters. Following the conclusions ascertained insthis f
chapter, chapter two discusses the advantages of micro systenléogy and the type of
actuation that this technology makes possible. This discussion explains wdmgtuheon
method used was chosen. Chapter three discusses a simplified overviewdesign and
principle operation to facilitate the development of the theogubisequent chapters. The
next three chapters each discuss a specific area of theory thattodeelsdealt with
separately before it is consolidated. Chapter four discusses surface teasignand the
effects of contact angle hysteresis which affects the boundarytioascf the fluid flow.
Chapter five then deals with the fluid flow itself and incorporates goelasticity of the
fluid. Chapter six combines the effects of the fluid and the mechanite acheometer,
including the effects of piezoelectricity, induced voltages and rothlkectrical
considerations. The fabrication of the rheometer is described in Crsmgyen. This is
followed by chapter eight which details the various experiments thatthken place and
discusses the implications and the conclusions that were drawn from the project. The thesis
is then finished off with chapter nine where the conclusion is statefland work and

potential development of the rheometer is discussed.
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2 DESIGN OPTIONS

In the preceding chapter, the need for rheology and the methausastiring viscoelastic
properties were discussed. This investigation has led to the conclusioa thatro
squeeze flow rheometer capable of measuring the dynamic slopartigs (specifically
the storage and loss modulus) of small volumes of fluid at high freepseis required.
This specification suggests that micro fabrication techniques as usedriosysiems
technology (MST) should yield the desired device. This chapter will discuss a8

possible actuation methods for the rheometer that these techniques make.possible

2.1 Microsystems Technology

MST devices (or Micro Electromechanical SysteffEMS)) are characterised by the
integration of multiple devices, usually consisting of sensorsiatmrs and integrated
electronics on a single substrate. This allows for the simultaneoss-manufacture of

complex structures at a lower cost than using conventional technology.

Early developments in this technology were led by the silicon base@elactronics
industry with the miniaturisation of transistors in integrated circuits. ME&tBNnologies
emerged out of the fabrication of silicon 1G@s the early 1990’s. Consequently the

majority of MEMS devices are still fabricated out of, or on, siicwafers using
photolithographic processing techniques. The material properties of “is@u materials
(crystalline silicon, polycrystalline silicon, silicon nitride etc.) arery attractve to

designers and the ability to deposit and pattern metal and polymes tay¢hem gives a

great variety to the devices fabricated using this technology.
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One of the fundamental reasons for using MEMS technology to createtunsad
mechanical devices is to take advantage of the associatedgstais. Whilst the
fundamentalaws of physics don’t change in the micro-domain, their relative influence can
change drastically due to scaling. For example, consider two chibeSfirst is a ‘macro-
cube where each side has a length of 10 units, and the secomdra-cubé where each
side has a length of 1 unit. While the macro-cube will have a volud€Qff, a surface
area of 600 and a surface area to volume ratio of 0.6, the micromtlibave a volume of
1, a surface area of 6 and therefore a surface area to vatimefr6. Therefore we can
see that as a device is scaled down, any forces that aedrtdathe surface area of the
device, such as surface tension, will have a much greater effeatribahat is related to
the volume, such as mass. These scaling laws mean that a MEMS teingesmaller
than that which can be created using conventional technologies, wél leas inertia
(allowing it to vibrate at higher frequencies) and generally a higbmpliance giving it

higher sensitivity to external factors such as pressure.

The use of micro system technology (and the associated scalingaliomsjor fabrication
of many different devices in various configurations. There are several methacisation
made available by considering MEMS technology. Next the main methodsuattian
that are most pertinent in the design of a micro squeeze flow rheroanetdescribed. This
investigation will reveal what the best method of actuation is and sutigedesign of the

rheometer.

Page 42



2.2 Actuation Methods

2.2.1 Electrostatics

One of the most commonly used modes of actuation in micromechanidakslies
electrostatic actuation. Here a potential difference is placeeeba two separate surfaces
which results in a build up of charge on the surfaces (see Fig. 1.1).cdisgs an
attractive force to act between the surfaces, therefore if ottee (furfaces is free, it will

move towards the other.

A = Area

Y, ’ $ d+4d

Fig. 2.1: A schematic of a basic parallel plate electrostatic actuator.

In the case of two parallel plates, Coulomb’s law defines the force as [124]:

1 VAR
F==¢ A 2.1
280 (d+Adj 2.1)

Here the terms are defined in Fig. 2.1, excgptvhich is the permittivity of the material

between the plates, which is assumed to be air. Simultaneously, &dggkncy signal

can be applied across the surfaces and used to measure the mepauit so the gap
between the surfaces. This can be challenging however as thevashadis of capacitance
are generally in the pico Farad range while the changes arefentteeFarad range [125].
There are a number of configurations that may be investigatedx&onple, consider the

following designs:
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(2)

Beam
Capacitive Probe
plates
Sample

(b)
Capacitive plates
Sample Movable
plates
Compliant

beams

Fig. 2.2: Examples of electrostatically actuated rheometers. (a) Here the rheometer is
cantilever based with the sample is the end. (b) This one is actuated using four
movable capacitive plates suspended by beams. Here the sample is at the centre.

The device in Fig. 2.2a consists of a compliant beam with a spherical probe at the end. As
the electrostatic force is always attractive, when a potential is applied across the lower
capacitive plates the beam is pulled down squeezing the sample. There are then two ways

to proceed:

1. The potential can be reduced allowing the stiffness of the beam to pull the probe back

up. In order for the beam to be able to stretch the sample, it would have to be very stiff.
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Therefore, in order to pull the beam down as it squeezes the samey high
voltage would need to be applied to the capacitive plates.

2. The cantilever can be actively pulled up by the upper capacitatesplThis would
mean the force to stretch the fluid would be supplied by thérestatic plates rather
than the cantilever, but control of the applied voltage of the deviit be challenging.
This is because it will be necessary to ensure the electrostatie balances the
squeeze flow force of the liquid in such a way as to ensure theadismat of the tip

is sinusoidal to get good rheometry data.

Both methods of operation would mean that calculating the &gped to the sample is
difficult as the force is actually applied to the cantilever sadvill be dependent of the
deflection and shape of the cantilever. Similarly, as it is the posfiche cantilever that

is measured rather than the position of the probe, the evolution in the chape
cantilever as it oscillates will probably result in inaccurat@asueements. For instance, it
can be imagined that if the cantilever was being pulled up but theagstuck down, the
bulk of the cantilever will be close to the sensor giving the impressitiawhg a large

gap, when in fact the converse is true. Similarly, if the cantilexas oscillating at a
frequency whereupon the mode shape was dominated by the second mode stape, at
peak the sensor will measure large amplitude even though the tigctulllly be moving

much less than expected.

Fig. 2.2b representan alternative design based on electrostatic actuation. This design
negates the effects of having to apply a force to a compliam.deatead the sample is

held centrally between four rigid plates suspended by twelve beams. This thaathe
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electrostatic plates are always parallel simplifying analysis. However in simplifying
analysis, the fabrication difficulties are increased. The operation of such a device would

also be challenging as the complexity makes it difficult to load the cell.

2.2.2 Magnetomotive Actuation

Magnetomotive actuation is based on the Lorentz force effect. It involves a moveable
current-carrying conductor placed within a fixed permanent magnetic field. The magnitude

and direction of the force on the conductor is given by the following relationship:
F=ifdxB (2.2)

where i is the current passing through the segment length d/ of the conductor placed in the
magnetic flux density of B. This force is independent of the displacement of the conductor
(assuming a uniform magnetic field) making the force linear w. r. t. displacement and thus

an attractive possibility for a potential design [126].

Sensing using a magnetic transducer is done through the exploitation of electromagnetic

induction. The Faraday-Lenz law of induction defines the induced emf as:

dd
emf = i (2.3)

where @ is the magnetic flux passing through a finite area. When a conductor sweeps

through an area 4 of magnetic flux density B, the emf induced across the sensor is defined

by:

emf = —;—tfﬁ-dﬁ (2.4)
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where the negative sign, given by Lenz’s Law, indicates that the induced emf opposes the
motion that is causing it, and the dot product indicates that it is tenarenal to the
magnetic field. It should be mentioned that even though magnetic sensirgpssibility,

the use of magnetic actuation does not preclude the use of electrostatic sensing.

Magnetic Plate
field Device

Flow of
current

AA 4

N

Permanent magnets Conducting wire

Fig. 2.3: A schematic of a possible magnetically actuated design. Note the plate will
actually be horizontal in this design. This means the magnetic field will be parallel to
the surface and the resulting force will deflect the plate upwards.

Fig. 2.3 shows a potential magnetically actuated design. Here a conglignitire, such
as a fixed-fixed plate, is placed between two permanent magnets suitlexipariences a
constant magnetic flux. On this plate is deposited a grid of wmastructed so that the
current flows in a direction perpendicular to the magnetic flux lineshésvn in eq. 2.2,
when an AC current is passed through the wires the plate will be farceflect up and
down. If there were two platens beneath the plate (one attachedpiaténeone to a fixed
surface) with a fluid in-between, it can be seen that the fluid wouldybamically

squeezed.

The issue with this design is the fabrication of the magnets. Whalgnets can be
deposited directly onto the substrate through sputtering or elecingplats not a simple

process [127]. Also the magnetic remanence of such magnets is not adytibigh (of

Page 47



the order of 200mT), and so as the magnetic flux density decrepsily veith distance,
the size of the structure becomes limited [128]. This limits the anudunaterial that can
be analysed and makes operation more difficult. Magnets machined fyalk i@re-earth
material allow for much larger magnetic flux densities but arenmpatible with full

integration or batch fabrication [129], although this is a possib&hod whilst

prototyping.

2.2.3 Piezoelectricity

Piezoelectric actuators are based on the piezoelectrict.effer actuation, a voltage is
applied to an asymmetric crystal lattice resulting in deformati@ancertain direction. For
sensing the converse effect is utilised: deformation of the crystdérial induces a
voltage. The most common implementation of piezoelectric transdustibased upon
piezoelectric films in bimorph structures. Piezoelectric awinatan be used to supply
very high forces, but the fabrication processes for piezo matergguire further
development, in particular the deposition of piezo films on silgtdystrates is particularly
challenging [130]. However, the main advantage of using pieZdeigcis that a single
piezoelectric crystal can be used as a sensor and actuator seouftly greatly

simplifying operation and fabrication.

2.3 Proposed Rheometer Design

In the previous section various actuation methods commonly used in MiETdvgcussed.
The investigation suggested that piezoelectric transducers cadegthe high force and

displacements necessary to squeeze a liquid and can simultaneously semsa its
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deformation. Therefore it is apparent that piezoelectric aotuatiould provide the best
basis for a microrheometer design. The analysis of the deviceotdoe straight forward
due to the coupled constitutive equations for piezoelectric deviaeshould be possible.
Similarly, the fabrication issues should be surmountable given the lamge of
appropriate piezoelectric materials available. Therefore,rdéke of this thesis will be
concerned with the design and analysis of a piezoelectrically attoateorheometer.

The design concept will be covered in detail in the next chapter.

2.4 Conclusion

In this chapter various designs were considered with the intent aivdiscg one with a
high potential of being able to achieve the goals of the project. fhlgsés has shown
that electrostatic devices will likely to be difficult to casiteand give inaccurate results
and magnetic devices are likely to be difficult to manufacture. Therefirapparent that

a piezoelectrically actuated design has the most advantages.
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3. COMPLETE SYSTEM MODEL

This chapter explains the concept behind the design of the micro-rheoietebasic
dynamics and operation of the rheometer and the assumptions used in yitss aana
introduced to be dealt with in more depth in subsequent chapters. An exdragigizal

experiment is also described.

3.1. Specification

There are a number of features that the micro-rheometer shoutd Tlhe rheometer

should be able to:

e Squeeze a drop of viscoelastic fluid.

e Oscillate at frequencies greater than 100Hz.

e Accommodate nanolitre volumes of fluid.

e Produce an output signal related to the properties of the fluid.

e Be fabricated using current MEMS technology in a cost-effective manner.

e Measure storage and loss moduli in the range of 0-1000000 Pa.

3.2. Design

The device must be capable of supplying a large force (~100N)aogenall distance
(~10nm) to manipulate small volumes of stiff/viscous liquids and will needate a
sensor integrated into the device to monitor its response. Alsdptheiffofile inside the
fluid needs to be simple in order to allow the analysis to be meanifgfid.can be
achieved by squeezing the fluid axially between two parallel plateesHge 3.1). A

number of methods designed to squeeze the fluid (for exampleostattr actuation)
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were investigated, but practicalities meant that these methodsuwsuitable (see Chapter

2 for details).

Fig. 3.1: Axial squeezing of the fluid as opposed to squeezing it between spheres or at
an angle. The horizontal arrows indictate velocity profile.

In the end, a piezoelectrically actuated device was chosen asipatoes it supply the
necessary force and displacements, but it also allows for then¢@gsation of the sensor.
This is because the reverse piezoelectric effect can now be utilised to moniespiiese.
The device comprises of a disc of piezoelectric materialdéd onto a thin silicon

membrane (see Fig. 3.2).

Electrod

—
g — |\| — Piezoelectri
Silicon H" Liquid

diaphragnv”

Fig. 3.2: Schematic of the MEMS device showing both profile and bird eye views.

The piezoelectric material is orientated in such a way asusecit to expand radially
when a voltage is applied across it. This causes the silicon membrane to distort and defle
thus moving the platen up and down as the voltage changes. This movemesdgsmp
force onto the fluid thus squeezing it. If the fluid is removed, applyingltage to the
piezoelectric material induces a particular strain field iwith This in turn induces a

voltage in the areas where the input voltage is not being applied ipig¢heelectric
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material. This gives us a measure pertaining to a specific defleatithe membrane.
When the fluid is replaced it resists this deflection and the streioh i altered, and a
different voltage is induced. Therefore if the change in the induced ®akamgeasured,
we are able to calculate the force resisting the deflectiomteShe resisting force is a
function of the fluid’s properties, so the induced voltage is also a function of the fluid’s

properties.

3.3. Dynamic model

The full mechanics of the MEMS device is quite complex. Howewgillibe shown that
the system can be approximated (in the limit of small amplitudes) §imple lumped
mass system (see Fig. 3.3). This facilitates the analysis of theedawit in turn the

measuring of the fluid’s properties.

7

Fig. 3.3: A schematic of the rheometer (not to scale) and a lumped-mass
representation. Arrows indicate what part of the rheometer is being represented by
each part of the dynamic model.

From Newton’s second law we can write the equations of motion for the mass as shown in
eg. 3.1. Here we represent the piezoelectric material, the upper platen and tirameeas

a mass (M) on a springKfiaie). The applied voltage is represented as an equivalent
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sinusoidal forceKosinwt). The viscoelastic forces are represented as a spring and dashpot
(K1andC;, respectively). The inertia of the fluid is neglected asly becomes significant

at very high frequencies see section 5.8 for details. The capillary force due to surface
tension is also represented by a spring (a modified spring with an addd@mrsant—

Kcapt +xcap)-

d2x(%)

—dt2 = FAppIied - ( I:Viscous+ F

M +F +F

Stiffnes; (3 : 1)

Elastic Capillary

To simplify analysis it will be assumed that the ‘spring’ forces are directly proportional to
the displacement of the mass and that the ‘dashpot’ forces are directly proportional to the
velocity of the mass. These assumptions will be validated and the pecimesténts will
be determined in theubsequent chapters and mean that the device’s dynamics can be
modelled as a simple linear differential equation as given in eq. 3.2:

d?x dx .
WJFQEJF K X+ Koo X— KCapx+;(Cap: Fsinot (3.2)

The solution of eq. 3.2 is given in eq. 3.3:

X(t) = /ZF—OZZ sin(a)t+ tan‘l(wcljj— Aoap (3.3)
(B +w C:i ) B KPIate_ KCap

Where:

B=-0"M + K, + Koo~ Ko (3.4)

Plate

From eq. 3.3 it can be seen that the amplituflealid phase¢) of the response can be

shown to be:
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F?

&= m (3.5
p= tan‘l(%ClJ (3.6)

By equating the in-phase components and obythase components of eq. 3.3, the

dynamic properties of the liquid are then given as:

—(F
2h3(80 cosp+m’m- K, + KCapj

G'= — 3.7
37R* (3.7)
2h°F, sing
R 3.8
3eR* (38)

Whereh and R are the fluid’s mean height and radius. G’ andG” are the fluid’s storage
and loss moduli respectively. These properties are a function of the fluid’s viscosity and

elastic shear moduli and so characterise the fluid.

We do not measure the amplitude and the phase of the response tiuectiyher the
amplitude and phase of the induced voltage. We know that the inducedevidta
function of the applied voltage and the resisting force. Theratoaegiven instant of time
we can calculate the magnitude of the force necessary to indaceutput voltage
measured at that instant. From the phase of the output voltage walcalate the phase
of the resisting force and in turn the phase of the response as usgd BiZeand 3.8.
Knowing the functions of the input voltage and the resisting force, w¢heancalculate
the amplitude of the response again used in egs. 3.7 and 3.8 and saectieutlynamic

properties of the fluid.
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3.4. Device Parameters

To further clarify what will happen during the use of the rheometspiaal experiment

will be described here. First a description of the rheometer:

e The silicon diaphragm

o The diaphragm is made out of single crystal silicon and has a sstivay
(~0001Qcm) and also acts as the ground electrode for the piezoelectric
material.

o The diaphragm has a radiogf11.5mm and is 50um thick. This is large to
ensure it has a low stiffness and because the quartz disc has a d@&meter
10mm and 100um thick which is a commercially available size.

e The piezoelectric material

o Thisis made out of X-cut quartz

o It has been cut into a disc with a 10mm diameter and 100pm thickness.

o It is assumed that it has a Young’s modulus of 40.14GPa, Poisson’s ratio of
0.33 (see Appendix A for details) and a piezoelectric coupling caaffici
(dy1) of -2.3x10"C/N.

e The electrodes

o The electrodes comprise of a 10nm e-beam evaporated laydarofiri
(for adhesion) under a 200nm layer of thermally evaporated gold.

o The electrodes have been deposited onto the quartz in five concent
circles:

» The inner electrode is an active electrode in that the inputgeolta

will be directly applied to it. It is a circle of radius 3mm.
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» The second electrode is a ground electrode to shield the sensing
electrode from the applied electric field. It will be an annulus of
inner radius 3.25mm and outer radius 3.75mm.

»= The third electrode is the sensing electrode. It is an annulus of inner
radius 4mm and outer radius 6mm.

= The fourth electrode is another ground electrode. It is an annulus
with inner radius 6.25mm and outer radius 6.75mm.

* The last electrode is another active electrode. It is an anpiilus
inner radius 7mm and outer radius 10mm.

e The platens have a radius of 250um and have been coated with a fluorinated
polymer so that the fluid will form a sessile drop upon deposémdynot flow off
the platen. The initial gap between the platens is 20 pm.

e The test sample is polydimethylsiloxane (PDMS). It is a linear Méhfluid and
has a dynamic viscosity of 29.25 Pas, a density of 975°kghear modulus of 15
kPa and surface tension 20.5mNriThe PDMS has a static contact angle of 40° on
the fluorinated platens, a receding contact angle of 35° and an auyacitact

angle of 83°.

3.5. A Typical Experiment

Now the parameters and the design of the device are known, the informatibe wied
to explain what will happen during a typical experiment. Placing aafr&®DMS onto the
lower platen causes it to form a spherical cap with the same radie platen. When the
upper platen is brought into contact with the drop during the assemlblg device, there

will not be enough space for this much liquid and the excess will bedaft the platen,

Page 56



so the actual volume of liquid in the bridge will be 3.7 nL. Thecstatpillary force pulls

down the membrane so that the static liquid bridge height will be 19.6 pm.

A voltage with magnitude 50 V and frequency 50 Hz is applied to the adtiotroeles.
This is equivalent to applying a sinusoidal forEg, with magnitude 0.55 mN with the
same frequency. The membrane and quartz has a combined stiffness &fn525ehich
would mean that if the device was run without any liquid in it, dngplitude of the
response would be approximately 105 nm. With the fluid in the rheometamjpigude
of the response is reduced and shifted by a phase angle (see Fig. 3.4). Agtieady the
fluid’s storage modulus should be 4 kPa and its loss modulus should be 6.7 kPa and so the

amplitude of the response will be 58nm with a phase difference of 0.69 rad.
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Fig. 3.4: The simulated mechanical response of the rheometer with and without liquid.

Again the mechanical response is not measured directly, only the dhdaltage. This

can be seen in Fig. 3.5.
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Fig. 3.5: The simulated electrical output of the rheometer.

The output voltage has an amplitudgd,) of 136 mV and a phasg)(of 0.073 rad. As the
applied force is known, this new information can be used to caldhatéotal resisting
force, Py, due to the fluid. This is done by using the input voltage at the instainthe
output voltage is at a maximum, and calculating the induced voltages rfange of
applied forces (see Fig. 3.6). When the calculated induced voltages ¢g@ahaximum

measured induced voltage, the resisting force is found.
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Fig. 3.6: Graph depicting the simulated induced voltage as a function of applied force
for a given input voltage— see Chapter 6 for details.
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Using this value, the magnitude and the phase of the output voltagetgvelsaseq, of

the resisting force as seen in eq. 3.9.

A/OUtSinﬁ

—ain
@=SIN"1 4 85¢ 1dtq(fipo) (3.9)
TT

Wheret, is the thickness of the quartz afdis a constant pertaining to the material
properties of the membrane and quartz (see Chapter 6). This aaluben be used to

calculate the phase of the response ¢i.@s used in eq. 3.7 and 3.8) using eq. 3.10.

P, sina j (3.10)

p=tan'| ————
F, + P,cosx

The input voltage and the resisting force in now completely known ariee stetlection

of the membrane can be found. Therefore the storage and loss modulus can be calculated.

3.6. Flow diagram of solution

Measure dynamic contact
angles of fluid (see Chapter 4

Place drop of fluid on lower
platen and measure radius

Calculate fluid geometry (se¢
Chapter 4).

Assemble device.

Apply sinusoidal voltage ang
measure induced voltage.

Calculate the force necessa
to induce that voltage.

Calculate amplitude and
phase of the response.

AVAWAW/

Calculate dynamic propertieg
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3.7. Capabilities of the Rheometer

It is now known that the voltage induced during the operation of the gteom related to
the properties of the fluid. The issue now is given the phase and magnitieermduced
voltage, are the calculated storage and loss moduli unique or is there otoene
combination of storage and loss moduli that can cause the same \@ijagéto be
induced? This will of course mean that there will be ambiguities inreswylts obtained
rendering them useless. Fortunately this is not the case. Let us absurheometer is
being operated with a sinusoidal voltage of 50V at 50Hz. If a range d$ flvith different
storage and loss moduli are put into the rheometer, it can be se@s.iB.FF and 3.8 that
there is not an instance where both the phase and amplitude of thedindliage are the

same for two fluids until we reach very high viscosity levels.

T
— G' =500 Pa
— G'=5000 Pa

G'=50000 Pa

Phase (degs)

_____/ | I~

100 110° 1-10* 1-10° 1-10

Loss Modulus (Pa)

Fig. 3.7: Graph depicting the phase of the induced voltage for fluids with a range of
storage and loss moduli.
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Fig. 3.8: Graph depicting the magnitude of the induced voltage for fluids with a range
of storage and loss moduli.

Looking at the mechanical response of the rheometer under the infloiethese fluids it
can be seen why the rheometers capabilities are limited. In Fig. 39 ltecseen that the
response of the rheometer is dominated by viscous forces for flildsigh loss moduli,
as denoted by the response having a phase difference of 90°. Thegirasego beyond
90° and therefore will not change if a fluid with a higher loss modulus isnputthe
rheometer. Similarly, it can be seen in Fig. 3.10 that the magnifutle cesponse tends to
zero if the fluid is particularly viscous/stiff. This is of courbecause a much larger force
is needed to squeeze these fluids any appreciable distance. The rdsslagiin means

that any further increase in viscosity will not be measured.
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Fig. 3.9: Graph depicting the phase of the response for fluids with a range of storage
and loss moduli.
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Fig. 3.10: Graph depicting the magnitude of the response for fluids with a range of
storage and loss moduli.
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3.8. Conclusion

In this chapter, a MEMS device comprised of a quartz disc bonded ontacan si
membrane and modelled as a lumped mass system is described with thi® ingenit to

measure the dynamic properties of a fluid. The details of the ghysiind the device and
the assumptions made are now fully developed and explained below. The anallgsis i

subsequent chapters will produce the constants used in the model.
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4. CAPILLARY EFFECTS

In this chapter the effect of capillary (or surface tensionfef®ris discussed. The
importance of surface tension in terms of the associated phenomena sucttaat angle
hysteresis, wetting etc. are investigated. A closed form descripti@ail the relevant
geometries and forces is derived. The theory is then linearisedhdimsion into the

equation of motion as discussed in the previous chapter.

4.1. Surface Tension

Surface tension is a phenomenon caused when two immiscible substances nteet. As
name implies, surface tension is a measure of the force requiredeasedhe area of the
surface of a substance. This tension is due to the imbalance of forcast thatindividual
molecules that reside at the surface. As the surface on the microisdaleonstant
thermal flux with molecules from both substances diffusing into the othersutiace
tension that is actually measured is a statistical mean of allbthesfaveraged over a

sufficiently long time.

There are in fact many forces that act on a molecule whitlseenear a surface or not.
These include London dispersion forces, hydrogen bonds, dipole-dipole tiotesac
dipoleinduced dipole interactions, m-bonds, donor-acceptor bonds, and electrostatic
interactions [131] and may include others. How these forces interdicthe molecules
and each other is complex and not completely understood. This is bélcaystepend
very much on the substances under investigation and so many conclusioaseatei

empirical relationships [132]. Nevertheless, we can ignore the @udivicontribution of
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all these forces and simply consider the total effect in oxlget a sensible picture of

what is going on.

Fig. 4.1 shows a diagram of the forces acting on particles iichriear a fluid/vapour
interface. The interactions on a molecule in the liquid sufficieastigy from the surface
are balanced on all sides by equal forces acting in atitohres. Molecules situated on the
surface of the liquid experience an imbalance of forces. This isisedhe vapour is less
dense, and so fewer molecules on the vapour side of the surface wiilfagges on the
molecules in the fluid. The result of this imbalance is the presaihfree energy at the
surface. The excess energy is known as surface free energy when messuimed)a per
unit area but known as surface tension (or line tension) when measuredeapdounit
length [133]. This excess energy always exists at the interface betweeseparate

mediums (such as liquid and vapour, liquid-liquid, liquid-solid and solid-vapour).

O O O

O Vapour

O O

<--1-- Surface

00C - 300CNPO0
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OGUDOOC 300

0000000 G VIO T
<<
200000000000

Fig. 4.1: A schematic of the vapour-liquid interface. The size of the arrows on the
particles denotes the relative size of the forces acting on them.

As the molecules at the surface have unbalanced forces actingronthey are attracted
inwards towards the bulk of the liquid. This action (which is eventuallgnicald by the
resistance of the liquid to compression) causes the surface arée dfuid to be
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minimised. Increasing the surface area increases the number of nlatthe surface.
This in turn increases the free energy of the system, whighliketa force resisting the

increase in surface area.

This phenomenon is important in the context of this thesis because the liquid isicedstra
by surface tension (or capillary) forces and therefore exertadditiomal force on the
rheometer. It is also important to know how this force gatiwoughout the operation of
the rheometer as it determines the geometry of the liquid bridyaféects the response of

the rheometer.

4.2. Contact Angles

The level of complexity increases when this liquid/vapour interfaeets a solid surface
(this point is known as the contact line) as seen in Fig. 4.2. The geometry of theenterfac
determined by considering the thermodynamic equilibrium conditiorthis point.
Essentially at equilibrium, the potential energy of the three ghetsauld be equal [133].

This condition is characterised by the Young equation and is given as:

Ysv =V t7., COSO (4.1)

This equation can be better understood if one resolves the sunfiamntéorces per unit

length in the horizontal direction (see Fig. 4.2).
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Fig. 4.2: A schematic of the three-phase contact line where the vapour, liquid and
the solid surface meet. Note how the contact is characterised by a contact angle.

This contact angle in part describes the geometry of the liquidebadd also describes
the spreadability of the fluid, or the ability of the fluid to wet 8wid surface. This
spreadability depends on the relative magnitudes of the various serfacgies (as
denoted by the contact anglesee Fig. 4.2). If the contact angle is large, the fluid will
form a compact droplet on the surface (see Fig. 4.3a). Convergb#y ¢ontact angle is
small, the fluid will spread to cover a large area of the solid ileasthigh spreadability

(see Fig. 4.3b).

Fig. 4.3: A schematic of how contact angles can be used to describe spreadability. (a)
The liquid has a high contact angle and forms a sessile drop on the surface. (b) The
liquid has a low contact angle and spreads across the solid.

4.3. Contact Angle Hysteresis

This definition of the contact angle only works under static equilbi@onditions. When

the contact line is in motion, such as when the liquid in the bulk phase isdloas in
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during squeeze flow, different mechanics apply. Many aspects of this atywaithing are
poorly understood and the subject is of great scientific interest [134]t M/lkaown is
that when the contact line moves due to flow within the bulk of the liqystetesis is
observed in the contact angle. It is shown in [135] that as the céineaohoves towards
the vapour; the contact angle will become larger than the equiliangle; this is known
as the advancing contact angle. Similarly, the contact angle wikakez if the contact line

contracts (this is known as a receding contact angle).

It has been found that the contact line does not move smoothly, butipsteaand slips
[135]. This is because there is a transition period as the contaet arggs between its
advancing and receding state. In the context of the rheometer, thactcine will

undergo four stages of motion:

@) ) {1 ol @
[

B TE T3 T

Fig. 4.4: A schemat|c of the four stages of contact line motion during contact angle
hysteresis.

1) When the platen moves downwards and the gap decreases, initially the hoatac
remains stationary until the contact angle equals the advancingicantge (see Fig.

4.4a). This is known as pinning.

2) If the gap decreases further, the contact angle remains atwhecady angle and

the contact line expands (see Fig. 4.4b). This is known as slipping.
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3) When the gap increases, the contact angle first decreases whdentlaet line

remains still (pins - see Fig. 4.4c).

4) When the contact angle reaches the receding angle, provided the gap is still
increasing, it will remain at that angle while the contact lindiex (slips - see Fig.

4.4d). And so on.

4.4. The No-slip Condition

It may seem as if a contradiction is being caused by the movingctbn&a When dealing
with viscous fluid flow, it is assumed that the fluid in contact with tHiel Surface does
not move - the no-slip condition. The moving contact line seems to indficike shear

stresses within the fluid. This of course is not the case.

In reality the fluid flows towards the contact line from the bulkthe fluid and not along
the solid surface [136]. This means the actual fluid flow in the vicwofitthe contact line
is very complicated and it is not a trivial matter to treat tffece of the surface
consistently [137-138]. However, one of the assumptions that are prevaikist thesis is

that the gap to neck radius ratio of the fluid is very small (see Fig. 4.5).
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Fig. 4.5: A schematic of the geometry of the liquid bridge.

This means that the vast majority of the flow is unaffected bytesence of the surface.
Therefore the fluid flow and surface are treated independentlyhairdcontributions are
combined only in the equations of motion in Chapter 3. The only devifationthis rule
is that the geometry used to define the fluid flow is determined bgideration of the

surface tension forces.

4.5. Modification of Surface Chemistry

It was shown in the previous chapter that in order to permit analysigjuite must form
a liquid bridge between the platens (see Fig. 3.1). It was also gtatetthe platens were
made from silicon and the test fluid was PDMS (polydimethylsiloxaneymilly this
would not be possible (especially for low viscosity PDMS) as the PDMS sikcon
perfectly and the surface tension would cause the PDMS to flow off ttesm mlampletely,
preventing a bridge from being formed. To prevent this, theeqdawere coated with
plasma polymerised octofluorocyclobutane, hereafter referred 488 CsFs has the

advantage of being a fluorinated polymer with wetting propedigslar to Teflon®.

Page 70



Therefore, as will be confirmed in Chapter 8, PDMS forms a fimitdact angle with ¢Fg

and will form a liquid bridge inside the rheometer.

Another reason to use 4& is that the plasma polymerisation of gaseous
octafluorocyclobutane ((Fs) to yield GFs films is frequently used in the manufacture of
MEMS devices during the DRIE process as described in full in Chapter 7piiuess
allows deep features and structures with high aspect ratios to be etchahlicmmousing a
method known as the Bosch process. The DRIE process utilises inductivelydcooyyier
(ICP) technology to create a plasma that enhances the etch rasdsarichproves the
passivation of the process. During the passivation stgh, i€ deposited using plasma-
enhanced chemical vapour deposition (PECVD), which uses eleenegly to generate
the plasma, with gaseousKg being converted into reactive radicals, ions and neutral
molecules. Instead of the plasma colliding and reacting with andngtthe substrate
surface, the interactions occur in the gas phase resulting in the depositiolymerised
C4Fg onto the substrate surface. Under such conditions, film formation ocaetatately

low temperatures whilst providing strong adhesion, low pinhole density, ieéfestep
coverage and high surface uniformity. This makes it convenient t€4kseto coat the

microrheometer platens and change their surface chemistry.

4.6. The Young-Laplace Equation

Surface tension acts to minimise the surface area of an interfaisanihimisation of the
surface area using the Euler-Lagrange equation leads to the YoungelLapgjaation

[133]. This equation describes the pressure difference across the intesfasen two
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fluids due to surface tension and the curvature of the surface (see)eqrdf@ to Fig.

4.5 for definition of terms.

1 1
AP=y, | —+= 4.2
14 (RNerJ (4.2)

We then use this pressure difference to calculate the force thactvon the rheometer

due to surface tension (see Fig. 4.6).

Tension Tension

Pressure
Lt

|
I
|
|

Fig. 4.6: A schematic of the lower half of the liquid bridge. The arrows at the edge
indicate the forces due to the tension at the liquid-vapour interface and the arrows in
the centre represent the force due to the pressure difference.

Surface tension forces acting on the rheometer as definbd attk plane can be given

as:

1 1
I:Capillary = 27Z-RN7/LV - RN27 LV'[K _;} (43)

It is easy to see that this equation is the sum of the tensiog act the surface, denoted
by surface tension multiplied by the circumference of the liquidigbr and the resultant

pressure difference acting on the cross-sectional area.

It is assumed that the capillary forces are in equilibrium; thexedflbrthe forces acting at

one point in the liquid bridge should equal the forces acting on anmbdi@. This means
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we can choose where we resolve the forces, and for convenience we resolve the forces at

the neck (the plane of symmetry) of the liquid bridge (see Fig. 4.5).

Eq. 4.2 cannot be solved analytically except in a few special circumstances, such as planar
and cylindrical geometries [139]. It is now common practice to use numerical methods to
find the solution [140]. The numerical solution used in this thesis is similar to that used in
[140]. As we are dealing with an axisymmetric problem, the Young-Laplace equation is
first non-dimensionalised by dividing all the relevant gaps and radii by eq. 4.4 and

rephrased into the form as given in eq. 4.5.

x. =3/Vol (4.4)
d’R
APx d7* 1
2y C=H*= IR’ 2t IR’ 172 (4.5)
v (1+— ) R(H— j
dz dz

The solution of this equation gives the profile of the liquid bridge which can be

approximated by a truncated Taylor series:

2
Ri+1 = Ri + (Zi+l _Zi);l_;' +%(Zi+1 _Zi)2 ;{Z]f [ = 091: 27--- (4-6)
Eq. 4.5 can be integrated to give:
R 7 +HR*=C (4.7)
dR
I+—
)
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Where:
C=R.sind+ H R (4.8)

where R is the dimensionless contact radius. Therefore the first and secaréwmlitil as

used in eg. 4.6 can be given as:

dr R Y
o] 1 4.9
az \/(C—H R?j (4.9)
1+ dR2 3/2
2 = 2
3;_ S 74 +2H*[1+d_R_] (4.10)

Given the following boundary conditionByR,), Eq. 4.6 can be solved::

C if H =0
R=1_14J1ra1Cc . .. (4.11)
- if H =0
2H
R=R (4.12)
dr = cotd (4.13)
dzZ,

However it can be seen that in the solution of eq. 4.6 a choice @tergyand contact
line radius has to be made as these are unknown. Therefore to getdlse smlution it is

required that the resultant volume of the liquid bridge is met. Thieamaised to find the
geometry of the bridge is to calculate the volume of the bridge forge i@ curvatures for
each contact line radius or contact angle. Given this range ofbjgossilutions, we

interpolate to find the correct curvature. This in turn definesgty®e Therefore, if the
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procedure is repeated for each contact lineusadie obtain the geometry of the liquid

bridge for a range of gaps (see Fig. 4.7).

12 12

10+

Bridge Gap (um)
Bridge Gap (um)
(2]

110 094 95 96 97 98 29 100

(a) Bridge Radius {(um) (b) Bridge Radius (um)

Fig. 4.7: How the geometry of a typical liquid bridge varies with the gap as given by
eg. 4.6. (a) The contact angle is constant; (b) the contact angle varies.

Given the geometry for a range of gaps means the curvature andadeckis known,

allowing the solution of eq. 4.3 (see Fig. 4.8).
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Fig. 4.8: How the capillary force varies with the gap as given by eq. 4.3. (a) The
contact angle is constant; (b) the contact angle varies.

This solution is the exact solution for eq. 4.3. However, it is not onaemient form for
use in the dynamic equation eq. 3.2. Its use would mean having to run anpragor to

each use of the rheometer which is inconvenient. It is useful howethsit it serves as a
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check for any subsequent calculations but it is apparent that a closeddiaition will be

of much more use.

4.7. Toroidal Approximation

A few closed form solutions exist. These include the gorge approximation, [440]
parabolic approximation [141] and the toroidal approximation [142]. Because the parabolic
approximation requires direct physical measurement of the liquabeé (which is
impractical in this case) and the gorge method leads to high naacesi [140], it is
decided that the toroidal approximation is the best option. It can be showviimighraethod

is applicable because if we consider the curves shown in Fig. 4.7 and superanpose
circular arc on top, we can easily see that the arc is a ggodxamation to the exact

solution:
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0.03 0.04 0.05 0.06 0.07 0.08

Nondimensional Radius

Fig. 4.9: A comparison between the geometry of the bridge as given by eq. 4.6 (solid
lines) and a circular arc (dashed line).

We can also check that this assumption is valid. If we takanaple video capture of a
liquid bridge (see Fig. 4.10) we can see that the circular @rindeed a good

approximation to the actual geometry of the bridge. It is necetsagynember however

Page 76



that the geometry is not actually a circular arc. In ordethergeometry to be valid, the
curvature has to be constant at all points on the surface ofitlye brhis is not true of
circular arc geometry where the curvature varies alongutitse of the bridge suggesting
that a pressure difference exists within the bridge. This of course daappn or else the
fluid will flow to negate the pressure difference. This means the bridy# isrcular, but
it is still a close approximation. The toroidal approximation is used to Hesthie
geometry of liquid bridges between sphdres] but hasn’t really been solved completely

to deal with the flat on flat geometry as is of interest here.

Fig. 4.10: A video still of a liquid bridge. Note how the circular arc closely
approximates the actual shape of the bridge profile. The dark area indicates the
liquid.

To use the toroidal approximation, consider the geometry given in Fig. 4.11:
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Fig. 4.11: A schematic of the liquid bridge represented by toroidal geometry.
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From simple geometry it can be seen that the bridge profitegepted by the thick black

line can be expressed by the equation:

h h Y (h )
r(z):F{+§tan(¢9)—\/(zco39j —(—2— j (4.14)

Where the radius of curvature of the bridge profile is defined as:

h
— 4.15
P = cow (4.15)
And the neck radius becomes:
h h
=R+—tan(8)- 4.16
=R 2 () 2coy) ( )

By using the disc method for calculating the volume of a relniuthe volume of the

liquid bridge is shown to be:

VOI=]17Z{RV +p- pz—(g— j ] dz (4.17)

We can solve eq. 4.17; and so for a given gap, contact angle and vdienmeck and

contact radii for the bridge can be shown to be:

1[hAa( hA h 4vol h p?
- = 2 AL - - 4.1
R 2\/co§9( 4080 éan(e)]+ zh 12 ¥’ ('D L‘{ar(e) hﬁ (4.18)

(4.19)

1 hA hA h 4Vol
Rc—a\/coge(4co§e+‘£a”(9)j+ﬁ ¥ (

Where: A= arcsir{ij
2p

This means we can calculate the capillary force as a functigapfor a given volume

and contact angle. As mentioned above, the toroidal approximation does nan gixact
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answer. To maintain the accuracy of the exact solution shown in Fig. 4.8, a scale factor, {,

needs to be added to the toroidal approximation solution.

If the capillary force is defined as:

1 1
o, =27nR,y,, —ﬂRNzyLV.(— ——] (4.20)
Ry p

Here the neck radius and the radius of curvature are those approximately given by eq. 4.18

and 4.19. The more accurate solution is given by:
F.=(F,., (4.21)
Where ('is a scaling factor found through curve fitting:

£ =0.695 73 sin(@) (4.22)

It can be seen in Fig. 4.12 that eq. 4.21 does indeed give an accurate answer:

40 T T T T T T T T T

° — 10 Degs - Numerical Solution

5 * *¥XX 10 Degs - Toroidal Approximation T
\ — 48 Degs - Numerical Solution

30 o +\ +++ 48 Degs - Toroidal Approximation -
L J‘ — - 70 Degs - Numerical Solution

25 Q * 00O 70 Degs - Toroidal Approximation _

20 [~

Dimensionless Force

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

Dimensionless Gap

Fig. 4.12: A comparison between the exact numerical solution and the approximate
solution for the capillary force (as given in eq. 4.21) for a range of contact angles.
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4.8. Toroidal Approximation for Contact Angle Hysteresis

The liquid bridge may exhibit contact angle hysteresis, but it assimed in the
derivation of the above equations that the contact angle remams¢ant and that the

contact line radius was free to change as a function of gap.

To deal with the situation where the contact angle varies and titactdine radius
remains constant, we would need to solve eq. 4.1@ &w a function of the gap. This is
not trivial and a solution cannot be derived. To find a solution, a noatigriderived
expression needs to be found. It is easy to see that the variation ohthet@ngle as a
function of the gap will depend on the volume of the bridge and theatdima radius.
Therefore in order to obtain a single expression which will covertaditeons it is prudent
to first non-dimensionalise the pertinent equations with respect to thee/diy using eq.

4.4.

It is also necessary to normalise the gap. To do this, consider thetitedaxtreme gaps
for a liquid bridge with constant contact line radius and volume.s& hextremes
correspond to the situation where the contact angle is at a maxib®®%) or a minimum
(0°). These cases relate to the minimum gap (where any fultisezase would cause the
contact line to slip) and the maximum gap (where any further isere@uld cause the
contact line to slip) respectively (see Fig. 4.13). A real liquid walheyally oscillate

between limits in-between the theoretical limits.
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Fig. 4.13: A schematic of the two extreme cases. Note in both cases the contact line
radii and volumes are equal. Only the gap and contact angle have changed.

These extreme gaps can be found by solving eq. 4.17 for the gap and thettiogtact
angle to its relevant value. The extreme gaps in their non-dinmahgarm can be given

as:

N :E_(4_”_ZJLR:2_@ (4.23)

hlax=[4—”—2]ﬁ—£+ﬂ (4.24)

Where:C:g/(lz—yzz);r“Rf— 2472+ 47;2\/( 32 32)7r2|% 6+( 32 3& R3 3

There is also another case of special interest, which correspoadetdact angle of 90°.
When this is the case, the bridge assumes the shape of a cylinder, anpoisittivehere
the profile changes from being concave to convex and visa versasifid to note that

this case represents a singularity in the solution of eq. 4.17, aarisithat eq. 4.15 equals
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infinity (i.e. the bridge profile is straight). The relationslhetween the extreme gaps and

the contact line radius is shown in Fig. 4.14.

0.4 T T T T T T T T T
| —— Minimum gap

0.35 ‘ — Turning point |

‘ — Maximum gap

Dimensionless Gap

[ f f [ [
0 1 2 3 4 5 6 7 8 9 10
Dimensionless Contact Line Radius

Fig. 4.14: Dimensionless extreme gaps as a function of contact line radius.

We can now normalise the gap with respect to these extremes so thabwvéhkih any
gap we consider is a possible value (the normalised dimensionlesagaplie between O

and 1 or else it is a value outside the extreme values hence impossible).

The normalised dimensionless gap is defined thus:

NK =M (4.25)
hrnax - hmin

It appears that when the dimensionless contact line radius is less thase@ $4g; 4.14)
the only solutions correspond to the geometry of a potentially hlastaidge. If we
consider Fig. 4.15, the effect is more obvious. Here the contact angletasGSeand the

curves show how the dimensionless volume changes as the gap is increasethf® of
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contact line radii. Remembering that the correct dimensionless vagoas one, every

time the curve equals one, the gap given corresponds to a real solution.

2 I T T T T
—— Rc=0.9
—— Rc=0.94 ;
—— Rc=0.98 /
£
15H Rc=1.02 -~

Dimensionless Volume

05

Dimensionless Gap

Fig. 4.15: Range of solutions for the maximum gap for various contact line radii.

It can be seen that there are multiple solutions but the solution thatsaat the smallest
gap is the one that corresponds to that of the most stable bridgeth€Eheautions may
be achievable in practice but this would be unlikely due to graviectst The point is
when the dimensionless contact line radius is less th@&h there are only ‘unstable’
solutions where the smallest correct gap is much larger than that givenidges with

larger contact line radii.

For expediency it is necessary to just consider the case where the dinfesssaontact
line radius is greater than 0.94. We are interested in how the contact angle véweegags t

changes between the extreme values. As was mentioned before, due t@ttebitity of
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the solution of eq. 4.17 the contact angle as a function of gap can only be found

numerically. The solution can be seen in Fig. 4.16.

Increasing contact
line radius

8 8

Contact Angle

8 &5 8 8

| | 1 | et
01 02 03 04 05 086 07 08 09 1
Nomalised Dimensionless Gap

o~

Fig. 4.16: Change in contact angle as a function of the normalised dimensionless gap.
Each curve represents the result for a different dimensionless contact radius for the
range of 0.94 to 3.

It can be shown that the solution depends on the dimensionless contact line radius, but
converges as the dimensionless contact line radius reaches about 2.8. This is interesting but
still not very useful in that if a numerical solution was sufficient we might as well use the
exact equation rather than using the toroidal approximation. However, Fig. 4.16 is useful

in that we now know what form the solution will take.

The curves in Fig. 4.16 have the shape of a generalised logistic curve, which has the form

of eq. 4.26.

C

" T
Ll X Te—B[o.SNh MJJ

Q(RC):A+

(4.26)
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Where A is the lower asymptote; is the upper asymptote minds M is the time of

maximum growth,B is the growth rate and affects near which asymptote maximum

growth occurs. It can be seen from Fig. 4.15 fhat, M, B andT are functions oR.. B is
given in terms of a polynomial amg C, M andT can be given by Gompertz curves as:

200.455R. - 968.4R.°+ 1757R’*- 1420+ 435.68<

B=
~0.009R.*+ 0.151%°~ 0.893R*+ 23788+ 2.423>

_5'69415RC

~3.7062R
C =_405.89% 24658 + 191.074

~2.2670R,
M =4.70920@ 0-67211€ _ 4.2150

—2.23444RC

T - 6.68304@ 1-9065E _ 567550 (4.27)

The coefficients foA, C, M, B and T were all found by using a curve fitting algorithm.

The results of substituting eq. 4.27(a-e) into eq. 4.26 is seen in Fig. 4.17.
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Fig. 4.17: Comparison between the approximate numerical answer and the closed
form solution given by eq. 4.26.

AboveRr. =1, the results of eqs 4.17 and 4.26 can be seen to be in good agreement with the

desired results. This means that they can be used as working equationdealreg with

the effects of contact angle hysteresis. Batpw1 the results do diverge but the error is
never greater than 5%. Because eqs 4.27(a-e) converge toeavsihmg ask. increases

beyond 2.8, eq. 4.26 can be simplified to:

-210.55

. 0.6933
—5.7099(Nh - 0.5080)5
1+1.4424

6 =200.93+ R.>2.8 (4.28)

At this juncture we can now calculate the geometry of adiuidge undergoing a change
in height for the two circumstances, namely when the contact ljpe &hd when it pins.

The procedure for any subsequent calculations would be as follows:
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e State initial conditions

o We need to know four things: gap, equilibrium contact angle, colmact
radius and volume.

o Gap is a design/experimental parameter and is known, equilibrinch (a
dynamic for later) contact angle is a fluid property and cafoled easily
before hand.

o The volume or the contact line radius needs to be measured. Theather
be calculated using eqs 4 or 6 respectively. However they only ndsed to
measured once. The values can then be used throughout the calculation.

e Change the gap

o Itis assumed that subsequent motion will be continuous and no relaxation
towards equilibrium conditions is observed.

o The change in geometry depends on the direction the upper platen is
moved.

o If it is moving upwards, initially the receding contact angle will be lowe
than the equilibrium contact angle. Here the contact line radius (gikn)
stay constant until the instantaneous contact angle (given by eq. 4.26)
eqguals the receding contact angle. If the motion continues to inctease,
contact angle stays constant and the contact line radius changediraccor
to eq. 4.19.

¢ Change the direction

o At this point the contact angle equals the receding contegte aand the
contact line radius is known. Decreasing the gap, the contact line radius will
remain constant and the contact angle will increase as in eq. 4.26 until it

reaches the advancing contact angle. Decreasing the gap furtherearil
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the contact angle stays at the advancing angle and the contacidine

changes.

Using this procedure the capillary forces can be found as seen in Fig. 4.18.
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Fig. 4.18: Capillary force hysteresis effects for a typical liquid bridge undergoing
sinusoidal motion (amplitude is 1um, frequency is 10 Hz, advancing contact angle is
20° and receding contact angle is 7).

In this case the contact line radius and contact angle vary as a function of gap thus:
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Fig. 4.19: Variation of contact angle and contact line radius as a function of gap.
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This relationship may be better appreciated as a function of time:
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Fig. 4.20: Variation of contact angle and contact line radius as a function of time.

4.9. Squeeze Flow

To relate this theory back to squeeze flow theory, it is necessegygalb two assumptions:
1) that the fluid is assumed to have a cylindrical shape and 2héhgéap to radius ratio is
very small. The first assumption seems to be at odds with the ideautifiate tension
causes the bridge to have a curved profile. This is because dealinthevidoundary
conditions in an exact manner is not a trivial matter. This inconsistem®alt with by the
second assumption. If the gap to radius ratio is small, the effestitfeee tension has on
the fluid flow is also small. With this in mind, the theory established sndhapter is to be
used only to define the radius as used in the squeeze flow calculations gind the
additional force due to surface tension. It is intended to reduce the cauwsed by
introducing the assumption that the capillary effects and the hyalodgs of the fluid

can be separated by ensuring that the two theories are consistent.

This is done by ensuring that the volumes of fluid used in both theori¢iseasame. To
do this, the radius of fluid used in the squeeze flow theory has to becth@ean square

of the radius of the bridge given in eq. 4.14, or:
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1n 2 -
RMS= /E jo (22 dz (4.29)

To see why this is consistent, recall that the volume of the bridge isdleSne
h
Vol = [ zr(2)*dz (4.30)
0

And the volume of a cylinder is defined as:
Vol =7R;, h (4.31)

If the definition of the root mean square radius is substituted into eq. 4tB& exdius of

the cylinder, it can be seen that eq. 4.30 and eq. 4.31 are in fact the same (see eq. 4.32).

1¢n 5 ’ _h 2
vO|=7z( /ﬁjor(z) dzj h_.([zzr(z) dz (4.32)

Therefoe matchingthe ‘RMS value for the radius does ensure the volume of liquid used
in both theories are consistent. We can now use this theory to ensutbettsecond
assumption (that the gap to radius ratio is small) is also satisfied. Thisedgansuring

the following inequality based on the limits of the lubrication approximation is satisfied:
RMS>10F (4.33)
Recalling the definition of the volume:
Vol = zh( RM§’ (4.34)
Therefore the maximum gap is given as:

Vol

=3
r-l'ﬂa)( 10@[

(4.35)
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Substituting eqs 4.33 and 4.34 into eq. 4.19 gives the inequality:

1 [hoAl R A W 480107 . ( Mo P°A
R:ZZ\/C0§9(4CO%9+ 2tan(9)j+ 2 ¥ [ 4%, J (4.36)

ax

This gives the minimum contact line radius that satisfies the lutmicapproximation for
any contact angle. The absolute minimum occurs when the cantgletis zero and this is
the value that should be used to ensure that the lubrication apptmxims always

satisfied. In this case eq. 4.36 becomes:

_3h zh

== \/37%+19168+— 4.37
R:mln 24 7[ 8 ( )

If egs 4.35 and 4.37 are satisfied, the lubrication approximation is satisfied. Bug th
we now have a closed form expression for the capillary forceslliaihe geometry for the
squeeze flow theory (to be used in the subsequent chapter), the modehat stila form

that can be used in the dynamic model introduced in Chapter 3.

4.10. Linearisation of the Capillary Force

To find the constants for eq. 3.2, the capillary force curve needs to be lide@nsdo this
the change in the gap has to be sufficiently small as to not causentaetdine radius to
slip. This eliminates the contact angle hysteresis effect, and whitatiléary force curve
is still non-linear, if the change in gap is small enough thisimearity will be small. This
means the capillary force can be approximated by a lineaioredhip given by eq. 4.38 as

seen in Fig. 4.21.

F = KeaX+ X cap (4.38)

Capillary —
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Fig. 4.21: Linearised capillary force. Note that the amplitude has been reduced to 25
nm and as the contact radius is not able to slip, the capillary force is linear.

It can be seen that the coefficients to be used in eq. 3.2-3.4 and eq. 3.7 in Chapter 3 are:

Kea =—d(§F°I(h)) (4.39)
P dh
And:
Acap = QVFCT(H)_ Kca;fI (4.40)

While these expressions are difficult to solve analytically, they are solved nuligergy

easily.

4.11. Conclusion

In this chapter the geometry of the liquid bridge has been de&nddrelated to the
squeeze flow theory to be discussed in Chapter 5. During the derivatioea gédometry
the capillary forces acting on the rheometer have been defihede$ult was a hysteresis
force curve which was then linearised to form the coeffisiémat will be used in eq. 3.2

in Chapter 3.
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5. VISCOELASTICITY

In this chapter the viscoelastic aspects of the model is discusddeaconstant€; and

K1 from eq. 3.2 will be found. An effective viscosity coefficient is dedia@d used in the
Navier-Stokes equations. This is then solved in order to find the fequered to squeeze
a fluid sinusoidally. This force is spilt into its viscous and elastic corapts to define the

viscoelastic coefficients to be used in the equations of motion (eq. 3.2) in Chapter 3.

5.1. Viscoelasticity

Classically, materials were defined in terms of two models; thene wither an elastic
solid or a viscous liquid [144]. Elastic solids were defined by Hooke’s law which stated
that in elastic solids, stress is directly proportional to strain guinall deformations but
is independent of the rate of strain. Similarly, Newton’s law for viscous liquids stated that
the stress is directly proportional to the rate of strain but indepentitm strain itself.
Both laws are idealisations because while there are materialsewehaviour can be
modelled using the above laws under certain conditions, there are maaymatarials

that are more accurately described as being viscoelastic.

Being viscoelastic means that a material can exhibit both ussaad elastic properties
simultaneously. The specific response will depend on the time-scale ekpleeiment

relative to the time it takes the material to relax. This maehat if the experiment is
relatively slow; the material will appear to be viscous, wheifeii® experiment was fast
the material will seem to be elastic. At intermediate time-scalesixed, viscoelastic

response will be observed. Examples include bodies that are soft solitteeeefdre do
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not maintain a constant deformation under constant stress and so creefimeith
Alternative examples may include particles which are not qujtediwhich may, while
flowing under constant stress, store some of the energy input, and iokthssipating it

as heat, recover part of its deformation when the stress is removed (elasfi¢1é4bpil

Therefore it is not unreasonable to assume that the majornitatarials can be considered
to be viscoelastic and will exhibit either elastic or viscous pregse(or both) given the
right situation. In this chapter we will only consider linear viscoeldgtithis is because
rheological properties are very sensitive to the molecular structutlee omaterial. So
when finite strains and/or strain rates are applied to a material, ¢éss-strain relationship
is very complicated (it can exhibit non-Hookean deformation and/oMNsewtonian flow
[144]) as it causes the molecular structure of the material tosigmificantly. This means
that measurement of the material properties is much more cateplithen if infinitesimal
strains/strain rates were applied. Therefore in a bid to ensure thasthes 0btained in an
experiment are as meaningful and as mathematically tractable aslggogdinear model

of the viscoelasticity will be assumed.

As shown in [145] the theory of linear viscoelasticity is based on afgigon principle.
This principle states that the response (e.g. strain) is directly fim@drto the cause (e.g.
stress). It is therefore implied that the response to a seriemalf step strains will be
simply the sum of the responses to each step, where the sameaele@lulus governs
the response. This means the differential equations governing the theorgaalieesr,
and the corresponding coefficients are constants. These constantatamal mproperties

such as viscosity and shear modulus which are assumed not to changbandglscin

Page 94



variables such as strain or strain rate. Therefore the time derivatives are ordinary partial
derivatives, thus restricting the theory to be applicable to small changes in the variables
only i.e. only infinitesimal strains and strain rates can be applied to the material in order to

keep the model valid.

The general differential equation for linear viscoelasticity is [144]:

2 n

0
(1+a15+a2¥+---+a”atn

m

0 o’ 0
)a=(ﬂn+ﬂ1 5+ﬂ2 ¥+..'+ﬂm ﬁ)y (5'1)

where o is the stress and y is the strain. @; f; are material constants.

5.2. The Maxwell Model

A popular way of describing linear viscoelastic behaviour is by using mechanical models.
These one-dimensional models consist of springs and dashpots arranged in such a way so
that the system behaves in a manner similar to a real material. This allows the main
features of the behaviour of the material to be inferred from an appropriate model rather

having to develop complex mathematical models that may be intractable.

A simple but common model for linear viscoelastic fluids is the Maxwell model. Here the
elastic term is represented by a Hookean (linear) spring and the viscous term is represented

by a Newtonian dashpot in series (see Fig. 5.1).
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Fig. 5.1: A schematic of a Maxwell element comprised of a spring and a dashpot in
series.

The differential equation for the Maxwell model is given as:

o+1,0=ny (5.2)

This is equivalent to making «,in eq. 5.1 equal z,, (defined as 7/G) which is the natural
time constant for a Maxwell fluid and S, equal  which is the shear viscosity. These are

the only non-zero terms in eq. 5.1. To see the significance of the time constant, we
consider the situation where a strain rate which has had a constant value for t < 0, has been
applied to a material and suddenly removed at # = 0. It can be shown that the solution of

eq. 5.2 for £ > 0 gives the stress in the material as (see Fig. 5.2):

o=nye ™ (5.3)
A
V o E
7.'0 Oof -------- A
i
;
K [
=0 t t=0 t

Fig. 5.2: (a) Graph depicting the variation in strain rate with respect to time and (b)
the corresponding stress relaxation as given in eq. 5.3.
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From Fig. 5.2 and eq. 5.3, it can be seen that the stress relaxes exponentially from its

equilibrium value to zero at a rate proportional toz, . For this reason we call the time

constant 7, the relaxation time for the material.

To calculate the properties of the fluid, it is usual to impose a known strain/strain rate onto
the fluid and measure the stress which will be proportional to those properties. A common
way of determining viscoelastic behaviour (and the method used in this thesis) is to
measure the fluid’s response to small-amplitude oscillatory shear. To illustrate this for a

Maxwell fluid let:
y(t)=y,coswt (5.4)
Thus the strain rate is:
y(t) = —wy, sinwt (5.5)

Substituting into eq. 5.2, a linear first order differential equation is obtained which gives
the solution:

nwy,

= m(a)rm cos ot —sin a)t) (5.6)

It can be seen that part of the stress is in phase with the applied strain and can be written as
G'y(t). G'is the storage modulus (or dynamic rigidity) for the liquid. It is a measure of
how much elastic potential energy is stored in the fluid. The part of the stress which is out
of phase is written as (G"/ @)y(¢). Here G" is the loss modulus of the fluid. This is a
measure of how much energy is being dissipated in the form of heat due to viscous losses
(or internal friction).
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The storage and loss modulus are defined respectively as [145]:

G = M@’

" a
=Tt and G'= o (5.7)

2. 2
I+,

Using a simple trigonometric identity it can be seen that the solutiaindostress can be

recast into a more convenient form, namely:
o(t) = o e @+ (5.8)

Where:

tan5=G— (5.9)
G

Therefore if we normalise eq. 5.8 (or eq. 5.6) and plot it against timeahsed applied

strain we can determine the fluid properdg'sandG” (see Fig. 5.3).
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Fig. 5.3: Typical stress/strain curves for a sinusoidal experiment.

It is easy to see that if the fluid was purely viscous the phase would @GP it was
purely elastic the phase would be 0°. It should therefore be obvious tihethase angle
and amplitude of the response was measured at various frequencies,atpe atat loss

moduli for the fluid would be known for different strain rates.

Page 98



5.3. The Generalised Maxwell Model

This model, as it stands, can only accurately describe simple fluids siitlgla relaxation
time. However, because of the many processes that occur wherpkexdéiond is subject
to a deformation, many fluids exhibit multiple relaxation times. He@wuewhile more
complicated models exist, Roscoe [146] showed that all models irregpexdtitheir
complexity can be reduced to two simple canonical forms. These includenlealised
Kelvin model (pertaining to viscoelastic solids) and the generalised Marwveelé! (for
viscoelastic liquids), and it can be shown that these two models are also equiVdent.
general Maxwell modek made up ot number of Maxwell elements in parallel (see Fig.

5.4), where each element has a different relaxation time and shear modulus.

o ik

Fig. 5.4: A schematic of the generalised Maxwell model showing many elements in
parallel.

It was shown by [147] that the full differential equation (eq. 5.1) and the mechamidal m
shown in Fig. 5.4 are equivalent. The implication of this is that complék Blehaviour
can be modelled by superimposing a series of linear responsesthathdraving to deal
with more difficult models. Given the pertinent data, we can tell hest to model the
fluid. For example in Fig. 5.5, the rheometry data is best described liogar single-
element Maxwell model, whereas in Fig. 5.6, the data is best desbsileedive-element
Maxwell model. The number of elements is decided by what the curve fitetigpthgives

as the best fit.
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Fig. 5.5: Rheometry data best described by the single-element Maxwell model.
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Fig. 5.6: Rheometry data best described by a five-element Maxwell model.

This may seem like an unnecessary complication, as it seems like we now have to build in
an unknown number of spring and dashpots into the dynamic model (eq. 3.2). In fact this

is not the case. From Figs. 5.5 and 5.6, it is clearly seen that regardless of how complicated
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the response is, there is still only one value for the storage andantmbgli for each
frequency as shown in eq. 5.10 and hence can be modelled as a single Memetit.
The only real difference between the simple Maxwell model and thealised Maxwell

model is how these moduli vary with frequency (see eq. 5.10).

n n

2
] 771' @ n 770)
G=) ""— ad G'=) ——— 5.10

; 1+ o’r,° ; 1+ w’r,,* (5-10)

5.4. The Relaxation Spectrum

From eq. 5.10 it can be seen that once the storage and loss moduleleavmeasured, the
shear viscosities and relaxation times can be calculated. With thisnatfon, the
relaxation spectrum for the fluid can be obtained. The relaxatiartrape shows how a
fluid ‘softens’ with time. From eq. 5.2 it can be seen that if we apply a constant strain to

the material, the stress response can be given as:

t

o(t)=Gye ™ (5.11)

The relaxation modulus can therefore be defined as:

_t
G(t)=Ge ™™ (5.12)
This information gives a picture of the molecular structure ofntla¢erial. How this is
done is complex and is outside the scope of this thesis only necessary to know that

we can calculate these properties.

For completeness the relaxation modulus for the fluid shown in Fig. 5.6 can be seen to be:
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Fig. 5.7: The relaxation modulus for the fluid described by the rheological data given

in Fig. 5.6.

5.5. Equivalent Viscosity Coefficient

When dealing with storage and loss moduli, it is customary to write [145]:

G =G"+iG'
Here G is the complex shear modulus of the fluid, where:

o()=G (@)y(?)

Instead of this form we can define the stress in eq. 5.8 to be:

o()=7 (@)y()

*
Where 7 is the complex viscosity and is given as:

*
s

nm =n'-in

(5.13)

(5.14)

(5.15)

(5.16)

n' is the dynamic viscosity but the parameter 72" has no special name but is related to the

storage modulus through G'=n"w[145].
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The physical interpretation of this is easily observed if cwasider a linear dynamic

spring-dashpot system with an equation of motion like:

7]'2—):+G' x = F e (5.17)
And if we let:
X = Xe'* (5.18)
This can be rearranged thus:
(n'—i E) X =F (5.19)
a

Comparing to eq. 5.16 shows that the complex viscosity can be used as an effective
viscosity coefficient (see [148]). As well as being elegant, tes ialso has practical
applications. It is well known that the stresses and velocities invaoN®n fluid are
completely described by the Navier-Stokes equations. Unfortunately, segpiealent
expressions for viscoelastic fluids do not exist, but by using tfestefe viscosity (eq.

5.16) we can use the Navier-Stokes equations to analyse complex fluids [148].

5.6. The Oscillatory Stefan-Reynolds Equation

For the current situation (i.e. squeeze flow) we need to consider thieri{$iokes

equations in polar coordinates (using the equivalent viscosity coefficient):
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These are the equations that must be solved in order to calthdaferce required to
squeeze the fluid sinusoidally. However, the equations are mathemaititedctable in
their current form. In order to simplify the calculation, certassuanptions need to be
made. The most obvious simplification is to assume that the flow isnaxisyric. This
means that there is no flow in the angular direction and that thedftew not vary in this
direction. This assumption is valid as long as the platens only moVky aglative to each

other, which is the case [149]. This simplifies the equations to:

_+__
or® rér 0z r?

(6U ou au) oP .|d%u 16u 2% u
p +W— |=——+
ot or 0z or

2 2
p(aw ow aw) P *[aw 10w aw} (5.21)

W_ — e —_ —_ [
ot or 0z 0z or? +r or * 07*

We can also non-dimensionalise the equations. This allows for the eapartsam
between the various forces [149]. It is well known that if therRils number is small,
the inertial forces can be neglected; the validity of this assumpiibbe discussed later.

Neglecting the inertial forces further simplifies the equations to:
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Oz—a—P+ *[@_Fla_u_l_@_i}
or or> ror 8z2% r?

(5.22)

oP *[azw 16w azw}
-t st ——+——
0z or ror o0z

One of the stipulations of being able to use eq. 5.2 (and subsequently eds $ha6}the
strain and the strain rate are infinitesimally small. Therefore the upper platen raiceaist

to move thus:
h(t) = h + g (5.23)

As g is small € « h), the velocity components will have the form [150]:

u=Ue” and w=We” (5.24)

The relative magnitude of the velocities is based on a furtsswnagption. In order to
simplify the flow calculation, it is assumed that the fluid mategslahes parallel to the
platens remain parallel to the platens throughout the duration diote[151]. This
assumption that the material planes do not ‘buckle’ is based on the fact that the flow is
predominately radial in nature. It is an assumption that is valid providedhe aspect
ratio between the gap and the radius is small [149, 151], a constraiig thatntained

throughout this thesis (this is known as the lubrication approximation [149]).

The reason why this concept is useful is because we can now use thglepohche
conservation of volume to calculate the relative magnitudes ofdtoeities. To do this,
consider an elemental cylinder (see Fig. 5.8). If the upper platensnaodéstancedh

axially in time dt , the volume of the cylinder decreases at a rate of:
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szﬂ'rz%zﬂ'rzw (525)

dh

P
o

Fig. 5.8: An elemental cylinder being squashed.

From the assumption that the flow is predominantly radial, fluid rflost out of the

cylinder at a rate of (see Fig. 5.9):

Q, =2zrh— = 2zrhu (5.26)

Fig. 5.9: The elemental cylinder with fluid flowing out of the sides.

From the principle of the conservation of volume, we can equate the=e together

giving a relationship for the relative magnitude of the fluid velocities:

r
U=——Ww 5.27
n (5.27)

Therefore we can assume a velocity profile of the form [150]:
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u_Ldf(z,t)
T2 dz

and w=-f(zt) (5.28)

Substituting into eq. 5.22 gives the equation:

d*f(zt)
dz*

0 (5.29)

This can be solved by direct integration using the following boundary conditions:

f(0,t)=0, fhit)=iew
df (0.8) _, df (ht) 0 (5.30)
iz dz

The first two conditions state that the bottom platen is stationary Wiglepper platen is
oscillating as stated in eq. 5.23. The second two conditions is the no-sliti@o

Integrating eq. 5.29 and applying the boundary conditions gives:

2

f(z,t)=%(2%— 3)(iga)) (5.31)

Combining this equation with egs 5.24 and 5.28 gives the velocity praftiénve fluid
undergoing squeeze flow. The force required to squeeze the fluid sinusmdalyulated
by integrating the stress acting in the direction of the fone the surface of the upper

platen, or:
F=["["o,rdrde (5.32)

Where the axial stress is defined as:

o,=-P5_+T, (5.33)
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Where the additional stress is defined as:

(5.34)

. dw
Tzz=2’7 E

Substituting eq. 5.28 into eq. 5.22 gives the pressure as eq. 5.35 and the added stress as eq.

5.36:
M 2 B? .
P=3p (2_3_5{_3] iswe'™ (5.35)
h® h
* Z —_— - Iw
T, =129 F(h_z)lgcoe t (5.36)

Substituting into Eq. 5.32 and integrating gives the force:

F= R pe (5.37)
2h

Comparing this equation to the original Stefan-Reynolds equationofstant velocity

squeeze flow [152] shows the validity of this equation.

5.7. Assumptions and Corrections

While this is the solution to the Navier-Stokes equations for viscoelastisoidal
squeeze flow, there are some issues. The first is the assumption tfzatidlseof the fluid
remains constant. This is because in the derivation it is implied thgplakens are
completely submerged with fluid and so the cross-sectional areheofluid being
squeezed is the same as the radius of the platens. In our case this is not so, as itis a discr
constant volume of fluid that is being squeezed. Therefore the radius wiBimasoidally

and this needs to be taken into account. Recalling in Chapter i weet shown that the
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root mean square of the bridge profile is a valid approximation for the bridge radius, we

can define the radius to be:

R= Vol
\/ wh(t)

Substituting this and eq. 5.23 into eq. 5.37 gives:

* 2
F = 3n Vol —icwe™
27h® (1 + ;eia"j
As it can be shown that provided that x is small:
1
ey -

Eq. 5.39 can be simplified to:

3n Vol Y. .
F= ;7 i_zos (1—%(3‘“") icwe™
T

Expanding gives:

_3nVol’

2

27h’

2 .
F= (1 _ zieia}t " a2 e”“”)iea)e'm
h h

As ¢is small, we can ignore all higher powers leaving us with:

3n Vol* .
F = n _05 icwe'
27h
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Another issue is the lubrication approximation. Throughout this sectioms ibden stated
that if the ratio between the gap and the radius is sufficiently sl flow is
predominantly radial. This implies that the stresses do not vaajlyaxHowever upon
inspection eq. 5.36 is a function afand is a maximum ah/2. Therefore, we need to
integrate eq. 5.32 alh/2instead of at the platen surface as otherwise the force will be

underestimated. This gives a solution of:

4 _
R h?). |
F = 37”7_3 1+ 2_—2 Isa)e'“’t (544)
2h R

It is easy to see that if the gap to radius ratio is vanishingdl,sthis equation reduces
back to eq. 5.37. This equation can also be put into the constant volumeyfasimdp the

same method as above giving:

o N
F= 3’27;%0! (1+ ”\;‘ )igcoe'“" (5.45)

This may seem to be unnecessary, but because while it can be ensutbd tiegh to
radius ratio is small, it cannot be made as small as we may like. This is bexthes@ud

get thinner, the force required to squeeze it increases significahtrefore in order to
reduce the force the rheometer has to supply, the lubrication apptmainhas to be

relaxed a little. This can be done by using eq. 5.45 which will maintain accuracy

Eq. 5.45 can be expanded into its viscous and elastic components by usirtatithres hep

givenin eq. 5.16.

3n'Vol? xh®\dx 3G'Vol? zh® ot
— |t —— = |x=Fe*? 5.46
2zh® ( - Vol ) dt 2zh® 1+ vol ( )
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This is the same form as eq. 5.17 so that it is clearly seen thatetffieients that will go

into the main dynamic equation are:

35 'Vol? ,,53] 3G'Vol? ( zh 3]
c =20 and K,=———|1+—— 5.47
1=t [1+ Vo 1= s | 1t Vo (5.47)

It can be seen that due to the approximations given above that these cuefliceeindeed
constant. This is an assumption which is valid provided that the condtiatiatis small is

true.

5.8. Inertia

It has always been stated that the inertia of the fluid is going to bectesl This
assumption was purely made to simplify the solution of the Navier-Stokes equyatpns
5.21). Bell et al. [150] did solve the full equation to include inertiaga the result in
their paper. The full solution given was a very complex solution asdne@tiamenable to
be adapted for use here. There were simplifications given in the paper, but it was
decided that they won’t be used. Quite simply, it was discovered that the frequency that the
rheometer would have to be driven at in order to make inégtafisant, was outside the
range the rheometer would operate in. To show this, we define the Reynolds tubder

h?pw
"

Re= (5.48)

It can be shown that iReis kept below 0.1, inertia can be neglected. For example if we
were to want to test a low viscosity fluid of 1 Pa.s the mamrfr@quency we can go to is
around 5 kHz given typical geometries and still maintain accurseg Fig. 5.10) (for

more viscous fluids (say 30 Pa.s fluids) this value can be around 1MHz).
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Fig. 5.10: A comparison between the full solution (inertia included) given in [150] and
the solution given here (inertia neglected).

If we were to operate the rheometer at a frequency thatdvwoake Remuch higher, the
accuracy would decrease (see Fig. 5.11). However, as the rheondetseigiged to operate

at around 1 kHz, the inertia correction is not necessary.

0.02fF T T ..' Y". T T =
..’ Y Full Solution
. e ¢ Approximate Solutid
* 2
* .
¢ 3
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(e}
i . 3
* 'S
* -
0.005 ¢ . —
i -
* .
* .
oo L L L L L
510 ° 610 ° 710 ° 810 ° 910 ° 110 °
Time (s)

Fig. 5.11: The same fluid as in Fig. 10 being tested at 100 kHz, givingeof 2.5. Note
how the two solutions no longer match.
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5.9. Conclusion

In this chapter the theory of viscoelasticity has been explained anddafuptiee squeeze
flow problem. Using the Maxwell model an effective viscosity dogdht incorporating
both viscous and elastic terms was derived and used in the solutionNdties-Stokes
equation. Through this method the Stefan-Reynolds equation for slalstscoelastic
fluids was found. This solution was improved further by including the sffgchaving a
constant volume and the effect of having a geometry that agmeahe limit for the
lubrication approximation. This improved solution was then split into its compongst pa
to form the coefficients to be used in Chapter 3. The effects of imet discussed and a

limit for the frequency was imposed to maintain accuracy.
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6. THE MICRORHEOMETER

In this chapter the mechanical and electrical behaviour of th@meéometer is discussed.
Firstly, the proposed design is reviewed to remind the reader how tiee devo be
piezoelectrically actuated. Then in order to facilitate the sulesg analysis, the theory
behind the piezoelectric effect is explored, specifically with a viévdetermining the
piezoelectrical material to be used and its material propefilgs. information is then
used to calculate the mechanical response of the rheometer, igcltgistiffness and
inertia, as a function of the applied voltage and the fluid propertie®e thecmechanical
response of the rheometer is established, the resultant induced voltage i<focadhis
is understood, it is discussed how the fluid properties can be caitidaten the
amplitude and phase of the induced voltage. Finally, a brief discussionthato

practicalities of measuring the induced voltage is performed.

6.1. The Design

It was decided in Chapter 2 that a piezoelectric rheometerhwakesign that had the most
potential. And it was shown in Chapter 3 that the rheometer is to be madénfo parts:
the active layer containing the quartz disc and a passive Wyeh just has the lower
platen and other features to allow for easy assembly and thenahgmf the platens (see
Fig. 6.1 and 6.2). It is 30mm by 30mm by 1mm in size. The other dimenraiens

disclosed in the discussion below.

Page 114



Bond pads Wires Active Ground Sensing Quartz

/ N
| ! 1 ! 1
A
/ \
| NI ) \ \
Oxide layer C,4Fg coating Upper platen Silicon BSOI wafer

Fig. 6.1: Schematic of the active layer of the microrheometer.

C4Fg coating Lower platen  Alignment feature

=\

Fig. 6.2: Schematic of the passive layer of the microrheometer.

The passive layer as shown in Fig. 6.2 is to be fabricated frongke girystal silicon
wafer. The wafer has been etched to three stages of diffdegths. The first stage
supports the active layer. It has been etched to expose a conaentrigs (the alignment
feature) which will help to locate the active layer and the up@geml The second stage
exposes the lower platen and sets the gap between the platens. Btaglastliows the
lower platen to stand above the bottom of the passive layer. Thislisvtoeacess liquid
to flow away from the platen and the sample being analysed. The ewtreid coated

with C4Fg to help keep the sample in place (see Chapter 4).

In Fig. 6.1 it can be seen that the active layer is made up afateeenponents, namely
the silicon diaphragm, the quartz, the electrodes, the bond wires andnth@dmts. The

basis of the active layer is a BSOI wafer. The quiartronded to the device layer and the
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handle wafer etched away to release the diaphragm. The electrotiesnadeposited onto
the quartz and the bond pads and wires attached. For convenience, ilsefatetach

component are given again below:

e The silicon diaphragm
o The diaphragm is made out of single crystal silicon and has a $istivisy
(~0.001Qcm) and also acts as the ground electrode for the piezoelectric
material.
o The diaphragm has a diameter of 11.5mm and is 50um thick.
e The quartz disc
o This is made out of X-cut quartz (see section 6.3 for more Islefai
different cuts of quartz and their associated constants.)
o It has been cut into a disc with a 10mm diameter and 100pm thickness.
o It is assumed that it has a Young’s modulus of 40.14GPa, Poisson’s ratio of
0.322 (calculated values - see below) and a piezoelectric coupling
coefficient (d) of -0.934x10*C/N.
e The electrodes
o The electrodes comprise of a 10nm e-beam evaporated layearofiri
(for adhesion) under a 200nm layer of thermally evaporated gold.
o The electrodes have been deposited onto the quartz in five ntoace
circles:
= The inner electrode is an active electrode in that the inputgeolta

will be directly applied to it. It is a circle of radius 3mm.
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» The second electrode is a ground electrode to shield the sensing
electrode from the applied electric field. It is an annulus of inner
radius 3.25mm and outer radius 3.75mm.

»= The third electrode is the sensing electrode. It is an annulus of inner
radius 4mm and outer radius 6mm.

» The fourth electrode is another ground electrode. It is an annulus
with inner radius 6.25mm and outer radius 6.75mm.

*» The last electrode is another active electrode. It is an anpiilus
inner radius 7mm and outer radius 10mm.

e The platen has a radius of 250um with a set gap between the platens of 20 pm.
Similar to the passive layer the entire bottom surface of theedetyer is coated

with C4F8.

The two layers are simply placed onto top of each other ferdsdyg purposes (see Fig.
6.3). If the microrheometer is to be used to analyse some liquid, a fditogp gample is to

be placed on the lower platen prior to assembly (the details of this is given in Chapter 8).

Location of liquid sample

Fig. 6.3: Schematic of the assembled microrheometer.

Page 117



6.2. The Piezoelectric Effect

Piezoelectricity is the ability of some materials to producelgage in response to an
applied mechanical load [153]. This effect is caused in materials sughaatz because
when stress is applied to the crystal lattice, the individual atoms in theriahare

displaced. This results in a charge separation as the positive and nebatiye centres
are displaced by differing amounts causing electric polarizatidmnmhe crystal. This

concentration of charge causes an electric field in a wajogous to that found in a
parallel plate capacitor. This electric field in turn meansethe a potential difference

across the material due to the applied stress. This is known as the piezoelectric effect.

The piezoelectric effect is reversible in that materials etthgoithe directpiezoelectric
effect (the production of electricity when stress is applied) also exhibitcbnverse
piezoelectric effect (the production of stress and/or strain weheatric field is applied).
Many crystalline materials exhibit piezoelectric behaviour. A nunabenaterials exhibit
the phenomenon strongly enough to be used in applications that taketeayy of their
properties. These include quartz, Rochelle salt, lead titanate zeameraimics (e.g. PZT-

4, PZT-5A, etc.), barium titanate, and polyvinylidene fluoride (a polymer film) [153].

Mathematically, piezoelectricity is described by thmaterial’s constitutive equations,
which describe how the material’s stress (T), strain §), charge-density displacemei;)|
and electric field E) interact. In strain-charge form the piezoelectric camst# equations

are given as [154]:
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S=s.-T+d"-E

(6.1)
D =d-T+ég, -E

The matrixd contains the piezoelectric coupling coefficients for theenmt and it
appears twice in the constitutive equation (the subsEripidicates a zero, or constant,
electric field; the subscript indicates a zero, or constant, stress field; and the supetscript

stands for transposition of a majtixe,, is the permittivity of the material anglis its

compliance.

The strain-charge form of the constitutive equations for a stdrsianple piezoelectric

material (such as a poled piezoelectric ceramic, e.g. PZT) may be wsiftEsi34:

S1 Sll S12 S13 0 0 0 Tl O O d3l

S2 512 S11 S13 0 0 0 T2 O O d3l E

Ss — Sis Si3 Sas 0 0 0 Ta + 0 0 d33 El (6.2)
S| |0 0 0's, O OfT, |0 dy Of_

S, O 0 0 0s, O|T,|d, O O

'S;] |0 0 0 0 0 s]|T¢] [O 0 0]

This simply states that the strain in a piezoelectric matsrgilen as the sum of the strain
due to mechanical stress and the strain due to the electrical displacementahthel ats

can be expanded to give:

S1 _SllT1+ SlZ-I- 2+ Sl;- 3+ d 3E ;

SZ SlZT1+ Sl]T 2+ Sl;- 3+ d SE 3

S3 — Sl3Tl+ SlBT 2+ 83;- 3+ d 35 3| (63)
S4 S44T4+ d 15E 2

SS SSST5+ d 15E 1

S6 SGGT6
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Thus, if a voltage was applied in the z-direction (i.e. inBhélirection) then a PZT disc
would increase in size in all directions. As the disc is thin, this wodn the disc will
expand radially. If the disc was bonded onto a silicon diaphragm such as is tive tbase
microrheometer, this radial expansion would cause the diaphragm to defliscthis

effect which we take advantage of to squeeze the fluid.

In the microrheometer, we wish to use the piezoelectric maseriabth an actuator and a
sensor. To do this, the piezoelectric disc is only partiallyecbaith active electrodes and

an area is left passive. It is in this passive area that the inducedevislttogbe measured
and related to the properties of the fluid. This is possible because as is shown in,éf. 6.1b
the stress in the disc is known, the induced charge-density displacement is knowriswhic

linked to the induced voltage.

6.3. Quartz

In the previous section PZT was used to describe how the piezoetestrizan be used as

an actuator and a sensor. This is because PZT is the most isotezgiel@ctric material

with the simplest constitutive equations allowing the subsequent discussions to be most
easily understood. However, as was discussed in the first section, quartz is td bs use

the piezoelectric material.

PZT is by far the most commonly used piezoelectric matandlthe use of PZT would
mean the mathematics is simpler. PZT would also be benefisiatsapiezoelectric

coefficients [153] mean that the silicon diaphragm would deflectfggntly more fora
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given voltage as compared to an equivalent disc of quartz [155]. Howevegdisen to

use quartz is borne out of several considerations:

1. PZT is a man-made polycrystalline ceramic. Therefore when aoflif®ZT is
oscillating, the crystals rub together resulting in significant hystelesses [156,
157]. This is an issue because the purpose of the rheometer is to measgsethe |
in the fluid which may be masked by the losses in the PZT. Theses loassebe
quantified, but it is not a simple relationship. It was shown in [156] that theslosse
are a function of voltage amplitude, deflection and frequency, an@ aseanusing
the piezoelectric disc to measure deflection, we would need toatalifor the
entire range of amplitudes, deflections and frequencies which snidfble task
and would probably lead to inaccuracies. Quartz, on the other hand, is a single
crystal material. Therefore hysteresis and internal losses are esscprbnounced
[158, 159] and this should lead to a more accurate reading.

2. The properties of PZT mean that it is an excellent actuatarlarge stress can be
induced in the PZT by a relatively small applied voltage. It isfusthat makes it
a poor sensor [160] in that it requires a large applied stress to indoeasarable
voltage. Remembering that there will be electrical noise in theeraysit is
important to induce as large a voltage as possible. It is shown [16Q@juitwdt is
the best choice for this reason.

3. PZT is a polycrystalline material and as such is a brittle nmhteThis
macroscopically implies a statistical distribution of itdrodétte strength, because
defects, such as pores or cracks are responsible for the initiatiba spécimen

failure especially along grain boundaries [161]. This means thatniuch more
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prone to failure and will have a shorter working life as compareddotz which is
single crystal.

4. The rheometer is to be fabricated by bonding the quartz to a silicon diapfragm
bonding of quartz is now a well known process and can be carriagitbugreat
success [162-164]. Quartz is silicon dioxide and bonds readily to siliconuwitho
any intermediate layers. PZT on the other hand does not bond dily.réar
bonding PZT to silicon a thick intermediate layer of gmdequired. This first
covers any surface discrepancies caused by the polycrystalline ohthee PZT
and allows for the eutectic bonding to the silicon [165]. This additicangr|
results in more losses and a reduction in the possible deflection [166indree
common and simpler alternative to bonding PZT is to use an adhesive [167] but
this method only exacerbates the problems just mentioned.

5. Another significant advantage is that quartz can be bought comrheinighe
exact size required. PZT is usually sold ready packaged as an aahaibis not
easy to find in its raw form. It can be made using various methodsasuble sol-
gel method [168, 169], but the development of an integrated PZT process is beyond

this research.

Given that quartz is to be used, it is necessary to deduce which ‘cut’ is needed (being
single crystal, the properties of the quartz disc depends on tméatioa of the disc to the
orientation of the crystal lattice). To decide this, considerctirestitutive equations for

guartz [170]:
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S Sy Sp Sz Sy O 0T, d, 0 0]

Sz S Su Siz TSy 0 0 Tz d11 0 0 E1
S|_|Ss S5 sw O 0 OfTJ 1 O 0 0 e | 6.
S4 Siu ~Su 0 Sua 0 0 T4 d 14 0 0 E

S, 0 0 0 0 s s.l|Ts 0 -d, Oo-"°

S| [0 0 0 0 s sgl[Tel | O dy O

This can be expanded to:

_SllT1+ S12-|-2-i_ Sl;r 3+ SlJ- 4+ d 1E ;

312T1+ S11T2‘|' Sli-’:r 3= S J 4 d 1E 1

_ 813T1+ 513T2+ SS;I' 3 (6.5)

314T1_ SlATZ+ S4;|_ 4"'d 115 1
355T5+ SSGTG_ d 14E 2

SSGT5+ SG(;I—6+ d 2£ 2

This shows that applying a voltage in the z-direction will not camgedeflection in the
quartz. Instead, from eq. 6.5 it can be seen that a cut of quartz whelage can be
applied in the x-direction (remember this in the crystallograptocdioate system not the
laboratory system) is the only cut that will result in the exmanef the quartz. From Fig.

6.4 it is obvious the only possible cut of quartz is the X-cut as it is orthogonalxeaie.

Fig. 6.4: Schematic of a quartz crystal, representing all the cuts [170].
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Another issue with the constitutive equations for quartz is that theytharopic. This is
because quartz has a trigonal s