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a  b  s  t  r a  c t

This  paper  reports  the  effects  of  using nano-precursor  powders,  including  �-Si3N4 or amorphous-Si3N4,

and  particularly  the  partial replacement  of AlN  by  Al metal  precursor, on the  properties  of  a fixed Ca-

�-SiAlON  composition,  consolidated  by  spark plasma sintering  at 1450 ◦C and  1600 ◦C. The observed

changes in mechanical  properties  are  related  to the  phases  present in the microstructures.  In addition  to

allowing  the  consolidation  of dense  and fine  ceramics at lower  temperatures,  the  partial replacement  of

AlN by  Al metal  precursor  has  shown remarkable  improvement  in the mechanical  properties  of samples

sintered  at 1600 ◦C containing  �-Si3N4,  a  result  of fine �-SiAlON grains and  nitrogen-rich  grain  boundary

phase.  Another  key  contribution  of Al metal  precursor  is found in lowering  the  sintering  temperature

while keeping,  or  even improving,  the  mechanical properties  of the sintered samples, as observed in

samples sintered  at  1450 ◦C.

© 2016 Elsevier  Ltd. All  rights  reserved.

1. Introduction

SiAlONs are solid solutions based on the �- and �- silicon nitride

structures, in  which part of the Si and N is replaced by Al and O,

respectively, in  order to maintain charge neutrality [1–4]. Based

on the starting composition and the sintering parameters, several

phases can be formed including: �-SiAlON [2,3], �-SiAlON [1,4,5],

O’-SiAlON [4], X-SiAlON [4,6] or  mixtures of these [6–8].  In particu-

lar, �- and �-  SiAlONs have attracted much attention in  the past two

decades due to their exceptional mechanical properties, namely

high hardness for �-SiAlON and reasonable fracture toughness for

�-SiAlON [9,10].
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�-SiAlONs are based on the �-Si12N16 unit cell with stoichio-

metric formula [2]: MxSi 12− (m+n)Ai (m+n)OnN16−n where m is  the

number of Al N bonds, n is the number of Al O  bonds, M  repre-

sents the added cation, such as many of the rare earth lanthanides

and alkaline earth elements, x  =  m/v ≤ 2 where v  indicates the

valence of the added cation. �-SiAlON is  formed from the reaction

of silicon nitride, aluminum nitride and the oxide of the appropri-

ate modifying cation M (Y2O3,  CaO, etc.) and, as with silicon nitride

and �-SiAlONs, densification occurs by liquid phase sintering.

Generally, �-SiAlON possesses higher hardness than �-SiAlON,

while the latter shows better fracture toughness than the former.

The reason behind this variation in  the mechanical properties is

explained usually through the consideration of the phase mor-

phologies, in which �-SiAlON is formed mainly as equiaxed grains,

while �-SiAlON grains tend to be elongated hexagonal prisms.

However, scientists have successfully developed ceramics with

elongated �-SiAlON grains to  enhance fracture toughness [11,12].

Lanthanide sintering additives, such as the oxides of Nd, La and

Yb, have been predominately the major research interest in  the

last decade [13–16].  However, because of the relatively high cost

of these rare earths [17], the research focus has shifted to  other
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Table  1

Chemical powder reactants in wt.%.

Sample Name CaO Al2O3 �-Si3N4 Amp-Si3N4 AlN Al  Na

�(0Al) 9.31 16.92 46.56 – 27.21 – –

�(0.1Al) 9.31 16.92 46.56 – 24.49 1.79 0.93

�(0.2Al) 9.31 16.92 46.56 – 21.77 3.58 1.86

�(0.3Al) 9.31 16.92 46.56 – 19.05 5.37 2.79

Amp(0Al) 9.31 16.92 –  46.56 27.21 – –

Amp(0.1Al) 9.31 16.92 –  46.56 24.49 1.79 0.93

Amp(0.2Al) 9.31 16.92 –  46.56 21.77 3.58 1.86

Amp(0.3Al) 9.31 16.92 –  46.56 19.05 5.37 2.79

a Assuming stoichiometric reaction: Al +  1/2N2 (gas) → AlN.

additives, such as alkaline earth elements, namely Ba, Mg and Ca.

Among the aforementioned elements, Ca seems to be the promis-

ing candidate to replace many of the lanthanide additives as it can

be incorporated easily into the �-SiAlON structure without any

notable crystal distortion [18–20]. Further, it is readily available

from many mineral precursors including fly ash, which explains

the  relative low price of Ca compounds compared with other alter-

natives [21].

Over the last few years, researchers have utilized spark plasma

sintering (SPS) as a  consolidation technique for various powder

mixtures to form ceramics. Compared to  other sintering techniques,

the heating rate is  very high and also due to the pulsed nature of the

current, SPS has confirmed its benefits of rapidly densifying com-

pacted powders at relatively low temperatures [22–24].  Various

types of silicon nitride based ceramics, including �-SiAlON, can be

sintered to full density by  the SPS  process at lower temperatures

and with substantially shorter holding times than conventional

processes. The phase assemblages, however, may  be  far from equi-

librium due to the very fast consolidation taking place in SPS [25].

One aim of the present work was to investigate the effect of Al

metal precursor on the densification and mechanical properties of

Ca-�-SiAlON ceramics using SPS. The idea of metal precursors has

been introduced before by  Hakeem et al. [26], but in  the context

of synthesizing high N content oxynitride glasses. It  is expected

that the use of such a  metal precursor will aid electrical conductiv-

ity in the early stages of SPS and in  the later stages may  increase

the amount and mobility of the liquid phase and, thus, the ceramic

densification. A  further aim was to  compare crystalline and amor-

phous Si3N4 starting powders in  order to study the impact of the

structure on the densification and mechanical properties. Samples

were sintered by  the SPS process to  achieve the highest possible

densification in the shortest time due to the high heating rate.

2.  Experimental procedure

The chemical composition was fixed to be: CaSi6Al6O4N12 which

corresponds to m = 2 and n =  4 in the general formula for �-SiAlON

and was made up using only AlN or replacement of 10, 20, and

30 mol% of Al in AlN by Al metal. Although Ca-�-SiAlONs usually

have a limit of Al and O  solubility lower [2,3] than in  this composi-

tion, the composition was chosen to  allow excess liquid formation

and to assess how (1) the use of different silicon nitride pow-

ders, (2) the substitution of Al metal for Al in  AlN and (3) the SPS

processing affects phase formation and the overall phase assem-

blages in order to form Ca-SiAlON nano-composites. Table 1 lists

the investigated compositions with the respective proportions of

the used precursors. The starting materials were either �-Si3N4

(250 nm – Ube Industries SN-10, Japan) or amorphous Amp-Si3N4

(20 nm – Chempur, Germany), plus �-Al2O3 (150 nm – Chempur,

Germany), CaO (160 nm – Sigma Aldrich, USA) and AlN (150 nm –

Sigma Aldrich, USA) with partial substitution of Al metal (44 �m –

Loba Chemie, India).

The chemical reaction for a  sample without Al replacement can

be written as follows:

CaO +  Al2O3 + 2Si3N4 + 4AlN → CaSi6Al6O4N12 (1)

Now, if 10 mol% of AlN is substituted by Al metal, this can be

represented by the following:

CaO  +  Al2O3 + 2Si3N4 + 3.6AlN + 0.4Al + 0.2N2 → CaSi6Al6O4N12

(2)

Accordingly 5 g powder samples were weighed and mixed using

an ultrasonic probe sonicator for 20 min  with ethanol as a mix-

ing medium. To remove ethanol, samples were dried at 80 ◦C for

12 h.  SPS was  carried out by pouring the powder mixtures into

20 mm  diameter graphite dies. Sintering was  performed firstly for

all samples at 1600 ◦C  for 30 min  in the presence of nitrogen, under

a uniaxial load of 50 MPa. Samples containing �-Si3N4 were also

sintered at 1450 ◦C, to evaluate the role of Al in  enhancing sinter-

ability at lower temperatures at which more �-SiAlON would be

expected to be retained. A heating rate of 100 ◦C/min. was adopted

in an attempt to avoid formation of intermediate phases. Samples

were then rapidly cooled down to ambient temperature.

SPSed samples were cleaned of graphite using SiC grinding

papers (120 grit size), followed by additional diamond disc grinding

to  remove the graphite paper and prepare clear surface for density

measurement. Later, automatic grinding and polishing machine

(Automet 300 Buehler grinding machine) was  utilized to  prepare

samples for subsequent microstructural and mechanical investiga-

tions. The grinding process included the use of diamond wheels

(74 �m, 40 �m, 20 �m,10 �m particle size), followed by  the use

of diamond suspensions (9 �m,  6 �m, 3 �m, 1 �m,  0.25 �m)  in the

polishing stage. A Rigaku MiniFlex X-ray diffractometer (Japan) was

used to identify phases present in  the synthesized samples, using

Cu K�1 radiation (� =  0.15416 nm), accelerating voltage =  30 kV and

tube current = 10 mA.  Samples were then gold-coated in a  sput-

ter coating machine (108 Auto Sputter Coater, TED PELLA) for

very short time to deposit approximately 10 nm coating thickness.

Afterwards, samples were examined under a  field emission scan-

ning electron microscope (FESEM, Lyra 3,  Tescan, Czech Republic)

using both secondary electron (SE) and back-scattered electron

(BSE) detectors, with accelerating voltages of 20–30 kV in  order

to  characterize grain morphologies, and an energy dispersive X-

ray spectroscope (EDX, Oxford Inc., UK) was  used for elemental

analysis of the phases present. Particles size analyzer (Turbo-

trac Model S3500, Microtrac) was  used to evaluate the powder

size for certain precursors. Density was measured based on an

Archimedes method. Vickers hardness (10 kg load) was  evaluated

using a  universal hardness tester (Zwick-Roell, ZHU250, Germany).

The facture toughness was  obtained using the indentation method,

utilizing Evan’s formula [27]:

KIC = 0.48(
MCL

d/2
)
−1.5

(
HV10

√

d⁄2

3
)

An average of 8–10 readings per sample were taken to evaluate

both Vickers hardness and indentation fracture toughness, covering

different phases in  the microstructures of the investigated samples.

The hardness and fracture toughness values should be  considered

only as good estimates to carry out a comparative analysis between

the sintered samples.
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Fig. 1. SEM micrographs of the starting powders. (a)  �-Si3N4 ,  (b) Amp-Si3N4 ,  (c) CaO, (d) AlN, (e) Al2O3 . The  particle size analysis for Amp-Si3N4 and CaO is  shown as well.

Fig. 2. XRD pattern of as-received Amp-Si3N4.

3. Results and discussion

3.1. Starting powders analysis

SEM micrographs of the starting powders are shown in  Fig. 1.

Besides, Particles size  analysis results are shown for Amp- Si3N4

and CaO starting powders. �-Si3N4 particel size ranges from 150 to

250 nm,  while Amp-Si3N4 particles hold a  size of about 20–30 nm,

in agreement with the data provided by  the manufacturers. Simi-

larly, AlN and Al2O3 particles size falls in  the range 100–200 nm.  The

particle size analysis of CaO suggests that around 85% of the used

powder holds a size equal to or below 134 nm.  The X-ray diffrac-

tion pattern for Amp- Si3N4 starting powder is  shown in Fig. 2,

confirming the amorphous nature of the powder.

3.2. Sintering and densification

Table 2 shows the densities of the SiAlON ceramic samples

sintered at 1600 ◦C  and 1450 ◦C. All densities were ∼3.10 g cm−3

or above, which is close to the theoretical density of  pure Ca-�-

dx.doi.org/10.1016/j.jeurceramsoc.2016.12.025
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Table  2

Density values in g/cm3 of samples sintered at 1600 ◦C  and 1450 ◦C.

�(0Al) �(0.1Al) �(0.2Al) �(0.3Al) Amp(0Al) Amp(0.1Al) Amp(0.2Al) Amp(0.3Al)

1600 ◦C 3.11 3.15 3.10 3.15 3.11 3.09 3.10 3.09

1450 ◦C 3.17 3.16 3.16 3.15 – –  – –

SiAlON. However, the samples have complex phase assemblages

(see Section 3.3) and evaluating their theoretical densities is  quite

difficult, due to the fact that the density values for individual phases

obtained from XRD are not  known. However, it may  be  concluded

that samples are approaching full density when compared to values

obtained in the literature for similar compositions. The partial sub-

stitution of AlN with Al in the samples containing �-Si3N4 sintered

at 1600 ◦C showed a very slight increase in  density whereas samples

containing amorphous Si3N4 showed no increase with Al substitu-

tion. The fact that density values did  not change much through the

incorporation of  metallic Al may  indicate that the amount of liquid

phase formed remains the same and, thus, there is no difference in

overall densification. It  is  notable that the samples containing �-

Si3N4 sintered at 1450 ◦C still have the same densities as or  better

than those sintered at 1600 ◦C.  This would suggest that, for these

compositions, by using SPS with its inherent rapid heating rate and

the associated uniaxial pressure, densification can be achieved very

easily even at lower peak temperatures.

3.3. Phase assemblage

XRD patterns of samples �(0Al), �(0.1Al), �(0.2Al) and �(0.3Al)

sintered at 1600 ◦C are shown in  Fig. 3. �-SiAlON z =  3 (Si3Al3O3N5)

is the major phase in  sample �(0Al) along with some 15R polyty-

poid (SiAl4O2N4). However, as Al metal is  substituted for AlN into

the starting mixture, the major phase is Ca-�-SiAlON, with a  small

amount of �-SiAlON and 12H polytypoid (SiAl5O2N5). As more Al

metal is added into the mixture, some of the 12H is replaced by

21R (SiAl6O2N6) with the nitrogen to  oxygen ratio of the polyty-

poid phase increasing. It can be noted that  Si is also present in  the

samples containing higher amounts of Al, i.e. �(0.2Al) and �(0.3Al).

Fig. 4  presents the XRD patterns of samples Amp(0Al),

3-Amp(0.1Al), 3-Amp(0.2Al) and Amp(0.3Al) formed from nano-

sized amorphous silicon nitride and sintered at 1600 ◦C. �-SiAlON

z = 1.2 (Si4.8Al1.2O1.2N6.8) is  the major phase in sample Amp(0Al)

along with 12H polytypoid. When a  small amount of Al is sub-

stituted for AlN in  sample Amp(0.1Al) a  small amount of a low

substituted �-SiAlON is  formed but  this does not  appear in the

samples containing higher levels of Al.  The z value of �-SiAlON

increases as Al is substituted for AlN to  z = 3.2 in sample Amp(0.2Al)

and z = 3.4 in sample Amp(0.3Al) and 15R is also observed in  these

samples. Contrary to what was observed in  samples formed from

alpha silicon nitride, N:O ratio decreases in these phases as more

Al is incorporated.

Fig. 5 displays the XRD patterns of samples containing �–Si3N4

sintered at 1450 ◦C. �–SiAlON is  the major phase along with 21R

polytypoid in �(0Al) and 12R in  the samples containing Al metal.

Also, SiO2 is observed in  sample �(0.3Al) as a  minor phase [28–30].

�–SiAlON is not observed in  these samples sintered at 1450 ◦C.

3.4. Microstructural development

FESEM micrographs of samples �(0Al), �(0.1Al), �(0.2Al) and

�(0.3Al) sintered at 1600 ◦C are shown in Fig.  6. Sample �(0Al)

is composed of two types of morphology: rod-like and equiaxed

structures. XRD analysis has demonstrated that this sample con-

sists of �-SiAlON with z =  3.2  and 15R polytypoid. It is known that

�-SiAlON exhibits elongated morphology, which can be clearly

observed in the FESEM image of Fig. 6a. �-SiAlON hexagonal grains,

showing their basal planes, can be seen in  Fig. 6b.  When Al metal

is  substituted for AlN, �-SiAlON (Ca0.7Si10Al2O0.7N15.3) is  formed

in samples �(0.1Al), �(0.2Al) and �(0.3Al),  whereas �-SiAlON is

only present in sample �(0.1Al) (according to  XRD and FESEM

analyses). Several AlN polytypoid phases are observed in these sam-

ples. Figs. 6c and d reveal that the aspect ratio of SiAl5O2N5 (12H)

phase is lower than that of the SiAl6O2N6 (21R) phase. Comparing

Fig.  6a, which corresponds to sample �(0Al), with the remaining

micrographs of lower magnification, it can be  seen that the level of

secondary polytypoid phase(s) dispersion is enhanced as Al metal

replacement is  increased.

The formation of elongated �-SiAlON grains occurs in sample

�(0.3Al) sintered at 1600 ◦C, as shown in  Fig. 6f. However, other

samples have not shown this tendency. Kurama et al. [31] have

reported that elongated �-SiAlON grains can be  formed easily if �-

SiAlON formation is hindered at low temperatures by  using high

heating rate sintering as in SPS. They also showed the necessity

of having enough liquid phase, which occurs at high m and n

values, to aid the elongation growth morphology that  is thought

to be diffusion-controlled [31].  However, Shen and Nygren [25]

noted that  the grains grow so fast during the SPS process, that

diffusion controlled grain growth mechanisms proposed for tra-

ditional liquid-sintering do  not fit with their observations and

grain-coarsening seems to  be controlled more by interface reac-

tions.

FESEM micrographs of the samples produced from amorphous

silicon nitride are shown in Fig. 7.  �-SiAlON was the major

phase in all the samples with the maximum amount observed

in  sample Amp(0.3Al).  Various AlN polytypoid phases, mainly

15R (SiAl4O2N4), are present also. �-SiAlON forms only in  sample

Amp(0.1Al), as shown in Fig. 7b and c.  As Al replaces AlN, more �-

SiAlON is formed at the expense of other phases with the amount of

15R reduced in sample Amp(0.3Al) (Fig. 7e) when compared with

sample Amp(0.2Al) (Fig. 7d), which is  also confirmed by XRD results

shown in  Fig. 4.

FESEM micrographs of samples containing �-Si3N4 sintered at

1450 ◦C  are shown in Fig. 8.  It was found that  as the amount of Al

increases the formation of �-SiAlON is restrained and 12H polyty-

poid is formed instead. A similar trend was  identified from the XRD

data (Fig. 5).

3.5. Role of precursors in phase formation

During sintering of silicon nitride and SiAlONs, liquid phase den-

sification occurs. In general terms, initially the precursors react

with silicon nitride and silica present on the nitride particle surfaces

to form a  Ca-Si-Al-O-N liquid phase above the eutectic tempera-

ture which is known to be at ∼1250 ◦C. This promotes densification

firstly through a particle rearrangement stage and secondly by

a  solution-diffusion-precipitation process in which the initial �-

Si3N4 is dissolved in the liquid and transforms to  �- or  �-SiAlON

along with formation of the AlN polytypoids.

A pure -SiAlON composition is nitrogen-rich and the volume of

oxynitride liquid available for densification is  low and of high vis-

cosity. As  -SiAlON is  precipitated, the amount of liquid gradually

reduces. This means that complete reaction to form the solid solu-

tion does not occur and some unreacted components or residual

glass are normally present after sintering. Thus, the composition

needs to be tailored to make it more oxygen rich as in the case of

dx.doi.org/10.1016/j.jeurceramsoc.2016.12.025
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Fig. 3. XRD patterns of samples �(0Al), �(0.1Al), �(0.2Al) and �(0.3Al) samples, sintered at 1600 ◦C.

Fig. 4. XRD patterns of Amp, Amp(0.1Al), Amp(0.2Al) and Amp(0.3Al) samples, sintered at 1600 ◦C.

the composition used in  this work, CaSi6Al6O4N12, so that more liq-

uid is formed, facilitating densification but inevitably resulting in

residual grain boundary crystalline or vitreous phases. As the over-

all composition is more Al- and O-rich than for a pure -SiAlON, this

allows the formation of more liquid phase.

So for sample �(0Al), using �-Si3N4 as precursor, based on XRD

and the microstructural observations, the overall reaction can be

shown schematically as:

�-Si3N4(+surfaceSiO2) + CaO + Al2O3 + AlN →

→ (1450 ◦C)�-Ca0.7Si10Al2O0.7N15.3 + SiAl6O2N6

+ Ca-Si-Al-O-Nliquidphase (3a)

→ (1600 ◦C)�-Si2.8Al3.2O3.2N4.8 + SiAl4O2N4

+  Ca-Si-Al-O-Nliquidphase(N-rich) (3b)

Thus it appears that following rapid heating in  the SPS equip-

ment to  1450 ◦C, a  large amount of an oxygen-rich Ca-SiAlON

liquid is  formed from which two N-rich crystalline phases, �-

Ca0.7Si10Al2O0.7N15.3 and 21R (SiAl6O2N6)  are  formed. At higher

temperature, the oxygen rich liquid phase reacts further with the

-SiAlON to transform it to �-Si2.8Al3.2O3.2N4.8 leaving the liquid

phase more N-rich. This has been observed previously by  many

dx.doi.org/10.1016/j.jeurceramsoc.2016.12.025
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Fig. 5. XRD  patterns of �(0Al), �(0.1Al), �(0.2Al) and �(0.3Al) samples, sintered at 1450 ◦C.

Fig. 6. FESEM micrographs of samples containing �-Si3N4 sintered at 1600 ◦C.  (a), (b) �(0Al), (c) �  (0.1Al), (d) � (0.2Al), (e) �  (0.3Al),  (f) a  fracture surface of � (0.3Al).  Label

key:  �-SiAlON z = 3.2 (�), �-SiAlON (�), �-SiAlON z = 2.9 (�), 12R (→), 21R (—◮), SiO2 (x).

researchers [3,10,17,32]. The liquid cools to form a  grain boundary

glass.

For the samples containing Al in place of some of the AlN, the

overall reaction at both temperatures can be shown as:

�-Si3N4(+surfaceSiO2) +  CaO +  Al2O3 + AlN + Al  + N2 →

→ �-Ca0.7Si10Al2O0.7N15.3 + SiAl6O2N6

+ Ca-Si-Al-O-Nliquidphase (4)

Al melts at 660 ◦C and nitridation of Al occurs above ∼800 ◦C

[33].  In SPS with rapid heating, the nitridation reaction would

occur over a range of temperatures. Eventually, the Ca-SiAlON

liquid is formed from which the two N-rich crystalline phases, �-

Ca0.7Si10Al2O0.7N15.3 and 21R are observed at both 1450 ◦C  and

1600 ◦C. This is  due to the fact that the presence of Al favours the for-

mation of a  more N-rich liquid phase at 1450 ◦C and therefore there

is no further reaction and transformation at higher temperatures

to  form �-SiAlON.
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Fig. 7. FESEM micrographs of samples containing amorphous-Si3N4 sintered at 1600 ◦C. (a) Amp(0Al),  (b), (c) Amp(0.1Al), (d) Amp(0.2Al), (e)  Amp(0.3Al).  Label key:

�-SiAlON  (�), �-SiAlON (�), 15R (+), 12H (→), 21R (—◮).

Fig. 8.  FESEM micrographs of samples containing �-Si3N4 sintered at  1450 ◦C.  (a)  �(0Al), (b) �(0.1Al), (c) �(0.2Al),  (d) �(0.3Al).
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Table  3

Experimental results of the samples sintered at 1450 ◦C and 1600 ◦C.

Sample Name After sintering at 1450 ◦C After sintering at  1600 ◦C

HV10 [GPa] KIC [MPa
√

m]  HV10 [GPa] KIC [MPa
√

m]

�(0Al) 17.0 ± 0.3  4.4 ± 0.8 13.4 ± 0.7 7.2 ± 2.4

�(0.1Al) 18.6 ± 0.4  7.8 ± 0.8 13.7 ± 0.6 6.4 ± 1.5

�(0.2Al) 19.1 ± 0.2  6.4 ± 0.4 16.0 ± 0.5  9.5 ± 1.9

�(0.3Al) 19.6 ± 0.3 6.5 ± 0.8 18.5 ± 0.7 8.3 ± 0.7

Amp(0Al) – –  12.3 ± 0.8 5.2 ± 1.3

Amp(0.1Al) – –  12.2 ± 0.3 6.1 ± 1.5

Amp(0.2Al) – –  13.3 ± 0.4 5.3 ± 1.0

Amp(0.3Al) – –  14.4. ± 1.0  –

In the case of the samples based on using amorphous silicon

nitride, for Amp(0Al), with no Al substituted for AlN, the reaction

schematic is as follows:

Amp-Si3N4(+surfaceSiO2)  +  CaO + Al2O3 + AlN →

→  �-Si4.8Al1.2O1.2N6.8 + SiAl5O2N5 +  Ca-Si-Al-O-Nliquidphase (5)

So in this sample, �-SiAlON with z =  1.2 is formed at the expense

of �-SiAlON even at 1600 ◦C. Thus it would appear that, following

rapid heating in the SPS  equipment, a  large amount of an oxygen-

rich Ca-SiAlON liquid is  formed from which �-Si4.8Al1.2O1.2N6.8

is precipitated along with 12H. As the amorphous Si3N4 is an

extremely fine powder (20 nm), then the amount of silica on its

surface will be much more than in the case of the �-Si3N4 (250 nm)

and therefore the overall composition will be  more oxygen rich

leading to precipitation of �-SiAlON.

As Al is substituted for AlN in  these samples, �-SiAlON with

much higher z value is still the major phase with 15R polytypoid as

a minor phase according to the following schematic:

Amp-Si3N4(+surfaceSiO2) +  CaO + Al2O3 + AlN + Al  + N2 →

→ �-Si2.6Al3.4O3.4N4.6 + SiAl4O2N4 +  Ca-Si-Al-O-Nliquidphase (6)

It is clear that, since �-SiAlON is the major phase, the overall

composition must be  more oxygen rich due to  the excess sur-

face silica on this type of silicon nitride. Even in the Amp(0.3Al)

composition, some crystalline SiO2 is  observed in the final phase

assemblage.

From the sintering results it is clear that there is very little dif-

ference between the densities of the different groups of samples,

thus indicating that in  all cases a sufficient amount of liquid phase

was formed which allowed full densification. However, there were

obvious differences between the compositions of the liquid phases

formed which affected the subsequent reactions and transforma-

tions and final phase assemblages.

3.6. Mechanical properties

Table 3 shows mechanical properties of samples sintered at

1450 and 1600 ◦C.

Hardness values for samples using �-Si3N4 sintered at 1450 ◦C

were in the range 17.0–19.6 GPa, increasing with substitution of

Al for AlN. On sintering at 1600 ◦C, there is  a  significant decrease

in hardness for samples �(0Al) and �(0.1Al). This is  clearly due

to the differences in phase assemblages as these samples contain

�-SiAlON in place of Ca-�-SiAlON. �-SiAlON is known to be  intrin-

sically harder than �-SiAlON. For  this reason, the low hardness

values in the range 12.3–14.4 GPa measured for the samples using

amorphous-Si3N4 sintered at 1600 ◦C are due to  the fact that in

these samples, only �-SiAlON and AlN polytypoids and glass phase

are present. In summary, hardness values can be clearly related to

the particular phases present in the microstructures and increases

are observed in both sets of compositions sintered at 1450 and

1600 ◦C  as Al is substituted for AlN.

For  samples using �-Si3N4 sintered at 1450 ◦C, fracture tough-

ness is 4.4 MPa
√

m for the �(0Al) and increases to  values in the

range 6.4–7.8 MPa
√

m when Al is substituted for AlN. After sintering

at 1600 ◦C, the fracture toughness increases for most compositions

to  values in  the range 6.4–9.5 MPa
√

m but there are wide variations

in  standard deviations for samples �(0Al), �(0.1Al) and �(0.2Al).

Sample �(0.3Al) has a  fracture toughness of 8.3 ± 0.7  MPa
√

m and

this is  the sample which exhibits �-SiAlON with high aspect ratio

elongated grains. This, combined with a  hardness of 18.5 GPa, sug-

gests that this composition containing �-Si3N4 as a  precursor along

with 30 mol% substitution of Al in AlN by Al metal sintered by SPS

has promising mechanical properties that  should be explored fur-

ther.

4. Conclusions

Densification by spark plasma sintering (SPS) in a  nitrogen

environment and mechanical properties of a  fixed Ca-�-SiAlON

composition, to allow excess liquid formation, using different nano-

and sub-micron precursors were investigated. These were �-Si3N4

(250 nm), amorphous-Si3N4 (20 nm)  and AlN with substitution of

0, 10, 20,  and 30 mol% of Al metal.

SPS processing was  performed firstly at 1600 ◦C at which all den-

sities are close to  3.1 g cm−3.  Further, samples sintered at 1450 ◦C

had the same or higher densities suggesting that, by using SPS with

its inherent rapid heating rate and the associated uniaxial pres-

sure, densification can be achieved very easily even at lower peak

temperatures.

At 1450 ◦C, Ca-�-SiAlON and polytypoids are formed along with

an oxygen-rich Ca-SiAlON liquid phase. At  1600 ◦C, this liquid reacts

further with -SiAlON to  transform it to  �-SiAlON. When Al is

substituted for AlN, Ca-�-SiAlON and 21R are observed at both tem-

peratures. The presence of Al favours the formation of a  more N-rich

liquid phase at 1450 ◦C and therefore, there is  no further reaction

and transformation at higher temperatures to form �-SiAlON.

Increases in  Vickers hardness are  observed in both sets of  com-

positions sintered at 1450 ◦C and 1600 ◦C as Al is substituted for

AlN. After sintering at 1600 ◦C, fracture toughness ranges from 5 to

9 MPa
√

m depending on composition. The composition containing

�-Si3N4 as a precursor along with 30 mol% substitution of Al metal

sintered by SPS has a  fracture toughness of 8.3 MPa
√

m and hard-

ness of 18.5 GPa and with these promising mechanical properties

this composition should be explored further.
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