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Abstract

The microstructural development of Ca a-sialon ceramics has been studied. It was found that the microstructure of these materials
could be controlled by the starting compositions and the processing conditions. Consequently, the observed microstructure has
been related to the mechanical properties of these materials. It was found that although fracture toughness increased with increasing
grain size and aspect ratio, a weakened interface between the a-sialon grains and intergranular glass is essential to further improve
the toughness of these materials.
# 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Hot pressing; Mechanical properties; Microstructure-final; Pressureless sintering; Sialons

1. Introduction

Silicon nitride occurs in two forms, a and b, with
similar hexagonal crystal structures but with cell
dimensions related as: aa�ab, ca�2cb.

1 a- and b-Sialons
are isostructural with a- and b-Si3N4. Thus, a-sialon is
harder than b-Si3N4/sialon due to its cell dimension in
c-axis is about twice of that of b-Si3N4/sialon. a-Sialon,
as a solid solution of a-Si3N4, can be represented by the
formula: MxSi12�(m+n)Al(m+n)OnN16�n, where x(=m/v)
42; v is the valency of the cation M; and the m and n
are substitution numbers referring to m(Al–N) and
n(Al–O) bonds replacing (m+n)(Si–N) bonds in each
unit cell.2 The negative charge imbalance resulting from
the replacement of mSi4+ by mAl3+ is compensated for
by the introduction of (m/v)Mv+ cations into the inter-
stices of the a-sialon unit cell. Therefore a-sialon offers
the advantage in controlling the quantity of residual
glass in the sintered product.
Despite having the above mentioned advantages over

b-Si3N4/sialons, single-phase a-sialon materials were
not seriously considered for structural applications

owing to their highly brittle nature which is believed to
be resulted from their equiaxed grain morphology.3 In
addition, complete densification of a-sialon materials is
extremely difficult since the high nitrogen content
resulting in a small amount of oxynitride liquid with a
high viscosity at eutectic temperature.2 Such problem
becomes more significant as the a-sialon forms during
the heating cycle, which further consumes the transient
liquid phase. Therefore, densification of a-sialon cera-
mics is usually achieved with the assistance of applied
pressure. Realization of pressureless-sintered (PLS-ed)
dense a-sialon ceramics with much improved fracture
toughness awaited the arrival of two recent publications
on densification behaviour and microstructural devel-
opment of calcium a-sialon ceramics.4,5

Since the mechanical properties of ceramic materials
can be tailored by microstructural development, there
has been a considerable amount of work in the area of
microstructural development of Ca a-sialon ceramics
over the past five years.4�9 It is well established that the
microstructural development of Si3N4-based ceramics is
controlled by three parameters: the properties of the
Si3N4 starting powder, the additive composition and the
sintering conditions.7,10 In this study, the effects of the
starting compositions and the processing conditions on
the microstructural development of Ca a-sialon ceramics
were systematically studied. Consequently, the micro-
structure was correlated to the mechanical properties of
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Ca a-sialon ceramics. Future work concerning the fab-
rication of in situ self-toughened a-sialon ceramics was
also indicated.

2. Experiments

2.1. Material preparation

Three Ca a-sialon compositions, namely CA1005,
CA2613 and CA3618, with the nominal x(=m/2=n)
value of 0.5, 1.3 and 1.8, respectively, were selected for
this study. The starting powders used were commercial
Si3N4 (H.C. Starck, Goslar, Germany), AlN (H.C.
Starck, Goslar, Germany) and CaCO3 (APS Chemicals,
NSW, Australia). Powder mixtures were calculated
based on molar balance of the Ca a-sialon formula with
designed m and n values, taking into account the pre-
sence of a surface layer of oxides on nitride powders, in
particular, the SiO2 and Al2O3 layers on the Si3N4 and
AlN particles, respectively. The mixing of these powders
was performed in isopropanol for 30 h using Si3N4 mil-
ling balls in polyethylene jars on a roller bench. Subse-
quently the powders were oven dried at 84 �C and then
uniaxially pressed into 25 mm diameter pellets, followed
by cold isostatic pressing at 200 MPa.
In order to clarify the effect of starting compositions

on the microstructure of final products, the three com-
positions were PLS-ed at 1800 �C for 4 h (Table 1). PLS
was carried out in a graphite furnace in nitrogen
atmosphere, and the furnace heating rate was 20 �C
min�1. Prior to sintering, the green pellets were cal-
cined at 900 �C for 1 h in vacuum to decompose
CaCO3 to CaO. Cooling took place in the furnace by
switching off the power after the scheduled dwell.
In order to elucidate the effect of sintering conditions

on microstructure, compositions CA1005 and CA2613
were selected for hot pressing (HP). HP was performed
in a graphite hot-press furnace in nitrogen atmosphere
under a constant uniaxial pressure of 25 MPa. A two-
step sintering procedure was utilized to tailor the
microstructure (Table 1). Again, the furnace heating

rate was 20 �C min�1, and cooling took place by
switching off the power after the scheduled dwell.

2.2. Material characterization

The phases present in the Ca a-sialon ceramics were
identified using X-ray diffraction (XRD) analysis car-
ried out on a Rigaku-Geigerflex diffractometer. The unit
cell dimensions of the samples were measured using a
Güinier-Hägg X-ray camera with CuKa1 radiation. The
lattice parameters were calculated using the least-
squares refinement program PIRUM.11,12 The actual x
value for the Ca a-sialon phase was obtained as the
mean of xa and xc given by the following equations:

6

�a ¼ 0:156 xa

�c ¼ 0:115 xc ð1Þ

where �a=a�ao and �c=c�co; a and c are the mea-
sured unit-cell dimensions of a-sialon along the a and c
axes, respectively, while ao and co represent the unit-cell
dimensions of a-Si3N4 which have values of 7.749 and
5.632 Å, respectively.
Microstructures of polished and etched samples were

examined using a Jeol FE6300 scanning electron micro-
scope (SEM). Etching was performed by immersing
polished surfaces of the samples into molten NaOH.
The diameter and length of the a-sialon grains were
determined as the shortest and the longest dimensions,
respectively, of the grains on the two-dimensional SEM
micrographs of polished sections. Over 500 grains were
measured on each sample. The apparent aspect ratio of
the grains was given by the ratio of the average length over
average diameter. No stereological factors were considered
here. The volume fraction of the minor AlN-polytypoids
and intergranular glassy phase in the samples was esti-
mated from the two-dimensional images of polished sec-
tions using the quantitative image analysis technique. The
standard deviation of the measured volume fraction using
the image analysis technique was less than 10%. The
volume fraction of AlN raw material in the sintered body
was estimated based on the calibration XRD curve of an
AlN and a-Si3N4 two-phase system.
The bulk density of the target sialon ceramics was

determined using the Archimedes water-displacement
method.13 The total porosity of the samples was esti-
mated from the SEM micrographs of polished surfaces
using the image analysis technique. The true density, dt,
of the three sialon compositions was calculated from
dt=db/(1—P%), where db and P% represent the bulk
density and the total porosity of the corresponding
sample.13 Vickers indentation, at a peak load of 98 N,
was utilized to measure the hardness and fracture
toughness of the sialon ceramics.14 A value of 240 GPa
for Young’s modulus was used to evaluate the fracture
toughness of the Ca a-sialon materials.15

Table 1

Sample notations and processing conditions

Sample Sintering condition

CA1005 PLS at 1800 �C/4 h

CA1005F PLS at 1800 �C/3 h+HP at 1700 �C/l h

CA1005C PLS at 1800 �C/8 h+HP at 1700 �C/l h

CA2613 PLS at 1800 �C/4 h

CA2613F HP at 1550 �C/0.5 h+HP at 1600 �C/0.5 h

CA2613C PLS at 1800 �C/3 h+HP at 1700 �C/l h

CA3618 PLS at 1800 �C/4 h

PLS: pressureless-sintered; HP: hot-pressed.
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3. Results

3.1. Phase analysis

3.1.1. Pressureless-sintered samples
The crystalline phases present in the three PLS-ed Ca

a-sialon materials have been examined in detail pre-
viously.16 Briefly, a-sialon was the only crystalline phase
revealed in material CA1005. In material CA2613,
a-sialon was the dominant phase but there was also a
trace of 33R (AlN-polytypoid). In material CA3618,
a-sialon was again the dominant phase but a minor
AlN0 phase was also present. The AlN0 phase observed
here is not the AlN starting powder, rather, it is a pre-
cipitated AlN solid solution containing a very small
amount of silicon.17 XRD spectra also revealed a slight
decrease in the amount of a-sialon phase as the x-value
of the composition increases. This decrease was accom-
panied by the presence of small amounts of 33R and
AlN0 phases in samples CA2613 and CA3618, respec-
tively. In addition, the a-sialon peaks exhibit a clear
shift towards low angles as the x-value of the composi-
tion increases, indicating the unit cell dimensions of the
a-sialon phase increase as the x-value increases.

3.1.2. Hot-pressed samples
Fig. 1 shows the XRD spectra (2� from 30 to 40�) for

composition CA2613 fabricated under various condi-
tions: two-stage HP-ed at 1550 �C/0.5 h and 1600 �C/0.5
h (CA2613F), and PLS-ed at 1800 �C/3 h followed by
post-sintering HP at 1700 �C/l h (CA2613C). XRD
spectra were taken from bulk surfaces both parallel
[Fig. 1(a)] and perpendicular [Fig. 1(b)] to the uniaxial
HP direction. Sample CA2613C consisted of a domi-
nant Ca a-sialon phase coupled with a small amount of
33R phase, while sample CA2613F contained a domi-
nant Ca a-sialon phase and a minor AlN phase. The
AlN phase observed in sample CA2613F was probably
due to the unreacted aluminium nitride powder. To
confirm this, sample CA2613F was post-sintering heat-
treated at 1700 �C/l h. XRD analysis of the heat-treated
sample revealed no AlN phase, though a small amount
of 33R was detected.
By comparing XRD spectra taken from bulk surfaces

parallel to and perpendicular to the HP direction, some
variations in relative intensity (I/Imax�100%) of a-sia-
lon peaks were observed. Table 2 lists the relative
intensities of the XRD peaks for the Ca a-sialon from
the reference powder diffraction file18 and the present
HP-ed CA2613 materials. As can be seen, for materials
CA2613F and CA2613C, the diffraction intensities from
the crystal planes that are normal or nearly normal to
the c-axis of the a-sialon hexagonal unit cell, i.e. planes
with indices l>h, k,19 are greater for surfaces parallel to
the HP direction than those perpendicular to the HP
direction. In contrast, the diffraction intensities from the

planes that are parallel to the c-axis of the a-sialon unit
cell, i.e. planes with indices (hk0),19 are stronger for
surfaces perpendicular to the HP direction. The XRD
results suggest that a textured structure has been devel-
oped in samples CA2613F and CA2613C, as a result of
the c-axis of the a-sialon grains being preferentially
aligned normal to the HP direction.
The degree of the texture is, however, more sig-

nificant in material CA2613F than CA2613C. This can
be evidenced by comparing the peak intensity ratios of
(102) and (210) planes in XRD diffraction patterns
where I(102)/I(210) was 1.5 and 0.7 for sections parallel
and perpendicular, respectively, to the HP direction of
material CA2613F and was 1.4 and 1 for corresponding
sections of CA2613C. This is because material
CA2613C was initially PLS-ed at 1800 �C/3 h to pro-
duce a microstructure consisting of mainly elongated a-
sialon grains with random orientations. The post-sin-
tering HP for CA2613C at 1700 �C/1 h resulted in fur-
ther coarsening of elongated a-sialon grains, during
which a certain degree of preferential grain orientation
could occur.

3.2. Unit cell dimensions

Table 3 presents the nominal and actual x-values,
lattice parameters and crystalline phases of Ca a-sialon
samples. The actual x-value, in all cases, is lower than
its nominal value, indicating that there exists a compe-
tition for Ca2+ between the a-sialon lattice and inter-
granular glassy phase. The three PLS-ed samples, i.e.
CA1005, CA2613 and CA3618, provide an ideal system
for studying the effect of the design composition,
described by the nominal x-value, on the solubility of
Ca2+, determined by the actual x-value. The solubility
of Ca2+ in the a-sialon unit cell increases as the nominal
x-value increases. The result is consistent with the mea-
sured unit cell dimensions of the three samples: the cell

Table 2

XRD intensities of reference powder diffraction file18 and of compo-

sition CA2613 fabricated under various conditions

hkl Relative intensity: I/Imax (%)

Powder

diffraction

CA2613F CA2613C

file //a ?a //a ?a

201 75 64 79 65 81

002 9 12 10 10 9

102 100 100 74 100 100

210 80 68 100 70 98

211 65 52 66 56 75

112 9 11 10 10 10

300 14 12 17 12 17

a //: Surface parallel to the HP direction; ?: surface perpendicular

to the HP direction.
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Fig. 1. XRD spectra of samples CA2613F and CA2613C from bulk surfaces (a) parallel and (b) perpendicular to the uniaxial HP direction.
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dimensions of a-sialon increase as the x-value increases
(Table 3). The expansion of cell dimensions in a-sialon
is mainly caused by substitution of Si–N bonds by Al–N
bonds due to the greater bond length of Al–N (1.87 Å)
than that of Si–N (1.74 Å).2 The larger number of Si4+

replaced by Al3+ (m-value) in SiN4 tetrahedra results in
a greater negative charge imbalance which requires
additional stabilising cations to compensate. Therefore,
the actual x-value increases as the cell dimensions of the
a-sialon increase.
However, the ratio of the soluble Ca2+ in the a-sialon

lattice to the total added amount, i.e. the ratio of actual to
nominal x-values, is found to decrease when the nominal
x-value exceeds 1.3. For example, in material CA2613
(x=1.3), the level of Ca2+ in the a-sialon lattice is
approximately 70% of the added amount, suggesting
that about 30% of added Ca2+ remains in the inter-
granular glassy phase. However, the percentage of Ca2+

in the a-sialon lattice decreases to around 60% in material
CA3618 (x=1.8) with about 40% of added Ca2+ remain-
ing in the glassy phase. The decrease in the percentage of
Ca2+ in the a-sialon lattice suggests that the amount of
intergranular glass increases as the x-value increases.
From Table 3, it can be seen that for the same com-

position, the sintering conditions (i.e. the sintering time
and temperature) also have an impact on the cell
dimensions of a-sialon and the solubility of Ca2+ in the
a-sialon lattice. The longer sintering time, as demon-
strated by CA1005F and CA1005C, and the higher sin-
tering temperature, as shown by CA2613F and
CA2613C, can result in a larger cell dimensions and
thus increase the solubility of Ca2+ in the a-sialon lat-
tice and decrease the amount of grain boundary glass.

3.3. Microstructure

3.3.1. Pressureless-sintered samples
Microstructures of the three PLS-ed Ca a-sialon

ceramics have been studied in detail previously.16,20 For

convenience, SEM micrographs of polished surfaces of
these materials are shown in Fig. 2, while the average
diameter and apparent aspect ratio of a-sialon grains as
well as the volume fraction of intergranular glass of
these materials are given in Table 4.

3.3.2. Hot-pressed samples
SEM micrographs of polished and etched surfaces of

HP-ed materials CA1005 and CA2613 are presented in
Figs. 3 and 4, respectively. The average diameter and
apparent aspect ratio of a-sialon grains as well as the
volume fraction of intergranular glass of these materials
are given in Table 4.
Fig. 3(a) shows the microstructure of sample

CA1005F (PLS-ed at 1800 �C/3 h followed by post-sin-
tering HP at 1700 �C/l h), while Fig. 3(b) is the micro-
graph of sample CA1005C (PLS-ed at 1800 �C/8 h
followed by post-sintering HP at 1700 �C/l h). As can be
seen, both materials contained almost equiaxed a-sialon
grains with a large fraction of the grains being slightly
elongated. The average diameters of the a-sialon grains
were 0.52 and 0.74 mm for materials CA1005F and
CA1005C, respectively, which were significantly greater
than that (0.44 mm) of their PLS-ed counterpart
CA1005. The apparent aspect ratios of the a-sialon
grains were 2.1 and 2.0 for materials CA1005F and
CA1005C which were also greater than that (1.8) of the
PLS-ed CA1005. The volume fraction of grain bound-
ary glass was, however, found to decrease from 
3%
for PLS-ed material CA1005 to 
2% and <1% for
HP-ed materials CA1005F and CA1005C, respectively.
Fig. 4(a) and (b) shows the low and high magnifica-

tion microstructures of the two-stage HP-ed material
CA2613F (1550 �C/0.5 h followed by 1600 �C/0.5 h),
while Fig. 4(c) is the micrograph of sample CA2613C
(PLS-ed at 1800 �C/3 h followed by post-sintering HP at
1700 �C/l h).
XRD analysis revealed that material CA2613F con-

sisted predominantly of a-sialon phase together with a

Table 3

Nominal and actual x-values, lattice parameters and crystalline phases of Ca a-sialon samples

Samplea Nominal

x-value

Actual

x-valueb
a (Å) c (Å) V (Å3) Phase

presentc

CA1005 0.5 0.33 7.8013(5)d 5.6696(5) 298.82 a0 vs
CA1005F 0.5 0.33 7.8004(4) 5.6705(6) 298.81 a0 vs
CA1005C 0.5 0.35 7.8024(4) 5.6724(5) 299.06 a0 vs
CA2613 1.3 0.89 7.8886(5) 5.7339(6) 309.01 a0 vs; 33R vw
CA2613F 1.3 0.84 7.8788(10) 5.7302(6) 308.05 a0 vs; AlN vw
CA2613C 1.3 0.89 7.8876(5) 5.7337(5) 308.93 a0 vs; 33R vw
CA3618 1.8 1.06 7.9191(7) 5.7499(7) 312.28 a0 vs; AlN0w

X-ray peak intensities: vs=very strong (relative peak intensity>85%), w=weak (10–20%), vw=very weak (<10%).
a Sample notation and its sintering condition refer to Table 1.
b The mean value of xa and xc which were calculated using relationships �a=0.156xa and �c=0.115xc derived by Wang et al.

6

c a0=a-sialon; 33R=SiAl10O2N10 (AlN-polytypoid); AlN=unreacted aluminium nitride powder; AlN0=AlN-polytypoid.
d The values in the parentheses are the standard deviation of the final decimal place.

Y. Zhang, Y.-B. Cheng / Journal of the European Ceramic Society 23 (2003) 1531–1541 1535



small amount of unreacted AlN (Fig. 1). SEM exami-
nations of a polished and etched section of sample
CA2613F showed that the a-sialon grains were mainly
elongated in shape and had an average diameter of 0.15
mm, with very few grains approaching the 1 mm mark
[Fig. 4(a) and (b)]. The apparent aspect ratio of these
grains was 3. In addition, some isolated regions contain-

ing fine particles with a speckled appearance, high-
lighted by the frame in Fig. 4(a), were also observed.
EDX analyses indicated that these regions consisted
mainly of Al and N [Fig. 4(d)]. The speckled appearance
is an unique feature of the AlN-polytypoid phase as a
result of the NaOH etching. Moreover, these speckled
particles were submicrometer in sizes, which were sig-
nificantly smaller than the starting AlN particles, i.e. 6–10
mm, suggesting that they were more likely the precipitated
AlN-polytypoid phase. However, the quantity of the pre-
cipitated AlN-polytypoid is so small that no diffraction
peaks of such phase were revealed by XRD analysis.
Material CA2613C consisted of mainly elongated

a-sialon grains coupled with a small amount of 33R,
which is consistent with the PLS-ed sample CA2613.
However, the average diameter of the a-sialon grains in
CA2613C was slightly greater than that in PLS-ed sam-
ple CA2613 whereas the apparent aspect ratio was lower
than that of the latter (Table 4). The volume fraction of
intergranular glass of CA2613C, as determined using the
image analysis technique, was significantly lower than that
of the PLS-ed sample CA2613 and the low temperature
HP-ed sample CA2613F (Table 4).

3.4. Physical and mechanical properties

The physical and mechanical properties of the Ca
a-sialon samples are presented in Table 5, where some

Fig. 2. SEM micrographs of Ca a-sialon samples: (a) CA1005, (b) CA2613 and (c) CA3618 [20]. The samples were polished and chemically etched in
molten NaOH prior to SEM examination. Note: a0 represents the Ca a-sialon phase and g represents the grain boundary glassy phase.

Table 4

Average diameter and apparent aspect ratio of a-sialon grains as well
as the volume fraction of the intergranular glass of the Ca a-sialon
samples

Sample Average

diameter

Apparent

aspect

Secondary phases content (vol.%)

(mm) ratio GBa 33Ra AlNb AlN0a

CA1005 0.44 1.8 3

CA1005F 0.52 2.1 2

CA1005C 0.74 2.0 <1

CA2613 0.46 5.2 7 4

CA2613F 0.15 3.0 5 3

CA2613C 0.51 4.1 3 4

CA3618 0.57 7.3 15 19

a The volume fractions of grain boundary glass (GB) and AlN-

polytypoids (33R and AlN0) were determined using the quantitative

image analysis technique.
b The volume fraction of unreacted aluminium nitride powder

(AlN) was estimated based on the calibration curve of an AlN and

a-Si3N4 two-phase system determined using the quantitative XRD

analysis technique.
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interesting trends can be observed. Compositions with
higher x-values are easier to densify in comparison to
those with lower x-values, indicating that intergranular
glass or the liquid phase when it is above the eutectic
temperature is crucial for facilitating densification dur-
ing sintering. In Table 5, it is also seen that the hardness
of the materials decreases as the x-value increases. The
decrease in the amount of a-sialon phase and the
increase in the intergranular glass content with increas-
ing x-value may account for this. In addition, a clear

Fig. 3. SEM micrographs of the two-stage sintered composition

CA1005 samples: (a) CA1005F and (b) CA1005C.

Fig. 4. SEM micrographs of the two-stage sintered CA2613 samples: (a) and (b) CA2613F, and (c) CA2613C. EDX analysis (d) revealed that

regions containing speckled particles, highlighted by white frame in (a), consisted mainly of Al and N, suggesting that they are probably precipitates

of the AlN-polytypoid. Note: EDX spectrum for the Ca a-sialon phase (a0) is also shown in (d) for reference.

Table 5

Physical and mechanical properties of the Ca a-sialon ceramics

Sample Bulk

density

(kg/m3)

True

densitya

(kg/m3)

Total

porosity

(%)

Hardness

(GPa)

Toughness

(MPa m1/2)

CA1005 3050 3224 
5.4 16.4�0.3 4.5�0.1

CA1005F 3158 3224 
2.1 18.6�0.4 4.3�0.4

CA1005C 3141 3224 
2.6 19.1�0.4 4.7�0.2

CA2613 3160 3233 
2.3 15.0�0.3 5.4�0.5

CA2613F 3189 3233 
1.4 16.2�0.2 5.0�0.5

CA2613C 3208 3233 
0.8 18.3�0.2 5.6�0.4

CA3618 3205 3240 
1.1 14.5�0.3 5.7�0.3

a Calculated from the bulk density and the measured porosity of the

polished section of the samples.
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dependence of hardness on ceramic microstructure was
also observed. For instance, in the two HP-ed CA2613
samples, the coarse grained material CA2613C contain-
ing a small amount of intergranular glass possessed a
much higher hardness than the fine grained material
CA2613F. A similar trend was obtained in the two
HP-ed CA1005 samples where the coarse grained, less
glass content material CA1005C exhibited a higher
hardness than its fine grained counterpart CA1005F.
Indentation fracture toughness measurements of the

three a-sialon compositions revealed that toughness
increased as the x-value increased. The improved
toughness in samples with higher x-values can be
attributed to the presence of the elongated a-sialon
grains and the large polytypoid laths in these materials.
This argument is further supported by comparing the
fracture toughness of the HP-ed samples, where coarse
grained materials CA1005C and CA2613C exhibited
considerably higher toughness than their fine grained
counterparts CA1005F and CA2613F, indicating that
crack deflection and bridging played an important role.

4. Discussion

4.1. Microstructural development

4.1.1. Effect of starting composition
The three PLS-ed samples, i.e. CA1005, CA2613 and

CA3618, provide an ideal system for studying the influ-
ence of starting composition on the microstructure of
the final product. Significant microstructural differences
can be revealed among the three compositions. Sample
CA1005 contained fine, almost equiaxed a-sialon grains
coupled with a small amount of intergranular glass and
relatively high porosity while CA2613 possesses a fine
elongated grain morphology with a higher amount of
grain boundary glass and lower porosity. CA3618 exhibits
a coarser and longer grain morphology with the highest
amount of grain boundary glass and the lowest porosity.
It is, therefore, apparent that the amount of the liquid
phase during the grain growth process plays an important
role in detennining the morphology of a-sialon grains.
Wood et al.5 proposed that the increased liquid con-

tent would give more freedom for the elongated a-sialon
nuclei to grow with less impingement upon each other.
However, high resolution SEM micrograph of low tem-
perature (1600 �C) HP-ed sample CA2613F revealed the
development of the abundant tiny elongated a-sialon
grains [Fig. 4(b)], suggesting that Ca a-sialon grains can
intrinsically take an elongated morphology even if large
amounts of a-sialon nuclei exist. Furthermore, these
overpopulated tiny a-sialon particles in composition
CA2613 could develop into elongated grains at higher
temperature without impinging upon each other,
whereas those a-sialon particles in CA1005 remained in

almost equiaxed morphology even when fired at 1800 �C
over 8 h. Li et al.7 studied the nucleation and growth
mechanism of elongated Ca a-sialon grains using dif-
ferent Si3N4 powders with various a-Si3N4:b-Si3N4
ratios. They proposed that the nucleation density prob-
ably was not the only factor that determined the mor-
phology of a-sialon grains, in fact, the amount and the
viscosity of the transient liquid might play a more
important role. Indeed, to better understand the growth
mechanism of elongated Ca a-sialon grains, a combined
role of grain impingement as well as the amount and the
property of liquid in the system at the sintering tem-
perature needs to be considered.
Our results showed that the conversion from a-Si3N4

to a-sialon through the solution/precipitation process
was fully completed at temperatures around 1600 �C
and the abundant tiny a-sialon particles were formed
[Fig. 4(a) and (b)]. It is therefore reasonable to assume
that grain growth from temperatures higher than
1600 �C is governed by the Ostwald ripening mechanism
via the dissolution of the small diameter a-sialon grains.
In theory, the population of growing a-sialon particles
depends on the critical particle diameter, dcrit, and par-
ticles with a size below dcrit can dissolve in the transient
liquid. However, in practice, the critical diameter can be
influenced by many factors, such as the amount of the
transient liquid and the nitrogen solubility of this oxy-
nitride melt at the operating temperature. Hoffmann10

found that the value of dcrit increased as the nitrogen
solubility of the transient liquid increased.
Compared to composition CA1005, CA2613 contains

a higher amount of CaO additive and a lower amount
of nitride particles, in particular a-Si3N4 particles. The
higher CaO and the lower a-Si3N4 contents result in
larger amounts of transient liquid with relatively low
nitrogen content at temperatures around 1600 �C, indi-
cating that the oxynitride melt in CA2613 has a lower
viscosity and higher nitrogen solubility than that in
CA1005. Thus, the value dcrit is greater for material
CA2613 than CA1005. The greater dcrit value promotes
dissolution of the fine a-sialon particles and hence cre-
ates more space for the coarser particles to grow into
large elongated grains. In addition, the larger quantity
of lower viscosity transient liquid existed in composi-
tion CA2613 at the sintering temperature also facil-
itates the densification process via pore elimination and
cooperative flow of the particle–liquid mixture, and
thus, material CA2613 exhibits a lower porosity than
CA1005. The influences of the amount and the property
of the transient liquid on the grain morphology and
porosity of the Ca a-sialon ceramics become more pro-
nounced as the x-value of the design composition further
increases. As a result, among the three compositions,
material CA3618 consists of a-sialon grains with the
highest aspect ratio and the greatest diameter together
with the lowest porosity.
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4.1.2. Effect of sintering conditions
Microstructural examination of samples CA1005,

CA1005F and CA1005C, fabricated from the same
design composition but under various processing con-
ditions, provides some clues to understand the effect of
sintering technique and dwell time on the micro-
structure of these materials. Sample CA1005 was PLS-
ed at 1800 �C for 4 h while samples CA1005F and
CA1005C were first PLS-ed at 1800 �C for 3 and 8 h,
respectively, and followed by HP at 1700 �C for l h.
While the microstructure of the three samples exhibited
similar equiaxed morphology, detailed image analysis
revealed some variations in grain size and the amount of
intergranular glass. As can be seen from Table 4,
CA1005 exhibits the smallest grain size and highest
intergranular glass content and CA1005C has the lar-
gest grain size and lowest glass content. In addition,
CA1005F and CA1005C possess a higher grain aspect
ratio in comparison to CA1005.
Samples CA1005F and CA1005C were both PLS-ed

first and then HP-ed, except the dwell time at PLS stage
was much longer for CA1005C than for CA1005F. The
long dwell time at the sintering temperature has two
effects on the microstructure of a-sialon ceramics. Firstly,
the longer dwell time can increase the solubility of Ca2+ in
the a-sialon unit cell and thus decreases the amount of
intergranular glass in the final product. This argument is
consistentwith themeasured unit cell dimensions (Table 3)
and the intergranular glass content (Table 4) of these
materials. Secondly, the longer dwell time at the sintering
temperature can alter the size and aspect ratio of the a-
sialon grains due to the Ostwald ripening effect.
Samples CA1005 and CA1005F were both held at

sintering temperature for 4 h, except CA1005 was PLS-ed
while CA1005F was PLS-ed for 3 h followed by HP for
1 h. The post-sintering HP resulted in noticeable grain
growth coupled with a reduced amount of grain
boundary glass in CA1005F in comparison to CA1005.
The densification process in the presence of a liquid
phase has been described by Kingery21 as being caused
by compressive forces, arising from capillary action,
acting between contacting particles. These compressive
forces result in an increase in chemical potential at the
contact points, which gives rise to the higher solubility
of the solid at these points.21 The solute diffuses away
from contact points allowing the approach of the parti-
cle centers and thus densification takes place.
The post-sintering uniaxial HP of sample CA1005F

introduces an external compressive force in the sample.
Therefore, the grain/liquid/grain interfaces whose plane
is perpendicular to the HP direction are exposed to an
enhanced compressive stress. The enhanced compressive
stress results in an increased solubility of the solid at
these interfaces. The solute diffuses away from the high
compressive stress regions through the oxynitride melt
to deposit in grain boundaries whose plane is perpendi-

cular to the tensile stress,22 thus preferential grain
growth in the plane perpendicular to the HP direction
occurred. The solute also diffuses through the oxynitride
melt to deposit at multi-grain junctions where the con-
centration of the tensile stress is relatively high,23 thus a
reduction in grain boundary glass observed. In addition,
HP can result in grain rotation24 and redistribution of
grain boundary glass, which are also responsible for the
preferential grain growth and reduction in triple junc-
tion glass content observed in HP-ed samples.
Although a-sialon grains can intrinsically develop

into elongated morphology, the preferential grain
growth in the HP-ed samples CA1005F and CA1005C
only result in a small increase in grain aspect ratio
compared to their PLS-ed counterpart CA1005. This is
because the small amounts of oxynitride melt in com-
position CA1005 at sintering temperature result in the
overabundance of the nucleation of a-sialon, which
consequently hinders the development of elongated
a-sialon grains. The grain impingement argument is
supported by the evidence that a large fraction of
grains in composition CA1005 were irregular in shape
[Figs. 2(a) and 3], indicating that a-sialon grains
during Ostwald ripening undergo contact flattening
owing to the overabundance of the nucleation in this
composition.25

Microstructural examination of samples CA2613F
and CA2613C, fabricated from the same design com-
position but under various processing conditions, pro-
vides some clues to understand the effect of sintering
temperature on the microstructure of these materials.
Sample CA2613F possesses a fine, slightly elongated
grain morphology with relatively high intergranular
glass content and a minor unreacted AlN phase while
sample CA2613C exhibits a coarser and longer grain
morphology coupled with less grain boundary glass and
a minor 33R phase. At 1600 �C, the conversion from
a-Si3N4 to a-sialon through the solution/precipitation
process was just completed, but the reaction process was
still in progress. As a result, the abundance and homo-
geneity of the tiny elongated a-sialon particles with
small amounts of AlN raw powder were observed. Lat-
tice parameter measurement revealed that the low tem-
perature fabricated sample CA2613F had a smaller unit
cell dimensions compared to its high temperature coun-
terparts CA2613 and CA2613C. The smaller unit cell
dimensions associates with a lower substitution number
of Al–N bond for Si–N bond and thus results in a lower
solubility of Ca2+ in the a-sialon lattice and a higher
intergranular glass content. Therefore, the higher sinter-
ing temperature has at least two effects on the micro-
structure of Ca a-sialon ceramics: (1) increases the
solubility of the Ca2+ in the a-sialon lattice and hence
reduces the intergranular glass content; and (2) facilitates
the development of large, elongated a-sialon grains
through the solution/precipitation of the a-sialon phase.
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4.2. Microstructure and mechanical properties

It has been long recognized for Si3N4-based materials
that there exists a close relationship between micro-
structural parameters and mechanical proper-
ties.8,10,26�30 The current results showed that a high
a-sialon content with coarse grain size coupled with low
intergranular glass and pore contents gave an optimized
hardness. In contrast, the apparent aspect ratio of the
a-sialon grains was found to have little influence on the
hardness value of these materials. As tabulated in
Tables 4 and 5, despite a dramatic difference in the grain
aspect ratio between the HP-ed samples CA1005F and
CA2613C, the hardness values of the two materials are
virtually same. It may be argued that the relatively high
porosity in sample CA1005F can result in a decline in
hardness, however the higher glass content in sample
CA2613C is also known to be inhibit to hardness. Con-
sidering the porosity and the glass content in these
materials are quite low, being less than 2 and 3 vol.%,
respectively, it is reasonable to conclude that the grain
aspect ratio in a-sialon ceramics has little impact on their
hardness values. The present finding is consistent with
previous observations where a-sialons containing various
amounts of elongated grains with very different aspect
ratios possessed almost identical hardness values.27,31

On the other hand, a coarse grain size and a high
aspect ratio can both give rise to the fracture toughness.
The effect of grain size on the fracture toughness is
clearly demonstrated in HP-ed samples CA1005F and
CA1005C where fracture toughness increases as the
grain size increases. The effect of grain aspect ratio on
the fracture toughness is evidenced in the three PLS-ed
samples CA1005, CA2613 and CA3618 as well as in
HP-ed samples CA2613F and CA2613C where fracture
toughness increases as the grain aspect ratio increases.
The toughening effect observed in this study is mainly
attributed to the crack bridging mechanism. However,
to further improve the toughness, cracks must propa-
gate along grain interfaces rather than through the
grains. This interface debonding process appears to be
governed by the chemistry of the oxynitride glass at the
grain boundaries.10,30,32

The chemistry of the grain boundary glass probably
holds the key to understand why the fracture toughness
of a-sialon ceramics is significantly lower than that of
silicon nitride. Current best room-temperature values of
fracture toughness for a-sialon and Si3N4 ceramics were

6 MPa m1/2 8,27 and >10 MPa m1/2,28,29 respectively.
The Nd and Y stabilized a-sialon ceramics fabricated by
Chen and Rosenflanz27 and later Kim et al.31 exhibited
a microstructure consisting of large elongated a-sialon
grains imbedded in a matrix of fine-grained a-sialon.
This microstructure is very similar to that of Si3N4
which was described to have the best properties where
large elongated b-sialon grains were evenly dispersed in

a matrix of fine-grained b-Si3N4 and an amorphous
grain boundary phase. However, the fracture toughness
of these a-sialons only attained half of the fracture
toughness value of silicon nitride ceramics. One possible
reason is that in a-sialon, unlike in b-sialon and
b-Si3N4, both grain boundary glass and a-sialon grains
contain identical elements, resulting in a strong bonding
between a-sialon grains and the glassy matrix. There-
fore to further improve the fracture toughness of a-sia-
lon ceramics, investigations into compositional design
of the intergranular glass that leads to a weakened
bonding strength between a-sialon grains and the glassy
matrix, is necessary.

5. Conclusions

The following conclusions can be drawn from the
results of this study:

� CaO was found to be a very effective sintering
aid and PLS-ed Ca a-sialon samples with a bulk
density 95–99% of their true density could be pre-
pared for compositions located both inside and
outside the single-phase a-sialon forming region.

� The microstructure of Ca a-sialon ceramics is
strongly influenced by the quantity and proper-
ties of the intergranular glass, which are in turn
determined by the starting composition. Com-
positions located inside the single-phase a-sialon
forming region produce a microstructure con-
taining almost equiaxed grain morphology cou-
pled with a small amount of intergranular glass,
while those outside the single-phase region at the
Al rich side give a microstructure consisting of
elongated a-sialon grains, minor secondary phases
and high glass content.

� The microstructural design of Ca a-sialon cera-
mics can also be achieved by various sintering
techniques and conditions. Post-sintering HP
gives a high grain growth rate and density and
also redistributes intergranular glass. The longer
dwell time results in a coarser grain size and lar-
ger cell dimensions and thus reduces the amount
of intergranular glass. The higher sintering tem-
perature assigns a higher grain aspect ratio and a
larger cell dimensions.

� The mechanical properties of Ca a-sialon cera-
mics were found to be closely associated with
their microstructures. It was observed that hard-
ness was dependent on a combination of a-sialon
content, grain size, porosity and the amount of
glassy phase in the material, while the fracture
toughness increased with the increasing grain size
and grain aspect ratio. However, to further
improve the toughness of these materials, a wea-
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kened interface between the a-sialon grains and
intergranular glass is necessary.
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