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Abstract

Silicon nitride has two polymorphous structures, a-Si3N4 and b-Si3N4. In this study three di�erent Si3N4 starting powders
(�100%a, 40%a+60%b, �100%b) were used to prepare Ca a-sialon with the composition Ca1.8Si6.6Al5.4O1.8N14.2 by pressureless

sintering. Comparison was made concerning the densi®cation process, reaction sequence and microstructure of the corresponding
materials. The sluggish reactivity of b-Si3N4 resulted in poorer densi®cation during sintering. All the three starting powders pro-
duced a similar ®nal phase assembly, namely a-sialon together with a small amount of AlN and AlN polytypoid except that traces
of unreacted b-Si3N4 remained until 1800� in samples prepared with �100%b-Si3N4 powders. Elongated a-sialon grain morphology

has been identi®ed in the samples prepared using all the three di�erent Si3N4 starting powders. Coarser elongated a-sialon grains
with lower aspect ratio were found in samples using higher b phase starting powders. # 2000 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

a-Sialon is the solid solution of a-Si3N4 with the gen-
eral formula expressed as MxSi12ÿ(m+n)Al(m+n)OnN16ÿn,
where M represents calcium, lithium, magnesium,
yttrium and most rare earth elements.1 During the past
decade, a-sialon has been most extensively studied in
the yttrium and rare earth doped systems because of the
high refractoriness of their boundary glass.2 Recent
study has revealed some advantages exclusively for Ca
a-sialon, such as high solubility limit,3,4 high thermal
stability,5 and the ease to evolve into elongated grain
morphology.6 All these features make Ca a-sialon an
important system in the research of new structural
ceramics possessing both high hardness and high
toughness.
Previous study on rare earth sialon systems has fre-

quently found an equi-axed grain morphology for the a-
sialon phase,7 which is also believed to be the reason for
its relatively lower toughness and reliability comparing
to b-sialon. Recent experimental ®ndings of elongated

a-sialon grains, especially the subsequent toughness
enhancement to the material,8,9 have aroused great
interests among researchers for better understanding of
the formation mechanism and hence better control of
the elongated a-sialon. Up to now this objective has not
been satisfactorily achieved.
According to Chen and Rosen¯anz, overabundance

of nucleation for a-sialon grains during sintering is the
main reason for the scarce occurrence of elongated a-sia-
lon.8 They circumvented this problem by using b-Si3N4 as
a starting powder and obtained elongated a-sialon
grains in rare earth doped systems. Other studies have,
however, shown that elongated a-sialon grains can also
appear in the samples prepared from the a-Si3N4 pow-
der.9,10 It is therefore of interest to make clear the e�ect
of Si3N4 starting powders on the microstructure of a-
sialon. On the other hand, the densi®cation process and
reactions among di�erent components during sintering
would undoubtedly exert in¯uence on the ®nal a-sialon
grain morphology. In this paper three Si3N4 starting
powders with di�erent a contents were employed to pre-
pare Ca a-sialons with a ®xed composition. Comparison
was made concerning densi®cation, phase evolution and
microstructural development of the materials.
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2. Experimental

Specimens with a nominal composition of
1.8CaO:2.2Si3N4:5.4AlN (in mol ratio) were prepared
by pressureless sintering. Three di�erent Si3N4 starting
powders were used as listed in Table 1. The corre-
sponding specimens were designated as C180A (using
�100%a powders), C180B (using 40%a+60%b
powders) and C180C (using �100%b powders). Same
amounts of AlN (1.2 wt%O, China) and CaCO3 (99.0%,
China) were also added according to the designed com-
position. Proportioned powders were mixed in an agate
mortar with alcohol for 2 h. Powders were uniaxially
pressed into pellets at 5 MPa before cold isostatically
pressed at 200 MPa. Sintering was carried out with
¯owing nitrogen as protective atmosphere in a graphite
resistance furnace. A holding of 0.5 h at 1150�C was
made to decompose CaCO3 in the starting powders.
Cooling took place inside the furnace by switching o�
the power after 2 h holding at the ®nal sintering tem-
peratures.
Bulk density was measured according to the Archi-

medes principle. Phase identi®cation was performed on
an RAX-10 di�ractometer using CuKa radiation. Semi-
quantitative analysis was made on the crystalline phase
contents based on the calibration curves. XRD patterns
were also obtained in a Guinier±HaÈ gg camera (Cu Ka1

radiation, l=1.5405981 AÊ ) using Si as an internal stan-
dard. With the aid of a computer-linked scanner (LS-18)
system and corresponding programs,11,12 cell para-
meters of a-sialon in selected samples were precisely
determined. Microstructural observation was carried
out on a KYKY-2000 scanning electron microscope
(KY Inc, China) equipped with an energy dispersive
spectrometer (Link ISIS 3.00). Polished surfaces of the
prepared samples were etched in molten NaOH and
carbon coated prior to observation.

3. Results and discussion

3.1. Densi®cation behavior and reaction sequence

The densi®cation process of pressureless sintered Ca
a-sialon can be estimated from the density±temperature
curve as shown in Fig. 1. The density of samples at
nearly all the investigated temperatures follows the

sequence as C180A>C180B>C180C. This is easily
understood since b-Si3N4 is known to possess higher
stability than a-Si3N4,

13 which retards its dissolution
into the transient liquid, thus delaying densi®cation.
Therefore, the sluggish reactivity of b-Si3N4 resulted in
lower density as well as later shrinkage in the samples
containing higher b phase starting powders, which is
more obvious in sample C180C.
Along with the densi®cation process is the reaction

among components. Using di�erent Si3N4 starting
powders did not signi®cantly a�ect the ®nal phase
assembly, but there existed detectable di�erences in the
phase development, as is evident in Fig. 2. With
increasing temperature, the content of Si3N4 and AlN
starting powders gradually decreased while the content
of a-sialon gradually increased. Gehlenite (Ca2Al2SiO7,
or more likely a nitrogen containing compound Ca2-
Al2ÿxSi1+xO7ÿxNx as veri®ed by the slight peak shift in
the corresponding XRD ®lm data) was the only inter-
mediate phase, appearing as early as 1250�C and dis-
appearing at 1650�C. The ®nal phase assembly was a-
sialon together with small amount of AlN polytypoid
except that trace amount of unreacted b-Si3N4 remained
in sample C180C sintered at 1800�C. However, a further
increase of the sintering temperature at 1825�C led to
complete dissolution of b-Si3N4 (see Fig. 2c).
The di�erences in the reaction sequence of the three

samples were mainly re¯ected in the temperatures for
complete dissolution of nitride starting powders and rela-
tive content of each phase. a-Si3N4 completely disappeared
as early as 1550�C, whereas dissolution of b-Si3N4 required
a much higher temperature (1825�C). At temperatures
lower than 1450�C, the a-sialon content followed the
sequence C180A>C180B>C180C. At temperatures
exceeding 1450�C, with the dissolution of Gehlenite and
Si3N4 in all the three samples, the a-sialon content
increased, especially at 1550�C for C180A and C180B
and 1650�C for C180C respectively. AlN polytypoid
was the only crystalline phase in the ®nal phase assembly

Table 1

Characteristics of the three Si3N4 starting powders

Type Source a Content

(wt%)

Mean particle size

(mm)

Si3N4-A UBE E10, Japan 95 0.4

Si3N4-B Lab-made (SHS) 40 0.6

Si3N4-C Lab-made (SHS) 3 0.5 Fig. 1. Bulk density of Ca a-sialon using di�erent Si3N4 starting

powders pressureless sintered at di�erent temperatures.
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besides a-sialon. The occurrence of this phase accords
with the recently established phase relationship on the
two-dimensional Ca a-sialon plane,14 which identi®ed
the phase compatibility triangles between a-sialon and
AlN polytypoids for high x compositions. Close inspection

of Fig. 2 revealed a systematic di�erence concerning the
relative content of AlN polytypoid. The content of AlN
polytypoid in Sample C180C remained at a relatively
low level (�5 wt%), which is in contrast to the high
value in Sample C180A (�17 wt%) and C180B (�19
wt%). Precise determination of the a-sialon cell dimen-
sions in the 1800�C sintered samples (see Table 2)
showed that C180C had a slightly smaller a-sialon cell
at 1800�C comparing to C180A and C180B, which
might be correlated with the incomplete reaction of
C180C at this temperature. However, when b-Si3N4

completely disappeared after sintering at 1825�C, an
obviously larger a-sialon cell was detected, indicating
accommodation of more Al and Ca into the a-sialon
lattice. This accords with the low AlN polytypoid con-
tent in the ®nal phase assembly of C180C. Furthermore,
the di�erent AlN polytypoid content in the reaction
sequence re¯ects the di�erent AlN concentration in the
transient liquid of the three samples, which may a�ect
the grain growth and hence the ®nal microstructure, as
will be discussed below.

3.2. Microstructural development

Figs. 3 and 4 are SEM micrographs of pressureless
sintered Ca a-sialon using three di�erent Si3N4 starting
powders at 1650 and 1800�C, respectively. The small
grains in Fig. 3 are mostly spherical or roundish with
aspect ratio no more than 2. This is in sharp contrast to
Fig. 4, where elongated grains with aspect ratio higher
than 5 are predominant in each image. The extra-
ordinarily large plate-like grains belong to the AlN-
polytypoid phase.15 Obvious di�erence in the three
samples sintered at the two temperatures could also be
detected concerning the grain density and aspect ratio of a-
sialon. Sample C180A had the highest particle density and
sample C180C the lowest. On the other hand, the aspect
ratio of a-sialon grains in sample C180A was obviously
higher than that in sample C180C shown in Fig. 4.
It has been generally accepted that the elongated

grain morphology of b-Si3N4 and b-sialon resulted from
their hexagonal structure.16 Extensive studies have been
carried out to understand the mechanism for this ani-
sotropic grain growth behavior. Like its b counterpart,

Table 2

Cell dimensions of a-sialon pressureless sintered at 1800�C using dif-

ferent Si3N4 starting powders

a c V

C180A 7.8849(6) 5.7337(5) 308.72

C180B 7.8806(6) 5.7261(6) 307.97

C180C 7.875(1) 5.729(2) 307.66

C180C*a 7.8985(6) 5.7406(8) 310.15

a The cell dimensions of C180C* are taken from the 1825�C sin-

tered sample.

Fig. 2. Phase assembly of Ca a-sialon using di�erent Si3N4 starting

powders pressureless sintered at di�erent temperatures: (a) C180A, (b)

C180B, (c) C180C. Note: AlN0 denotes AlN polytypoid.
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a-sialon also has a hexagonal structure with the c axis
shorter than the a axis. The occurrence of elongated
shape of a-sialon grains may thus be regarded as an
indication of its intrinsic morphology. The di�erent
microstructures of the samples using di�erent Si3N4

powders provide some clue to understand the nucleation
and growth mechanism of elongated a-sialon.
As is known, densi®cation of sialon ceramics is e�ec-

ted through the liquid phase sintering, along with which
the sialon phases also form through the nucleation and
grain growth process.Most previous studies have observed
heterogeneous nucleation of a-sialon and b-sialon, though

the possibility of homogeneous nucleation from the
supersaturated liquid phase can not be totally excluded,
as illustrated in Hwang's work.17,18 For the present Ca
sialon composition, due to the much higher Gibbs free
energy required in the formation of nuclei for homo-
geneous nucleation than for heterogeneous nucleation
and to the existence of abundant foreign particles
throughout the sintering process, heterogeneous
nucleation should be a more possible mechanism for a-
sialon. In other words, the undissolved Si3N4, AlN and
even the intermediate phase gehlenite can serve as possible

Fig. 3. SEM micrograph of Ca a-sialon using di�erent Si3N4 starting

powders after pressureless sintering at 1650�C for 2 h: (a) C180A, (b)

C180B, (c) C180C.

Fig. 4. SEM micrograph of Ca a-sialon using di�erent Si3N4 starting

powders after pressureless sintering at 1800�C for 2 h. The extra-

ordinarily large plate-like grains in the ®gure belong to the AlN-poly-

typoid phase: (a) C180A, (b) C180B, (c) C180C.
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nucleation sites for a-sialon. It is also easy to under-
stand then that because of the similarity in both struc-
ture and composition between a-sialon and a-Si3N4,
nucleation of a±sialon on a-Si3N4 should be energeti-
cally more favorable than nucleation of a-sialon on b-
Si3N4 or other phases. A higher nucleation rate of a-
sialon on a-Si3N4 could therefore be expected according
to the formula:19

Ihet � AcT

�
exp ÿW�het=kT

ÿ � �1�

where Ihet the heterogeneous nucleation rate,
Ac � nvk=3�l

3, with nv the formula units of the crystal-
lizing component phase per unit volume of the liquid, k
the Boltzmann constant, l the quantity of the order of
the atomic dimensions (``jump distance''), � the viscosity
of the liquid and Whet* the Gibbs free energy to form a
critical nucleus (thermodynamic barrier). Thus the
higher a-Si3N4 phase content in the starting composi-
tion, the more favorable it is for the nucleation of a-
sialon. This is in accordance with the much higher grain
density in sample C180A than in C180C. It is further
concluded that overabundance of a-sialon nucleation
can be overcome by using higher b-Si3N4 phase pow-
ders, which agrees with Chen's recent work.8

Nevertheless, the occurrence of elongated a-sialon in
both samples C180A and C180C at 1800�C seems to
contradict Chen's claim that ``overabundance of
nucleation is the main reason for the scarce occurrence
of elongated a-sialon''. Moreover, the grain aspect
ratios of a-sialon in the three samples show the sequence
of C180A>C180B>C180C, as is more obvious in the
pore region of the sintered compacts (see Fig. 5). This
suggests that the nucleation density should not be the
only factor in determining the a-sialon grain morphol-
ogy. Rather, some other factors, such as the amount
and viscosity of liquid during the grain growth process,
might play a more important role. Our previous obser-
vation on microstructure of Ca a-sialon has shown
increasing aspect ratio and proportion of elongated a-
sialon grains with increasing x value in the designed
composition, which is believed to be due to the forma-
tion of more liquid during sintering.20 The occurrence of
elongated a-sialon grains in all the three samples,
therefore, should be attributed to the high x composi-
tion chosen in this study.
As known from the XRD results, only a-sialon and

AlN polytypoid were detected after sintering at 1650�C
(C180C also contained a small amount of unreacted b-
Si3N4), which indicates that the grain growth of a-sialon
between 1650 and 1800�C could be categorized as Ost-
wald ripening by a dissolution/precipitation process via
the transient liquid. Or, it might be more convenient to
term it as ``secondary dissolution/precipitation'' to dis-
tinguish it from the primary process of phase transfor-
mation from a-Si3N4 to a-sialon. This analysis

resembles that in the study of b-Si3N4 and b-sialon.
There is, however, some distinction between the two
cases. For example, the b grains after the a-b phase
transformation were already elongated,21,22 whereas
nearly spherical a-sialon grains were observed after the
a-a0 phase transformation (see Fig. 3). Accordingly, the
mean aspect ratio with increasing temperatures was
decreased for the b grains and increased for the a-sialon
grains as shown in this study. It is therefore reasonable
to expect a di�erent grain growth mechanism during the
Ostwald ripening. Our ongoing work is aiming at this
objective.

Fig. 5. SEM micrograph of Ca a-sialon using di�erent Si3N4 starting

powders in the pore region after pressureless sintering at 1800�C for 2

h: (a) C180A, (b) C180B, (c) C180C.
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Whatever the underlying mechanism is for the grain
growth of a-sialon, it is understandable that the amount
and viscosity of the transient liquid could greatly in¯uence
the rate of atom transport, thus a�ecting the driving force
for the grain growth. From the density±temperature curve
(Fig. 1), sample C180C had the lowest densi®cation rate
as well as the lowest density, implying less transient
liquid with higher viscosity formed during sintering for
C180C. It is also known from the result of reaction
sequence (Fig. 2) that the AlN polytypoid content was
much lower in sample C180C than in C180A and
C180B. Accordingly, the liquid of C180C was more
AlN-rich during the grain growth period and had a
higher viscosity (both Al and N are reported to increase
the viscosity of oxynitride glass23,24). It is therefore rea-
sonable to assume certain correlation between the less
liquid with higher viscosity during sintering and the
lower aspect ratio of a±sialon in the microstructure of
C180C. The more viscous liquid formed in sample C180C
could hinder the atom di�usion along the c axis, thus
reducing the driving force for the anisotropic grain growth
and giving rise to the lowest aspect ratio of a-sialon.

4. Conclusions

Due to the sluggish reactivity of b-Si3N4, Ca a-sialon
compacts using b-Si3N4 starting powders showed a later
shrinkage as well as a lower density. The ®nal phase
assembly of Ca a-sialon composition was not a�ected
signi®cantly by the di�erent Si3N4 starting powders
used except that traces of unreacted b-Si3N4 remained in
the 1800�C sintered compact containing 100% b-Si3N4

starting powders. The occurrence of elongated a-sialon
grain morphology in all the pressureless sintered sam-
ples with the three kinds of Si3N4 starting powders
indicates that a-sialon could take its intrinsic elongated
shape if grown under proper conditions. Higher b phase
in the starting powders resulted in lower grain density of
a-sialon with lower aspect ratio in the ®nal micro-
structure, which re¯ects the in¯uence of Si3N4 type on
the nucleation and grain growth of a-sialon.
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