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Abstract

The lack of thermal stability of some rare earth a-
SiAlON phases has recently raised serious doubts
concerning the high temperature behaviour of such
materials. As information on the Ca±SiAlON system
is minimal this work investigates the thermal stabi-
lity behaviour of Ca a-SiAlON (a 0). Compositions
near the a0 plane in the Ca±Si±Al±O±N system were
prepared by hot-pressing. These materials were sub-
sequently heat treated at temperatures between 1100
and 1500�C for 24 h and for an extended duration,
200 h, at 1450�C. The addition of glass prior to hot-
pressing to various compositions enabled the investi-
gation of its e�ect on the initial phase assemblage
and the thermal stability behaviour. It was found
that neither the excess glass nor the heat treatment
devitri®cation products, destabilised the Ca a0 phase.
The presence of b0 grains appeared to facilitate the
transformation behaviour of the Ca a0, however a
single crystalline phase Ca a0 with a high value of m
was thermally stable under extended heat treatment
at 1450�C. # 1998 Elsevier Science Limited.

1 Introduction

The SiAlONs are structural ceramics developed for
potential applications at elevated temperatures.
The lack of thermal stability of some a-SiAlON
(� 0) phases containing rare earth elements has,
however, recently raised serious doubt concerning
the high temperature performance of such mate-
rials. In studies involving post-sintering heat
treatment of such SiAlONs, signi®cant transfor-
mation from � 0 to � 0 has been observed at tem-
peratures between 1100 and 1500�C.1 The extent
of the � 0! � 0 transformation increases with
increasing temperature and duration of the heat

treatment. Both �- and �-SiAlON have similar
hexagonal crystal structures distinguished on the
basis of di�erences in the stacking of the (Si,Al)
(O,N)4 tetrahedra. The formula for �-SiAlON is:

Mv�
x Si12ÿ�m�n�Alm�nOnN16ÿn �1�

where x � m=v < 2 and v is the valency of the sta-
bilising cation, M, and for �-SiAlON (� 0) is:

Si6ÿzAlzOzN8ÿz �2�

where 0 < z < 4.2 at 1750�C.2 In contrast to the
� 0 structure, in which long continuous open chan-
nels are formed parallel to the c-axis, the stacking
of the � 0 structure creates large interstices occupied
by the stabilising cation M. The transition from � 0

to � 0 requires long range di�usion of the cation
species and signi®cant lattice rearrangement, and is
considered likely to be chemically controlled.3 The
mechanism of this transformation has recently
become the subject of intense research, with var-
ious theories being proposed to explain the exis-
tence and extent of the � 0 to � 0 transition.
Initial focus on the factors in¯uencing � 0 stabi-

lity concerned the e�ective radius of the cation
stabilising the � 0 structure,3,4 with suggestions that
a smaller stabilising cation would be more mobile
and thus render the � 0 structure less stable. How-
ever, recent experimental evidence has shown that
cation size and solubility alone cannot account for
the intrinsic stability of the � 0 phase, and four
additional factors have emerged as having poten-
tial importance:

1. the range of thermodynamic stability of � 0

and its variation with temperature,1

2. the fraction of cation, M, incorporated into
the structure and the extent of corresponding
(Al±O) and (Al±N) substitutions,5,6

Journal of the European Ceramic Society 18 (1998) 417±427

# 1998 Elsevier Science Limited

Printed in Great Britain. All rights reserved

P I I : S 0 9 5 5 - 2 2 1 9 ( 9 7 ) 0 0 1 2 8 - 3 0955-2219/98/$19.00 + 0.00

417

*To whom correspondence should be addressed.



3. the presence of � 0 phase within the material as
nucleation sites for the transformation,7 and

4. the presence, volume and viscosity of an
intergranular liquid/glassy phase,8 and the
stability of any devitri®cation products that
result from post-sintering heat treatment.

In addition, signi®cant variation in the response
to heat treatment of � 0 stabilised by di�erent
cation indicates that the identity of the stabilising
cation in¯uences the thermal stability of the var-
ious M±SiAlON systems. Thus the extent to which
the above four factors in¯uence thermal behaviour
may vary as the � 0 stabilising cation is changed.
Currently, the transformation is considered to

have two distinct stages: (1) adjustment of the � 0

composition towards the region of � 0/� 0 stability,
which can be observed in a decrease in the m value
with time at the heat treatment temperature, and
(2) the subsequent decomposition of � 0 into � 0 and
other phases.9 Experimental results have shown
that � 0 phases containing Nd and Sm (where the
maximum cation solubility in the � 0 lattice occurs
for x=0.6,10 are among the � 0 structures that are
most easily transformed to � 0, whereas the � 0 con-
taining Yb (maximum solubility x=1.0)10 is more
stable over a wider range of temperatures.5 If
indeed � 0 stability increases with increasing cation
solubility, then calcium � 0, which has the highest
reported solubility for the cation (x=1.83),11 might
be expected to be one of the more stable � 0 ceram-
ics. However, if the presence of intergranular liquid
phase, or unstable glassy phase, destabilises the � 0

solid solution, then the calcium � 0 system might be
expected to be one of the least stable, since the
oxynitride glasses containing Ca have particularly
low melting points.12 The Ca±SiAlON system is
thus an interesting one in which to evaluate those
factors controlling the thermal stability of � 0 pha-
ses.

2 Experimental procedures

Samples with the nominal compositions listed in
Table 1 were prepared from powder mixtures of
Si3N4 (HCST LC10), AlN (HCST grade C),
CaCO3 (Ajax) and Al2O3 (Alcoa A16SG), ball
milled using Si3N4 media in isopropanol. The
anorthite (CaO.Al2O3

.2SiO2) and gehlenite
(2CaO.Al2O3

.SiO2) glasses included in samples 2, 5
and 6 were prepared independently by heating to
1600�C for 1 h and water quenching to room tem-
perature. The crushed glass was then added to the
powder mixtures prior to milling. The slurries were
pan dried and pressed uniaxially into pellets, cold
isostatically pressed to 150MPa, and calcined at

800�C for 1 h in a nitrogen atmosphere. Densi®ca-
tion was carried out in a hot-press at temperatures
between 1600 and 1800�C for 1 h at a pressure of
35MPa in graphite dies and a nitrogen atmos-
phere. The sintered samples were then heat-treated
at temperatures between 1100�C and 1500�C for 24
and 200 h in an alumina tube furnace under a
nitrogen atmosphere. Bulk densities of the samples
were determined after boiling for 2 h in distilled
water followed by application of water immersion
techniques. Phase identi®cation both before and
after post-sintering heat treatment was carried out
using a Rigaku Geiger¯ex di�ractometer with Ni-
®ltered Cu Ka radiation. The weight ratio of � 0 to
� 0 phase was calculated using a method developed
by Liddell.13 Lattice parameter determinations
were carried out using a HaÈ gg±GuÈ inier camera and
the program CELSIZ.14 From the a and c lattice
parameters, the values of m for the �-SiAlONs
[eqn (1)] were calculated using the following pair of
equations:15

a�A� � 7�749� 0�0023n� 0�0673m
c�A� � 5�632ÿ 0�0054n� 0�0550m �3�

The values of z for the � 0 were calculated accord-
ing to the following:16

a�A� � 7�603� 0�0297z
c�A� � 2�907� 0�0255z �4�

Polished, as-sintered samples were etched in molten
NaOH, carbon coated to prevent charging and
observed using a JEOL JSM-840A scanning elec-
tron microscope (SEM).

3 Results

The nominal compositions and corresponding lat-
tice parameters of all as-sintered samples prior to
heat treatment are listed in Table 1, which also
includes measurements of the ratio of the � 0 to � 0

phases in the as-®red samples, as determined by X-
ray di�raction (XRD). Figure 1 shows the three-
dimensional JaÈ necke prism for the Ca±Si±Al±O±N
system in which there exists a triangular plane sec-
tion that contains the � 0 phase region. The three
base sample compositions employed are depicted
in a two-dimensional schematic representation
around the � 0 phase region in Fig. 2.
The sample compositions selected were designed

to give � 0 solid solutions in various phase regions
and di�erent chemical environments, including
the presence of pre-existing � 0 phase and/or
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Table 1. The initial composition, � 0:� 0 ratios, lattice parameters and associated m and z values for the � 0 and � 0, respectively, of the six materials prior to heat treatment. The � lattice para-
meters, and associated values of m for samples heat treated at 1450�C for 24 h and 200 h

Sample Sample 1
(nominally
m=2, n=2)

Sample 2
(composition 1 plus

15wt% anorthite glass)

Sample 3
(nominally
m=1, n=2)

Sample 4
(composition 3 plus
30wt% Si3N4)

Sample 5
(composition 4 plus

15wt% anorthite glass)

Sample 6
(composition 4 plus

15wt% gehlenite glass)

� 0:� 0 ratio prior to heat treatment 100 : 0 100 : 0 93 : 7 64 : 36 10 : 90 78 : 22
� 0 lattice parameters prior to heat treatment a 7.8562(8)a 7.8382(6) 7.8172(4) 7.8012(4) 7.8055(17) 7.8085(5)

c 5.7124(9) 5.7013(4) 5.6886(4) 5.6751(5) 5.6812(25) 5.6759(7)
mb 1.6 1.3 1.1 0.8 0.9 0.9

� 0 lattice parameters prior to heat treatment a Ð Ð Ð 7.6272(7) 7.6319(8) 7.6246(19)
c Ð Ð Ð 2.9227(7) 2.9247(8) 2.9190(13)
zc Ð Ð Ð 0.7 0.8 0.6

� 0 lattice parameters after a 7.8520(4) 7.8348(5) 7.8155(5) 7.8009(4) 7.8069(12) 7.8055(7)
heat treatment at 1450�C c 5.7127(3) 5.7010(4) 5.6880(5) 5.6741(5) 5.6785(17) 5.6746(10)
for 24 h m 1.51 1.27 1.00 0.77 0.86 0.82

� 0 lattice parameters after a 7.8461(4) 7.8302(5) Ð Ð Ð Ð
heat treatment at 1450�C c 5.7105(3) 5.6993(4) Ð Ð Ð Ð
for 200 h m 1.44 1.21 Ð Ð Ð Ð

aThe standard deviation of the last decimal place in the lattice parameter is given in the parentheses.
bThe m value from eqn (1) calculated using the pair of eqn (3).
cThe z value from eqn (2) calculated using the pair of eqn (4).
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oxide-based amorphous (liquid) phases of varying
composition. Sample 1 has the same nominal
composition as the material described in earlier
work17 to comprise exclusively � 0, with a very
small fraction (<5wt%) of residual glassy phase.
The addition to composition 1 of 15wt% glass,
rich in silica and with a composition of anorthite,
had the e�ect of moving the overall composition
o� the � 0 plane to produce sample 2, containing
� 0, a signi®cant fraction of glass, and two minor
phases, calcium aluminate and anorthite. These
minor phases are oxide based and may have
formed during cooling, quenching the material
from the fabrication temperature may prevent any
devitri®cation of the glassy phase.
To investigate the e�ect of the presence of pre-

existing � 0 phase in a predominantly � 0 material,

sample 3 was designed to lie just outside the single
phase � 0 region and in the � 0+� 0 two phase
region. The addition of 30wt% Si3N4 to composi-
tion 3, to create sample 4, shifted the composition
towards the Si3N4 corner and signi®cantly
increased the fraction of pre-existing � 0 phase in
the as-®red sample. Samples 5 and 6 were both
based on the composition 4. The additions of
15wt% anorthite glass and 15wt% calcia-rich
gehlenite glass, to form samples 5 and 6, respec-
tively, produced materials that contained both � 0

and � 0 phases, with an amorphous grain boundary
phases of di�erent compositions.
Observation of the microstructures of the as-

®red samples in the scanning electron microscope
(SEM) revealed signi®cant di�erences. Figure 3
shows that the addition of glass had a dramatic
e�ect on the microstructure leading to a coarsen-
ing of the grain size. The elongated nature of � 0

grains allows them to be easily distinguished from
the more equiaxed � 0. Figure 3(a) is the micro-
structure observed for the single phase � 0 (sample
1), while Fig. 3(b) reveals sample 2, composed of
� 0, glass and minor oxide phases, to have a coar-
ser-grained microstructure than that observed for
sample 1. After etching in molten NaOH the
increase in the fraction of glassy grain boundary
phase in sample 2 can be readily distinguished
qualitatively.
Figure 3(c)±(e) depicts samples 4, 5 and 6,

respectively. Sample 4 is an � 0/� 0 composite with an
� 0:� 0 ratio of 64:36, while samples 5 and 6 [Fig. 3(d)
and (e)] shows the e�ect of the addition of anor-
thite and gehlenite glass, respectively. Sample 4

Fig. 1. The JaÈ necke prism for the calcium SiAlON system,
showing the position of the a-SiAlON plane. Note: G and A
represent gehlenite and anorthite compositions, respectively.

Fig. 2. The 2D � 0 plane for the calcium SiAlON system, indicating the position of the three base compositions, samples 1, 3 and 4.
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(� 0:� 0= 64:36) contained a mixed microstructure
of equiaxed and elongated grains [Fig. 3(c)] and the
grain size was generally much coarser than that
observed for both samples 1 and 2. Scanning elec-
tron microscopy of sample 5 (� 0:� 0=10:90)
[Fig. 3(d)] revealed coarser, more elongated grains
of high aspect ratio (4:1 to upwards of 10:1) com-
pared to Fig. 3(c). The addition of anorthite glass
appears to have reduced the constraints on grain
growth during precipitation from the liquid phase,
resulting in characteristic grains with a high aspect
ratio. In contrast, the addition of gehlenite glass to
produce sample 6 resulted in a more equiaxed
microstructure and this can be directly related to
the phase changes induced by the glass addition,

that is, the compositional equilibrium shift from an
� 0:� 0 ratio of 64:36 in sample 4 to the 78:22
observed in sample 6. The signi®cant variation
observed in the microstructures resulting from the
addition of the two di�erent glass compositions to
the same initial powders, fabricated under similar
conditions, implies that the resultant ratio between
� 0 and � 0 phases is dependent on the composition
of the oxynitride liquid that forms during sintering
and prior to SiAlON precipitation. The m value is
similar for both samples 5 and 6 (Fig. 1), imply-
ing that the level of Ca2+ cation solubility within
the � 0 lattice is comparable. The similar values
for m imply that the higher calcium content in the
gehlenite-containing sample 6 enables a higher

Fig. 3. SEM micrographs of samples 1, 2, 4, 5 and 6 (a)±(e), respectively.
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proportion of � 0 grains to be stabilised, thereby
resulting in more equiaxed grains.
Changes in the lattice parameters for the � 0 and

� 0 phases represent compositional variation in the
solid solutions. The Al±N bond is signi®cantly lar-
ger (0.187 nm)11 than the Si±N bond, and Al±N
substitution for Si±N creates a negative valence
di�erence, requiring an increased cation concen-
tration to balance charge over the unit cell. The
introduction of Al±N bonds for Si±N bonds within
the � 0 lattice results in an expansion of the unit cell
and requires a higher proportion of Ca2+ to stabi-
lise the structure. The Si±N and Al±O bond lengths
are almost identical, at 0.174 nm and 0.175 nm,
respectively,11 and the net valency di�erence aris-
ing within �-SiAlON from Al±O substitution alone
is e�ectively zero. From the measured lattice para-
meters, Table 1, it is noted that the � 0 phase of
sample 1 has the largest unit cell suggesting that
this � 0 structure incorporates the largest fraction
of Ca2+ and has the most extensive substitution
of Al±N bonds for Si±N bonds. The addition of
15wt% anorthite glass to composition 1 produced
a material with a single nitrogen rich crystalline
phase, Ca � 0, but the composition change thus
imposed on the � 0 in sample 2 is re¯ected in a
reduction in the unit cell dimensions (Table 1).
This reduction in the � 0 lattice parameters implies
an increase in the number of oxygen bonds in the
structure, and thus a decrease in the calcium con-
tent of the � 0.
The smallest � 0 lattice parameters were observed

in samples 4±6, where all three materials contained
a large fraction of � 0 with a nominal z value
between 0.6 and 0.8. The coexistence of � 0 and � 0

in these three samples indicates a phase equilibrium
on the tie line between the � 0 and the � 0 regions
and that the composition of the � 0 phase would be
at the boundary of the single phase � 0 ®eld, close
to the Si3N4 corner. At this boundary, the value of
m for the � 0 [eqn (1)] is low, corresponding to a
reduced substitution of Al±N bonds and a lower
concentration of Ca2+ in the � 0 lattice. The com-
bined e�ect is to reduce the size of the unit cell.
The lattice parameters of the � 0 and � 0 phases

and the corresponding values of m and z of all
samples prior to heat treatment are presented in
Table 1. Also included are the � 0 lattice parameters
of the samples heat treated at 1450�C for 24 and
200 h. Both samples 1 and 2 exhibit substantial
stability at 1450�C and show only small decreases
in the � 0:� 0 ratio after 200 h exposure.
The weight ratios of � 0 to � 0 phase for all seven

samples prior to heat treatment are included in
Table 1, while Table 2 shows the � 0:� 0 ratios and
the devitri®cation products in each sample result-
ing from heat treatment at selected temperatures.

Crystalline grain boundary phases were detected
after heat treatment for all samples; however, the
temperature of formation and the identity of the
phases produced varied from sample to sample.
Gehlenite was the most prevalent product in sam-
ples 1, 2, 4, 5, and 6 and was observed to be stable
in the temperature range 1200 to 1500�C. The S-
phase (CaO.1.33Al2O3

.0.67Si2N2O)18 was also
identi®ed as a devitri®cation product in samples 2
and 5, and very small fractions of an unidenti®ed
phase were detected in samples 3 and 5 heat treated
between 1100 and 1500�C. Gehlenite is identi®ed
by three clearly distinguishable Bragg di�raction
peaks, from the planes (111), (201) and (211), due
to signi®cant overlap of the remaining peaks with
those of both the � 0 and � 0 phases, and therefore
the determination of the extent, if any, of the geh-
lenite solid solution with nitrogen is not pursued
here. Figure 4 depicts the XRD traces of sample 5
before and after heat treatment at 1300�C for 24 h
and 1500�C for 24 h, respectively. The variation in
devitri®cation products with temperature is clearly
identi®ed, as S-phase and gehlenite were observed
after heat treatment at 1300�C for 24 h. However
after heat treatment at 1500�C for 24 h, the only
devitri®cation product detected was gehlenite.
Given that the emphasis of the present paper is
the thermal stability of the Ca � 0 phase, further
analysis of the devitri®cation products will not be
pursued in detail here, although the work is
continuing.

4 Discussion

Sample 1 contained almost exclusively crystalline
� 0 phase, with a limited amount of glass at the
grain boundaries.17 This composition is located
within the � 0 phase region and the � 0 structure
resists decomposition into � 0 at temperatures up to
1500�C. However, when the length of the post-sin-
tering isothermal heat treatment was increased to
200 h at 1450�C, the presence of �3wt% � was
detected using XRD, indicating that the material
would eventually undergo at least partial transfor-
mation from � 0 to � 0. Single phase Ca rich � 0 is
nonetheless substantially more stable than the rare
earth stabilised � 0 systems. In the Sm � 0 system,
for example, an essentially single phase material
with a value x=0.39 was observed to begin trans-
formation to � 0 within 24 h at 1450�C,19 while that
same initial transformation required 200 h at
1450�C in the Ca � 0 system.
In other rare earth � 0 systems, the addition of

glass to an initially � 0 composition may result in
the formation of a two-phase � 0/� 0, material and
during subsequent heat treatment the � 0!� 0
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Table 2. Phase analysis of the post-sintering heat treated samples, indicating the � 0 to � 0 ratio numerically and the intensity of the other phases present by tr=trace, w=weak, m=medium
s=strong and v=very

Heat treatment temperature Sample 1
(m=2, n=2)

Sample 2
(composition 1+
anorthite glass)

Sample 3
(m=1, n=2)

Sample 4
(composition 3+
30wt% Si3N4)

Sample 5
(composition 4+

15wt% anorthite glass)

Sample 6
(composition 4+

15wt% gehlenite glass)

Initial phases present � 0(100:0) � 0(100:0), CA(w), A(mw) � 0(93), � 0(7) � 0(64),� 0(36) � 0(10),� 0(90) � 0(78), � 0(22), G(w)

HT 1100�C 24 hÿ1 � 0(100:0) � 0(100:0), CA(w), G(mw) � 0(93), � 0(7) � 0(64), � 0(36) * *

HT 1200�C 24 hÿ1 � 0(100:0) � 0(100:0), CA(w), G(mw), S(w) � 0(93), � 0(7) � 0(63), � 0(37), G(tr) � 0(11),� 0(89), G(mw), S(mw), ?2(2) � 0(83), � 0(17),G(mw)

HT 1300�C 24 hÿ1 � 0 (100:0), G(vw) � 0 (100:0), G(mw), S(mw) � 0(93), � 0(7), ?(vw) � 0(61), � 0(39), G(vw) � 0(l2), � 0(88), G(mw),S(mw), 2(w) � 0(82), � 0(18) G(mw)

HT 1400�C 24 hÿ1 � 0 (100:0), G(vw) � 0(100:0), G(mw), S(mw) � 0(93), � 0(7), ?(tr) � 0(60), � 0(40), G(tr) � 0(11), � 0(89), G(mw) � 0(82), � 0(18), G(mw)

HT 1450�C 24 hÿ1 � 0 (100:0), G(vw) � 0(100:0) G(ms), S0(w) � 0(93), � 0(7) � 055), � 0(45), G(tr) � 0(9), � 0(91) � 0(77), � 0(23), G(mw)

HT 1500�C 24 hÿ1 � 0 (100:0), G(wv) � 0(100:0), G(m), S0(w) � 0(93), � 0(7) � 0(62), � 0(38), G(tr), ?(w) � 0(l2), � 0(88), G(w), ?2(w) � 0(83), � 0(17), G(m)

HT 1450�C 200 hÿ1 � 0(97), � 0(3) G(tr) � 0(93), � 0(3), G(tr) � 0(52), � 0(48) � 0(24), � 0(76), G(vw) � 0(100), ?2(w) � 0(36), � 0(64), ?3(m)

� 0JCPDS33±261;� 0JCPDS36±1333; G (gehlenite) JCPDS35±755; CA (calcium aluminate) JCPDS33±251; A (anorthite) JCPDS12±301; S (s-phase CaO.1.33Al2O3
.0.67S2N2O) JCPDS43±281; ?x

are unknown phases.
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Fig. 4. X-ray di�raction traces of sample 5, (a) prior to and (b) post heat treatment at 1300�C and (c) at 1500�C for 24 h.
Note: G=gehlenite, S=S±phase, ?= unidenti®ed phase.
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transformation may be facilitated.20 Mandal et
al.21 have proposed that the presence of large
volumes of low viscosity grain boundary glassy/
liquid phase surrounding the � 0 and � 0 grains
facilitates the initial transformation by allowing
atom di�usion at the heat treatment temperatures.
The composition of the oxynitride liquid may
a�ect the rate of the transformation from � 0 to � 0;
it has been suggested that a more oxide-rich liquid
will have a lower viscosity and increase signi®-
cantly the rate of the � 0 to � 0 transformation.21

The composition and the nature of the glassy
phase in the � 0 system is seen to be critical to the
stability of � 0 phases.
Results of the present investigation are in con-

trast with rare earth � 0 systems examined by
McKinnon et al.20 and Mandal et al.21 In the cal-
cium system the addition of 15wt% anorthite glass
in sample 2 was not observed to introduce any
detectable � 0 phase into the as-sintered material,
nor did it obviously degrade the thermal stability
of the � 0 phase. This result is, in part, the conse-
quence of the more extensive region of � 0 stability
in the Ca±SiAlON system compared with rare
earth systems, as the additional oxide glass has not
displaced the sample composition into the � 0/� 0

two phase ®eld. In addition, � 0 compositions close
to the Al±N rich edge of the phase region (implied
by the larger unit cell parameters, and m values of
sample 1 and 2 compared with samples 3±6,
Table 1) are very stable at elevated temperatures.
Heat treatment for extended periods of time (200 h
at 1450�C) revealed that the transformation from
� 0 to � 0 does proceed in sample 2 to a similar
extent to that detected in sample 1, and that, the
rate of transformation is not obviously a�ected by
the larger fraction of amorphous phase present in
sample 2.
The fraction of Al±O and Al±N bonds replaced

within the � lattice and, consequently, the concen-
tration of cation species required to balance valen-
cies may also a�ect the thermal stability of � 0. In
materials nearing the lower cation solubility limit,
the � 0 is regarded as likely to be less stable and the
� 0 ! � 0 transformation considered more readily
able to proceed.5 This apparent correlation
between the cell dimensions of the � 0 phase and the
potential for � 0!� 0 transformation implies that
those � 0 structures with large unit cells (e.g. a >
7.83 AÊ and c > 5.70AÊ in the present system) will be
more stable than those having a relatively small
unit cell. This would suggest that those � 0 compo-
sitions nearer to the 1/2(Ca3N2

.6AlN)-rich bound-
ary of the phase ®eld might demonstrate higher
thermal stability.
The cell dimensions and the values of m for the � 0

phases in samples 1 and 2 decreased continuously

during prolonged heat treatment at 1450�C
(Table 1). It is suggested that both di�usion of
Ca2+ as well as Al3+ and N3ÿ occurs within the � 0

structure during the heat treatment process. How-
ever, the precise mechanism for these changes
remains unclear at this stage. These changes in the
structure and composition of the � 0 are associated
with the appearance of a small fraction of � 0 in
these two samples after 200 h at 1450�C and they
may thus signal the eventual destabilisation of the
� 0 phase.
As a result of the dual-phase (� 0/� 0) nature

observed for sample 3, the � 0 composition is
expected to be de®ned at the boundary of the � 0

phase zone. It correspondingly exhibits a relatively
small unit cell and m value, Table 1. However, this
� 0 structure proved to be thermally stable for up to
24 h at all temperatures despite the existence of � 0

grains to provide potential nucleation sites for the
transformation. The initial � 0:� 0 ratio of sample 3
was 93:7, but upon increasing the duration of heat
treatment to 100 h then 200 h at 1450�C, there was
evidence of transformation and the � 0:� 0 ratio
decreased to 85:15 and 52:48, respectively. This
suggests that the � 0 with the smaller lattice
dimensions in sample 3 is less stable than the � 0

with the larger unit cell in sample 1, which
required 200 h at 1450�C before detectable trans-
formation. This is in agreement with the work of
Shen et al. in the ytterbium � 0 system.5 It has been
suggested9 that a single phase � 0 material subjec-
ted to heat treatment undergoes compositional
adjustment over time, with the composition mov-
ing continuously towards the boundary between
the single phase � 0 region and the � 0/� 0 region.
Once at this boundary, the � 0 is unstable and
decomposition may take place. Another factor
contributing to the change in the ratio of � 0 to � 0

may be the reduction in size of the single phase � 0

forming region with decreasing temperature that is
observed in other rare earth stabilised systems.1

The Ca � 0 system, however, is stable at the heat
treatment temperatures for extended durations and
this may indicate that in the Ca � 0 system, varia-
tion in the size of the � 0 phase region with tem-
perature is small. The thermal stability of sample 1
coupled with the transformation behaviour of
sample 3, whose initial composition is at the � 0:� 0/
� 0 boundary, supports the notion of an adjustment
in the composition of the � 0 towards the � 0/� 0

region and a reduction in the thermal stability of
the resulting � 0.
Zhao and Cheng7,22 have suggested that the pre-

sence of � 0 grains within an � 0-based material may
facilitate the progress of the � 0!� 0 transforma-
tion. This proposal is supported by the observa-
tions in the Ca � 0 system (Table 2). Sample 1

Thermal stability of calcium a-sialon ceramics 425



(100% � 0) and sample 3 (� 0:� 0=93:7) show signif-
icantly di�erent degrees of transformation after
heat treatment at 1450�C for 200 h. It is suggested
that sample 1 requires nucleation of new � 0 grains
for the transformation to proceed and thus the
transition from � 0 to � 0 is still in the initial stages.
In sample 3 however, the transformation may pro-
ceed via growth of the pre-existing � 0 grains or the
� 0 grains may provide preferred heterogeneous
nucleation sites for decomposition. With reduced
barriers to nucleation and growth the material
transforms at a greater rate, with a resultant ratio
of � 0:� 0 of 52:48 after 200 h. In addition, it is
important to recognise that the � 0 phase ®eld may
shrink with decreasing temperature from 1700 to
1450�C which would imply a greater fraction of
� 0 after heat treatment at 1450�C, as a result of
the required adjustments in the compositions of the
phases.
It is indicated from the above results that the

thermal stability of an � 0 phase is governed by
the intrinsic characteristics of the phase, namely its
composition and the identity of the stabilising
cation. Extrinsic features of the microstructure,
such as the presence of grain boundary glass and/
or pre-existing � 0 phase may only act to assist the
� 0/� 0 transformation.
The nature of the phases that result from the

devitri®cation of the amorphous grain boundary
phase during post-sintering heat treatment may
also a�ect the thermal stability of the � 0. The for-
mation of a cation-rich grain boundary phase, that
arises during the devitri®cation of the amorphous
phase, will result in a partition of a signi®cant
portion of the cation into the glass and may com-
pete for the remaining cation within the � 0. The
melilite solid solutions formed in the Sm � 0 system,
for example, consume the Sm3+ cations and this is
thought to be a factor in the destabilisation of Sm
� 0.6 Therefore the higher thermal stability observed
for the Ca � 0 phases may also be a result of the
lack of any stable nitrogen rich devitri®cation
phases (other than � 0) in the Ca±SiAlON system.
The devitri®cation of the grain boundary glass into
phases such as gehlenite and S-phase during post
sintering heat treatment in the Ca±SiAlON system,
while the � 0:� 0 ratio remains constant (e.g. sample
5 heat treated at 1300�C for 24 h), suggests that
these phases do not destabilise the Ca � 0 in order
to compete for increased fractions of the Ca2+

cation. Thus the Ca � 0 solid solutions appear gen-
erally more stable than those rare earth � 0 systems
studied to date.
Sample 4 had 30wt% additional Si3N4 com-

pared to sample 3, which displaces the composi-
tion further from the 1/2(Ca3N2.6AlN)±4/3
(Al2O3

.AlN) edge. As a result, more � 0 was formed

and the � 0 phase had a smaller unit cell than that
in sample 3. Samples 5 and 6 also contained � 0

and had smaller lattice parameters and corre-
sponding m values than samples 1, 2 or 3. After
heat treatment at all experimental temperatures
for 24 h, the � 0 to � 0 ratios of these samples (5
and 6) had not changed within experimental error
and the ¯uctuations observed are too small to
o�er conclusive evidence of the transformation.
However, increasing the duration of heat treat-
ment to 200 h at 1450�C led to destabilisation of
the � 0 and sample 5 transformed completely to � 0,
while signi®cant transformation was observed in
sample 6.
Comparing the Ca � 0 system with those that

are rare earth-stabilised, the amount of � 0 to � 0

transformation recorded at 1450�C for 24 h in the
Sm system (initial � 0:� 0 ratio of 40:60, post heat
treatment ratio 0:100) and the Yb system (initial
� 0:� 0 ratio of 80:20, post heat treatment ratio
10:90),4 the thermal stability of the Ca � 0 system
has been found to be superior for the shorter dura-
tion heat treatments, irrespective of the presence of
large volumes of glassy phase or the pre-existence
of � 0 grains. Single phase Ca � 0 also exhibits
excellent thermal stability under extended heat
treatments.

5 Conclusions

The Ca a-SiAlON solid solutions investigated in
this work have shown thermal stability superior to
rare earth-stabilised (e.g. Nd and Sm) � 0 phases.
Comparison of the thermal stability of samples
containing single phase � 0 (sample 1) and single
phase � 0 with excess glass (sample 2) after 200 h at
1450�C indicates that the presence of large frac-
tions of glassy phase in the material has little e�ect
on the initial rate of � 0 ! � 0 transformation in the
Ca±SiAlON system. The presence of devitri®cation
products in the Ca±SiAlON system does not
destabilise the Ca � 0 during post-sintering heat
treatments. The existence of � 0 grains in the as-sin-
tered ceramic appears to a�ect the transformation
behaviour of the material under heat treatment.
However, a single phase � 0 material exhibits excel-
lent thermal stability under extended post-sintering
heat treatments.
The conclusions obtained in this work support

the proposal that the � 0 to � 0 transformation is a
two stage process; the composition of the � 0 phase
during extended heat treatment is continually
adjusted towards the � 0: � 0/� 0 boundary, followed
by the decomposition of the resultant � 0. This
suggests that an � 0 lattice with a high cation solu-
bility will exhibit better thermal stability.
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