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Abstract 

The microstructural characteristics and the phase 
assembly of Srn (a+P)-SiAION ceramics before 
and after post-sintering heat treatment at 1450°C 
have been investigated by scanning electron micro- 
scopy (SEM), transmission electron microscopy 
(TEM) and X-ray difSraction (XRD). Grain 
boundary glass crystallization and the a-SiAlON to 
&YiAlON (i.e. (Y’ to p’) phase transformation were 
observed as the major phase transformations occur- 
ring during the heat treatment. TEM studies indi- 
cated that the (Y’ to p’ transformation process itself 
could produce a nano-sized liquid phase inside the 
SiAlON grains, which could facilitate the transfor- 
mation. Based on these observations, it is proposed 
that the (Y’ to p’ phase transformation in Sm 
SiAlONs is essentially a self-decomposition process 
of LY’ phases and may be described as. 

c~’ 4 p’ + M’ + AlNpolytypoidphasejs) 

Therefore, for an unstable (Y’ phase, it would 
decompose, i.e. proceed LY’ + 0’ transformation with- 
out having to involve large amounts of grain boundary 
liquid. However, the existence of the grain boundary 
liquid and /3’ grains as nuclei could reduce the acti- 
vation energy barrier andaccelerate the (Y’ decompo- 
sition. 0 1996 Elsevier Science Limited. 

1 Introduction 

Liquid phase sintering, using metal oxides and/or 
rare earth oxides as sintering additives, is com- 
monly employed for densification of silicon nitride 
based ceramics. The oxides react with the silica on 
the surface of silicon nitride powder, resulting in 
the formation of an oxynitride liquid at sintering 
temperatures. This liquid phase assists densifica- 
tion but usually remains at grain boundaries as a 
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glassy phase upon cooling, which impairs the 
high-temperature mechanical properties of the ma- 
terial.‘,2 Post-sintering heat treatment of SiAlON 
ceramics is used to crystallize the grain boundary 
glassy phase and subsequently improve the high- 
temperature properties of the materials.334 
Recently, Mandal et al.‘revealed that some rare 
earth a-SiAlON (a’) phases could undergo trans- 
formation to @SiAlON (/3’) in the heat treatment 
temperature range between 1100 and 1550°C. CZ- 
and P-SiAlONs have different mechanical proper- 
ties$ therefore this discovery may open new routes 
for tailoring the microstructures and controlling 
the properties of (a+P)-SiAlON ceramic compos- 
ites. 

The (Y’ and p’ phases have distinct compositions 
and possess different crystal structures.6 The trans- 
formation between a’ and /3’ involves lattice recon- 
struction and requires a high degree of atomic 
diffusion. As a result of the strong covalent nature 
of the bonding associated with both the (Y’ and p’ 
structures, the atomic diffusivity of the species 
making up the lattices is inherently low. It is, 
therefore, generally assumed that the cy’ + p’ phase 
transformation requires a liquid phase to assist the 
necessary atomic diffusion, but the actual role of 
the liquid phase has not been fully understood. 
Recent experiments showed that the amount of 
grain boundary liquid phase in the sample had 
marked effects on the transformation, and the intro- 
duction of an additional amount of glass into a 
previously stable (Y’ composition could significantly 
destabilize the CV’ phase and promote the (Y’ + /?’ 
transformation.’ Comparing the results in different 
rare earth SiAlON systems, Mandal and Thomp- 
son7 suggested that the residual grain boundary 
liquid phase was one of the most important fac- 
tors influencing the transformation; the rate of the 
transformation depended mainly on the amount 
and viscosity of the intergranular liquid phase pre- 
sent during the heat treatment. Shen et a1.,8 on the 
other hand, proposed two possible transformation 
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routes, one involving a liquid phase, i.e. (Y’ + liq- 
uid + p’ + M’ and the other being a direct 
decomposition of the (Y’ phase to form p’ and the 
aluminium-containing melilite (Sm2Si~,Al,0, + 

.rN4--0 M’)9 phases in the Sm (a+P)-SiAlON sys- 
tem, without the involvement of a liquid phase. 

In the present work, X-ray diffraction (XRD), 
scanning electron microscopy (SEM) and trans- 
mission electron microscopy (TEM) are used in 
the study of the (Y’ + p’ transformation and the 
associated microstructural changes taking place in 
isothermal heat treatments at 1450°C. The inv- 
olvement of liquid phase in the transformation at 
different stages of heat treatment is assessed 
through microstructural observations and analyses. 

2 Experimental 

Samples were pressureless sintered at 1820°C in a 
nitrogen atmosphere for 4 h, from Si3N4, AlN, 
A&O, and Sm,O, powders with a starting compo- 
sition (in wt%) of 72.50Si,N,, 14.27AlN, 
2.00Al,O, and 11.23Sm,O,. Full details of the 
sample preparation can be found in Ref. 9. XRD 
analyses revealed that the as-sintered materials 
contained mainly (Y’ and p’ phases and a trace of 
the 21R polytypoid phase. An amorphous grain 
boundary phase was also observed in the sample 
by electron microscope. 

The sintered specimen was subsequently heat- 
treated at 1450°C for a total of 360 h in an alu- 
mina tube furnace in flowing high purity nitrogen, 
with both heating and cooling rates being 3°C 
min]. The heat treatment procedure was as fol- 
lows: after the first 24 h of heat treatment at 
1450°C the sample was cooled down to room 
temperature and characterized using XRD, SEM 
and TEM; the same specimen was then reheated 
to 1450°C for another 36 h, making a total heat 
treatment time of 60 h. This procedure was 
repeated five times for the same sample with an 
interval of 60 h until the total heat treatment time 
reached 360 h. Three TEM specimens were pre- 
pared from the as-sintered sample, and from sam- 
ples heat-treated for a total of 24 and 120 h. The 
purpose of this procedure was to ensure that all 
results were obtained from the same sample, so 
that any difference in crystalline phases observed 
can be mainly attributed to the heat treatment 
process. A thin oxidation layer appeared on the 
surface of the sample after each heat treatment, 
which was completely removed by grinding on Sic 
paper before XRD and SEM examinations. 

Specimens for TEM study were carefully cut 
from the bulk of the sample and were mechanically 
ground, dimpled to a thickness of -20 pm, and then 

ion-milled to electron transparency. All specimens 
were carbon-coated before TEM and SEM studies 
to avoid surface charging. XRD was performed 
using a Rigaku X-ray diffractometer. The relative 
amount of (Y’ and p’ phases, i.e. the P’:(a’+P’) 
weight ratio, was measured using the calibration 
curves developed by Liddell” with the intensities 
of both the (Y’ and p’ phases. Micro-structural 
observations were carried out on a Jeol 840A 
SEM and a Philips CM20 TEM equipped with an 
ultrathin-window EDS system. 

3 Results 

3.1 Rate of the (Y’ to p’ transformation 
The (Y’ phase was the predominant phase in the 
as-sintered sample with a p’:(a’ + /3’) weight ratio 
of 11%. Figure 1 shows the XRD patterns of the 
sample after the heat treatment at 1450°C for var- 
ious durations. The intensities of the characteristic 
cr’ peaks decreased continuously with heat treat- 
ment time, whereas p’ peak intensities increased. 
After 240 h, the proportion of the p’ phase 
reached 85 wt% and (Y’ eventually became a minor 
phase in the sample. This is clear evidence of (Y’ + 
/3’ transformation during the isothermal heat treat- 
ment. Accompanying this transformation was the 
formation of M’ phase, which was a combined result 
of grain boundary glass devitrification’ and the (Y’ 
+ p’ transformation.8,” Quantified P’:((-w’+/~‘) ratios 
are presented in Fig. 2, in which the different rates 
of increase in /3’: (a’+P’) have separated the heat 
treatment process into several stages. In the first 
24 h, the amount of p’ increased rapidly. Between 
24 and 240 h, the rate of increase in /3’ was 
reduced but nearly maintained as a constant. 
After 240 h, the rate was further slowed down. 

A total of 20 wt% increase in p’ was found in 
the initial 24 h, giving an average rate of /3’ 
increase of around 0.8 wt% per hour. As pointed 
out in a previous paper,” the simultaneous grain 
boundary glass crystallization taking place at the 
same temperature in the initial few hours of the 
heat treatment could contribute to the increase in 
the p’:(a’+p’) ratio. About 7 ~01% (i.e. -11 wt%) 
of grain boundary glass was detected using an 
SEM image analyser in the as-sintered sample. 
Even if taking an overestimation that half of this 
glass (-5 wt%) crystallized to form /3’, the average 
rate increase in the p’:(a’+p’) ratio resulting from 
the (Y’ to p’ transformation in the initial 24 h 
would still be greater than 0.6 wt% per hour. This 
figure is notably higher than that of the subse- 
quent stages, indicating the significance of the 
grain boundary glass (liquid at 1450°C) in facili- 
tating the (Y’ + 8’ transformation. Between 24 and 
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Fig. 1. XRD patterns for the Sm (a+@-SiAlON specimen 
after heat treatment at 1450°C for a total of up to 360 h. 

40% 

20% 

0% ! I 

0 100 200 300 400 

Heat Treatment Time (hours) 

Fig. 2. The /Y:(a’+p’) ratio of the samplgs heat-treated at 
1450°C as a function of heat treatment time. 

240 h, the /3’:(&+/3’) ratio increased from 31 to 85 
wt% with an almost constant rate of 0.2 wt% per 
hour. The marked reduction in the rate of /3’ 
increment at this stage corresponds to the fact 
that most of the glassy phase has crystallized after 
the early heat treatment. Further extension of the 
heat treatment time up to 360 h resulted in only a 
slight increase (-0.05 wt”/o per hour) in the 
P’:(a’+P’) ratio, indicating that the system was 
approaching an equilibrium state. 

3.2 Devitrification of the grain boundary glass 
The microstructure of the samples before and 
after the heat treatment was investigated by TEM. 
Figure 3 shows typical bright-field and dark-field 

Fig. 3. TEM (a) bright-field and (b) diffused dark-field images 
from the as-sintered specimen. 

Fig. 4. Typical TEM bright-field image of the sample heat- 
treated at 1450°C for 24 h. 

images of the as-sintered sample. In the bright- 
field image, the glassy phase appears darker 
because of its high Sm content, whereas in the 
diffused dark-field image, the glassy phase appears 
brighter. I2 It can be seen from Fig. 3 that in 
addition to the large glassy pockets at multiple 
grain junctions, every grain in the material is 
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Fig. 5. TEM lattice images of the sample heat-treated for 120 
h at 1450°C showing (a) in some areas an amorphous layer of 
-1 nm between (Y’ and fi’ grains; but no apparent amorphous 
layer is observed (b) between p’ and M’ grains, and (c) 

between (Y’ and /3’ grains in other areas. 

surrounded by an amorphous layer, suggesting 
that the liquid phase forms a three-dimensional 
interconnected network during sintering. Crystal- 
lization of the glassy phase was observed in the 
sample after heat treatment at 1450°C for 24 h. 
Extensive TEM observations indicated that all glassy 
multiple junctions in the samples were crystallized, 
giving M’ as a stable grain boundary phase.” A 

Fig. 6. TEM lattice image of a triple junction among three cr’ 
grains, showing a -2 nm triple pocket in the sample heat- 

treated for 120 h at 145O’C. 

typical bright-field image is shown in Fig. 4. Details 
of the grain boundaries were further studied by 
lattice imaging on the samples heat-treated for 24 
and 120 h. The results from both samples revealed 
that, in some areas, an amorphous layer of -10 A 
was observed between SiAlON grains [as shown in 
Fig. 5(a)], consistent with other observations in sili- 
con nitride ceramics. l3 In other areas, however, no 
apparent amorphous layer was found [Figs 5(b) 
and (c)l. The size of the multi-grain pockets was 
reduced to around 20 A after the heat treatment 
(Fig. 6). These observations suggest that post-sin- 
tering heat treatment above the eutectic tempera- 
ture of the system has the potential to fully remove 
the glassy interface in SiAlON materials.’ 

From the TEM study, the amount of remaining 
grain boundary glass is very limited.;after the heat 
treatment at 1450°C for 24 h. Even assuming that all 
grains in the heat-treated material are still surroun- 
ded by a residual amorphous film 10 A thick, for a 
sample with an average grain size of -1.5 pm it is 
estimated that the actual volume percentage of this 
residual glassy phase should not be greater than 
0.3%. It is thought that such a small amount of grain 
boundary glass may only have a very limited role to 
play in the subsequent (Y’ to /3’ transformation process. 

3.3 Evidence of self-generated liquid in the 
transforming (Y’ phase 
Because of the strong covalent bonding in both (Y’ 
and /3’ phases, the atomic diffusivity of the species 
in SiAlON structures would be extremely low 
without the assistance of a liquid phase. TEM 
microstructural study14 revealed that the trans- 
formed /3’ grains in a sample heat-treated for 120 
h have unique microstructural features consisting 
of a high density of dislocations and nano-sized 
spherical inclusions (Fig. 7). The inclusions are 
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Fig. 7. TEM image of nano-sized spherical inclusions within a 
transformed p’ grain. The area fraction of the inclusions in 
this area was 6%, corresponding to a volume fraction of 

2.5%. The sample was heat-treated at 1450°C for 120 h. 

often closely associated with dislocations and rich 
in Sm, coinciding with the expectation that the (Y’ 
4 0’ transformation requires the rejection of the 
stabilizing cation (Sm3’ in the present case) from 
the (Y’ lattice. The perfect spherical shape of these 
inclusions implied that they were of a liquid nature 
at the heat treatment temperature. Similar micro- 
structural features have also been observed in the 
sample heat-treated for 24 h. Figure 8 is an enlarge- 
ment of a grain in Fig. 4 and shows bright-field 
and diffused dark-field images of a p’ grain con- 
taining many spherical inclusions. It can be seen 
that most inclusions in a widely dispersed area 
appeared brighter in the diffused dark-field image 
[Fig. 8(b)], indicating the possible amorphous sta- 
tus of these inclusions. Because there is no mecha- 
nism for the p’ phase to accommodate the Sm-rich 
inclusions inside its structure, it is postulated that 
the spheroid-containing p’ grain is virtually the 
one that has transformed from an (Y’ structure, 
and the nano-sized inclusions are liquid regions 
produced as a result of the rejection of Sm species 
from the original cy’ grain. The exact mechanism 
of this local liquid phase formation is unclear at 
this stage and deserves further investigation. In 
this paper, the dispersed liquid phase found inside 
the SiAlON grains is referred to as the self-gener- 
ated liquid to distinguish it from the grain bound- 
ary liquid formed during sintering. 

The volume percentage of these inclusions in 
the area shown in Fig. 7 is around 2,5%, estimated 
on the basis of the measured thickness of the spec- 
imen and the area fraction of the inclusions in the 
image. The quantity of this internal self-generated 
liquid in local areas is significantly higher than 
that of the residual glass at grain boundaries. 
Therefore it is expected that the self-generated 
liquid phase would play a more active role in 

Fig. 8. TEM (a) bright-field and (b) diffused dark-field images 
of inclusions in the sample heat-treated for 24 h at 1450°C. 
The brighter contrast of the inclusions in the diffused dark- 

field image suggests that they are of an amorphous nature. 

facilitating the (Y’ -_) p’ transformation after the 
grain boundary crystallization. Although the 
inclusion-containing p’ grains are commonly observ- 
able in these samples, it is generally true that they 
do not appear in a great quantity and tend to be 
isolated by less characteristic SiAlON grains of 
both (Y’ and p’ forms (Fig. 4), which corresponds 
to a very sluggish transformation process (~1 wt% 
per hour). It is not exactly clear how this type of 
microstructure has developed at the moment, but 
it may denote the importance of suitable nucleat- 
ing sites to the transformation. 

4 Discussion 

4.1 Involvement of the grain boundary liquid in the 
transformation 
The observation of (Y’ + p’ transformations in 
rare earth SiAlON systems has indicated the 
unstable characteristic of some cy’ compositions in 
a certain temperature range. However, the strong 
covalent bonding in both the (Y’ and /I’ lattices 
and the reconstructive nature of this phase trans- 
formation may prevent the process from occurring 
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Fig. 9. EDS Al X-ray maps of (a) the as-sintered sample and 
(b) the sample heat-treated for a total of 360 h at 1450°C. 
The bright regions in the Al X-ray maps correspond to the 
2 1 R phase (SIAI,O,N,), which has the highest Al 

concentration in the material. 

if the material was fast cooled or if no liquid 
phase existed to assist the necessary atom diffu- 
sion. On the other hand, there is always a glassy 
phase remaining at SiAlON grain boundaries after 
liquid phase sintering. This glass is a supercooled 
oxynitride liquid and softens above the glass tran- 
sition temperature (T,), ranging between 900 and 
1000”C.5 The viscosity of a liquid phase drops 
exponentially with increasing temperature above 
the Tgr” and it is thought that the grain boundary 
liquid would become very reactive at 1450°C. 
Although melting of the grain boundary glass may 
not ensure an (Y’ + p’ phase transformation, it 

would promote chemical reactions between molten 
glass and (Y’ phases, modifying the cy’ composi- 
tions, and foster lattice diffusion. 

The active involvement of the grain boundary 
liquid in the transformation process is marked by 
the highest (Y’ + p’ transformation rate achieved 
in the initial 24 h of heat treatment (Fig. 2). Two 
types of reactions involving both the grain boundary 
liquid and (Y’ phases could take place at 1450°C. 
For an intrinsically unstable cr’ composition, the 
transformation from (Y’ to j3’ could be accelerated 
due to easy diffusion via the liquid phase:8,16,‘7 

(Y’ + grain boundary liquid + p’ + M’ (1) 

whereas for a stable (Y’ phase, its composition may 
be altered through a chemical reaction:8 

(~‘i + grain boundary liquid + CY’~ + M’. (2) 

The stability of the (Y’* phase is dictated by the 
new composition as well as the continuing reac- 
tion with the liquid. Obviously, a larger volume of 
the grain boundary liquid phase in the materials 
would greatly extend change the (Y’ composition 
and even destabilize (Y’ structures. This is in agree- 
ment with the reported experimental results.’ 

The interaction between the grain boundary 
liquid and SiAlON phases at 1450°C is also 
imperative for M’ to form as a grain boundary 
crystalline phase. The maximum nitrogen concen- 
tration in an Sm oxynitride glass is about 40 
eq%. I8 Both reactions (1) and (2) could lead to an 
increase in the N content of the liquid from which 
the M’ phase, containing 53 eq% nitrogen, could 
precipitate.’ The M’ phase has a high Sm content 
and it is more stable than some of the (Y’ composi- 
tions at the heat treatment temperature. As a 
result, the formation of M’ provides an additional 
driving force for the (Y’ + /3’ transformation. It 
becomes clear from the above discussion that the 
volume and the viscosity of the grain boundary 
liquid phase can markedly affect the (Y’ + p’ 
transformation process at the initial stage of heat 
treatment when the grain boundary crystallization 
is not yet complete. 

4.2 Role of the self-generated liquid in the 
transformation 
After the initial period of heat treatment (e.g. t > 
24 h), the volume percentage of the residual grain 
boundary glass is reduced from -7 ~01% to co.3 
vol%, hence its role in the transformation would 
be severely restricted. Moreover, the M’ phase is 
very stable at 1450°C; once it has formed, it 
would not remelt to become a grain boundary liq- 
uid phase and to be involved in the (Y’ + p’ trans- 
formation at this temperature.8,9 The rate of the 
cr’ + /3’ transformation at the second stage (24 < t 
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< 240 h) is lower than that at the first stage (t < 
24 h) but the process continues at a nearly 
constant rate, suggesting an additional mecha- 
nism(s) to be operative. The activation energy of a 
reconstructive phase transformation will be 
significantly reduced if the atomic diffusion is 
assisted by a liquid phase and/or if there exist 
nuclei to reduce the interfacial energy. The 
occurrence of the self-generated liquid in trans- 
formed p’ grains leads to a logical assumption 
that this liquid phase may have played a major 
role in promoting atomic diffusion and facilitating 
(Y’ + 6’ transformation after crystallization of the 
grain boundary liquid. Because it involves a 
liquid phase emerging from the transforming (Y’ 
phase itself, the transformation from (Y’ to p’ 
can proceed without involving much grain bound- 
ary liquid and a steady rate of the transformation 
is expected. This is in agreement with the experi- 
mental observation. The appearance of the Sm- 
rich spheroids in the p’ phase results in 
thermodynamic instability, hence these nano-sized 
inclusions would eventually diffuse out of the 
transformed p’ grains through the easy path of 
dislocations. It is, therefore, suggested that the 
amount and viscosity of the self-generated 
liquid within the transforming (Y’ grains is a 
determining factor in controlling the rate of the 
(Y’ + 0 transformation when most of the grain 
boundary glass has been crystallized. 

4.3 Decomposition of cr-SiAlON phases 
Without much involvement of grain boundary 
glass, the LY’ + 6’ transformation at the second 
stage may be regarded as a decomposition process 
of cr-SiAlON phases. This suggests that, below a 
certain temperature, some of the (Y’ compositions 
have a higher free energy than p’ phases, and 
the transformation from (Y’ to 0’ would occur if 
it could be thermally activated. Because of the 
compositional difference between (Y’ and p’ 
phases, the decomposition of an cy’ phase must 
produce other phase(s) in addition to a p’ compo- 
sition. Shen et aL8 suggested a possible route for 
this reaction: 

a’+P’ + M’ (3) 

which seemed reasonable according to the XRD 
observations (Fig. 1). If the actual compositions 
of all the phases involved are considered, however, 
the proposed reaction (3) would yield excessive 
amounts of Al and N. To balance the composi- 
tions, therefore, one has to assume the formation 
of AlN polytypoid in addition to the p’ and M’ 
phases. AlN polytypoids are compatible with 
a’, p’ and M’ phases in the Sm and Nd SiAlON 
systems,” and the 21R polytypoid phase was 

commonly observed in the present samples before 
and after heat treatments. 

There are some experimental difficulties in 
quantifying the AlN polytypoid phase by using 
the XRD and SEM backscattered imaging tech- 
niques. Almost all the XRD peaks of the 21R 
polytypoid strongly overlap with those of cr’, p’ or 
M’ phases, and there are no detectable differences 
between the polytypoid and p’ phases in SEM 
backscattered images because of the similar 
atomic weights of Si and Al elements. For these 
reasons, there have been few reports on the 
quantification of AlN polytypoid phases in the lit- 
erature. Nevertheless, our recent study has showed 
that it is possible to analyse the amount of the 
21 R polytypoid phase by using the EDS X-ray 
mapping technique. Details of this work will be 
reported elsewhere. 2o Figure 9 shows the Al X-ray 
maps from the (a) as-sintered and (b) 360 h heat- 
treated samples. The bright regions in the Al maps 
correspond to the 21R phase (SiAl,O,N& which 
has the highest Al concentration among all phases 
in the samples. It can be seen that the amount of 
the 21R phase increases considerably after the 
heat treatment, which cannot be simply 
accounted for the grain boundary glass devitrifica- 
tion. The increase in the 21R phase appearing in 
the XRD profiles (Fig. 1) is not as clear as that 
showed in the X-ray maps and the difference is 
not fully understood at the present time. Consid- 
ering the strong overlap in the XRD peaks and 
the excellent resolution of the characteristic X-ray 
maps, however, it is plausible to conclude that the 
AlN polytypoid phase is also a product of the 
(Y’ + /3’ phase transformation. With this result 
and the observed self-generated liquid phase, a 
new reaction path is proposed for the decomposi- 
tion of the Sm a-SiAlON phases: 

ff’ 
internal liquid _ 

> p’ + M’ + 21R. (4) 

It is suggested that an unstable (Y’ phase could 
decompose into a p’ phase plus M’ and 21R poly- 
typoid, and the process is assisted by the self-gen- 
erated liquid phase formed during the 
decomposition. It is thought that the (Y’ decompo- 
sition is a dominant phenomenon proceeding dur- 
ing this phase transformation and the grain 
boundary glass is mainly involved in the initial 
stage of the process. From this point of view, the 
(Y’ -+ /3’ transformation may be considered as a 
part of the story of the 1~’ phase decomposition. 

5 Conclusions 

Some of the Sm a-SiAlON compositions are ther- 
modynamically unstable and may decompose at 
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elevated temperatures (e.g. 1450°C). The result of 
this decomposition appears most prominently in 
the form of the (Y’ + p’ transformation, although 
other phases have also been produced. At the 
initial stage, the decomposition process is assisted 
by the grain boundary liquid phase and progresses 
readily. When most of the grain boundary glass is 
crystallized, the rate of this decomposition 
becomes much slower but is maintained roughly 
constant until the system is close to equilibrium. 
The (Y’ decomposition produces a self-generated 
liquid phase inside the SiAlON grains, which 
could in turn facilitate atom diffusion. The final 
products of the (Y’ decomposition include p’, M’ 
and 21R polytypoid phases. 
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