
Kinetics of Phase Transformations in SiAlON
Ceramics: I. E�ects of Cation Size, Composition
and Temperature
Anatoly Rosen¯anzy and I.-Wei Chen*

Department of Materials Science and Engineering, University of Pennsylvania, Philadelphia, PA 19104-6272, USA

Abstract

Kinetics of direct a=b-Si3N4!a-SiAlON transfor-
mations, reverse a0-SiAlON!b0-SiAlON transfor-
mation, and the formation of intermediate phases
were investigated for SiAlON ceramics with rare
earth stabilizing cations. It was determined that
smaller cations (Yb), and a-Si3N4 starting powders
lead to faster Si3N4!a0-SiAlON transformations.
Using the knowledge of phase stability of a0-SiA-
lON, these observations have been correlated to the
overall driving force for the transformation, and the
correlation is further extended to the reverse a0-
SiAlON!b0-SiAlON transformation. Formation of
intermediate phases during Si3N4!a0-SiAlON
transformation is shown to depend on the a0-SiAlON
formation and to be inversely correlated to the sta-
bility of a0-SiAlON. A thermodynamic interpretation
thus emerges to account for the kinetics of SiAlON
transformation that encompass the e�ects of the size
of the stabilizing cations, type of starting powder,
overall composition, and the reaction temperature.
# 1999 Elsevier Science Ltd. All rights reserved.
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1 Introduction

Silicon nitride and its derivative SiAlON (solid
solutions containing Al and O in addition to Si and
N) ceramics constitute an important class of struc-
tural ceramics. They are suitable for many com-
mercial applications requiring heat resistance,
chemical stability, high toughness and wear dur-
ability. Densi®cation of pure silicon nitride is
extremely di�cult due to the covalent nature of
bonding between Si and N. Thus, successful sin-
tering is only possible by applying high pressure, as

in hot pressing,1 or by adding a mixture of oxides
(typically Al2O3 and Y2O3) which, when heated,
react to form a liquid with the silicon dioxide that
is invariably present on the surface of each silicon
nitride particle.2

Densi®cation is usually greatly facilitated by the
liquid phase due to enhanced particle rearrange-
ment and the solution-reprecipitation of particles.
Liquid-forming oxides can also enter the silicon
nitride structure by forming solid solutions com-
monly referred to as �0-SiAlON and �0-SiAlON.
�0-SiAlON solid solution is a substitutional form of
�-Si3N4 structure, with the AlÿO bond replacing
the SiÿN bond, and the basic structure is char-
acterized by the ABAB stacking sequence.3,4 �0-
SiAlON solid solution is produced by replacing
some of the SiÿN bonds with AlÿN and AlÿO
bonds in the �-Si3N4 structure, while preserving the
ABCDABCD stacking sequence.5 (Electrical neu-
trality in the latter solid solution is maintained by
adding cations to the interstitial space.) Since for-
mation of both �0-SiAlON and �0-SiAlON requires
breaking the SiÿN bonds in the starting powders,
it, like densi®cation, generally occurs through a
solution-reprecipitation mechanism in the presence
of the liquid.6 In this light, the di�usion of atoms
in the liquid, the viscosity of the liquid and the
solubility of various species in the liquid are
important considerations in the kinetics of densi®-
cation and transformation, as evidenced by the
large body of literature on silicon nitride that is
devoted to these subjects.7±9

Microstructure development in silicon nitride is
closely related to the type and kinetics of phase
transformation. For instance, when a starting
powder with a high �-Si3N4 phase content is used
to produce �-Si3N4/�

0-SiAlON ceramic, the micro-
structure obtained is characterized by a large pro-
portion of elongated grains;10 however, an
equiaxed microstructure is usually obtained when
�-Si3N4 is used to produce an �0-SiAlON cera-
mic.11 This aspect is especially important as it
forms the basis for obtaining the high-toughness
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�-Si3N4/�-SiAlON that have been in commercial
use for some time. Recently, we have also reported
the development of an in-situ toughened �0-SiAlON
ceramic.12 In this case, in contrast to �-Si3N4/�

0-
SiAlON, the microstructure of elongated �0-SiAlON
grains can be more readily obtained by using
starting powder with a high proportion of �-Si3N4

phase,12 whereas using �-Si3N4 would tend to lead
to equiaxed microstructure. Since the composition
of �0-SiAlON is considerably more complicated
and broader than �-Si3N4 or �0-SiAlON, under-
standing the kinetics of �=�-Si3N4!�0-SiAlON
transformations is of special interest at this time as
it would provide a basis for tailoring the mechan-
ical properties of �0-SiAlON through micro-
structure design.
We have recently presented our general view on

the reactions typically occurring in the silicon
nitride-SiAlON system.13 We believe that the most
important factor in determining the kinetics of
phase evolutions is the magnitude of the thermo-
dynamic driving force, �G, for the transformation,
as it dictates the rate of nucleation and growth in
the kinetics. In this paper, we present a systematic
assessment of the way di�erent rare-earth cations
(from Nd to Yb) in¯uence the �=�-Si3N4!�0-
SiAlON transformation kinetics to support the
above thesis. Using the same rare-earth cations, we
have also studied the e�ect of the 0-SiAlON com-
position on the kinetics itself and the reverse
transformation of the �0-SiAlON!�0-SiAlON
type. In the companion paper,14 we have also
undertaken a parallel study of di�erent reaction
pathways leading to the same ®nal phase assem-
blages to provide further support to our kinetic
argument. The thermodynamic information refer-
red to in this work is drawn from the phase
diagram study reported in a previous paper, which
shows the single phase region of �0-SiAlON
expands as the size of the rare-earth cation decrea-
ses and as the temperature increases.

2 Experimental

2.1 Composition
The overall compositions studied in this work lie
on the so-called �0-SiAlON plane, generally de®ned
by the formula Rm/3Si12-(m+n)Alm+nOnN16±n. Here,
R is a rare-earth cation from the following list: Nd,
Sm, Gd, Dy, Y, Er and Yb, in the order of
decreasing size. Fig. 1 shows the location of this
plane in the Janecke prism together with the �0-
SiAlON single phase region located on this plane.
This single phase region is believed to extend from
an interval on the Si3N4±RN:3AlN line toward the
Si3N4±AlN:Al2O3 line and the composition therein

can be speci®ed in terms of m (corresponding to
the rare-earth amount or the number of Al±N
bonds) and n (corresponding to the oxygen amount
or the number of Al±O bonds). As shown in our
previous work, the size of �0-SiAlON region
depends upon the modifying cation and is the
smallest for large rare-earths like Nd and Sm and
largest for small rare-earths like Yb and Er.14 It is
also temperature dependent and is smaller at lower
temperatures.14

Most of the materials in the work reported here
have a ®xed composition R0�4Si9�6Al2�4O1�2N14�8,
(m=n=1.2) in order to compare the e�ect of rare-
earth ions. This composition will later be referred to
as R-1212. In Yb±SiAlON system, we have further
studied four di�erent compositions-(m, n)=(1.2, 1.2),
(1.2, 1.8), (0.9, 1.8) and (0.9, 1.2)Ðto clarify the e�ect
of composition on phase evolution. These composi-
tions will be referred to as Yb-1212, Yb-1218, etc.

2.2 Material
2.2.1 Powder processing
Initial powders were ®ne �-Si3N4 (UBE, SN-E-10),
coarse �-Si3N4 (UBE, SN-E-03), ®ne �-Si3N4

(Denki Kagaku, SN-P21FC), Al2O3 (Sumitomo
Chemical America, AKP50), AlN (Tokuyama
Soda, Type F), and the various rare-earth oxides
R2O3 (Aldrich Chemical). Table 1 shows the char-
acteristics of the starting silicon nitride powders.
The particle size of the ®ne �-Si3N4 (SN-E-10)
powder is essentially identical to that of ®ne �-

Fig. 1. (a) Janecke prism with �0-plane highlighted; (b) �0-
plane with �0-SiAlON single phase stability region highlighted.
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Si3N4 (Denki Kagaku, SN-P21FC) powder, while
particles in �-Si3N4 (UBE, SN-E-03) powder are
signi®cantly coarser. These powders were mixed in
appropriate amounts to achieve the desired com-
position, after taking into account the residual
oxygen content of Si3N4 and AlN (data supplied by
manufacturers). The powder mixture, in 15 g bat-
ches, was attrition-milled in isopropyl alcohol for
2 h using high-purity Si3N4 milling media in a
te¯on-coated jar. The slurry was subsequently
dried under a lamp while being stirred.

2.2.2 Hot pressing
Charges of 3±6 g each were initially cold pressed at
20MPa into green-body compacts before hot
pressing. Hot pressing was performed in a nitrogen
atmosphere in a graphite or tungsten resistance
furnace. The initial heating rate was 25�Cminÿ1 up
to 1000�C, followed by a slower rate of 15 �C/
minÿ1 to the desired temperature. After the com-
pletion of densi®cation, the furnace was shut down
to allow rapid cooling. A typical cooling rate was
100�Cminÿ1 in the graphite furnace or
350�Cminÿ1 in the tungsten furnace. In the above
procedure, load was applied when the temperature
®rst reached 1000�C and was kept constant at
30MPa during the densi®cation stage. During
cooling, load was released at 1000�C.

2.3 Heat treatment
Kinetics of phase evolutions were studied by
reheating previously hot-pressed samples at a rate
of 25�Cminÿ1 to 1000�C and 15�Cminÿ1 to the
desired temperature, and then isothermally holding
them at that temperature for 45min. After anneal-
ing, the furnace was immediately shut down to
allow rapid cooling to room temperature. To
minimize the amount of phase transformation
occurring during cooling, all annealing experiments
were performed in a tungsten resistance furnace,
which has a faster cooling rate. Some long anneal-
ing experiments at 1500 and 1600�C lasting up to
240 h were also performed in the same furnace.

2.4 Phase characterization
X-ray di�raction (XRD) using Cu-K� radiation,
scanning electron microscopy (SEM) and light
microscopy were employed for phase identi®cation
and microstructural characterization. To estimate
the amounts of various phases, the procedure for
quantitative XRD analysis as described in Ref. 15
was followed. To avoid the e�ect of texture on
XRD patterns, this analysis was conducted using
pulverized powders.

3 Results

3.1 Fine �-Si3N4 powder
We ®rst report the results of phase fractions using
�-Si3N4 as the starting powder for Si3N4. There has
been very little information in the literature on the
kinetics of �0 formation starting with �-Si3N4

powders (most work reported used � powders).
Such information is crucial for the development of
in-situ toughened �0-SiAlON as has been illustrated
elsewhere.12 The samples were hot pressed at
1475�C for 0.5 h and then a set of identical speci-
mens were individually annealed at a higher tem-
perature for 45min. As shown in Fig. 2, the
amount of the dissolved �-Si3N4 powder at any
given temperature is directly correlated to the

Table 1. Characteristics of silicon nitride starting powdersa

Particle
size (mm)

Powder a
content
(%)

50% 70% 90% Oxygen
content
(wt%)

Speci®c
surface
area

(m2 gÿ1)

�-Si3N4

(SN-P21FC)
6.7 0.51 0.65 1.11 0.68 10.9

�-Si3N4

(SN-E-10)
95 0.5 0.7 1.33 1.5 9.4

�-Si3N4

(SN-E-03)
>95 1.25 1.65 2.7 0.76 3.1

aData supplied by manufacturers.

Fig. 2. (a) Dissolution of �-Si3N4 starting powder; (b) forma-
tion of �0-SiAlON. Both are shown as functions of tempera-

ture. Direct correlation is evident.
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amount of the newly formed �0-SiAlON. The dis-
solution of the starting �-Si3N4 powder and the
formation of �0-SiAlON are the fastest for Yb
cation (heavier) and the slowest for Nd cation
(lighter), as indicated by the higher reaction tem-
perature for the lighter rare-earth cation. This
sequence is in the reverse order of the ionic size
of cations: Nd>Sm>Gd>Dy>Y>Er>Yb. It
should be noted that the above observation is not a
result of liquid viscosity, since, for alumina-silicates
containing rare earth cations, the viscosity increa-
ses with decreasing ionic size.16 This was veri®ed in
our study by the measurement of hot-pressing
viscosity and deformation viscosity (see Appendix).
Besides the dissolution of �-Si3N4 powder and

precipitation of �0-SiAlON, formation of inter-
mediate phases was noticed at intermediate tem-
peratures in every rare-earth cation system. The
amount and the type of the intermediate phases are
shown in Fig. 3. Use of Yb and Er resulted in the
formation of garnet (R3Al5O12) and aluminum
nitride polytypoidÐ12H, while mellilite (R2O3±
Si3N4 and its solid solution) together with some
undissolved AlN was generally observed in compo-
sitions containing Gd, Dy, Y, Sm and Nd. These
observations are in accord with the reports of
Menon and Chen.17 As noted by these investigators,
there are systematic di�erences in acidity, basicity
and wetting behavior of liquid in compositions
containing Yb and Er on the one hand (AlN is
wetted ®rst by the liquid), and those containing
Gd, Dy, Y, Sm and Nd on the other hand (Si3N4 is
wetted ®rst by the liquid), and that these chemical
di�erences cause the formation of di�erent inter-
mediate phases. This seems to be consistent with
our observations: garnet, rich in Al, forms with
heavier rare-earth cations, while mellilite, rich in Si,
forms with lighter rare-earth cations. Also in accor-
dance with the observations of earlier work18±20 we
found that the amount of intermediate phases

increased when lighter rare-earth cations were
used, reaching about 10wt% in the case of Nd.
However, the amount of the intermediate phases
decreases with temperature in all compositions.
The rate of this decrease with temperature is faster
when heavier modifying cations are used, and the
sequence exactly follows that of ionic sizes. The
two limiting cases are Yb, where no Yb garnet was
found above 1600�C, and Nd, where a signi®cant
amount of Nd mellilite was found throughout the
temperature range studied (1475 to 1700�C).
Isothermal kinetics were studied at low tempera-

tures using samples previously hot pressed at
1475�C for 0.5 h followed by annealing at 1500�C
for up to 240 h or at 1600�C for up to 120 h. These
results are shown in Fig. 4. At 1500�C, there is no
transformation in Gd, Sm, and Nd materials even
after 240 h. For heavier elements, �-Si3N4 to �0-
SiAlON transformation was detected and its
amount increased with decreasing ionic radius of
the ions. Although the transformation rate appears
to decrease with time, the constant slope in the log
(time) plot of all the transformation curves indi-
cates that thermodynamic equilibrium had not
been achieved at the end of 240 h annealing at
1500�C. This is in contrast to the results shown in
Fig. 5 for the transformation at 1600�C, in which
the amount of precipitating �0-SiAlON appears to
have leveled o� at a certain value in the case of Yb,
Y, Dy and Gd. [The initial slope in log (time) scale
exceeds the slope observed at long time, thus indi-
cating saturation.] This end value decreases with
increasing ionic size of the rare-earth cations.
Given the long annealing time and the apparent
saturation of the transformation curves at 1600�C,
we believe that equilibrium has been reached at this
temperature at the end of annealing. The increas-
ing amount of �0-SiAlON with decreasing ionic
radii is thus indicative of the higher stability of the
�0-SiAlON that contains smaller rare-earth ions.

Fig. 3. Evolution of intermediate phases during �-Si3N4!�0-
SiAlON transformation, showing the reluctance of Nd-M0 to

dissolve even at higher temperatures.

Fig. 4. �0-SiAlON formation from �-Si3N4 powder during
isothermal annealing at 1500�C. Transformation does not

occur when using Gd, Sm and Nd as stabilizing cations.
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3.2 Fine �-Si3N4 powder (UBE, SN-E-10)
The results of transformation kinetics using ®ne �-
Si3N4 as starting powders (UBE E-10) are sum-
marized in Fig. 6. These samples were previously
hot pressed at 1475�C for 0.5 h and then annealed
at a higher temperature for 45min. The general
trend regarding �-Si3N4 dissolution, �0 formation,
formation of intermediate phase and variation with
rare earth cations is similar to those seen in
experiments with �-Si3N4 as starting powders (refer
to Figs 2 and 3). Namely, � dissolution is directly
correlated to �0 formation, the �! �0-SiAlON
reaction occurs at lower temperatures for smaller
rare earth ions, the amount of intermediate phase
is less for smaller rare earth cations and at higher
temperatures, and the intermediate phase changes
from mellilite to garnet as the rare-earth ions
decrease in size. On the other hand, a comparison
between Figs 6 and 2 indicates that the formation
of �0-SiAlON from �-Si3N4 starting powder gen-
erally proceeds at a lower temperature than when
the starting powder is �-Si3N4. For instance, when
the starting powder is �-Si3N4, the formation of �0-
SiAlON is complete at 1600�C for all compositions
except Gd, Sm and Nd. This compares with the
highest amount of �0-SiAlON of 72%, achieved in
the Yb system, when �-Si3N4 powder was used at
the same temperature. This di�erence is not caused
by the size of the powders, which is frequently
quoted in the literature on Si3N4.

21 The average
particle size of Si3N4 (about 0.5�m, see Table 1) is
essentially the same in the two starting powders in
these experiments.
The kinetic advantage of using �-Si3N4 powder

was also demonstrated in isothermal annealing
experiments at either 1500�C for up to 240 h or
1600�C for up to 120 h. As seen from Fig. 7, the
�! �0-SiAlON transformation occurs quite readily
at 1500�C in all rare-earth systems except Nd.

Indeed, the reaction appears to level o� in at least
Yb, Er, Y, Dy and probably Gd±SiAlON systems,
in contrast to the continuing reactions seen in Fig.
4. It should be noted that, in all cases, at the end of
240 h annealing at 1500�C, the balance phase is �0-
SiAlON. No �-Si3N4 starting powder remains at
this point. Figure 8 further demonstrates the faster
kinetics of �-Si3N4!�0-SiAlON transformation.
After holding at 1600�C for 1 h, �! �0 transfor-
mation is essentially complete for all modifying
rare-earth cations except Nd, which is completed in
less than 10 h. Importantly, we found that the
saturation levels of �0-SiAlON at 1600�C in Fig. 8
are the same as those in Fig. 5 for all the rare earth

Fig. 5. �0-SiAlON formation from �-Si3N4 powder during
isothermal annealing at 1600�C. The dotted line indicates the
apparent saturated amount, as supported by the data of �!�0

transformation (see Fig. 8).

Fig. 6. (a) Dissolution of �-Si3N4 (E10) powder; (b) evolution
of intermediate phases; and (c) formation of �0-SiAlON; as

functions of temperature.
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ions, even though the starting Si3N4 powders are
di�erent. (Nd-SiAlON did not reach saturation in
Fig. 5.) This strongly suggests that equilibrium has
been reached at 1600�C after 120 h in the cases of
Yb, Er, Y, Dy, Gd, and Sm regardless of the
starting Si3N4 powder. The di�erent values of
equilibrium �0 amount also establish the di�erent
stability of �0-SiAlON with di�erent rare-earth
cations. In addition, comparing Figs 7 and 8, we
can see that there is more �0-SiAlON at 1600�C
than at 1500�C. Thus, the stabiltiy of �0-SiAlON
increases with temperature.

3.3 Coarse �-Si3N4 powder (UBE, SN-E-03)
We have also veri®ed the above results on the
transformation kinetics using a coarse �-Si3N4

powder (UBE SN-E-03). The amount of �0-SiA-
lON at a given temperature is, of course, lower
when using a coarser powder. This can be seen by
comparing Fig. 9 (coarser powder) with Fig. 6
(®ner powder). However, the shape and trend of

the transformation curves in Fig. 9 are very similar
to those of Fig. 6. In fact, if all the transformation
curves in Fig. 6(c) are shifted by about 100�C, then
the kinetics of the coarse and ®ne powders become
quite comparable. A slower rate of dissolution of
the coarser �-E-03 powder compared to E-10 pow-
der is apparently the cause of the above systematic
di�erence.

3.4 Yb-compositions
We further studied the kinetics of �-Si3N4!�0-
SiAlON transformation at several compositions on
the �0-plane in Yb-containing systems (see inset in
Fig. 10). As indicated in Table 2, these materials
contained mostly �0-SiAlON after annealing at

Fig. 8. �0-SiAlON formation from �-Si3N4 powder (E10) dur-
ing isothermal annealing at 1600�C. Note the similar amounts
of �0-SiAlON formed at 1600�C from a-powder (given by this
®gure) and �-powder (given by Fig. 5), indicating thermo-

dynamic equilibrium.

Fig. 7. �0-SiAlON formation from �-Si3N4 powder (E10) dur-
ing isothermal annealing at 1500�C.

Fig. 9. (a) Dissolution of �-Si3N4 (E03) powder; (b) evolution
of intermediate phases, and (c) formation of �0-SiAlON; as

functions of temperature.
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1950�C for 1.5 h. Only a very small amount of �0-
SiAlON was present in compositions Yb-0918 and
Yb-0912. Despite a similar phase assemblage at
equilibrium, however, the kinetics of forming �0-
SiAlON were quite di�erent. As illustrated in Fig.
10, compositions of a ®xed n form �0-SiAlON at a
lower temperature when m is higher, i.e. when a
higher amount of (RAl3)N4 is present. This can be
seen by comparing Yb-0912 and Yb-1212, and
likewise Yb-0918 and Yb-1218. Also, comparing
compositions of a ®xed m but di�erent n, we see
that the �-Si3N4!�0-SiAlON transformation
occurs at a lower temperature when n decreases,
i.e. when a lower amount of oxygen or Al±O bonds
are present. For example, the reaction proceeded to
a larger extent for Yb-1212 and Yb-0912 composi-
tions compared to Yb-1218 and Yb-0918. These
latter observations are quite surprising because
they do not agree with the general perception that
the transformation kinetics in Si3N4/SiAlON sys-
tem are faster in the presence of a higher amount
of liquid phase.22 (Yb-1218 and Yb-0918 composi-
tions are richer in Al2O3 than Yb-1212 and Yb-
0912, respectively. Nevertheless, the higher amount
of Al2O3 did not facilitate �0-SiAlON formation.)

3.5 Reverse transformations
Materials of all compositions, previously heat-
treated at 1950�C, were subsequently annealed at

low temperatures (1600 and 1500�C) for a pro-
longed period of time (120 and 240 h, respectively).
Before the low temperature annealing, all materials
contained more than 90wt% �0-SiAlON. Figure
11(a) shows that, during annealing at 1600�C for
120 h, �0-SiAlON stabilized with lighter rare-earth
cations (Nd and Sm) exhibited reverse transforma-
tion of the �0 ! �0-SiAlON type. However, this
reverse transformation did not proceed extensively,
accounting only for 20wt% of the initial �0-SiA-
lON in theNd case. The small amounts of �0-SiAlON
formed are shown in Fig. 11. It has the composition
Si5�6Al0�4O0�4N7�6 as determined by X-ray technique.
At the same time, �0-SiAlON stabilized by heavier
rare-earth cations (like Y, Dy, Er and Yb) remained
essentially untransformed. During annealing at
1500�C for 240h, �0 ! �0-SiAlON reverse transfor-
mation proceededmore readily in all materials except
those containing Yb and Er, as shown in Fig. 12.
Comparing the slope in the semi-log scale in Figs 11
and 12, we also see a faster transformation rate inFig.
12 despite the lower temperature. Again, the trans-
formation was more extensive in Nd material, and it
progressively decreases as the size of the stabilizing
cation decreases.

Fig. 10. Formation of �0-SiAlON in materials with Yb-com-
positions shown on the inset picture as dots.

Table 2. Phase assemblage of Yb-materials prepared at
1950�C

Composition a0-SiAlON wt% �0-SiAlON wt%

Yb-1212 100 0
Yb-1218 100 0
Yb-0912 95 5
Yb-1918 95 5

Fig. 11. Dissolution of �0-SiAlON and formation of �0-SiAlON
during reverse transformation at 1600�C.

Fig. 12. Dissolution of �0-SiAlON during reverse transforma-
tion at 1500�C. Higher rates compared to that of transforma-

tion at 1600�C are evident by comparison with Fig. 11.
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4 Discussion

4.1 Correlation between kinetics and driving force
The results of this study clearly demonstrate that
the kinetics of �=�! �0-SiAlON transformation
are accelerated when smaller cations are used for
stabilizing �0-SiAlON phase. This chemical aspect
cannot be attributed to the liquid viscosity since
silicate liquids containing larger cations (of a lower
®eld strength) typically show a lower viscosity,
which would be expected to enhance transforma-
tion kinetics.22 The opposite was observed here. In
the following we will examine the thermodynamics
of these transformations and show that the faster
kinetics is always correlated to more favorable
energetics.
We have already reported in a previous paper14

our ®nding of a decreased stability of �0-SiAlON
phase with decreasing temperature and increasing
size of rare-earth cation. These results are sup-
ported by our long-term annealing experiments at
1500 and 1600�C in this study. Materials with a
®xed (1212) composition but di�erent modifying
cations contain more �0-SiAlON when smaller
rare-earth cations are used, and the amount of
equilibrated �0-SiAlON is higher at higher anneal-
ing temperatures. The above results have been
incorporated in the phase diagram for Nd, Y and
Yb-SiAlON at 1950�C shown in Fig. 13. The larger
single phase �0 region is re¯ected not only along the
Si3N4±R2O3:9AlN line (m=1.79 in Nd, 2.6 in Y
and 3.0 in Yb cases) but also at the apex (n=1.1 in
Nd-�0-SiAlON, 1.6 in Y-�0-SiAlON, and 1.8 in Yb-
�0-SiAlON). The single phase boundary recedes at
lower temperature especially in the case of Nd-
SiAlON and especially around the apex.14 As
shown in Fig. 14, there is a direct connection
between solubility range and phase stability. This
can be established by drawing common tangents
between the free energy curves of �0-SiAlON and
those of neighboring phases. It can then be seen
that a larger single phase �0 region corresponds to

a lower overall free energy of �0-SiAlON. Applying
this concept to the size e�ect, we can expect, for
example, a lower overall free energy of �0-SiAlON
phase in the Yb-containing system than in the Nd-
containing system. Likewise, applying this concept
to the temperature e�ect, we expect a lower overall
free energy of �0-SiAlON relative to �-Si3N4 as the
temperature increases. This lower free energy would
then result in a larger driving force,�G, for�=�! �0-
SiAlON transformation, favoring smaller cations
and higher temperatures.
Faster kinetics observed for transformations in

materials containing smaller rare earth cations are
obviously consistent with the argument of the lar-
ger driving force. In the �=�! �0-SiAlON trans-
formation, however, the temperature e�ect might
be regarded as coincidental since a higher tem-
perature also provides more thermal activation. In
this context, the faster reverse transformation at
lower temperatures o�ers an unambiquous
example of the direct correlation between driving
force and kinetics. Since �G for �0-SiAlON!�=�0
SiAlON is essentially the opposite of that for
�=�! �0-SiAlON transformation, it increases with
increasing size of rare earth cation and with
decreasing temperature. Thus, the faster reverse
transformation at lower temperature which has less
thermal activation, can be attributed to the higher
driving force. The ionic size e�ect in the reverse
transformation, i.e. faster kinetics for the Nd case
than for Sm and other cations, is also in direct
correlation with the magnitude of the driving force.

Fig. 14. Pseudo-binary free energy diagram indicating
decrease higher thermodynamic driving force for �-
Si3N4!Yb-�0-SiAlON transformation. This binary diagram is
incomplete in that it only shows �-Si3N4, �

0-SiAlON and a
third phase (21R, 12H or JEM). In reality, a third composi-
tional component (AlN:Al2O3) and another phase (e.g. glass
or liquid) which also has a broad range of composition should

also be included.

Fig. 13. �0 phase region in the Si3N4 corner at 1950
�C. Much

larger stability region exists for Yb cation than for Nd cation.
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Lastly, the argument of driving force also applies
to the observations in Fig. 10 involving four com-
positions of Yb-SiAlON. Referring to Fig. 14, we
see that the �0-SiAlON of a compostion further in
the single phase �0 region has a lower free energy
than that near the phase boundary. As seen in the
inset of Fig. 10, of the four compositions studied,
the ones that have a higher m value and a lower n
value are located more toward the center of the
single phase �0-SiAlON region and farther from the
phase boundary. Thus, they have higher phase
stability, larger �G for �=�! �0-SiAlON transfor-
mation, and faster kinetics as observed. As we
already mentioned in Section 3.4, the conventional
thinking based on oxygen content and liquid
amount would have predicted the exact opposite
for the kinetics of these four compositions.
The direct correlation between transformation

kinetics and transformation driving force can be
rationalized using the standard theory of phase
transformation. All the reactions considered here,
�=�-Si3N4!�0-SiAlON and �0-SiAlON!�=�0-SiA-
lON, are the ®rst order transitions as evidenced for
instance in Figs 4 and 5 where the fraction of a newly
formed phase is linearly dependent on ln t (recall
Avrami eqn). Therefore, their kinetics involve the
stages of nucleation and growth. Both the rate of
nucleation and the rate of growth are known to
increase with the driving force. In particular, a very
strong, non-linear dependence on �G is expected for
the nucleation rate. So, the correlation between
driving force and faster transformation kinetics is
reasonable, and the driving force argument can be
used to explain the e�ect of temperature and com-
positions (including di�erent cations) in both for-
ward and reverse transformations. Moreover, this
argument is consistent with the observation that the
kinetics of �0-SiAlON formation are accelerated
when the starting silicon nitride powder is �-Si3N

4.
This is because �-Si3N4 is believed to be less stable
than �-Si3N4,

23 thus a higher driving force for �0-
SiAlON formation is available when �-Si3N4 is used
as the starting powder. Of course, heterogeneous
nucleation of �0-SiAlON on �-Si3N4 has been
observed24 and it would provide additional kinetic
advantages given the structural similarity of �-Si3N4

and �0-SiAlON. The latter e�ect, however, is in the
same direction as the driving force e�ect in the case
of �0-formation and should not cause any competi-
tion and reversal of trends. To further di�erentiate
the e�ect of �- and �-Si3N4 starting powders, other
transformation paths need to be investigated. Such a
study will be reported in the companion paper.

4.2 Kinetics of formation of intermediate phases
There have been several related observations in the
recent literature regarding the kinetics of �0-SiA-

lON formation and the intermediate phase evolu-
tions.18±20 There has also been considerable
attention paid to the reverse transformation of �0-
SiAlON.25,26 All of these studies, to our knowledge,
have been performed using �-Si3N4 as starting
powders. Since we have already reviewed the
kinetics of reverse transformation elsewhere,14 and
described the kinetics of �0 formation above,we
focus the following discussion on the kinetics of
formation of intermediate phases only.
Slasor et al.18 have proposed that the e�ect of

cation size on �0-formation may be attributed to
the formation of the rare-earth rich phases, like
mellilite. These and other authors19,20 argue that,
in lighter rare-earth cation systems, mellilite forms
at intermediate temperatures more readily than �0-
SiAlON, therefore depriving �0-SiAlON of the
necessary stabilizing cation and delaying the
�! �0-SiAlON transformation. It is our under-
standing, however, that the preferred formation of
intermediate phases in light rare-earths systems is
directly related to the decreased stability of the �0-
SiAlON phase for such cations. Thus, it should be
considered as a consequence of the evolution of �0-
SiAlON phase rather than the cause. For instance,
the fact that no Nd-�0-SiAlON formation was
registered at 1500�C suggests that �0-SiAlON either
simply does not exist in the phase diagram at this
temperature, or it is con®ned to a very small area
close to the Si3N4±R2O3:9AlN line or even below
the line, and is thus not accessible in most experi-
ments. As a result, formation of mellilite is favored
due to the availability of Nd cation in the compo-
sition, and it is indeed an equilibrium phase rather
than a metastable phase. It is seen in Fig. 3 that

Fig. 15. Schematic phase relationships showing the e�ect of
cation and temperature, giving di�erent glass amounts
according to the lever rule. At the same temperature, the base
triangle (�0ÿ�0-AlN polytype) in the �0ÿ�0-AlN polytype-glass
tetrahedron lies closer to the Si3N4±AlN:3AlN line in the Nd
system than in the Yb system. Thus, the point (X) on �0-plane
has a projection of GX that is further away in the Nd system
(A) than in the Yb system (B). In the same system, the base
triangle (�0ÿ�0-AlN polytype) in the �0ÿ�0-AlN polytype-glass
tetrahedron lies closer to the Si3N4±AlN:3AlN line at lower

temperature than at high temperature.
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mellilite persists in this Nd material until �0-SiA-
lON phase becomes more stable (which happens at
around 1700�C), and it totally disappears at higher
temperatures when the single phase �0-SiAlON
region expands su�ciently. This suggests that �0-
SiAlON ®rst forms in the appropriate amount
(largely dictated by the phase diagram at the par-
ticular temperature) and the balance rare-earth
cations enter mellilite or other intermediate phases.
This argument is further supported by the obser-
vation that mellilite is more stable in materials with
larger modifying cations, like Nd, Gd and Dy,
which have smaller single phase regions for the �0-
SiAlON. (The range of stability of melilite solid
solutions at higher temperatures has been outlined
elsewhere.27,28)
The above argument can be made more quanti-

tative by referring to the compatibility tetrahedra
(�0ÿ�0-AlN polytypoid-glass) shown in Fig. 15.
Here the polytypoid is the 21R type in the Nd case
and 12H in the Yb case. As we described in a pre-
vious paper,14, the �0ÿ�0 phase line tend to move
toward RN:3AlN line at lower temperatures and
for larger cations. As this movement occurs, any
point (X in Fig. 15) on the �0-plane that lies within
the tetrahedron will ®nd its distance to the projec-
tion of the GX line in Fig. 15 on the base triangle
(�0ÿ�0-AlN polytypoid) to increase. Therefore,
according to the lever rule, the fraction of glass
(e.g. XA/GA in the Nd case versus XB/GB in the
Yb case) increases. Since at lower temperature this
glass forms one of the intermediate phases, the
amount of such intermediate phase is expected to
increase at lower temperature and with larger
cations. This result can thus be explained in terms of
the phase relations and may not have anything to do

with kinetics. The overall kinetics including that of
�0-SiAlON and intermediate phases appear to be
governed by the energetics of �0-SiAlON only.

5 Conclusions

. �=�! �0-SiAlON transformation proceeds
faster with smaller modifying cations which
stabilize �0-SiAlON more, thus providing a
larger driving force for the transformation.

. �-Si3N4! �0-SiAlON transformation pro-
ceeds slower than �-Si3N4!�0-SiAlON trans-
formation, because �-Si3N4 is more stable
than �-Si3N4, thus providing a lower driving
force.

. Formation of intermediate phases follows that
of �0-SiAlON, with an amount that is in
inverse proportion to the stability of �0-SiA-
lON and hence in direct correlation to the
stability of the intermediate phase.

. Kinetics of reverse �0-SiAlON!�0-SiAlON
transformation is faster for larger modifying
cations and at lower temperature, again
because a larger driving force (for reverse
transformation) is available in these cases.
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Fig. 16. (a) Shrinkage curves for materials with Nd-1212 and Yb-1212 compositions. Faster densi®cation is evident for the former
composition, indicating lower viscosity of the glass in Nd system than in Yb system. (b) Flow stress versus true strain in compression for
Nd-0625 and Yb-0625 materials at 1550�C. Lower ¯ow stress in the case of Nd indicates lower viscosity of the glass in this system.
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Appendix

As shown in Fig. 16(a), the densi®cation rates
during hot-pressing are a�ected by the choice of
the rare-earth cation and are faster for Nd-1212
composition than for Yb-1212 composition. This is
taken as the evidence of a lower viscosity of the
liquid phase with Nd than with Yb. In support of
this conclusion, we also present here the results of
deformation study of Nd-0625 and Yb-0625 mate-
rials. The Nd material has a lower ¯ow stress than
the Yb material under identical deformation con-
ditions in the compression experiments [see Fig.
16(b)]. The lower viscosity of the melt that contains
larger rare-earth cations is presumably due to the
lower ®eld strength of the larger cations. This is
known to cause lower strength and higher Tg of the
glass.16 In the present study, although a lower
viscosity should in principle facilitate phase trans-
formation, we have found many examples that
contradicted the above expectation because of the
overriding consideration of the thermodynamic
stability of the product phase.
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