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Abstract

Kinetics of various a=b-Si3N4!a0=b0-SiAlON trans-
formations were investigated for SiAlON ceramics
with additions of rare-earth cations. It was deter-
mined that a-Si3N4 starting powders lead to faster
Si3N4!a0=b0-SiAlON transformations than b-Si3N4

powders. In reactions with a two-phase a0=b0-SiAlON
product, the formation of a SiAlON that is structu-
rally similar to the majority starting powders is initi-
ally favored, and such SiAlON has a solute
composition leaner than the ®nal equilibrium compo-
sition. These results suggest that the transformation
kinetics is largely governed by the heterogeneous
nucleation that is strongly sensitive to the driving
force, dictated by the majority phase of the starting
powders, and that coherent nucleation is often
favored when abundent isostructural nucleation sites
are available. # 1999 Elsevier Science Ltd. All
rights reserved.
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1 Introduction

Silicon nitride and its solid solutions are important
structural ceramics that exhibit excellent strength,
toughness, hardness and processability. There are
two polymorphs of silicon nitride, �-Si3N4 and �-
Si3N4, which di�er in structure by stacking
sequences. They each form solid solutions com-
monly referred to as �0-SiAlON and �0-SiAlON.
Since silicon nitride and SiAlON ceramics are
usually prepared from �-Si3N4 or �-Si3N4 powders,
but the ®nal phase can be either �0ÿ or �0-SiAlON,
phase transformations are commonly encountered

and are an integral part of processing. It is therefore
necessary to obtain an understanding of these
transformations in order to provide a knowledge
base for sintering and hot pressing these ceramics.
The phase transformations in these ceramics

generally occur via a solution-reprecipitation
mechanism in the presence of a liquid.1 Solid state
transformation is regarded as too sluggish for sili-
con nitride system. In this connection, di�usion (or
the viscosity of the liquid) and the solubility of
various constituent species in the liquid are impor-
tant considerations for the kinetics of transforma-
tions. These considerations are all composition and
temperature dependent and are rather complicated.
We, however, have found it possible to correlate
the transformation kinetics with the overall ener-
getics. In the preceding paper (hereafter referred to
as paper I) we have monitored the kinetics of phase
transformation as a function of overall composi-
tion and temperature and showed that the above
correlation holds. In the present paper we will fur-
ther monitor the transformation kinetics as a
function of reaction paths to try to establish a
similar correlation. Although the above approach
is incomplete in that it overlooks the processes that
take place in the liquid, it can nevertheless be jus-
ti®ed in terms of nucleation and growth kinetics as
we will demonstrate below. It will be shown that
the overriding consideration in many such reac-
tions is the net driving force from the initial to the
®nal states.
Using nominal �-Si3N4 or �-Si3N4 starting pow-

ders, four possibilities of forming SiAlON solid
solutions present themselves:

�-Si3N4!�0-SiAlON (1)
�-Si3N4!�0-SiAlON (2)
�-Si3N4!�0-SiAlON (3)
�-Si3N4!�0-SiAlON (4)

The above transformations should be understood
as including other reactants and products to
account for conservation of mass. For example, in
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transformations (2) and (3), Al and O must be
incorporated through the addition of Al2O3, AlN,
and residual SiO2, while the balance of the addi-
tives and the reactants must themselves regroup in
the form of other products such as a glassy phase
or an AlN polytypoid. The energetics of these
transformations can be classi®ed in terms of the
energy di�erence between the initial, intermediate
and ®nal states using the following considerations.
First, since �-Si3N4 is unstable with respect to �-

Si3N4,
2, a larger driving force should be present for

transformations involving �-Si3N4 powder, i.e for
transformations (1) and (2), compared to transfor-
mations (3) and (4). We will refer to this driving
force as �G, which accounts for the end-state
thermodynamics with reference to the initial state
and is dependent on the composition, the majority
phase of the starting Si3N4 powders, and tempera-
ture only. This �G is independent of the inter-
mediate steps of dissolution and reprecipitation
and the intermediate phase of supersaturated
liquid, since, after su�cient dissolution, starting
powder and the supersaturated liquid may reason-
ably be regarded as being in equilibrium with each
other. Under such circumstances, the driving force
of reprecipitation is precisely the free energy dif-
ference between the starting Si3N4 powder and the
®nal SiAlON phase.
Second, transformations that occur by solution-

reprecipitation require a new phase nucleated from
the oxide melt either homogeneously or hetero-
geneously. Transformations between phases of the
same structure, i.e. �! �0 (1) and �! �0 (3), will
most likely take advantage of heterogeneous nuclea-
tion on sites of existing isostructural particles [�-
Si3N4 for reaction (1) and �-Si3N4 for reaction (3)].

3,4

Thus, in theory, reactions (1) and (3) should have
an advantage compared with those involving di�er-
ent structures, i.e. �! �0 (2) and �! �0 (4). In rea-
lity, however, both nominal �-Si3N4 and nominal �-
Si3N4 powders contain a small amount of admixed
phases (5 wt% of �-Si3N4 in our �-Si3N4 powders
and 7 wt% of �-Si3N4 in our �-Si3N4 powders),
which could provide the sites for heterogeneous
nucleation on isostructural particles even when the
overall transformation involves mostly phases with
dissimilar structures. Therefore, we expect that the
path of nucleation is roughly identical in reactions
(1) and (4), and (2) and (3). Of course, the driving
force �G has a large in¯uence on the magnitude of
nucleation barrier, �Ea: the larger the �G, the
smaller the �Ea for the same nucleation path. As
mentioned above, the driving force is dependent on
the majority phase of the starting Si3N4 powders.
Therefore, transformations (1) and (2) could enjoy
a smaller activation energy for nucleation com-
pared to transformations (3) and (4). The above
considerations involving energetics of reactions 1±4
are schematically illustrated in Fig. 1. It suggests
that, due to a larger �G, reaction (1) and (2) have
an advantage over reactions (3) and (4) both in a
smaller nucleation barrier and in a larger growth
force. A major di�erence, however, may also exists
between reactions (1) and (2), in that there are
many more sites available for nucleation in reac-
tion (1) than in reaction (2). [Likewise, there are
more nucleation sites in reaction (3) than in reac-
tion (4).] These favorable nucleation statistics are
expected to facilitate transformation kinetics in
reactions (1) and (3).
In the following, we perform a series of experiments

to assess the overall kinetics of reactions (1)±(4). The

Fig. 1. Schematic energy diagrams for typical reactions in SiAlON systems. �G is assigned according to the starting powder. �Ea is
assigned according to�G and assuming heterogeneous sites, isostructural with the product phase, are available.Grid is in arbitrary units.
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results indicate that the kinetics follow the order of
(1)>(2)>(3)>(4), suggesting that the driving force
is the primary consideration and the site statistics is
of secondary importance. These results will be
rationalized in terms of nucleation theory. In
practice, reactions (1) and (4), and reactions (2)
and (3), can be compared directly by choosing dif-
ferent starting powders (� and �-Si3N4). Here, we
will take the precaution of comparing powders of
comparable sizes, but we will also be cognizant of
the consequences of di�erent particle sizes when
they arise. A direct comparison of transformations
(1) and (2), or (3) and (4), on the other hand, must
be made with reaction products that contain a two-
phase mixture; that is, transformations (1) and (2)
cannot be separately conducted using the same
composition. This is because in compositions that
have only a single phase reaction product, the
equilibrium phase is either �0-SiAlON or �0-SiA-
lON, but not both. Likewise, kinetics of transfor-
mations (3) and (4) can be compared using
compositions that yield two equilibrium phases in
the ®nal state.

2 Experimental

2.1 Composition
The overall compositions studied here lie on the so-
called �0-SiAlON plane, which is de®ned as
Rm=3Si12ÿ m�n� �Alm�nOnN16ÿn with m and n as vari-
ables and R a rare-earth ion. The experimentally
accessible range of these compositions is bounded
between Si3N4±4/3(AlN:Al2O3) line and Si3N4ÐM3/

zN:3AlN line, with Si3N4 as the apex. The actual
range of �0-SiAlON existence (i.e. the single phase �0-
SiAlON region which is itself represented as Rm=3

Si12ÿ m�n� �Alm�nOnN16ÿn) is schematically shown in
Fig. 2 for rare-earth cations and is restricted to a fan-
shaped area bordered by the Si3N4±RN:3AlN line.
The line of Si3N4±4=3(AlN:Al2O3) coincides

with the single phase �0-SiAlON region, which is

represented by Si6ÿxAlxOxN8ÿx with 0 � � � 4�2.
In this study, we have examined compositions in
both single phase and two-phase SiAlON ceramics,
with R=Nd, Yb, and Y. These compositions are
believed to be representative of a broad range of
SiAlON compositions. As in paper I, we will refer
to compositions of Rm=3Si12ÿ m�n� �Alm�nOnN16ÿn as
Rÿ 10m10n. For example, Yb-1020 means that
R=Yb, m=1.0 and n=2.0. In addition, some
compositions along the �0-SiAlON line (mÿ0) were
also investigated.

2.2 Experimental procedures
All powder processing, hot-pressing, heat-treatment
and characterization procedures employed for this
work were identical to those already discussed in
paper I (see Section II therein).

3 Results

3.1 Reactions (1) and (2)
We ®rst compare transformations (1) and (2) using
Yb-0618, Y-0718 and Nd-0818 compositions pre-
pared with �-Si3N4 starting powders. According to
the phase diagram in Ref. 5, at 1700�C these com-
positions should yield a phase mixture of �0-SiA-
lON and �0-SiAlON. Figure 3 depicts �0/�0-SiAlON
phase evolutions as a function of the annealing
temperature. It is evident from this ®gure that at
low temperatures the �0-SiAlON formation curves
always lie above the �0-SiAlON formation curves,
indicating that the kinetics of �! �0 transforma-
tion (1) is faster than that of �! �0 transformation
(2). In fact, the initial kinetic advantage of trans-
formation (1) is manifested even when less �0-SiA-
lON than �0-SiAlON is eventually obtained, as in
the case of Fig. 3(c). Note transformations (1) and
(2) have the same driving force (�0 in equilibrium
with �0), but the number of available sites for
nucleation is probably greater in (1) than in (2).
Thus, the di�erent kinetics seem to re¯ect the dif-
ferent nucleation statistics.

3.2 Reactions (2) and (3)
We next compare transformations (2) and (3) using
Yb-0625, Y-0625 and Nd-0625 compositions but
with di�erent starting Si3N4 powders. At equili-
brium at 1800�C, this composition should yield
nearly single phase �0-SiAlON, except in the case of
Yb, where up to 25 wt% of �0-SiAlON phase is
expected to form. As illustrated in Fig. 4, when the
starting powder is �-Si3N4 [reaction (2)], �0-SiAlON
generally forms faster than when the starting powder
is �-Si3N4 [reaction (3)]. For instance, if we denote
the temperature at which 50 wt% of �0-SiAlON
forms asT50, then theT50 of reaction (2)Ð1580�C for

Fig. 2. Portion of the phase diagram on the �0-SiAlON plane
at 1950�C, showing that the �0-region is smaller for larger rare-

earth cations.
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Yb-0625, 1525�C for Y-0625 and 1495�C for Nd-
0625Ðis consistently lower than the T50 of reaction
(3) Ð 1620�C for Yb-0625, 1585�C for Y-0625 and
1560�C for Nd-0625 compositions. Thus, the
kinetics of �! �0 transformation (2) is faster than
that of �! �0 transformation (3).
It is noted that T50 in either reaction (2) or (3) is

consistently lower for compositions with lighter
rare-earth cations. This is probably a result of
lower viscosity of the glassy phase which contains
lighter rare-earth cations (see Appendix to paper
I). Unlike �0-SiAlON, which requires rare-earth

cations as stabilizers, �0-SiAlON can form without
using any rare-earth oxides. This provides us the
opportunity to compare reactions (2) and (3) with-
out any complication due to viscosity. The com-
position we chose for this study is Si4.5
Al1�5O1�5N6�5. It is seen from Fig. 5 that the kinetics
of �! �0 transformation is again faster than that
of �! �0 transformation [T50 � 1550�C for (2) and
1585�C for (3)].
Transformation (2) is expected to have a larger

�G, a smaller �Ea, but fewer sites for isostructural
nucleation than transformation (3). The observation

Fig. 3. Phase development from �-Si3N4 starting powder in
(a) Yb-0618 composition, (b) Y-0718 composition and (c) Nd-
0818 composition. At lower temperatures, structurally related

phases form ®rst in all cases.
Fig. 4. Kinetics of �/�-Si3N4!�0-SiAlON transformations in
(a) Yb-0625 composition, (b) Y-0625 composition and (c) Nd-
0625 composition. �-powder [reaction (2)] converts faster than

�-powder [reaction (3)].
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that transformation (2) proceeds faster than trans-
formation (3) suggests that the driving force
advantage (which also in¯uences �Ea) outweighs
the nucleation statistics disadvantage in these
reactions.

3.3 Reactions (3) and (4)
Reactions (3) and (4) can be compared using com-
positions Yb-0618, Y-0718 and Nd-0818. These are
the same compositions used for comparing reac-
tions (1) and (2), but they are now prepared from
�-Si3N4 starting powder. With �-Si3N4 powders,
we found it di�cult to form �0-SiAlON at lower
temperatures. Therefore, the ®nal annealing tem-
perature was raised to 1800�C for Yb-0618 and Y-
0718 and to 1900�C for Nd-0818. (Phase dia-
grams5,6 indicate that an �0/�0 SiAlON mixture
should still be obtained at these temperatures.) Fig-
ure 6 demonstrates that �0-SiAlON formation curves
always lie above the �0-SiAlON formation curves
indicating that the kinetics of �! �0 transformation
(3) is faster than that of �! �0 transformation (4).
Indeed, the di�erence in the transformation kinet-
ics, as indicated by T50 of the two curves is rela-
tively large in all the cases. Since the �G and �Ea

are presumably the same for the two reactions (�0

and �0 are in equilibrium with each other), but
there are more sites for isostructural nucleation in
reaction (3), the faster kinetics of reaction (3) seems
to re¯ect the advantage in nucleation site statistics.

3.4 Reactions (1) and (4)
Transformations (1) and (4) were compared
directly, using Yb-1212, Y-1212 and Nd-1212
compositions but with di�erent starting Si3N4

powders. At su�ciently high temperature
(1950�C), all these compositions should yield single
phase �0-SiAlON independent of the type of reac-
tion. We see from Fig. 7(a)±(c) that the kinetics of
�! �0 transformation (1), given by T50=1475�C

for Yb-1212, 1500�C for Y-1212 and 1625�C for
Nd-1212 composition, is faster than that of �! �0

transformation (4), given by T50=1525�C for Yb-
1212, 1575�C for Y-1212, and above 1700�C for
Nd-1212. Thus, transformation (1), proceeds faster
than transformation (4).
Contrary to results in Fig. 4, we ®nd in Fig. 7 the

Yb composition reacts at a lower temperature than
the Nd composition, with the Y-composition fall-
ing between them. This cannot be attributed to the
e�ect of viscosity, since Nd silicates are expected to
be less viscous. The observation can nevertheless be

Fig. 5. Kinetics of �=�!�0-SiAlON transformation in Si4.5
Al1.5O1.5N6.5 composition. Higher �G of reaction (2) a�ects
kinetics more than higher nucleation statistics of reaction (3).

Fig. 6. Phase development from �-Si3N4 starting powder in
(a) Yb-0618 composition, (b) Y-0718 composition and (c) Nd-
0818 composition. At lower temperatures, structurally related

phases form ®rst in all cases.
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explained by the di�erent stability of �0-SiAlON,
which favors smaller rare-earth cations in the solid
solution. As shown previously in paper I, the
transformation kinetics of the more stable phase
proceeds faster.
In paper I we have also pointed out that the

magnitude of �G in general will depend on the
composition of �0-SiAlON phase. For example,
composition Yb-1212, which lies well inside the
single phase �0-SiAlON ®eld,5 is more stable than
Yb-1020, with a composition near the boundary of
�0-SiAlON. Thus, �G in Yb-1020 composition is
smaller than the �G in Yb-1212 composition for
both reactions (1) and (4). This is re¯ected in Fig.
8, in which we see that both reactions have been
delayed compared to Fig. 7(a). Note, however, that
T50 in reaction (4) has been delayed by 200�C from

1540�C in Fig. 7(a) to 1740�C in Figs. 8, but T50 in
reaction (1) seems to have hardly changed in Fig. 7
and 8. Thus, a smaller driving force is particularly
disadvantageous for transformations that have
slower kinetics but is less consequential for trans-
formations that have faster kinetics. As illustrated in
Fig. 1, transformation (1) has a higher �G and a
smaller �Ea than transformation (4). It probably
also has more available sites for isostructural
nucleation than transformation (4). Both advantages
suggest faster kinetics for transformation (1) than for
(4), in agreement with the above observations.

3.5 Particle size e�ect
Particle size is a physical consideration indepen-
dent of composition. A smaller particle size gen-
erally enhances the kinetics of transformation,7 but
it should have only a small e�ect on the driving
force. (We assume the capillarity e�ect is small.)
The particle size e�ect was analyzed in this work
by comparing transformation rates of R-1212
composition, with R=Yb, Er, Y, Dy, Gd, Sm and
Nd, prepared with ®ne �-Si3N4 (UBE SN-E10) and
coarse �-Si3N4 (UBE SN-E-03) powders. (These
compositions should yield single phase �0-SiAlON
at su�ciently high temperature.) We found that �0-
SiAlON forms more slowly when ®ne �-Si3N4

powder is substituted by coarse �-Si3N4 powder,
probably due to slower dissolution rates of the
coarse powder. However, in all cases, the coarse �-
Si3N4 powders (1.5 �m) still react faster than the
®ne �-Si3N4 powders (0.5 �m) in the formation of
�0-SiAlON. These results are summarized in Fig. 9.
Thus, even when the average particle size of start-
ing �-Si3N4 powder is at least three times that of
the �-Si3N4 powder, �-Si3N4 still transforms to �0-
SiAlON faster. The latter observation unequi-
vocally shows that the advantage of reaction (1)
over reaction (4) is overwhelming, and the favorable

Fig. 8. Kinetics of �=�!�0-SiAlON transformation in Yb-
1020 composition prepared from �-powder [reaction (1),

T50=1500�C] and �-powder [reaction (4), T50=1740�C].

Fig. 7. Kinetics of �=�!�0-SiAlON transformations in (a) Yb-
1212 composition, (b) Y-1212 composition and (c) Nd-1212
composition. �-powder converts much faster than �-powder.
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transformation kinetics cannot be easily negated by
varying the particle size by up to a factor of 3.

3.6 Transient evolutions
In the course of investigating two-phase reactions
(1)±(2) and (3)±(4), we noticed some interesting
features in phase assemblages and lattice para-
meters that may indicate transient evolutions
departing from the equilibrium ones as dictated by
the phase diagram. These transient evolutions are
described below.
One trend we noticed is that the product SiAlON

phase that is structurally related to the majority of
the starting powders and that forms more rapidly
initially forms at an amount exceeding the value
expected from phase equilibrium and with a com-
position leaner in the solutes. This trend is espe-
cially pronounced at lower temperatures. In the
case of �-starting powder [reactions (1) and (2)] for
instance, Fig. 10 shows that the amount of �0-SiA-
lON precipitating from �-Si3N4 during short time
annealing was higher than the amount of �0-SiA-
lON eventually obtained after long-time annealing
(240 h at 1500�C, 120 h at 1600�C and 50h at
1700�C). These initial �0-SiAlON precipitates are
leaner in solute content than in the equilibrium phase

assemblage, resulting in a broad XRD spectrum that
extends to higher 2� values. Figure 11 shows the
XRD of Yb-0618 material prepared from �-Si3N4

powder annealed at 1600�C for 45min and 120 h.
As evident from this ®gure, re¯ections from (102)
and (210) planes of �0-SiAlON formed during the
®rst 45min are much broader than those of �0-
SiAlON formed after 120 h, the latter having a
sharp XRD peaking at lower 2� values. (All solutes
in �0-SiAlON tend to dilate the lattice, i.e. the lat-
tice parameters increase with both m (very
strongly) and n (weakly).) In contrast, the re¯ec-
tions of structurally unrelated �0-SiAlON does not
show any important shift in the XRD pattern.
Similarly, for reactions (3) and (4), we see in Fig.

12 in the Yb-0618 composition that during early
transformation the �0-SiAlON phase formed from
structurally related �-Si3N4 powder has a broader
range of compositions than does the equilibrium
phase, as illustrated by �0-SiAlON (101) and (210)

Fig. 9. Kinetics of �0-SiAlON formation with three di�erent
starting powders. In all cases, �-powder transforms faster than
�-powder. (a) Yb-1212 composition, (b) Er-1212 composition.

Fig. 10. Amount of �0-SiAlON formed from �-Si3N4 powder
compared after 45min and longer annealing time (see text) in
Yb-0618, Y-0718 and Nd-0818 materials at (a) 1500�C, (b)

1600�C and (c) 1700�C.
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re¯ections, and that after longer annealing these
peaks sharpen toward lower 2� values. This indicates
that the initial �0-SiAlON contains less Al andO than
the equilibrium �0-SiAlON. Note also that the struc-
turally unrelated �0-SiAlON shows very little di�er-
ence in its di�raction peaks after short-term and long-
term annealing. Unlike reactions (1) and (2), though,
there is not a signi®cant variation in the amount of�0-
SiAlON formed as the annealing time increases.

4 Discussion

4.1 The kinetic sequence of phase transformations
Our results described in Section 3 indicate a clear
trend, i.e. the kinetics of phase transformations in
Si3N4 and SiAlON ceramics follow the order
(1)>(2)>(3)>(4). This order was established
through direct comparisons involving various com-
positions; good systematics were achieved in all cases.
In view of the shorter time and lower temperature

used in our experiments, our results mostly pertain
to the earlier stages of phase transformation (i.e.
prior to coarsening). Indeed, the coarsening stage
has been mostly avoided. To illustrate this point,
Fig. 13 shows the SEM micrographs of Yb-0618
material prepared from �-Si3N4 powder and
annealed at 1700�C for 45min and 10 h. (The for-
mer time is representative of the time used in our
work.) According to Fig. 3(a), the reaction is
essentially complete after 45min at 1700�C, and it
yields a two-phase �0/�0-SiAlON mixture. How-
ever, the two phases cannot be easily di�erentiated
by viewing Fig. 13(a), since the average grain size
after 45min annealing is still rather ®ne. Only after
10h annealing [Fig. 13(b)], does the microstructure
resemble those commonly seen for �-Si3N4. This
indicates that the microstructure has not coarsened
after 45min even though the reaction is complete.
Therefore, the order of the kinetics of phase trans-
formations, (1)>(2)>(3)>(4) is already established
before coarsening takes place.

4.2 Nucleation and growth
Since transformations (1)±(4) occur by precipita-
tion from liquid, we can refer to the standard the-
ory of nucleation and growth of crystallites from
melt to draw some useful insight. According to this
theory, the activation energy for formation of cri-
tical nuclei of a thermodynamically stable phase is
given by the following expression:

�Ea � 16�
3F �� �
3 �G� �2 �1�

where 
 is the liquid/solid interfacial free energy of
the crystal, F �� � is a geometrical factor (less than 1)
that indicates the potency of heterogeneous nuclea-
tion, and �G is the driving force for transformation.

Fig. 12. X-ray di�raction patterns of Yb-0618 material pre-
pared from �-Si3N4 powder at 1700�C for 50 h (highlighted)
and 45min Broader �0 re¯ections in the latter case indicate

that transient �0-SiAlON has a range of compositions.

Fig. 11. X-ray di�raction patterns of Yb-0618 material pre-
pared from �-Si3N4 powder at 1600�C for 120 h (highlighted)
and 45min. Broader �0 re¯ections in the latter case indicate

that transient �0-SiAlON has a range of compositions.
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Nucleation rates are directly proportional to the
activation energies by the following expression:

N � N0f0 exp ÿ�Ea

kT

� �
�2�

where fo is a rate constant and No is the number of
atoms in contact with the heterogeneous nucleation
sites.
According to Eq. (1), activation energy is

strongly a�ected by heterogeneous nucleation, via
F �� �, and by driving force �G. A structural simi-
larity between a nucleus and the product crystal
decreases F �� �, enhancing the nucleation potency.
A larger driving force lowers the activation energy
regardless of the values of F �� �, i.e. the potency of
nucleation. Both increase the nucleation rate and
lead to faster overall kinetics. In addition, a larger
number of structurally related nucleation sites
increases N0 in eqn (2), which also leads to faster
overall kinetics. Of the above three factors, a larger
�G is probably the most important since it lowers
the activation energy given in eqn (1) in a very
strong way, and the activation energy enters eqn
(2) exponentially with a very large e�ect on the
overall kinetics.
With the above knowledge and with the assump-

tion that heterogeneous nucleation sites, isostructural

with the product phase, are available, it is now easy
to understand the kinetic sequence
(1)>(2)>(3)>(4). Reaction (1) is faster than (2),
when �0 and �0 are in equilibrium, because of a
larger number of atoms in contact with hetero-
genous nucleation sites (i.e. No) in reaction (1).
This also applies to reaction (3) and (4), with
(3)>(4). Comparing reaction (2) and (3), we see
that although reaction (3) may enjoy some advan-
tage in No, the larger driving force in reaction (2)
may lower the nucleation barrier �Ea su�ciently
for heterogeneous nucleation to yield a faster
nucleation rate. Lastly, the comparison of reac-
tions (1) and (4) is trivial, since No, �Ea and �G all
favor reaction (1) in this case. Therefore, the reac-
tion sequence (1)>(2)>(3)>(4) can be completely
rationalized by the schematic energetic considera-
tions shown in Fig. 1 after taking into account the
number of isostructural heterogeneous nucleation
sites in each case.
Although the above interpretation relies entirely

on the e�cacy of heterogeneous nucleation, by
recognizing that structurally similar seed powders
always exist in our experiments, the nucleation
argument can still apply even if homogeneous
nucleation has to intervene in reactions (2) and (4).
In the latter scenario, reaction (1) is clearly favored
over reaction (4), because heterogeneous nucleation
[F �� � is small] is more potent than homogeneous

Fig. 13. SEM micrographs of fractured surfaces of Yb-0618 material prepared from �-powder at (a) 1700�C for 45min and (b)
1700�C for 10 h. Much ®ner grain size is obtained in (a).
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nucleation [F �� � is close to unity]. On the other
hand, the observation that reaction (2) is faster
than reaction (3) suggests that, in reaction (2), a
larger �G can decrease �Ea su�ciently to o�set
the adverse e�ect of a larger F �� �. Thus, the kinetic
sequence (1)>(2)>(3)>(4) still holds even in this
scenario if we allow a su�ciently large e�ect of �G
on �Ea.
In the above discussion, we have not considered

the role of growth in phase transformation. The
growth rate is expected to increase monotonically
with the driving force and thus its e�ect on the
transformation kinetics cannot be easily separated
from that of nucleation. Moreover, in the case of
�0-SiAlON, our study in Paper I has shown that
the stability of �0-SiAlON increases with tempera-
ture; therefore, a larger driving force is expected at
higher temperatures for reactions (1) and (4). This
is unlike the case of crystallization from melt, in
which the driving force decreases with temperature.
Therefore, it is not possible to take advantage of
the two distinct temperature regions, controlled by
nucleation and growth (as in the case of crystal-
lization from melt) to separate the roles of nuclea-
tion and growth in transformations described here.
The growth argument alone would suggest that
reactions (1) and (2) are faster than reactions (3)
and (4), but it could not distinguish between reac-
tions (1) and (2), nor between reactions (3) and (4).
On the other hand, there is evidence from this
study that seems to suggest that nucleation is
probably the more important, if not the controlling
factor. For example, the di�erence in T50 in Fig. 6
between reactions (3) and (4) are much larger than
those in Fig. 3 between reactions (1) and (2). Since
the reactions in each pair occur under the same
driving force, the di�erence in the growth rate
should be small and should not lead to a large
spread in T50 anyway. From the viewpoint of
nucleation, however, these di�erence can be readily
explained in terms of di�erences in N0. Further-
more, it is known that with a decreasing �G, the
potency of nuclei becomes all the more important.
So the di�erence between structurally similar and
structurally dissimilar starting powders in relation
to the product phase also becomes greater. This
explains why �T50 is larger in reactions (3) and (4)
than in reaction (1) and (2). The same e�ect is
again seen in comparing reactions (1) and (4). As
we previously noted in Section 3.4 the decrease of
�G (for forming �0-SiAlON) from Yb-1212 to Yb-
1020 causes a large shift of 200�C in T50 in reaction
(4), which has a smaller �G overall. This compares
with very little shift in reaction (1) which has a large
�G overall. Presumably, this is also caused by the
highly non-linear dependence of the nucleation rate
on the driving force.

4.3 Coherent nucleation
The observation of transient evolutions described in
Section 3.6 o�ers yet another piece of evidence that
the nucleation consideration is important and that
isostructural nucleation is favored in SiAlON phase
transformation. In comparing reactions (1) and (2),
with �0-SiAlON in equilibrium with �0-SiAlON, the
driving force is identical, so the formation of �0-
SiAlON and �0-SiAlON should have proceeded in
a similar way. The fact that a product phase of
non-equilibrium composition forms only in the
case of structurally related phases implies that this
path is favorable despite the higher free energy of
the non-equilibrium compositions. A similar situa-
tion is also seen in comparing reactions (3) and (4).
The advantage of the non-equilibrium composi-
tion, which is lean in solute, is that it has a lattice
parameter much closer to the structurally-related
starting powder. For example, an �0-SiAlON lean
in solute is closer in structure to �-Si3N4 than is an
�0-SiAlON rich in solute. Likewise, a �0-SiAlON
lean in solute is structurally closer to �-Si3N4 than
is a �0-SiAlON rich in solute. This in turn means a
smaller mis®t at the interface and a lower inter-
facial energy and strain energy for the nucleus,
leading to a smaller nucleation barrier �Ea. This
modi®ed �Ea (albeit at a lower �G because of
non-equilibrium) is apparently smaller than the
unmodi®ed �Ea for the equilibrium composition.
As a result, phase transformation to a product
phase of non-equilibrium composition occurs. Pre-
sumably, the availability of a large number of
structurally similar starting powder, as in reaction
(1) and reaction (3), allow these non-equilibrium
reactions to proceed more prominently and to be
detected by XRD more easily.
Transformation of the above type, which

assumes non-equilibrium composition in order to
maintain nucleation advantage, is called coherent
transformation in the literature.8 Here, coherency
refers to the close match of the lattice structures of
the product and the parent phases, as in the case of
�! �0-SiAlON and �0 ! �0-SiAlON transforma-
tions. Phase diagrams under the constrained equili-
brium condition of coherent transformation
generally show a phase boundary that is shifted
from the equilibrium phase boundary. Therefore,
the phase amount of the coherent transformation
determined by the lever rule applied to the coherent
phase diagram could be di�erent from the phase
amount expected for equilibrium transformations.
In the case of SiAlON transformations, coherent

transformation obviously favors a product SiAlON
phase that is leaner in solute. (All solutes tend to
expand the lattice Si3N4 in both � and � form.)
Thus, it follows that the coherent �0 (or �0) phase
boundary is leaner in solute composition than its
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equilibrium counterpart. In comparing reactions
(1) and (2), we used a composition that falls in the
two-phase region. As the coherent �0 phase
boundary moves toward the Si3N4±AlN:Al2O3 line
[see Fig. 14 (a)], simple application of the lever rule
leads to the conclusion that the amount of the
transient coherent �0 should be more than the
equilibrium incoherent �0. This is exactly what was
observed in our experiments. In comparing reac-
tions (3) and (4), of the same two-phase composi-
tion, on the other hand, the shift of the coherent �0

phase boundary is along the Si3N4±AlN:Al2O3 line
and is not toward the R2O3:9AlN direction [see
Fig. 14 (b)]. Therefore, the relative positions of the
�0 line (Si3N4±AlN:Al2O3) and �0 boundary are
essentially the same and it does not create a sig-
ni®cant di�erence in the amount of phase upon
application of the lever rule (only the tie-line is chan-
ged). Indeed, as we mentioned earlier we failed to
observe a signi®cant change in the amount of �0-SiA-
lON in comparing reactions (3) and (4). Nevertheless,
XRD evidence of non-equilibrium �0-SiAlON with a
leaner Al and O composition was seen and this is
consistent with the above analysis. Finally, as the
transformation product grows in size during further
annealing, coherency is broken to relieve the strain
energy and after that the composition must be re-

equilibrated to approach the equilibrium value. In so
doing, both the amount and the composition of the
product phase revert to the ones expected for the
equilibrium phase diagrams. Presumably, this would
involve some solution-reprecipitation of the non-
equilibrium phase if solid state di�usion is too slug-
gish. Microscopic evidence of this aspect, however,
has not been collected in the present work and must
await future studies.
Interestingly, it has been reported in the literature

that when �-Si3N4 is used as starting powder to form
�0-SiAlON [reaction (2)], quite often the ®rst �0

grains are richer in Al and O than the overall com-
position,9,10 in contrast to our observation con-
ducted with �-Si3N4 starting powder. Since the free
energy of �0-SiAlON obviously decreases initially as
the amount of Al±O increases, the above observation
is consistent with the idea that �G is the controlling
factor for nucleation. The Al±O-rich composition
would then be possible if the early nucleation is
homogeneous in nature so that the coherency strain
is not an issue, or if �G for reaction (2) is initially so
large that it overrides the strain energy considera-
tion. On the other hand, the availability of a large
number of �-Si3N4 sites and the lower driving force
for reaction (3) can obviate these conditions. This
could then explain why heterogeneous coherent
nucleation is favored in our experiment.

5 Conclusions

. SiAlON formation using �-Si3N4 starting
powders proceeds faster than using �-Si3N4

starting powders, because of a higher driving
force for the less stable � powders.

. In two-phase reactions when both �0 and �0-
SiAlON form, the SiAlON phase that is
structurally similar to the majority of the
starting powders forms faster.

. Transient evolutions in the two-phase reac-
tions indicate that coherent nucleation on
isostructural sites occurs, giving an initial
composition that is leaner in solute than the
equilibrium composition.
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Fig. 14. (a) Schematic phase diagram showing equilibrium �0-
boundary and coherent �0-boundary (dashed line). In the two-
phase composition X the fraction of �0 is higher for coherent
�0 precipitation (XB/A0B>XB/AB). (b) Coherent tie-line of
�0-SiAlON (B0A0) and equilibrium tie-line of �0-SiAlON (BA).
The phase fraction is similar in both cases for the same com-

position X since AA0 is nearly parallel to BB0.
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