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Analysis of the a to p phase transformation in
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The « silicon nitride—f sialon phase transformation in the Y-Si—-Al-O-N system was
investigated by transmission and scanning electron microscopy and X-ray diffractometry using
samples which contained up to 40% liquid-forming components at temperatures between
1500 and 1600 °C. Completely dense samples suitable for TEM analysis, in which the o to
transformation could be examined, were prepared using hold times as short as 5 min under a
nominal uniaxial pressure followed by rapid cooling. Spheroidal, partially dissolved, a silicon
nitride grains, together with acicular grains of j sialon, were observed in a glass phase
containing a very low nitrogen content (undetectable by electron microprobe analysis). This
absence of nitrogen build-up in the liquid phase between the dissolution and precipitation
sites during the o to B transformation indicates that the diffusion of nitrogen through the
liguid phase is extremely rapid. Nucleation of the 3 sialon was almost entirely homogeneous
and the unconstrained nature of the liquid environment resulted in growth of defect-free f
sialon grains with curved growth fronts perpendicular to the ¢-axis. The technique described
allows direct observation of the effect of various additives on the o to B phase transformation.

1. Introduction

There are basically three stages to the densification
process which occurs during the liquid-phase sintering
of ceramic materials [1]. These are initial particle
rearrangement, a second stage in which material is
transported either by diffusion at the contact point of
neighbouring grains or by a dissolution-reprecip-
itation process in the liquid phase and finally by
elimination of closed porosity. In the second stage, the
growth of material is controlled either by the rate at
which atoms leave or enter the solid/liquid interface,
or by the rate at which the dissolved atoms diffuse
through the liquid. The kinetics of the dissolution—re-
precipitation process are determined by such factors
as the composition and amount of liquid phase pre-
sent at the sintering temperature and the heating
pattern used. This, in turn, influences the microstruc-
ture and hence mechanical properties of silicon ni-
tride-based ceramics.

Most commercially produced silicon nitride ce-
ramics contain less than 15vol % grain-boundary
glassy phase and hence low volume fractions of liquid
phase during sintering. When the volume fraction of
liquid is low, the theoretical analysis proposed by
Wagner [2] for grain growth by dissolution—
reprecipitation processes must be amended. Ardell [3]
showed that by using an adjusted rate constant which
takes into account the volume fraction of liquid pre-
sent, when the proportion of liquid is small, the two
growth processes yield very similar particle-size dis-
tributions. This assumes non-touching conditions and
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also that the precipitated material is spherical in
nature.

In real materials, e.g. low-oxide additive content f
sialon ceramics where the liquid phase is minimal,
frequent grain contact must be assumed and there is
the additional complicating factor of a preferential
growth direction parallel to the c-axis of the P unit cell.
This makes theoretical modelling extremely difficult
and indicates the need for some basic data on the
kinetics and form of the o to P transformation. Al-
though a significant volume of research has been
conducted into the densification and transformation
mechanisms which occur during sintering in_such
ceramics [4-10], the « to B transformation has never
been directly imaged using high-magnification trans-
mission electron microscopy. Investigation of the
dissolution-reprecipitation process at relatively low
temperatures (1500-1600°C) with short hold times
(5-30 min) at temperature by TEM is extremely diffi-
cult for low glass content silicon nitride ceramics, due
to formation of highly porous and hence low-strength
sintered material from which preparation of good
TEM samples is virtually impossible. Sufficiently
dense samples for TEM can be obtained by sintering
at temperatures as low as 1500°C with just a 5 min
hold at temperature if approximately 40% liquid-
forming components are incorporated into the mater-
ial. This high liquid and hence glass content also
separates the reactant o silicon nitride from the pre-
cipitating B sialon which makes analysis of preci-
pitation sites and rate of dissolution and pre-
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cipitation easier. Samples with a composition situated
between the § sialon and glass-forming phase regions
of the Y-Si-Al-O-N system were prepared and
analysed.

2. Experimental procedure
Three compositions (A, B and C) consisting of high
glass content P sialon materials were prepared by
mixing « silicon nitride (Ube SN E-10), alumina (Sumi-
tomo chemicals, AKP-50), yttria (Nippon yttrium
Co.) and silica (Nipsil) powders in a ratio which, under
high-temperature equilibrium conditions, ie. 1750 °C
for 1 h, would yield 50:50, 60:40 and 80:20 mixtures
of B sialon and Y-sialon glass, respectively. The com-
positions investigated are shown in Table 1. Fig. 1
shows the quaternary behaviour diagram of the
Y-Si-Al-O-N system at 1750 °C, with the positions of
sample B shown, together with the relative positions
of the B sialon and glass-forming regions.

The reagents were mixed in a silicon nitride ball mill
using media of the same material and acetone as the

TABLE I Composition of P sialon: glass composites investigated

Sample Composition (wt %) B: glass ratio
SizN, Y,0, AlLLO;  SiO,

A 63.3 207 14.6 14 80:20

B 44.6 359 12.0 7.5 60:40

C 37.1 420 109 10.0 50:50

Test
composition

Figure 1 Relationships in the Y-Si-Al-O-N system.
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mixing medium. After drying the powder, 3 g, 18 mm
diameter disc compacts were prepared by uniaxial
pressing. These were inserted into a small hot-pressing
graphite dic with an outer diameter of 40 mm and
inner bore of 20 mm. The compact was surrounded by
BN powder to prevent reaction with the die. This
assembly was then placed into a tungsten mesh ele-
ment furnace and a pressure of 1 MPa was applied by
a feedback-controlled hydraulic loading apparatus.
Rapid heating and cooling rates of 100°C min ! to
and from heat-treatment temperatures between 1500
and 1600°C with hold times between 5 and 80 min
were used so that the o to B transformation could be
observed at various stages during the sintering pro-
cess. Phase analysis was performed by CuK, X-ray
diffractometry, referring to all 20 reflections between
10° and 80°, although in Fig. 6 (see later) only the
section of the XRD traces between 30° and 40° are
shown for simplification. Samples were thinned using
an argon ion-beam miller for TEM observation and
polished and plasma etched for SEM studies. Com-
positional analysis was performed using energy dis-
persive X-ray analysis (EDAX) in STEM mode with a
windowless detector so that oxygen and nitrogen
analysis could be performed.

3. Results and discussion

3.1. Samples with different p: glass ratios

Fig. 2 shows a scanning electron micrograph of
a plasma-etched, low glass content f sialon mater-
ial. The B grains are situated in a continuous
Y-Si-Al-O-N glass phase of bright contrast. The
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Figure 2 Scanning electron micrograph of a plasma-etched low
glass content f sialon ceramic.

Figure 3 TEM dark-field image of Sample A hot pressed at 1600 °C
for 1 h.

microstructure is typified by a bimodal grain size
distribution with imperfect hexagonal grains formed
by impingement of neighbouring grains during the
growth stage of the sintering process. Even in higher
glass content composites, for example Sample A, the
75:25 B sialon: glass material shown in Fig. 3, where
the “entrapped” grain phenomenon described by
Hwang and Tien [7] is not prevalent, the micro-
structure is confused, making analysis difficult. Sam-
ples B and C, containing 50% and 40% glass-forming
components, respectively, contain sufficient matrix
phase to separate the reactants and products of the «
to B transformation to allow-unimpeded analysis to be
performed.

During heat treatment, the applied pressure was
maintained at a low value (1 MPa) so that material
was not extruded from the graphite jig, but was
sufficient to obtain dense samples by preventing de-
composition due to evolution of SiO and N, gases.
Attempts to pressureless sinter such high liquid-
forming compositions resulted in extremely bloated

Figure 4 TEM dark-field image of Sample B hot pressed at 1600 °C
for 10 min.

material which could not be analysed by TEM. The
bloating, which has also been noted by Loehman [11]
during preparation of high nitrogen content glasses,
was a result of decomposition based on the reaction

Si;Nye + 3Si0,, — 6Si0y, + 2Ny, (1)

Application of a uniaxial pressure to the sample dur-
ing heat treatment can reduce the evolution of SiO
and N, and so allow dense samples to be prepared.

Fig. 4 shows a dark-field TEM image (illuminated
using the amorphous halo in the electron diffraction
pattern) of Sample B, the 50: 50, B: glass-forming com-
posite. This sample was hot pressed at 1600°C for
10 min and contains three distinct phases. The light-
grey matrix is a Y-Si—Al-O-N glass, the (apparently)
rectangular and hexagonal grains are sections through
the acicular f§ sialon parallel and perpendicular to the
c-axis and the rounded particles are « silicon nitride.
The specifications of the o silicon nitride powder
indicate that the maximum particle size is 3 pm with a
mean of 0.5 um. The particles shown in the micro-
graph and observed elsewhere in the sample were all
under 0.5 um, indicating that a significant amount of
dissolution had occurred. A higher magnification
TEM image and corresponding X-ray spectra of the
same sample are shown in Fig. 5. The rounded nature
of the o silicon nitride particles, which is due to the
dissolution of silicon and nitrogen from the surface,
indicates that there are no preferential dissolution
sites, although the mottled contrast of the grain in the
centre of the TEM image in Fig. 5a, may indicate
some preferential dissolution on the atomic scale.

The EDAX spectrum shown in Fig. 5c¢ indicates
that the diffusion of nitrogen species through the
liquid phase must be extremely rapid because the
spectrum taken during point analysis of the glassy
phase (analysis point marked by an asterisk) indicates
an almost zero nitrogen content (N.B. the carbon peak
results from the coating the sample was given to
prevent charging during STEM analysis).
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Figure 5 Sample C hot pressed at 1600 °C for 10 min. (a) Bright-field TEM image, (b) dark-field TEM image, (c) EDAX spectrum for the
region marked with an asterisk, (d) EDAX spectrum for a §§ sialon grain, {¢) EDAX spectrum for the rounded particle in {a) and (b}.

3.2. Effect of heating time and temperature

Two hot-pressing temperatures, 1500 and 1600 °C,
were selected, because they bound the temperature
range in which B sialon is known to nucleate and grow
[12]. The lowest temperature at which dense samples
suitable for TEM analysis can be prepared is limited
only by the eutectic temperature of the system in
question. In this case, the eutectic temperature in
the Y,0,-Al1,0,-SiO, system lies at approximately
1350°C [13]. Once these three oxide components
react, rapid liquid-phase densification can occur
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by viscous flow leading to production of low-por-
osity samples containing non-equilibrium unreacted
material.

The X-ray diffraction results for Sample B hot
pressed at 1500 and 1600 °C with hold times between
5 and 80 min at temperature, are shown in Fig. 6. At
1500 °C, traces of B sialon were observed after only a
S min hold. The majority of the « silicon nitride had
not dissolved in the liquid and densification had been
achieved by viscous flow of the liquid phase formed by
reaction of the oxide components. The o/f ratio
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Figure 6 XRD traces of Sample C hot pressed at 1500 and 1600 °C with hold times from 5-80 min.
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Figure 7 Dark-field transmission electron micrograph of B-phase
crystallites in Sample C.

gradually decreased with time and after 40 min the
proportion of B phase was greater than that of the o
silicon nitride reactant. The large peaks observed
at 32.5° and 36.7° 20 are the (102) and (004) reflec-
tions corresponding to an aluminium-containing
a-wollastonite phase known as B-phase [14] which
has a composition in the range Y,SIAIO;N to
YSi, 3Al, 2O, ;N 5. It has a hexagonal crystal nature
and is situated in the glass-forming region of the
Y-Si-Al-O-N system, hence its formation by de-
vitrification can easily occur with very little atomic
rearrangement. The high intensity of the (004) reflec-
tion ‘indicates a high degree of preferential growth
parallel to the c-axis of the B-phase crystallites.
Boskovic and Kostic [15] noted that crystallization of
the B-phase (termed by him as N-phase) occurred
during slow cooling in the temperature range
1100-900°C. A region containing partially devitrified
B-phase is shown in Fig. 7, where a magnified region
of the crystallite swarms, which measured up to
100 um long, can be seen. The B-phase appears to
have grown around both the dissolving a silicon
nitride and growing P sialon grains. The presence of B
grains inside or partially penetrating the B-phase
suggests that devitrification occurred during cooling
even though the observed cooling rate was rapid
(100°Cmin~*!) which suggests that the B-phase
formation does not impede the « to B transformation
at the hold temperature.

At 1600°C, even with the shortest hold time at
temperature (5 min), considerable o silicon nitride had
dissolved into the liquid phase and P sialon pre-
cipitated. With a 20 min hold at 1600 °C, the « silicon
nitride had completely dissolved and the proportion
of B sialon had greatly increased. These results agreed
with the findings by one of the present authors [12], of
the f sialon formation temperature between 1500 and
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1600 °C. The ratio of the intensities of the two strong-
est B sialon reflections at 33.6° and 36.0°, the (101)
and (2 10) peaks, respectively, I,,;:15,9, decreases as
the hold time at temperature increases. This indicates
an anisotropic nature of the growth of the B sialon
grains, i.e. initially equiaxed, with an increase in the
c/a aspect ratio after longer reaction times. B-phase is
also present in these samples; however, the relative
proportion is much less than in the samples heat
treated at 1500 °C. This is most probably related to the
difference in liquid composition at the two temper-
atures, L.e. a reduced aluminium content at 1600 °C.

Nucleation and growth of the B sialon and dissolu-
tion of the « silicon nitride are shown in the TEM
images in Fig. 8 for Sample C hot-pressed at 1600 °C.
These TEM data correlate well with the XRD results
concerning the change in the c/a ratio of the B sialon
with time. Nucleation of the  phase appears to have
been completely homogeneous in the liquid phase
formed by the reaction between the yttria, alumina
and silica components in the starting material, with
the « silicon nitride supplying the nitrogen and the
majority of the silicon species necessary for j sialon
precipitation. All the B sialon grains precipitated at
both 1500 and 1600 °C sectioned parallel to the c-axis
have rounded ends. This phenomenon is related to the
difference in growth rates parallel and perpendicular
to the c-axis and also to the strain-free liquid environ-
ment in which the grains were precipitated and have
grown [6]. This rounded growth front is not usually
seen in the low glass content sialon ceramics, see
Fig. 1, due to impingement of the surrounding f
grains.

4. Conclusions

Analysis of the « to P phase transformation which oc-
curs in silicon nitride-based ceramics was made pos-
sible by TEM and SEM using materials containing
high proportions of liquid-forming additives. This
allowed production of dense samples containing par-
tially transformed « silicon nitride and also separated
the dissolving and precipitating grains making ana-
lysis easier.

Pictographical evidence of the o to B phase trans-
formation was attained which showed dissolving o
silicon nitride particles together with precipitating f
sialon crystallites. There appeared to be no preferen-
tial dissolution sites on the o silicon nitride particles.

Diffusion of nitrogen through the liquid phase be-
tween the dissolving o and precipitating § phases must
be extremely rapid, because negligible nitrogen was
detected in the glassy matrix.

This TEM analysis technique can be used to invest-
igate the effect of different densification oxides on the
microstructure of B phase and other sialon materials.



Figure 8 Transmission electron micrographs of Sample C hot-pressed at 1500 °C for (a) 5 min, (b) 10 min and (c) 20 min, and at 1600 *C for (d)
5 min, {e) 10 min and (f) 20 min.
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