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Quantitative determination of the stability of
SiC whisker in reaction-bonded/hot-pressed
Si,N, composites by X-ray diffraction

S.T.J. CHEN, J. -M. YANG

Department of Materials Science and Engineering, University of California, Los Angeles,

CA 90024-1595, USA

A method was developed for the quantitative determination of weight fractions of the phases
in SiC whisker-reinforced reaction-bonded Si;N, composites using X-ray diffraction.
Composites with different amounts of sintering additives and whiskers were fabricated using
reaction bonding followed by hot pressing. The amount of whiskers remaining in each
composite after each processing stage was determined. In order to study the degradation
mechanism, the microstructural development after each processing step was examined using
scanning and transmission electron microscopy. Finally, the effect of sintering additives on the
microstructural development and whisker stability was also investigated.

1. Introduction

Silicon nitride-based ceramics are one of the most
promising classes of structural materials for high-
temperature applications [11. In particular, Si;N, bas
high strength at high temperature, good thermal stress
resistance due to the low thermal expansion coeffi-
cient, and good oxidation and corrosion resistance.
However, the critical factor limiting SizN, in struc-
tural applications is its tendency toward catastrophic
brittle failure, which reduces its reliability. One ap-
proach to substantially improve the fracture tough-
ness, strength and reliability is through the incorpora-
tion of second-phase reinforcements [2, 3]. SiC whis-
kers have been successfully incorporated into SizN,
matrix by various processing techniques such as hot
pressing, hot isostatic pressing and reaction bonding
[4-117. Tt is expected that the composite approach
would greatly improve the strength, toughness and
reliability of the monolithic Si;N,. However, only
some limited success in developing SiC whisker-re-
inforced SiyN, with improved strength and toughness
has been reported. Most of the works resulted in lower
strength and toughness for the composites than for the
monolithic Si;N,. The reduction of mechanical prop-
erties is attributed mainly to the processing flaws such
as porosity, whisker agglomeration and whisker de-
gradation [2, 4, 8, 10, 11]. A previous study indicated
that SiC whiskers served as growth sites for SizN,
during reaction bonding [12]. Substantial degrada-
tion of SiC whiskers in an Si;N, matrix also occurred
during sintering and hot isostatic pressing [12]. The
degradation of the SiC whiskers was mainly attributed
to surface impurities. The sintering additives used to
promote liquid phase may also affect the stability of
the SiC whiskers [12]. The degradation of the SiC
whiskers would ultimately affect the strength and
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toughness of the resulting composite. Up to now, very
little work has been conducted to quantify the amount
of whiskers remaining in the composite after each
processing stage. Quantitative analysis of phase con-
tent in a composite using X-ray diffraction (XRD) is
often very difficult because many variables such as
structure factors, absorption coeflicients, particle size,
and identification and resolution of diffraction peaks
for each phase contained have to be considered in
order to accurately determine the relative amounts of
each phase.

The purpose of this work was to establish a reliable
technique to determine the stability of SiC whiskers in
an SizN, matrix and to study the mechanism of
whisker degradation by quantitative X-ray analysis.
Particular emphasis was placed on determining the
extent of whisker degradation after each processing
stage.

2. Experimental procedure

2.1. Materials and processing

Commercial SiC whiskers produced by American
Matrix (Knoxviile, Tennessee) were used as reinforce-
ment. X-ray diffraction (XRD) analysis showed that
the whiskers contained 100% f-SiC phase. Al,0; and
Y,0; powders were introduced before the nitridation
stage as sintering additives. Different amounts of the
sintering additives were employed to develop three
types of SizN, matrix compositions, as listed in
Table 1. For Type 1 and Type 11 composites, the ratio
of Y,0; to Al,O5 was the same. However, the amount
of sintering additives in Type I composites was four
times that of Type II composites. Type III compos-
ites contained the highest total amount of sintering
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TABLE I The matrix compositions in different systems

Matrix system  Relative content (wt %)

SizN, Y,0, Al O,
Type I 91 . 8 1
Type 11 97.75 2 0.25
Type III 83 6 11

additives among all. The procedures for fabricating
these composites were as follows.

The Si powders (Kema Nord Industrukemi,
Sweden), with mean particle size of 4 um, along with
Y,0; and AL, O; powder (1 um) were first dry-milled.
The SiC whiskers were then introduced into the slurry
and dispersed through wet milling in isopropyl alco-
hol. The slurry was then dried, dry-milled and
screened. The resulting powder mixture was cold-
formed into 15 cm by 15 cm plates, with a thickness of
3 cm, using die pressing under 10 MPa at room tem-
perature. The powder compacts were nitrided in a
cold-wall, refractory metal furnace controlled by a
nitrogen demand system operating from 1100 to
1400 °C for about 192 h. A microprocessor was used to
keep the nitrogen partial pressure at 0.75 atm. To
assist the nitridation of silicon, the temperature was
programmed according to the nitrogen consumption
rate.

The nitrided preforms were then densified using hot
pressing under a pressure of 25 MPa at 1780°Cfor 2 h
in an N, atmosphere (0.8 atm). Before the composites
were taken out of hot pressing, an annealing was
performed by releasing the pressure at 1200 to 1400 °C
for 1 to 2 h to reduce the residual stress in the com-
posites. Composites with 10, 20, 30, and 40 vol%
of SiC whiskers were produced. Both scanning elec-
tron microscopy (SEM) and transmission electron
microscopy (TEM) were used to characterize the
microstructure of the composite after cach processing
stage.

2.2. XRD quantitative analysis

The specimens for X-ray diffraction analysis were
prepared from Type I, Type II, and Type III com-
posites. Standard samples for generating the X-ray
calibration curve were also prepared by mixing the
silicon nitride powders with 10, 20, 30 and 40 vol% of
SiC whiskers. All specimens were ground to fine pow-
der form (~ 300 mesh). Specimens were run in stand-
ard specimen holders on a diffractometer using mono-
chromatic CuK radiation. The scanning rate was
0.005°(20) s~ * and the counting time was 3s in order
to obtain enough intensity to measure.

Although existing crystal structure data are suffic-
ient for indexing powder patterns, they are generally
inadequate for use in developing a procedure for
quantitative analysis. Therefore, a computer simu-
lation program was developed to generate the XRD
pattern and the peak intensity which were based on
the best atomic parameters available. The procedures
adopted for quantitative XRD analysis are briefly
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described below. A detailed description of the XRD
quantitative analysis is given in Gazzara and Messier
[13]. For XRD quantitative analysis, preferred ori-
entation is one of the problems that cannot be avoided
in a specimen containing different grain morphologies
[14]. As a result, a normalizing factor is necessary to
correct the measured peaks for the phase having such
a problem. In order to do that, several peak intensities
simulated from computer program and those meas-
ured from XRD experiments for each phase in a
specimen were compared and analysed to obtain a
normalizing factor. This factor was then used to cor-
rect each measured peak intensity for that phase.
Finally, the corrected peak intensity of each phase was
used to calculate the amount of each phase in a
specimen.

The atomic parameters needed for computer-gener-
ated XRD intensity powder data for a- and B-Si;N,,
B-SiC, YSiO,N (K phase) and Y, (N,Si;O,, (H phase)
were obtained from the literature [ 15-18]. To minim-
ize the effects of preferred orientation and particle size,
selected peaks of ecach phase should be as many as
possible and should have good resolution, freedom
from overlap and sufficient intensity to ensure statist-
ical precision [13]. Therefore, the peaks selected for
phase a-SizN, were (101), (110),(200), (201), (102),
(210) and (301). The peaks for phase B-Si;N, were
(110),(200),(101) and (20 1). The peaks for phase p-
SiC were (111), (220) and (31 1). The peaks for phase
YSiO,N (K phase) were (002), (110), (112) and
(300). Peak (211) was selected for the Y, (N,SicO,,
(H phase).

3. Results

3.1. Simulated and measured XRD patterns
The computer-generated XRD patterns for a-SizN,,
B-Si;N,, B-SiC, YSiO, (K phase) and Y, ,N,Si;O,, (H
phase) are shown in Figs 1-5, respectively. The 20
positions and the R factors for those selected peaks in
each phase are also listed in Table II. The (h k) indices
of the strongest peaks in each phase simulated from
the computer program were (210} for «-SizN,, (101)
for B-Si;N,, (111) for B-SiC, (112) for K phase and
(211) for H phase. The corresponding values of R
factor were 9.099, 11.785, 38.566, 58.969 and 64.407,
respectively. All these patterns were very consistent
with those obtained from the Standard JCPDS Card
File. It was found that the R factor for peak (221) in
the H phase and peak (112) in the K phase are
approximately five times higher than that of the
strongest peak in o~ or B-SizN,. The R factor of the
peak (111) in B-SiC was three to four times higher
than that of the strongest peak in a- or B-SizN,.

3.2. Standard calibration curve

The equations used to calculate the phase content
were based on the perfectly random mixing condition.
Due to the difference in particle sizes between Si;Ny
grains and SiC whiskers and the effects of preferred
orientation and extinction, a standard calibration
curve has to be established in order to relate the
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TABLE 11 The 26 positions and corresponding R factor of selec-
ted peaks for each phase

Phase Peak 20 R factor
%-Si;Ng (101) 20.61 6.792
(110) 2294 4.142
(200) 26.55 3.792
(201) 31.03 7.655
(102) 34.60 6.397
210) ©35.37 9.099
(301) 43.52 3.065
B-Si,N, (110) 2338 4531
200) 27.06 11453
(101) 33.65 11.785
201) 41.39 4451
B-SiC (1 35.68 38.566
(220) 60.04 17.739
311 71.84 13.649
YSiO, (K Phase) 002) 19.50 17.568
(110) 25.37 30.687
112) 32.20 58.969
(300) 44.71 26.747
Yl ONZSiGOZA»
(H phase) 217 31.92 64.407

amount of SiC whiskers measured in a composite
specimen after nitridation and nitridation/hot-press-
ing to that of the SiC whiskers in the powder mixture
prior to processing. The standard calibration curve
would then ensure the analysed data to be reliable and
reproducible.
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As shown in Fig. 6, the plot of x/(I — x) versus x
gives the standard calibration curve, where x repre-
sents the amount of the SiC whiskers. The ratio
x/(1 — x) obtained from a composite was then referred
to the standard calibration curve to obtain the actual
amount of the SiC whiskers that remained in that
composite. The results obtained showed that the ac-
curacy of the XRD quantitative method was 91.5, 86.6,
82.2 and 81.8% for specimens containing 10, 20, 30
and 40 vol % SiC whiskers, respectively. This indi-
cated that the accuracy of the XRD quantitative
analysis decreases as the content of the SiC whiskers
increases. This may be due to the fact that SiC whis-
kers have a very long aspect ratio (~20 to ~100). As a
result, the approach to perfect random mixing condi-
tion in a composite would become worse as the SiC
whiskers content increased.

3.3. Analysis of phase content and
degradation of SiC whiskers

The crystalline second phase after nitridation in
Type I composites was found to be K phase. After hot
pressing, K phase transformed to H phase. However,
the K phase in Type 1 monolithic matrix remained
unchanged after hot pressing. For Type II composites,
the crystalline second phase was found to be the same
as that in Type I composites. In Type III composites,
3Y,0;-5A1,0, (YAG phase) was found to be the
crystalline second phase after both nitridation and hot
pressing. The relative amount of the K phase for
Type I composites was around 5 and 4 wt % after
nitridation and hot pressing, respectively. For Type II
composites, only a trace amount of K phase was
detected. The relative amount of the YAG phase in the
Type III composite cannot be determined due to the
lack of accurate atomic parameters for the YAG phase
unit cell. However, based upon the amount of
sintering additives used and the mole ratio of Y,O; to
Al,O; in the YAG phase, the amount of the YAG
phase should be less than 17 wt %. Also, the amount
of residual glassy phase could not be determined due
to the uncertain chemical composition of the glassy
phase. However, if the amount of the residual glassy
phase were counted, the relative percentage of each
phase would be lower.
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Figure 6 Calibration curve for the content of SiC whiskers (x) in
standard specimens.



Fig. 7 shows the degradation of SiC whiskers afte:
nitridation and after nitridation/hot-pressing for each
type of composite. Using the linear regression method,
the degradation of the SiC whiskers after nitridation is
around 27% and 5% for Type 1 and Type II com-
posites, respectively. For Type IIl composites, the
degradation range of the SiC whiskers was calculated
to be in the range of 22 to 36%, assuming the amount
of YAG phase was between 0 and 17 wt %. It was also
found that the amounts of the SiC whiskers measured
after nitridation and hot pressing were about the
same. This indicated that the degradation of SiC
whiskers occurred primarily during the nitridation
stage.

The ratios of B- to a-Si; N, after nitridation in these
three types of composite are listed in Table III. For
both Type 1 and Type Il composites the ratio was
around 1/5, while for Type III composites the ratio
rose to 2/1. This indicates that the degree of trans-
formation of a- to B-Si;N, in Type 111 composites is
around 10 times higher than that in both Type I and

0.35
0.30
0.25
0.204
0.151
0.10
0.05 1
0.00

—

0.0 0.1 0.2 0.3 04 05
{a) Volume fraction of initial SiC whiskers

Volume fraction of SiC whiskers

0.35
0.30 -~
0.25
0.20
0.15 -
0.10

005{ _~

0.00 — .
0.0 04 0.2 0.3 0.4 0.5
{b) Volume fraction of initial SiC whiskers

—

Volume fraction of SiC whiskers

0.30
0.25
0.20
0.15
0.10
0.05
0.000

Volume fraction of SiC whiskers

0 01 02 03 0.4 05
{c) Volume fraction of initial SiC whiskers

Figure 7 Experimental results and linear regression lines for
different composites, assuming 17 wt % YAG phase. {a) Type L
(®, ---) reaction-bonded; (3, —) reaction-bonded/hot-pressed.
{(b) Type II: (0, —) reaction-bonded. (¢) Type III: (&, - - -) reaction-
bonded; (<, —) reaction-bonded/hot-pressed.

TABLE I1I The B-SizN,/a-Si;N, ratio for Type I, Type II, and
Type I1I composites

Composite  B-/a-Si;N, ratio

10 vol % 20 vol % 30 vol % 40 vol % Average
Type [ 0.20 023 0.20 0.30 0.23
Type 1 0.18 0.21 0.21 0.20 0.20
Type I 2.10 1.05 2.24 2.06 1.86

Type Il composites. After hot pressing, a-Si;N, grains
were transformed completely to B grains.

3.4. Microstructural analysis

As shown in Fig. §, the whisker has a straight, rod-like
shape. The diameter was measured to be 2 to 5 pum,
and the aspect ratio ranged from 20 to 100. Typical
fracture morphologies of the Type I composites con-
taining 10, 20, 30 and 40 vol % SiC whiskers after
pitridation are shown in Fig. 9. The fracture mor-
phologies for all compositions of the Type IT and Type
IIl composites are similar. Figs 10 and 11 show the
typical morphologies for Type II and Type 11 com-
posites, respectively. As shown in Fig. 9¢, needle-like
and hump-like materials were located randomly on
the surface of the SiC whiskers. Similar morphology
was also observed in all types of composite. From the
results of Evans and Sharp [19] and Danforth
and Richman [20], these needle-like materials are
o-Si3N,  whiskers which are formed through a
vapour-liquid-solid mechanism [21]. The needle-like
a-Si;N, whiskers were frequently found at large
microvoids. However, at some small microvoids, these
needle-like «-Si;N, whiskers were also observed to be
merging into the surrounding matrix. For all Type II
and Type HI composite specimens, some degree of
pre-sintering occurred and the grain size of the Si;N,
matrix was large (~ 10 pm), as shown in Figs 10 and
11. For Type I composites, only the specimen contain-
ing 40 vol % SiC whiskers was observed to have the
same pre-sintering morphology and grain size as in
the Type IT and Type III composites. For the remain-
ing Type I composites, pre-sintering morphology was
not observed and the grain size of the Si;N, matrix
was very small (~1 pm). After hot pressing, a typical
microstructure of Type 1 composites containing
40 vol % SiC whiskers is as shown in Fig. 12. Three
different grain geometries cross-linked together were
observed: coarser rod-like B-SiC whiskers, and
equiaxed and rod-like B-SizN, grains.

A TEM micrograph of the initial SiC whiskers is
shown in Fig. 13. Typical stacking faults and the node
structure of the SiC whiskers were observed. However,
the TEM micrograph of the SiC whisker in Type I
composites containing 40 vol % SiC whisker after
nitridation indicated that the surface of the SiC whis-
kers was covered by a thin amorphous layer and that a
nucleation site of «-Si;N, was found on top of the
amorphous layer, as shown in Fig. 14. The growth of
needle-like a-Si;N, was also observed in Type I com-
posites containing 10 vol % SiC whisker, as shown in
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Figure 8 The SEM morphology of SiC whiskers.

Fig. 15. Similar morphologies were also observed for
all compositions in both Type IT and Type 11l com-
posites.

4. Discussion

4.1. Degradation mechanism of SiC whiskers
The XRD quantitative analysis clearly showed that
severe whisker degradation occurred after nitridation.
The possible degradation reaction is the nitridation of

the SiC whisker to form SizN,:
3SiC + 2N, = Si3N, + 3C

Thermodynamic calculations showed that the SiC
whisker would suffer degradation under the current
nitridation conditions {22, 23]. A previous study aiso
indicated that the SiC whisker degradation reaction
given by the above equation could be affected by other

Figure 9 The SEM morphology of Type [ composites containing (a)
10 vol %, (b} 20 vol %, (¢} 30 vol %, {d, e} 40 vol % SiC whiskers
after nitridation.



Figure 12 SEM morphology of Type I composites containing
40 vol % SiC whiskers after nitridation/hot-pressing.

factors [12]. For example, the existence of oxygen in a
nitrogen atmosphere will favour the degradation of
SiC whiskers to proceed by converting the elemental
carbon into CO. In addition, impurities on the surface
of the SiC whisker such as iron might act as a catalyst

Figure 13 TEM morphology of SiC whiskers.

to speed up the dissociation of SiC into silicon and
carbon. The silicon dissociated from the SiC whisker
can oxidize to form SiO or SiO,. Both reactions would
promote the consumption of SiC and lead to the
degradation of SiC whiskers.
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Figure 14 (a, b) TEM morphology of Type I composites containing
40 vol % SiC whiskers after nitridation, showing the nucleation of
a-SizN, needles.

Figure 15 TEM morphology of Type I composites containing 10
vol % SiC whiskers after nitridation, indicating the growth of o-
Si;N, needles.

Based upon the microstructural observations the
possible degradation processes of the SiC whiskers
can be deduced as follows:

(a) Initially, nucleation of a«-Si;N, on the SiC
whisker surface occurs. As suggested by Boyer and
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Moulson [24], the surface impurities, especially iron,
will catalyse the nitridation of the SiC whisker by
devitrifying and/or removing the oxide layer covering
the SiC whisker surface. This would result in the direct
exposure of the underlying SiC whisker to the ni-
trogen environment. Therefore, at certain local spots
on the surface of the SiC whiskers, supersaturation of
o-Si; N, will be reached and a spherical origin will be
formed [19, 20]. This whisker origin acts as a nucle-
ation site for the growth of the a-Si;N, needies.

(b) Secondly, the growth of «-Si;N, needles occurs
either by the transportation of nitrogen into the whis-
ker origin where it condenses in the liquid and reacts
at the solid-liquid interface to form silicon nitride, or
by the deposition of a-Si;N, from the nitridation of
the silicon powder on the nucleation sites.

This degradation process is verified by the presence
of the randomly orientated tiny, rod-like «-SizN,
grains grown from the surface of the SiC whiskers. As
observed in Figs 9-11, it was found that nitridation of
the SiC whiskers always occurred locally at the large
pores which can be regarded as a reaction chamber.
Nitrogen gas can diffuse into this chamber to react
with silicon vapour to form o-Si;N, which is then
deposited on to the nucleation sites. Oxygen can also
diffuse in to react with elemental carbon to form CO
and/or CO,, which will promote the nitridation reac-
tion of SiC whiskers.

After hot-pressing, minor further degradation of
SiC whiskers was found. This can be explained by the
fact that the nitrogen source, which promotes the
degradation of SiC whiskers, was cut off because the
open pores and interconnected microvoids generated
during nitridation were closed during hot pressing.
The diffusion of nitrogen into the material was diffi-
cult and/or the diffusion paths became much longer.

4.2. Effect of sintering additives on
microstructural development and
whisker stability

The results obtained indicate that the extent of whis-

ker degradation and microstructural development

among the three types of composite are different. This
may be due to the difference in the amounts of
sintering additives, which in turn will affect the
amount and viscosity of the liquid phases during
processing. The phase diagram for the SiO,-

Y,0;-Al,0; ternary system is shown in Fig. 16 [25].

Based upon the ratio of Y, 05 to Al,O,, the possible

locations of the eutectic temperature would lie on line

A for both Type I and Type II composites and line B

for Type III composites. This indicates that the pos-

sible eutectic temperatures for both Type I and Type

IT composites could be in the range from 1345 to

1740 °C, depending on the amount of SiO, relative to

the total amounts of Y, 03 and Al,O;. For Type III

composites, the possible eutectic temperatures will be

independent of the SiO, content, always being lower
than 1400°C. A possible source of SiO, may be from
the surfaces of the SiC whiskers and silicon powders.

As a result, the SiO, content and, hence, the eutectic

temperature will vary as the composition of the com-
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posite changes. If impurities were involved in the
Si0,~Y,0,-AlL,05 ternary system, the eutectic tem-
perature would be lower [1]. Under the current nitri-
dation temperatures, most of the sintering additives of
Type III composites will react with SiO, to form a
liquid phase. Therefore, the amount of liquid phase
formed in Type III composites will be high. However,
for both Type I and Type II composites, only local
areas where the content of SiO, is high will have the
capability to form a liquid phase. The liquid phase
formed during nitridation acted as the medium
through which the transformation of a- to $-Si;N,
could proceed by a solution—diffusion—precipitation
mechanism. As shown in Table III, Type III com-
posites have a - to 9-SizN, ratio of 2, which is five
times higher than that in both Type I and Type II
composites. This indicates that the amount of liquid
phase in Type III composites was much higher than
that in both Type I and Type II composites during
nitridation.

The morphologies in Figs 10 and 11 show that
pre-sintering behaviour occurred in all compositions
of the Type II and Type III composites. Only the
40 vol % of SiC whiskers in the Type I composite
exhibited such a pre-sintering phenomenon. For Type
IT composites, the pre-sintering morphology could be
explained by the small amount of sintering additives
relative to the SiO, content which reduced the eutectic
temperature. As a result, most of the sintering addi-

tives could be melted and the viscosity of the liquid
phase became low. The total amounts of sintering
additives in Type I composites are four times higher
than in Type Il composites. Therefore, higher eutectic
temperatures are expected. The fact that pre-sintering
was observed only in Type I composites containing
40 vol % SiC whiskers indicated that its eutectic tem-
perature was lower than those of other compositions
in Type I composites. Hence, the amount of liquid
phase was higher for 40 vol % than for other composi-
tions in Type I composite. This can also be confirmed
by the higher B- to a-Si;N, ratio in the 40 vol %
composite.

Based upon the degradation mechanism of the SiC
whiskers during nitridation, the nitridation of the SiC
whiskers can be more favourable if the reaction prod-
uct, Si;N,, is consumed by being involved in other
reactions or by being dissolved into the surrounding
matrix. As mentioned previously, the crystalline sec-
ond phase was K phase for both Type I and Type Il
composites and YAG phase for Type 111 composites.
The formula for K phase, 2Y,0, - SizNy - SiO,, indic-
ates that Si;N, was involved in forming the K phase.
The amount of K phase in Type II composites was
only a trace. This can explain why only 5% degrada-
tion of the SiC whiskers occurred in Type II com-
posites. Compared with Type II composite, 27% de-
gradation of the SiC whiskers occurred in Type [
composites in which the amount of K phase was
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around 4 wt %. For Typeé III composites, the formula
for YAG phase is 3Y,0; 5A1,0,, indicating that
SizN, was not involved in forming YAG phase; how-
ever, the large amount of liquid phase and its low
viscosity could dissolve some of the a-Si;N, grown on
the surface of the SiC whiskers. This could promote
further degradation of the SiC whiskers in the Type III
composites.

5. Summary and concluding
remarks

[. The XRD quantitative analysis developed here is
a rapid and accurate method to determine the phases
in SiC whisker reinforced reaction-bonded/hot-
pressed Si;N, composites. The accuracy of the XRD
quantitative method was 91.5, 86.6, 82.2, and 81.8%
for the standard specimen of known compositions of
10, 20, 30 and 40 vol % SiC whiskers. This procedure
may be useful for analysing phases of other ceramic
mixtures.

2. The degradation of SiC whiskers is affected by
surface impurities on the SiC whiskers, the amount of
initial sintering additives, and the crystalline second
phase formed in the matrix during nitridation. Most of
the degradation of SiC whiskers was found to occur
during nitridation.

3. The degradation process can be described as
follows: (i) nucleation of «-Si;N, occurs initially at
certain local spots on the surface of the SiC whiskers,
the supersaturation of o-Siy N, is reached and a spher-
ical origin formed at those spots; and (ii) the growth of
the a-Si; N, needles proceeds either by the transport of
nitrogen into the whisker origin to form silicon nitride
or by the deposition of 0-Si;N, from nitridation of the
silicon powder on the nucleation sites.
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