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The effect of a catalyst, nickel ferrite, on the formation of SiC whiskers from porous bodies containing polycarbo-
silane and milled carbon fibers was studied. SiC whiskers were deposited at above 1373 K from porous bodies having
a catalyst, while noodle-like SiC products were obtained at above 1473 K from porous bodies having no catalyst. A
scanning electron-microscopic analysis and an energy-dispersive X-ray analysis revealed that SiC whiskers were formed
via a vapor-liquid—-solid process. An X-ray diffraction measurement revealed that the whiskers consisted of £-SiC, and
that their crystallinity was significantly high in spite of the heating temperature (1373 to 1623 K). Based on changes in
the infrared absorption spectra and gas-evolution curves during the heating process, it was presumed that the pyrolyzing
process of polycarbosilane in the two kinds of porous bodies, one with a catalyst, and the other without a catalyst,
remarkably resembled each other. SiC whiskers were proved to grow remarkably with decreasing the Si—~O bondings by
infrared spectroscopy and a chemical analysis. It could therefore be presumed that the formation mechanism of the SiC
whiskers was analogous to that of silica—carbothermal reduction.

SiC whiskers have been attracting attention as a reinforc-
ing material for use in plastics, metals and ceramics,' be-
cause they are fine and have a mechanical strength close to
the theoretical level. Therefore, many studies on the forma-
tion of SiC whiskers have been performed.

On the other hand, since an investigation by Yajima* of a
precursor for SiC fibers, numerous new organometallic poly-
mers have been developed as precursors for many kinds of
non-oxide ceramics: SiC, SizNy, TiN, AIN, BN etc. Espe-
cially, polycarbosilane (PCS) as a precursor for SiC ceramics
has been widely studied by many researchers.>~’ For exam-
ple, Hasegawa and Okamura® studied the pyrolysis of PCS
for SiC fibers and the structure of SiC fibers. In their papers
they described that the decomposition of Si—H and C—H in
SiCHj3 and Si—CH,-Si bonds, such as dehydrogenation and
demethanation, converts PCS into an inorganic structure with
a network and a three-dimensional structure. In other words,
the pyrolysis of PCS into SiC fibers followed a typical solid-
state reaction process.

We previously reported® that SiC whiskers were formed
by heating in Ar gas of a porous body produced by poly-
merization and drying a polymerizable W/O-type emulsion
containing PCS and milled carbon fibers. Furthermore, from
aSEM observation, in which a spherical part was observed on
the whiskers’ edge, it was revealed that SiC whiskers were
formed via the vapor-liquid—solid (VLS) process. Thus,
SiC whiskers prepared from PCS were formed by a mecha-
nism basically different from that for the pyrolysis generally
adopted for the syntheses of SiC fibers from PCS. The dif-
ference was that the former mechanism involved a vapor-

phase reaction.

Several authors have studied the VLS growth process of
SiC whiskers. Milewski et al.’° studied the SiO—CH,—H,
system with stainless-steel particles used as a catalyst and
Bootsma et al.!! studied the SiO,—C—H, system with iron
used as a catalyst. Thus, it is well known that the preparation
of SiC whiskers via the VLS process needs a catalyst which
acts as a liquid (L). Consequently, it was assumed that in our
previous system® there was a metal contaminant which acted
as a catalyst for the formation of SiC whiskers via the VLS
process.

The objectives of this study were to specify the metal
contaminant and to clarify the difference in the pyrolysis
process of PCS and the formation process of SiC in both the
presence and absence of a catalyst.

Experimental

Materials. Commercial polycarbosilane (PCS, Nippon Carbon
Co., Ltd.) was used. The milled carbon fibers (MCF, Pitch-based,
Nippon Sheet Glass Co., Ltd.) were approximately 13 pm in diam-
eter and 200 um long. The styrene (St), trimethylolpropane trimet-
acrylate (TMPT, Shin-Nakamura Chemical Co., Ltd.) and sorbitan
sesquiolate (SSO, Kao Corporation) used in this study were of in-
dustrial grade. The ammonium peroxosulfate (APS, Wako Pure
Chemical Industries, Ltd.) was a special reagent grade. The diiron
nickel tetraoxide (NiFe;O4, Nickel ferrite, Soekawa Chemicals)
had a purity > 99.9%.

Preparation of Porous Bodies. MCF was treated with a
2 mol dm~2 HCl solution in order to remove any metal contami-
nant. NiFe,O4 (0.05x1073 kg) was mixed with HCl-treated MCF
(10x 1073 kg) in an alumina mortar. A mixture of St (6.4x 107> kg),
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TMPT (1.6x1072 kg) and SSO (2.0x 1072 kg), as the emulsifier,
was stirred uniformly in a 200 ml polyethylene beaker equipped
with a motor-driven propeller stirrer (50 mm in diameter). PCS
(2.0x 1073 kg) was dissolved in the above mentioned solution with
additional stirring. A mixture of HCl-treated MCF and NiFe;O4
was added while the solution was being stirred, and a paste was
formed. APS (0.08x107° kg), as a polymerization initiator, dis-
solved in water (20.0x 1072 kg), was slowly added to the paste with
vigorous stirring in order to prepare a W/O type emulsion.

The W/O type emulsion was sealed in a glass test tube (15.6
mm in diameter and 180 mm long) with a silicone rubber plug, and
heated at 333 K for 43.2 ks for polymerization. After being taken
out of the test tube, the polymer was further heated and dried at 333
K for 86.4 ks in order to prepare a porous body by evaporating the
water formed as a dispersed phase.

Heating of Porous Bodies. = The porous body was first pre-
heated at 823 K for 18.0 ks in a box furnace with a retort (Koyo
Lindberg Co., Ltd., Model 51442) in a flow of nitrogen gas at a rate
of 1.67x107> m’ s~ in order to remove any organic components
produced from St, TMPT, and SSO. The pre-heated product was
further heated after having been transferred to an atmospheric fur-
nace (Fuji Denpa Kogyo Co., Ltd., FVS-R-80/60 FRET-10), at a
various temperatures for 18.0 ks in a flow of argon gas at a rate of
0.83x10° m’s™.

Measurement.  Chemical analyses of the metal contaminant
were carried out using inductively coupled plasma (ICP) emission
spectroscopy (SPS 7000 Plasma Spectrometer, Seiko Instrument).
A thermogravimetric analysis (TGA; SSC/5200 TG/DTA220, Seiko
Instrument) was performed on the MCF. The product was observed
using a scanning electron microscope (SEM; JSM-5410LV, JEOL).
An energy-dispersive X-ray (EDX) analysis (JED-2110, JEOL) was
carried out on the spherical part of the whiskers. An infrared spectra
measurement (IR; 1720-X, Perkin Elmer) and an X-ray diffraction
(XRD) analysis (TW-1700, Philips, CuKa, 40 kV, 40 mA, 10—
80° of 26 at 0.05° s™!) were performed on the products. A step
scanning method (57—63° of 20, step size 0.01° of 26, counting
time S sstep™ 1) was used to estimate the full width at half maximum
and the intensity of the (220) diffraction line of £-SiC. The gases
released from the porous bodies under heat were determined using
a Pirani vacuum gauge, where the porous bodies were heated in
a vacuum to follow the system pressure. The silicon and oxy-
gen in the products were analyzed using alkali fusion/ICP emission
spectroscopy and combustion/infrared absorptiometry, respectively.

Results and Discussion

Chemical Analysis of MCF. By ICP emission spec-
troscopy and TGA it was proved that the MCF was contam-
inated with ca. 1800 ppm of iron and ca. 490 ppm of nickel,
and that the ash content of the MCF was ca. 3400 ppm. It
was considered that iron and nickel were mixed in the MCF
while manufacturing them. Thus, we examined the effect
of iron, di-iron trioxide, nickel, nickel monooxide, and their
mixtures on the formation of SiC whiskers from PCS. How-
ever, we could not find any sufficiently effective material as
a catalyst. Next, we examined the effect of the ash of MCF
on the formation of SiC whiskers from PCS. As a result, it
was proved that the ash of MCF is a very effective material
as a catalyst. Figure 1 shows the XRD pattern of the ash of
MCF. From Fig. 1 the ash of MCF can be seen to compo-
rise NiFe;Oy4 (travorite) and Fe, O3 (hematite). From these
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Fig. 1. XRD pattern of the ash of MCF.

results, we adopted NiFe, Oy as a catalyst (0.5 wt% to MCF)
for the formation of SiC whiskers.

SEM Observation and EDX Analysis of Products. The
heating of a porous body containing PCS, HCl-treated MCF,
and NiFe, Q4 (porous body A) in Ar at 1473 K for 1 h resulted
in the formation of SiC whiskers having a spherical part on
their edge. Figure 2 shows a SEM photograph of a whisker
(Fig. 2(a)) and the EDX spectrum of the spherical part of
the whisker (Fig. 2(b)). These observations revealed that the
spherical part on whisker’ s edge comprised nickel and iron
derived from NiFe,0,.This means that the formation of SiC
whiskers from porous body A proceeds via the VLS process.

Figure 3 shows SEM photographs of heated porous body
A and a heated porous body containing PCS and HCl-treated
MCEF (porous body B) at 1373 to 1573 K for 5 h. In the case
of porous body A, whiskers were deposited at 1373 K and
grew significantly with increasing the heating temperature.

On the other hand, in the case of porous body B, no
whiskers were deposited at 1373 K. At 1473 and 1573 K,
however noodle-like products were obtained.

It was concluded from these observations that the re-
quirement of certain impurities, for example NiFe,Oy4, for
whiskers’ growth and the absence of whiskers’ growth
without impurities, were of great significance in our
PCS-MCF-Ar system.

IR Spectra Measurement. Figure 4 shows the IR
spectra of heated porous body A. At 873 K, the characteristic
absorption bands of PCS'? at 2950 and 2900 cm~! (C-H
stretching), 2100 cm™' (Si—H stretching), 1410 cm™! (C-H
deformation of Si—-CHjs), 1355 cm~! (CH, deformation of
Si—-CH,—Si), and 1260 cm™! (Si—CHj3 deformation) were
scarcely observed, while bands at 3340, 1045, 820, and 460
cm~! were observed. The 820 cm™! band corresponds to the
Si~C stretching vibration. The 460 cm~! band corresponds
to the deformation vibration of O—Si—0O," which suggests
the presence of a Si—O bond in the product, either as cross-
linked oxygen or as free SiO,. The absorption band at 1045
cm™! is considered to result from the peak related to the Si-O
stretching vibration (1080 cm™!)," caused by the formation
of a Si—O bond in the product, which overlaps the peak
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Fig. 2. SEM photograph of SiC whisker obtained by the

heating at 1473 K for 1 h (a) and EDX spectrum of the
spherical part of the whisker (b).

at 1020 cm™! (CH, wagging of Si-CH,-Si). The broad
band around 3440 cm™! resulted from a superposition of
the vibration bands of the hydroxyl group of Si-OH and
stretching vibrations of the adsorbed water molecules.

Up to 1373 K, the absorption spectra changed with a slight
decrease in the ratio of the absorbance at 1045 cm™! to that
at 820 cm~!. The absorption bands at 1045 and 460 cm™~!
were not observed at all at 1473 K, or at higher temperatures,
at which the whiskers grew noticeably.

The changes in these IR spectra were very similar to those
of a heated PCS+MCF porous body (porous body C),’ which
involves nickel and iron as metal contaminants.

Figure 5 shows the IR spectra of heated porous body B.
The changes in these IR spectra are very similar not only
to those of the heated porous bodied C, but also to those of
heated porous body A.

From these results, it is presumed that the pyrolyzing proc-
esses of PCS in these three porous bodies remarkably resem-
ble each other.

XRD Measurement. Figure 6 shows the XRD patterns

Bull. Chem. Soc. Jpn., 72, No. 7 (1999) 1609

of porous body A heated at 1273 to 1623 K for 5 h. The broad
diffraction peaks at 20 =23.8 and 43.6° ' are due to MCF in
the heated porous body. At 1373 K, three diffraction peaks
at 20 =35.7, 60.1, and 71.9° are slightly observed besides
the broad peaks due to MCF. These are the (111), (220), and
(311) diffraction lines of 5-SiC. At 1473 K, these three peaks
are apparently observed and two new peaks at 20 =33.7 and
41.3° are observed. The former arises from stacking faults of
[3-SiC," and the latter is the (200) diffraction line of £-SiC.
The peak heights of these four peaks at 26 =35.7, 41.3, 60.1,
and 71.9° increased with increasing the heating temperature
above 1473 K, and a new peak at 26 =75.6°, which is the
(222) diffraction line of 5-SiC, was observed above 1573 K.

Figure 7 shows the XRD patterns of porous body B heated
at 1273 to 1623 K for 5 h. No peaks due to SiC were observed
at 1373 K, at which the (111), (220), and (311) diffraction
lines of S-SiC were slightly observed on porous body A
(Fig. 6(b)). However, three diffraction peaks at 26 =35.7,
60.1, and 71.9° were apparently observed at 1473 K. These
were the (111), (220), and (311) diffraction lines of £-SiC.
As shown in Fig. 3(a), whisker deposition, which resulted
from the pyrolysis of PCS, was apparently observed above
1373 K. On the other hand, as shown in Figs. 3(d) and 3(e),
only a few trace of nodules were observed at 1373 K, and
nodule deposition was apparently observed above 1473 K.
The above results of the XRD patterns of porous body B
(Fig. 7) support these SEM observations. In addition, no
whiskers, but nodules, were formed from porous body B
(Fig. 3). It is thought that these nodules, resulted from the
pyrolysis of PCS, were formed via the vapor—solid process, in
which the liquid (L) was not concerned, because there was no
catalyst in this body. Wagner and Doherty'¢ have shown that
VLS crystals can grow at supersaturations much smaller than
those required for vapor—solid growth. Consequently, it is
thought that the concentration of the gases containing Si and
C, thought to be SiO and CO, was not enough to form nodules,
but is enough to form whiskers at 1373 K. The peak heights
of these three peaks due to a #-SiC increase with increasing
the heating temperature above 1473 K. Furthermore, a new
peak at 20 =41.4°, which is the (200) diffraction line of [5-
SiC, was observed at 1623 K.

Figure 8 shows the relationship between the heating tem-
perature and the full width at half maximum (FWHM) of
the (220) diffraction line of $-SiC for heated porous body
A and heated porous body B. The FWHM of heated porous
body A scarcely depends on the heating temperature, being
ca. 0.4°. This result suggests that the whisker crystallinity is
significantly high in spite of the heating temperature (1373
to 1623 K). On the other hand, the FWHM of heated porous
body B decreased with increasing the heating temperature
from 0.93 to 0.44°. This result suggests that the crystallinity
of 5-SiC increases with increasing the heating temperature.

Figure 9 shows the relationship between the heating tem-
perature and the area of the (220) diffraction line of S-SiC
for heated porous body A-and heated porous body B. There
exists a quantitative relation between the area of the (220)
diffraction line of §-SiC and the amount of produced £-SiC.
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The area of the (220) diffraction line of 5-SiC for heated
porous body A at 1623 K was expressed as 100 a.u.. The
area of the (220) diffraction line of £-SiC for heated porous
body A increased approximately linearly with increasing the
heating temperature. The area of the (220) diffraction line
of £-SiC for heated porous body B at 1473 K is almost the
same as that for heated porous body A. However, it becomes
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SEM photographs of the heated porous body A at 1373 K (a), 1473 K (b), and 1573 K (c), and the heated porous body B at

smaller than that for heated porous body A with increasing
the heating temperature. This means that the amount of the
product, namely S-SiC, for porous body B is smaller than
that for porous body A. It is understood that, in the case of
porous body A, the gases containing Si and C thought to be
SiO and CO are efficiently consumed during the formation
of £-SiC whiskers via the VLS process; however, in the case
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Fig. 4. IR spectra of PCS powder (a), porous body A pre-

heated at 823 K for 5 h in N; (b), and porous body A heated
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Fig. 5. IR spectra of PCS powder (a), porous body B pre-
heated at 823 K for 5 h in N; (b), and porous body B heated
at 873 K (c), 1073 K (d), 1273 K (e), 1373 K (f), 1473 K
(), 1573 K (h), and 1623 K (i) for 5 hin Ar.
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Fig. 7. XRD patterns of porous body B heated at 1273 K (a),
1373 K (b), 1473 K (c), 1573 K (d), and 1623 K (e) for 5 h
- in Ar.
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the area of the (220) diffraction line of B-SiC for the heated
porous body A and the heated porous body B.

of porous body B, the gases are exhausted from the furnace
chamber, to some extent.

Evolution of Gas during Heating Process.  Figure 10
shows gas-evolution curves of porous body A and porous
body B at 1023 to 1673 K. The former shows a curve hav-
ing the main peak at 1373 K with a shoulder at the lower
temperature side of the main peak. The temperature of this
main peak is in good agreement with that at which whiskers
begin to be deposited. Consequently, it is thought that this
main peak is caused by the evolution of gases containing
Si and C thought to be SiO and CO. Porous body B also
showed a curve having a peak at 1373 K. We previously
reported’ that porous body C showed a gas-evolution curve
having a main peak at ca. 1373 K. As mentioned above,
based on the changes in the IR spectra, it is presumed that
the pyrolyzing process of PCS in these three kinds of porous
bodies remarkably resemble each other. These results re-
garding gas evolution are considered to strongly support this
presumption.

Silicon and Oxygen Contents of Products. Figure 11
shows the molar ratios of oxygen to silicon (SiO,) of un-
heated PCS powder® and heated porous body A and heated
porous body B at 823 to 1573 K. The value of the (SiO,)
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Fig. 10. Gas evolution curves of the porous body A and the
porous body B in the heating at 1023 to 1673 K.
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pre-heated at 823 K for 5 h in N, and heated at 873 to 1573
K for 5 h in Ar and porous body B pre-heated at 823 K for
5hin N; and heated at 8§73 to 1573 K for 5 h in Ar.

ratio at each heating temperature in these two porous bodies
was almost the same as each other.

First, the changes in the (SiO,) ratio up to 873 K are dis-
cussed. Both porous bodies, pre-heated at 823 K in N, and
heated at 873 K in Ar, have a (SiO,) ratio roughly represented
by SiO;; and SiOy 4, respectively. This suggests a remark-
able oxidation of PCS in both porous bodies. The oxygen
atoms in both porous bodies are derived not only from small
quantities of oxygen present in the furnace, but also from
TMPT and SSO, organic components in the porous bodies.’
As shown in Figs. 4 and 5, at 823 K, the broad IR absorp-
tion band is observed at 3440 cm™!, and the band at 2100
cm~! (Si-H stretching vibration) has remarkably decreased,
no band being observed at 460 cm~!. From these results, it
seems that the bond form of oxygen was =Si-O-H. However,
at 873 K, an absorption band at 460 cm~! corresponding to
0O-Si—O deformation vibration was observed. Therefore, it
1s inferred that PCS is cross-linked by oxygen atoms by the
following reactions:

=Si-O-H + CH3-Si= — =Si-O-Si=+ CH4 (€3]
2=Si-O-H — =Si-0-Si=+H,0 2)

Okamura et al."” reported on the formation of silicon ni-
tride fibers and silicon oxynitride fibers from PCS fibers
cured by electron irradiation and by oxidation, respectively.
In their literature, the chemical structure of PCS by oxidation
curing was illustrated. Figure 12 shows a chemical-structure
model of PCS in both porous bodies pre-heated at 823 K and
heated at 873 K with reference to the model proposed by
them.

Next, the changes in the (SiO,) ratio above 873 K are dis-
cussed. The (SiO,) ratio gradually decreased with increasing
the heating temperature up to 1373 K, while it drastically
decreased above 1473 K. This agrees with the IR spectra
changes; no band was observed at 460 cm™! corresponding
to O—Si—O deformation vibration above 1473 K. Moreover,
as shown in Figs. 3, 6, and 7, whiskers or noodle-like prod-
ucts were drastically deposited and XRD peaks due to -
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SiC were apparently observed above 1473 K. From these
results, it seems that the formation of whiskers or noodle-
like products is analogous to a silica-carbothermal reduc-
tion. However, it is not known at this stage whether the C in
the silica—carbothermal reduction was derived from the PCS
or from the MCF.

Conclusions

The SiC whisker-formation process from PCS with
NiFe,04 as a catalyst was investigated, and the following
results were obtained:

(1) £-SiC whiskers were obtained with NiFe,Oy as a cat-
alyst, while noodle-like SiC was obtained without NiFe,Oy.

(2) The formation of the SiC whiskers with NiFe,0Oy4 as a
catalyst proceeded via the VLS process.

(3) The pyrolyizing process of PCS for the formation of
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SiC whiskers with NiFe, O, as a catalyst was much the same
as that of noodle-like SiC without a catalyst.

(4) SiC whiskers grew with a high degree of crystallinity
at the beginning of their formation, while the crystallinity of
noodle-like SiC increased with increasing the heating tem-
perature.

(5) The formation of SiC whiskers with NiFe,O4 as a
catalyst was analogous to a silica-carbothermal reduction,
because Si—O bonds in the porous body were depleted as the
SiC whiskers grew.

We greatly thank Dr. Yoshihito Kondo and Mr. Yutaka
Hashizuka of the Kagawa Prefectural Industrial Technology
Center for their cooperation in the XRD analysis and Messrs.
Masatake Fujino and Akinori Mori of the Shikoku National,
Agricultural Experiment Station for their cooperation in the
EDX analysis. The authors also express their gratitude to
Mr. Fujio Yamauchi for performing the chemical analysis
and the thermogravimetric analysis. Grateful acknowledg-
ment is also paid to Dr. Hideaki Matsuda for providing the
opportunity to perform this study and for his encouragement.

References

1 G.C. Wei and P. F. Becher, Am. Ceram. Soc. Bull., 64, 298
(1985).
2 J.Homeny, W. L. Vaubhn, and M. K. Feber, J. Am. Ceram.
Soc., 73, 394 (1990).
3 G.H. Campbell, M. Riihle, B. J. Dalgleish, and A. G. Evans,
J. Am. Ceram. Soc., 73, 521 (1990).
4 S. Yajima, J. Hayashi, and M. Omori, Chem. Lett., 1975,
931.
5 M. Sugimoto, T. Shimoo, K. Okamura, and T. Seguchi, J.
Am. Ceram. Soc., 78, 1013 (1995).
6 G. Chollon, M. Czerniak, R. Pailler, X. Bourrat, R. Naslain,
J. P. Pillot, and R. Cannet, J. Mater. Sci., 32, 893 (1997).
7 M. R. Mucalo, N. B. Milestone, and 1. W. M. Brown, J.
Mater. Sci., 32, 2433 (1997).
8 Y. Hasegawa and K. Okamura, J. Mater. Sci., 18, 3633
(1983).
9 S. Otoishi and Y. Tange, J. Ceram. Soc. Jpn., 104, 1100
(1996).
10 J. V. Mileski, F. D. Gac, J. J. Petrovic, and S. R. Skaggs, J.
Mater. Sci., 20, 1160 (1985).
11 G. A.Bootsma, W. F. Knippenberg, and G. Verspui, J. Cryst.
Growth., 11,297 (1971).
12 K. Okamura, “Tanka Keiso Zairyo,” CMC, Tokyo (1985),
Chap. 4.
13 M. Decottignies, J. Phalippou, and J. Zarzycki, J. Mater.
Sci., 13, 2605 (1978).
14 K.Kawamura, J. Koga, T. Iwata, S. Yamanaka, and M. Ono,
J. Ceram. Soc. Jpn., 100, 167 (1992).
15 W.-S. Seo, K. Koumoto, and S. Arai, J. Am. Ceram. Soc.,
81, 1255 (1998).
16 R. S. Wagner and C. J. Doherty, J. Electrochem. Soc., 113,
1300 (1966).
17 K. Okamura, M. Sato, and Y. Hasegawa, Ceram. Int., 13, 55
(1987).




