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Reaction Mechanism of the Pyrolysis of Polycarbosilane
and Polycarbosilazane as Ceramic Precursors
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The pyrolytic processes of polycarbosilane (PCS) to silicon carbide and of polycarbosilazane (PCSZ) to
silicon carbonitride were studied by gas analysis, electron spin resonance (ESR), and X-ray diffraction. On
the progress of conversion from organic polymers to ceramics above 800 K, decomposition gases like CH4 and
H, evolved, and free radicals as the intermediate active species in the chemical reactions were detected during
the pyrolysis. The gas yield and the radical concentration profile against pyrolysis temperature indicated
that there were several steps in the pyrolysis of PCS and PCSZ. At the last step in the pyrolysis of PCS, the
microcrystals of 8-SiC began to precipitate, while the microcrystals of 3-SiC and SizNy precipitated in the

pyrolysis of PCSZ.

Polymer fibers have been used as the precursor for
ceramic fibers. At present, silicon carbide fiber is syn-
‘thesized from polycarbosilane (PCS), and several types
of silicon carbonitride fibers are also synthesized from
polycarbosilazane (PCSZ) or PCS fiber."? In these
methods, the precursor fibers are converted into those
ceramic fibers by the pyrolysis at high temperatures.
The reaction mechanism in the pyrolysis, however, has
not been clear, though it should be important to con-
trol the conversion process and improve the properties
of the resultant ceramics.

The silicon carbide fiber prepared from PCS has been
known to have desirable properties for reinforcement of
the ceramics matrix composites designed for high tem-
perature use.>* Since the properties of this fiber de-
pends on the pyrolysis process of PCS fiber, its pyrolytic
reaction has been investigated with various techniques,
such as nuclear magnetic resonance (NMR), infrared
spectroscopy (IR), electron spectroscopy for chemical
analysis (ESCA), and others.>® The conversion proc-
ess of PCSZ into inorganic ceramics is also important
and has been well studied in recent years.” 9

The article describes the chemical reactions during
the pyrolysis of PCS and PCSZ together with the

changes in microstructure of pyrolyzed products on
the basis of analysis of evolution gas and free radicals
formed.'*—!? Since these polymers were not cured be-
fore pyrolysis, their chemical reaction in the pyrolysis
was found to be a little different from that of the cured
polymers. The gas components, yields, and the radical
concentration were analyzed at various heat treatment
temperatures, and the ceramics obtained were analyzed
by X-ray diffraction to evaluate their crystal structure.

Experimental

Materials. PCS, supplied from Shin-Etsu Chemical
Co., Ltd., was 2.0x10® dalton in molecular weight and about
508 K of melting temperature. Its chemical composition
was Si:C:H:0=1:1.93:4.71:0.01. PCSZ, supplied from -
Chisso Chemical Co., Ltd., was 1.0x10® dalton in molecu-
lar weight and 373 K of melting temperature. Its chemical
composition was Si:C:N:H=1:1.04:1:3.51 in spite of a
small amount of oxygen retained. These PCS and PCSZ
were used in grain form in the following experiments.

Gas Analysis.  Each polymer of about 0.5 g was put
in a sample tube, and the tube was heated up to a con-
stant temperature after evacuation. The heating rate was
10 Kmin~?, and the tube was held for 30 min at the first
heat treatment temperature of 500 K. The gases accumu-
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lated in the tube were analyzed using a gas chromatograph
(Hitachi Gas Chromatograph 163) at room temperature. Af-
ter this gas analysis, the same sample tube was evacuated
and heated again at a temperature 100 K higher than the
first heat treatment. The heating rate was 20 K min™! up to
the first heat treatment temperature and was slowed down
to 10 Kmin™" for reaching the higher temperature. The ac-
cumulated gases were then analyzed by the same method.
These procedures were repeated up to 2000 K. The details
of the gas chromatography were reported in our previous
papers, 1% '

Free Radical Detection by ESR. A polymer sample
of about 1 g was heated up to 400—2000 K in an argon
gas flow with a heating rate of 5 Kmin™!. After keeping it
for 30 min at a fixed temperature, the sample was rapidly
cooled down to room temperature. For ESR measurement,
the heat treated sample of about 3 mg was put in a quartz
tube of 3 mm in diameter. ESR spectrum was observed
at room temperature in air using an X-band spectrometer
(JEOL-FE3X). The spectrum was recorded as differential
curve with applying a 100 kHz field modulation. The free
radical yield was measured from ESR signal intensity by
comparing with the ESR spectrum of a standard sample
(TEMPO: 2,2,6,6-tetramethyl-1-piperidinyloxyl).

X-Ray Diffraction (XRD). The X-ray diffraction
(XRD) was measured for the same sample used for the
ESR measurement on an X-ray spectrometer (Rigaku RINT-
5000). The X-ray was generated at 40 kV and 20 mA, and
the Cu Ka; radiation was used.

Results and Discussion

Pyrolysis of PCS. Figure 1 shows the amounts
of evolution gases of hydrogen (H,), methane (CHy),
and carbon monoxide (CO) during the pyrolysis of the
uncured PCS between 400—2000 K. The major gases
are Hy and CHy as observed in the pyrolysis of the cured
PCS fibers.1%11:13 The H, evolution is seen in a broad
temperature range, with a peak at 900 K, a shoulder at
1200 K, and a broad tail until 2000 K.

There should be several steps in the decomposition
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reaction of PCS judging from the Hs evolution. The
peak of Hy evolution at 900 K accompanied by the
peak of CHy evolution at 1000 K may correspond to
the bond cleavage at the Si atoms in PCS, that is, Si—-H
and Si~CHj ruptures. The shoulder of H, evolution
at 1200 K corresponds to the bond cleavage at meth-
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Fig. 2. ESR spectra observed at room temperature for
PCS pyrolyzed at various temperatures. a) at 1073
K, b) at 1373 K, c) at 1873 K.
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ylene (-CHy—) groups in PCS chains. Since the bond
energy of C—H is larger than that of Si—H.!¥ Their de-
composition temperature is thought to be higher in the
order of bond energy. These behaviors are very simi-
lar to those in the pyrolysis of the radiation-cured PCS
fibers.1%1D) The characteristic broad tail of the Hy evo-
lution around 1600—2000 K was not observed in the
pyrolysis of the cured fibers and is specific to the un-
cured PCS. It should be attributed to the rupture of
C-H bond remaining in the pyrolyzed products. The
cured PCS maintains its shape and specific surface area
does not change remarkably during the pyrolysis, while
that of the uncured PCS changes with the temperature.
This should be one of the reason why the amount of the
gas evolution from PCS is influenced by the curing.

Above 1800 K, a small amount of CO gas evolved,
which should be due to the decomposition of Si—O-Si
or Si-O-C structure remaining in the pyrolyzed
product.'® These contaminant oxygen atoms had been
introduced into PCS by capping reaction of the groups
during the polymerization of dichlorodimethylsilane.

Traces of ethane and ethylene gases (107>—10~%
molg™!) were also detected by the gas analysis. They
evolved at almost the same temperature occuring the
evolution of methane gas.

By the above bond cleavages in the pyrolysis, free
radicals should be formed as an intermediate active
species. A part of the radicals can be trapped in the ma-
trix cooled down to room temperature.®1%16 Figure 2
shows the electron spin resonance (ESR) spectra ob-
served at room temperature for the products pyrolyzed
at 1073, 1373, 1873 K. Each signal is a singlet line. The
g-factor is 2.0028—2.0030 which is almost the same as
that of the free radical formed in an organic PCS by ~-
ray irradiation at 77 K or room temperature.
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The radical species formed around 1000 K and above
1200 K are assigned to Si- and C-sited free radi-
cals, respectively. The changes in ESR spectrum with
heat treatment temperature were monitored by the line
width, i.e., the peak to peak separation of the ESR sig-
nals in Fig. 2. The radical concentration was also calcu-
lated from the ESR signal intensity by comparing with
that of TEMPO.
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Figure 3 shows the change of line width and radical
concentration as a function of the heat treatment tem-
perature for PCS. The line width decreases sharply in
the temperature range of 1000—1300 K, then slightly
increases at the higher temperature. It means that the
radical species would change with the progress of py-
rolysis. The Si-sited radicals with H atoms neighboring
C atoms are formed at the lower temperature and lose
the neighboring H atoms with a rise of temperature to
be replaced by C-sited radicals at the higher tempera-
ture. The radical concentration increases greatly above
900 K, and reached the maximum at 1000 K, and then
decreased with a rise of temperature to 1100 K. It was
kept constant and turned to decrease above 1500 K.
The Si-sited radicals may be formed around 1000 K and
trapped in the solid matrix, while the C-sited radicals
may be formed and trapped above 1200 K.

The profile of the radical concentration is quite sim-
ilar to that of Hy evolution (Fig. 1). Therefore the ob-
served radicals, which are trapped stably in the matrix,
would be closely related to the rupture of Si-H and
C-H bonds. Most of the radicals should react with each
other at the pyrolysis temperature, but some could sur-
vive and remain in the cooled matrix. Of course, the
radicals would be produced by the ruptures of Si-CHjs,
Si—0, and C-O with the gas evolution of CH4 and CO.
The effect of ruptures of these chemical groups on the
profile of the trapped radical concentration is, however,
small as compared with the rupture of Si-H and C-H.

Figure 4 shows the changes in the XRD pattern of the
pyrolyzed product with heat treatment temperature.>®
A dotted line in Fig. 4 (35.6°) indicated the (111)
diffraction of 3-SiC single crystal reported in literature.
Original PCS showed broad diffraction peaks around
20=35° and 65°. The peak around 26—=35° shifted
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Fig. 6. ESR spectra observed at room temperature for
PCSL pyrolyzed at various temperatures. a) at 1073
K, b) at 1773 K, c) at 1973 K.
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to a higher angle as the heat treatment temperature
increased, exceeding 35.6° at 1073 and 1173 K. The
peak angle, however, turned back again to 35.6° at 1273
K. Above 1373 K, the broad peak around 65° began
to split. These results in the XRD measurement indi-
cate that 3-SiC microcrystals begin to precipitate from
amorphous matrix consisting of Si, C, O, and H in the
‘range of 1273—1373 K. In this temperature range, the
H; evolution from PCS decreases suddenly as shown in
Fig. 1. Therefore, the precipitation of 5-SiC crystals is
considered to occur just after the decomposition of C-H
bond of methylene groups.

Pyrolysis of PCSZ. Figure 5 shows the profiles of
the gas evolution from PCSZ when pyrolyzed at 400—
2000 K. The CH4 evolution has one peak at 900 K. The
Hs evolution has three peaks at 800, 1100, and 1700 K.
The N3 evolves at high temperature above 1700 K. A
small amount of CO also evolves above 1700 K.

The CHy4 evolution is assigned to the decomposition
of Si-CHj3 bond, and the Hy evolution at 800—900 K is
assigned to the decomposition of Si-H bond as observed
for PCS. The H, evolution around 1100 K would corre-
spond to the decomposition of N-H and C-H bonds, and
the Hy evolution around 1700 K is also thought to be
due to the decomposition of C-H bonds. The amount of
Hy produced from PCSZ at high temperatures is larger
than that from PCS. The inorganic network formed
with the PCSZ pyrolysis should have different compo-
sition and properties from that formed with the PCS
pyrolysis. The Ny and CO evolutions, having a peak at
1900 K, would correspond to the decomposition of the
amorphous phase consisting of Si, C, N, O, and H, and
the precipitation of microcrystals.

Figure 6 shows the ESR spectra of PCSZ after the
pyrolysis at 1073, 1773, and 1973 K. Each signal is
single line, and its g-factor is about 2.003. The line
width (peak—peak distance) and the intensity of the sig-
nals depend on the pyrolysis temperature, as shown in
Fig. 7. The radicals could be detected above 900 K,
and the concentration increased with increasing tem-
perature, showing two peaks at about 1300 and 1800
K. The line width decreased with temperature, but
turned to increase above 1800 K.

The radical species formed at temperatures lower
than 1300 K are considered to be the Si-sited radicals as
in the case of PCS. The radicals formed at higher tem-
peratures than 1300 K should be assigned to the C sited
radicals because both their line width and g-factor are
the same as those of the radicals formed in the PCS py-
rolysis at high temperatures. The profile of the radical
concentration is also similar to that of the Hy evolution,
though the former is larger at high temperatures. It is
indicated that the quantity of the radicals trapped in
the pyrolyzed PCS and PCSZ is closely related to the
Hs release.

Figure 8 shows the changes in XRD pattern of the
pyrolyzed PCSZ with heat treatment temperature. The
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original PCSZ showed diffraction peaks at about 12°
and 22°. They disappeared and two peaks appeared at
about 35° and 70°, as the heat treatment temperature
increased. The structures of the pyrolyzed products
were amorphous up to 1773 K. The diffraction peaks
of 8-SiC and SigNy4 could be detected above 1773 K.
In this temperature range, the third peak in the H,
evolution from PCSZ has finished as shown in Fig. 5.
The peaks of Si3sNy are not so clear as those of 8-SiC
during the pyrolysis in an argon atmosphere.

Conclusions

The stepwise reactions in the pyrolysis process of
organosilicon polymers are proposed. The analysis
of the evolution gas species during pyrolysis indicates
the types of chemical bond which were cleavaged.
Schematic representation of the chemical reaction ac-
companied by the gas evolutions and radical formations
during the pyrolysis are summarized in Fig. 9. The
cleavages of Si-H and Si—CHj bonds occur at the early
stage of the pyrolysis, and those of N-H and C-H bonds
follow them. The oxygen and the nitrogen atoms built
in the inorganic amorphous network are eliminated as
CO and Ny at the final stage of the pyrolysis. These
bond cleavages form several kinds of radicals in the
products. The radicals formed at the site of hydrogen
atoms can be easily trapped in the product as com-
pared with the radicals formed by the decomposition
of the other chemical groups, such as Si-CHj, Si-O-,
and Si—-N=. The precipitation of microcrystals in amor-
phous matrix proceeds just after the decomposition of
the C-H bond and is accompanied by the evolution of
CO, or CO and N, gases.
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