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Synthesis of continuous silicon carbide fibre 
Part 3 Pyrolysis process of polycarbosilane and structure of 
the products 
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Polycarbosilanes which are the precursors of SiC fibre were synthesized by three 
methods. The molecular structure of each polycarbosilane was represented by means of 
three structural elements determined by I R, UV and NMR spectral measurements. The 
pyrolysis process of the polycarbosilanes is discussed for the six stages observed in the 
TG-DTA curves and gas evolution curves during pyrolysis of the polycarbosilanes. In 
each stage, the relationship between the molecular structure and the structure of the 
pyrolysis product is discussed and the pyrolysis process of the polycarbosilanes is 
characterized. 

1. Introduction 
We have reported previously the molecular struc- 
tures of two polycarbosilanes (PC) and mechanical 
properties of the SiC fibres synthesized from these 
precursors [1, 2]. Another polycarbosilane was 
also synthesized by a method different from the 
two methods, and the mechanical properties of the 
SiC fibre obtained were reported [3]. These SiC 
fibres have high strength and high heat resistivity; 
their application as reinforcements in fibre- 
reinforced composite materials is expected [4]. 
However, when the cured PC fibres are heat 
treated above 1200~ the strength of the SiC 
fibres decreases [5]. /3-SIC crystallization in the 
fibres at high temperature is suggested as a factor 
for the decrease in strength. In order to elucidate 
such changes, the conversion process of PC into 
SiC and the relationship between the process and 
the fibre properties must be studied in detail. The 
relationship between the fibre structure and the 
mechanical properties has not yet been clarified. 
This is because it is difficult to determine the 
molecular structure of PC and to measure the 
structural changes in PC during the pyrolysis 
process. 
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In the present work, characterization of PCs 
synthesized by three different methods was made 
by comparative studies of the properties of these 
three PCs. On the basis of the results, the pyrolysis 
process of PCs and structure of the pyrolysis 
products are discussed. 

2. Experimental details 
2.1. Synthesis of polycarbosilanes 
Three PCs were synthesized by three respective 
methods. PC was first synthesized by thermal 
decomposition and condensation of polydimethyl- 
silane (PDMS) in an autoclave at 470~ for 14h 
and condensation by removal of the components 
with low boiling points up to 280~ mmHg 
from the product by vacuum distillation (PC-470) 
[1]. PC was then synthesized by thermal decom- 
position and condensation of tetramethylsilane 
(TMS) for 24 h, recycling the vapour into a quartz 
tube heated at 770 ~ C, as in the Fritz et al. method 
[6], and condensation by removal of the compo- 
nents with boiling points up to 200~ 
from product by vacuum distillation (PC-TMS) 
[2]. Another PC was synthesized by thermal 
decomposition and condensation of 2000 g PDMS 
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added with 5.5 wt % borodiphenylsiloxane 
(BDPSO) in a stainless steel reaction vessel with a 
reflux condenser with outer temperature 450~ 
holding the inner temperature at about 350 ~ C, for 
10.5 h under nitrogen gas flow. The product was 
dissolved in xylene and the solution was filtered to 
remove the insoluble. The components with 
boiling points up to 320~ were removed by 
distillation in nitrogen gas. 1300g of PC 
(PC-B5.5) was thus obtained. PC-B3.2 was 
similarly obtained from PDMS added with 
3.2 wt % BDPSO by thermal decomposition 
and condensation, and removal of the com- 
ponents with boiling points up to 280~ mm 
Hg by vacuum distillation [3]. 

BDPSO was synthesized by reacting diphenyl- 
dichlorosilane (3 mol) with boric acid (1 tool) in 
n-butylether at 100 ~ C for 18 h under nitrogen 
flow and then removing n-butylether by distilla- 
tion after adding a little water and further heating 
up to 350 ~ C. 

For PC-470, PC-TMS and PC-B obtained by 
the above three methods, the following experi- 
ments were performed. 

2.2. Character iza t ion  of  polycarbos i lanes  
The structure of each PC was analysed by infrared 
(IR), ultraviolet (UV), and 1H and 29Si nuclear 
magnetic resonance (NMR) spectroscopy measure- 
ments of number-average molecular weight and 
molecular weight distribution, and chemical analy- 
sis. 

IR spectra were measured by the KBr or KI 
pellet method with a Hitachi 295 infrared spectro- 
photometer. 

UV spectra were measured in n-hexane solution 
with a Shimadzu MPS-5000 multipurpose record- 
ing spectrophotometer. 

H and 29Si NMR spectra were measured with a 
JEOL JNM-FX60 high-resolution FT NMR 
spectrometer at 60MHz for ~H and at 11.9 MHz 
for 29Si, in CDC13 solution, using TMS as the 
internal standard. 

Number-average molecular weights (/~n) were 
measured with Hitachi 117 molecular weight 
apparatus by the vapour pressure osmometry 
method in benzene solution. 

Molecular weight distributions were measured 
using Hitachi HLC-635A with Shodex A-80M as a 
GPC column in THF solution. 

Chemical analyses were done for silicon, carbon, 
hydrogen, oxygen, and boron. 
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2.3, Characterization of pyrolysis of 
polycarbosilanes 

TG-DTA curves of polycarbosilanes were 
obtained to examine the profile of the pyrolysis 
process with a high-temperature type Rigaku 
micro TG-DTA in 50cm3min -1 nitrogen flow up 
to 1300~ at a heating rate of 5~ -1. 
Changes of pressure in the system were measured 
with a Pirani gauge to observe gas evolution when 
PC was heat treated up to 1500~ in a vacuum at 
a heating rate of 100 ~ C h -1. 

The pyrolysis products were obtained every 
100~ from 400 to 1500~ for 3.0g PC in a high- 
purity alumina boat at a heating rate of 100 ~ C h -1 
in a vacuum under 3 x 10-3torr. The keeping time 
at each heat-treatment temperature was 1 h. For 
these samples, measurements of the IR spectrum, 
X-ray diffraction pattern, number-average molecu- 
lar weight and molecular weight distribution, and 
chemical analysis were made. 

X-ray diffraction patterns were obtained with a 
Rigaku X-ray diffractometer using CuKa radiation 
with a nickel-filter as the characteristic X-rays. 
Samples were pulverized in an agate mortar. Correc- 
tion of the diffraction angle was made using 
silicon. 

Other measurements were made by methods 
similar to those in Section 2.2. 

For characterization of the pyrolysis process of 
PCs, the following treatment was applied to the 
IR spectra and X-ray diffraction patterns. 

The pyrolysis process of organic compounds is 
represented by the change in the absorbance, A, of 
a characteristic absorption in the IR spectrum. The 
absorbance is given by the formula A = log (loft) 
where Io and I are the intensities of the incident 
and the transmitted light. If Lambert-Berr's law 
holds, A = Kcl where K is the extinction coef- 
ficient, c the concentration and l the thick n#ss of 
an absorber. In the KBr pellet method, it is diffi- 
cult to determine c and l exactly. Therefore, the 
pyrolysis process of PCs was shown in the heat- 
treatment temperature dependence of the ratio 
AP/Ap'; A~, and AP' are absorbances of the charac- 
teristic absorption at wave number P and zT', res- 
pectively, in the spectrum of samples heat treated 
at each temperature. In the temperature range up to 
600 ~ C, the absorption at 2950 cm -1 (C-H stretch) 
was selected as the characteristic absorption at P' 
without overlapping with other absorptions, and 
the wave numbers 2100cm -~ (Si-H stretch), 
1355 cm -1 (CH2 deformation of Si-CH2-Si) and 



1250 cm -1 (Si-Me deformation) [1, 2] were selec- 
ted as ~. 

In the X-ray diffraction pattern of the pyrolysis 
products of PC, the apparent crystalline size L 1 ~ 
was calculated from the half-width/3 of the (1 1 1) 
line of the/3-SIC using Scherrer's formula L~ ~ 1 = 
1.OX/(~ cos O) where k is the wavelength of X-rays 
and 0 the diffraction angle, and the relationship 
between L~ ~ 1 and heat-treatment temperature was 
examined. 

3.  R e s u l t s  a n d  d iscuss ion  
3.1. Characterization of polycarbosilanes 
The structure of PCs can be discussed qualitatively 
by using IR and UV spectra. 

The infrared spectrum of each PC is shown in 
Fig. 1. The absorption peaks at 2100 cm -1 (Si-H) 
and 1350 and 1020cm -1 (Si-CH2-Si)  are com- 
mon to PC-TMS, PC-470, PC-B3.2 and PC-B5.5. 
These peaks are characteristic showing that carbo- 
silane is produced from TMS or PDMS [1, 2]. The 
comparison of intensities of the peaks at 
1350cm -1 and those at 1400cm -1 (Si-CH3) 
shows that the ratio of the number of Si-CH3 
bonds to that of S i -CH:-S i  bonds in PC-TMS 
and PC-470 is different from that in PC-B. And, 
in the comparison of intensities of the peaks at 
2100cm -1 and those at 2950 cm -1 (C-H) ,  the 
relative intensity of the peak at 2100cm -1 in 
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Figure 2 Far infrared spectra of polycarbosilanes, DMCHS 
and PDMS. 
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Figure 1 IR spectra of polycarbosilanes. 
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PC-470 is particularly large compared with those 
in the other PCs. It is thus seen that the number 
of S i -H bonds in PC-B3.2 and in PC-B5.5 is 
smaller than in PC-470, in accordance with the 
previous result that the number of silicon atoms 
with a S i -H bond in the PC-TMS is smaller than 
in PC-470 [2]. From the IR spectra, it is found 
that the quantity of the substituent groups, that 
is H, CH3 and - C H 2 - ,  on the silicon atom, is 
different among the three PCs. 

The far infrared spectra of PCs are shown in 
Fig. 2. The spectra of dodecamethylcyclohexa- 
silane (DMCHS) and PDMS are also shown for 
comparison in Fig. 2. In the far infrared spectra, it 
is reported that cyclic or cage polysilane has an 
absorption peak in the range of 350 to 450cm -1 
due to the Si-Si stretching vibration [7, 8]; 
DMCHS has a sharp peak at 387 crn -1. PDMS has 
no peak in this range because of the linear poly- 
silane. Both PC-TMS and PC-470 have no peak in 
the range of 350 to 450cm -1, but PC-B3,2 and 
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Figure 3 UV absorption spectra of polycarbosilanes and 
DMCHS. 

PC-B5.5 have a broad peak in this range. It is 
shown that PC-B3.2 and PC-B5.5 have a cyclic or 
cage polysilane skeleton in the molecule. 

Information about the Si-Si bond, including 
the linear polysilane skeleton, is obtained from UV 
spectra [7-9] .  The UV spectra of PCs and DMCHS 
are shown in Fig. 3. PC-B exhibits far greater 
UV absorption than PC-TMS and PC-470, whose 
extinction coefficients are larger than those of all 
cyclie and cage polysilanes [7, 8]. It is indicated 
that PC-B3.2 and PC-B5.5 have a linear polysilane 
skeleton in the molecule [6]. This is possibly 
because low molecular weight polysilanes, pro- 
duced by thermal decomposition and condensa- 
tion of PDMS, is partly introduced in PC-B3.2 and 
PC.B5.5 molecules. In contrast, the intensity of 
UV absorption is small in PC-TMS and PC-470, so 
that the Si-Si bond does not exist or is very small. 

As above, the retention of the polysilane 
skeleton in the molecule was shown by far 
infrared and UV spectra. These results will be 
discussed quantitatively. 

Proton magnetic resonance (1H NMR) spectra 
are shown in Fig. 4. In all PCs, a large peak centred 
at 0ppm and a small peak in the 4 to 4.5ppm 
range are observed; the former is due to (C)-H in 
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Figure 4 ~H NMR spectra of polycarbosilanes. 

Si-CH3, Si-CHz-, etc. and the latter to (Si)--H 
[6, 10, 11]. From the integral of the peaks, the 
ratio of the C-H to the Si -H bond can be calcu- 
lated, as in Table I. 

The 29Si NMR spectra of PCs are shown in Fig. 
5. The spectra of DMCHS, hexamethyldisilane 
(HMDS), hexamethyldisiloxane (HMDSO) and 
polydimethylsiloxane (PDMSO) are also shown for 
comparison. The spectra in Fig. 5b are the proton 
decoupling spectra. In the figure, the signals in the 
lower magnetic field than TMS (0 ppm) are shown 
by a positive sign. The proton decoupling spectra 
of PC-TMS, PC-470, PC-B3.2, PC-B5.5, DMCHS 
and HMDS show downward peaks due to a nega- 
tive nuclear Overhowser effect (NOE), whereas in 
HMDSO, PDMSO and TMS the peaks are upward. 

For comparison of Figs. 5a and b, the 29Si NMR 
data of the PCs are given in Table II [6, 12]. The 
peak at --0.75 ppm observed in PC-TMS and in 
PC-470 is due to 29Si without coupling with 1H, 
since the position of the peak does not shift 

TABLE I C-H/Si-H, SiCJSiC3H and SiCxSi4_x/(SiC4 + SiC3H) in polycarbosilane molecules 

PC-TMS 1712-470 PC-B3.2 PC-B5.5 

C-H/Si-H 52.6 11.2 20.4 16.4 
SiCJSiC3H 6.33 1.04 - - 
SiCxSi4_x/(SiC 4 + SiC3H) 0 0 0.159 0.130 
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regardless of  the coupling or decoupling with a 
proton. As described later, this 29Si atom does not 
bond with a silicon atom, so that the silicon atom 
should be bonded only with carbon atoms; it is 
hereafter called SiC 4. Similarly, the peak at 
0 .50ppm in PC-B3.2 and PC-B5.5 is also due to a 
silicon atom of  SIC4. The peak at - -17 .50ppm in 
PC-TMS and in PC-470 in Fig. 5b is separated 
into two peaks due to 29Si coupling with one 1H 

(J29si_ri = 182 Hz) [6], so that the silicon atom 
should be bonded with one hydrogen atom and 
three carbon atoms; it is called SiC3H. Similarly, 
the peaks at --16.01 and - -16 .43ppm in PC- 
B3.2 and in PC-B5.5 are due to a 29Si atom of 

SiC3H (J29si_H = 180Hz). The ratio of  SiC4 to 
SiC3H is calculated from the integral of  the peaks, 
which is shown in Table I. In PC-B3.2 and PC- 
B5.5, since the peaks are broad and overlap, 
integral values cannot be calculated accurately. 
The spectra in Fig. 5b cannot be used for integra- 

Figure 5 (a) 29Si NMR spectra 
and (b) 1H decoupling 29Si NMR 
spectra of polycarbosilanes, 
HMDS, DMCHS, HMDSO and 
PDMSO. 

, , , , 
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tion because the area under the spectra does not 
correspond to the number of  atoms due to NOE 
by proton irradiation. 

It was shown from the far infrared and UV 
spectra that PC-B3.2 and PC-B5.5 have a poly- 
silane skeleton consisting of  Si-Si  bonds. Silicon 
atoms forming the polysilane skeleton are deter- 
mined quantitatively from the 29Si NMR spectrum, 
that is, the characteristic peak at - -34.48 ppm in 
PC-B3.2 and in PC-B5.5 in Fig. 5 should be due to 
29Si forming the polysilane skeleton, because the 
peak is between - -20 .50ppm (HMDS) and 
- -42 .24ppm (DMCHS). As shown in Table III, 
chemical analysis of  the PCs shows that the quanti- 
ties of  oxygen in PC-TMS, PC-B3.2 and PC-B5.5 
are far larger than in PC-470. Consequently, in the 
298i NMR spectrum of each PC the silicon atom in 
the S i - O - S i  bond should be considered. It is evi- 
dent from Fig. 5 that the peak due to 29Si with a 
siloxane bond should be between 6 .45ppm 

TABLE II zgsi NMR data of polycarbosilanes 

6 (298iC4) (ppm) ~ (29SIC3H) (ppm) J29Si--H (Hz) ~ (29 SiCxSi4_x) (ppm) 

PC-TMS --0.75 --17.50 182 - 
PC-470 --0.75 --17.50 182 - 
PC-B3.2 0.50 --16.01 180 --34.48 
PC-B5.5 0.50 -- 16.43 180 --34.48 
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T A B L E I I I Chemical compositions (wt %), empirical formulae and hS/n of polycarbosilanes 

Si C H O B Empirical formula ~/n 

PC-TMS 44.80 39.90 6.79 6.85 SiC2.osH4.24Oo.~6 ~ 774 
PC-470 48.18 39.92 6.85 0.81 SiCi.77H3.7oOo.o3 s 1740 
PC-B3.2 44.50 35.80 8.00 4.83 - SiC l.ssHs.o~Oo.190 1738 
PC-B5.5 44.90 39.20 7.44 6.20 0 .093  SiC2.oaHa.6,~Oo.2a2Bo.oos 1312 

(HMDSO) and --22.38ppm (PDMSO); the peak 
at --34.48 ppm in PC-B3.2 and in PC-B5.5 is not 
in this range. The spectrum of PC-TMS has no 
peak around --34.48ppm, so that the peak at 
--34.48 ppm is due to the silicon atom forming a 
polysilane skeleton in the molecule. The silicon 
atom does not couple with 1H because the shape 
of the peak is not changed by proton irradiation. 
Consequently, this silicon atom should be bonded 
with at least one silicon atom and the rest of the 
bond should be with carbon atoms; it is called 
hereafter SiCxSi4_ x (x = 1, 2 or 3). The peaks due 
to a silicon atom in a siloxane bond were not 
distinct, and could not be determined quantita- 
tively. The ratio of SiCxSi4_ x to (SIC4 + SiC3H) 
was calculated from the integral in the spectrum in 
Fig. 5a, which is given in Table I. The ratio of 
SiCxSi4_ x in PC-B5.5 is smaller than in PC-B3.2, in 
accordance with the fact that the extinction 
coefficient K of PC-B5.5 is smaller than that of 
PC-B3.2. 

From the results in Table I, the fractions of 
SIC4, SiC3H and SiCxSi4_ x in each PC were calcula- 
ted as follows. The fractions of SiC4 and SiC3I-I in 
PC-TMS and PC-470 can be calculated easily, 
using SiC~Si4_x = 0, as in Table IV. To calculate 
the fractions in PC-B3.2 and PC-B5.5, the follow- 
ing approximation was made. That is, the molecu- 
lar structure of the PCs linear chain, and SiC4, 
SiCaH and SiCxSi4 are repetitions of the following 
structural units respectively: 

CH3 CH3 

SiC4:-Si-CH2 - ,  SiC3H: -CH2-,  

CH3 

SiCxSi4_~:-~i- 

Here, x = 2 or 3. The reason is that because the 
polysilane skeleton is 

CH3 CH3 CH3 
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Si* and Si** correspond to SiC3Si and SiC:Si2 res- 
pectively. In PC-TMS and PC-470, it will be con. 
firmed whether the above approximation is valid. 
As shown in Table IV, the ratio of SiC4:SiC3I-I is 
6.33:1 in PC-TMS and 1.04:1 in PC-470. By the 
above approximation, C-H/S i -H in PC-TMS and 
in PC-470 are 55.6 and 13.3 respectively; these 
values correspond to those in Table I. The approxi- 
mation of the linear chain structure of PCs is thus 
shown to be effective. Using the value of C-H/  
Si-H in PC-B3.2 and in PC-B5.5, the fractions of 
SIC4, SiCaH and SiCxSi4_ x are calculated as fol- 
lows. First, from Table I, in PC-B3.2 

(SIC4 + SiC3H):SiCxSi4_ x = 1:0.159 

Using the approximation, 

CH3 CH3 CH 3 

( - ; i - C H 2 -  + -~i-CH2-):  (C ) = 1:0.159 

Consequently, because C-H/S i -H = 20.4, 

CH3 CH3 CH3 

(-~i-CH2-)  : ( -~i -CH2-) : ( -~i - )  

= 0.617:0.383:0.159 

Similarly, in PC-B5.5 

CH3 CH3 CH 3 

(-+i-CH2-)  : ( - ; i - C H 2 - ) : ( -  ~i-)  

CHs t~ C H  3 

= 0.547:0.453:0.130 

TABLE IV Fractions (%) of SIC4, SiC3H and SiCxSi4_ x 
in polycarbosilanes 

SiC 4 SiC 3H SiCxSi4- x 

PC-TMS 86.4 13.6 0 
PC-470 51.0 49.0 0 
PC-B3.2 53.3 33.3 13.7 
PC-B5.5 48.4 40.1 11.5 



From the above results, in PC-B3.2 

SiC4:SiC3H:SiCxSi4_ x = 0.617:0.383:0.159 

and in PC-B5.5 

SiC4:SiCaH:SiCxSi4_ x = 0.547:0.453:0.130 

As shown in Table IV, each PC can be charac- 
terized through the three simple structural ele- 
ments. On the basis of this result, the pyrolysis 
process and structure of the pyrolysis product will 
be discussed. 

3.2. Character izat ion of the pyrolys is  
process of polycarbosi lanes 

The TG-DTA curve of each PC in nitrogen flow is 
shown in Fig. 6. It was reported previously that 
pyrolysis process can be discussed in three stages 
in the TG-DTA curves of PC-TMS and PC-470 
[2]. In the present work, TG-DTA curves of PC- 
B3.2 and PC-B5.5 were measured, and further, as 
shown in Fig. 7, the gas evolution during pyrolysis 
of PCs in a vacuum was also measured. It was 
found that the pyrolysis process of PCs can be dis- 
cussed with the divisions at temperature T1, T2, T3, 
T4_ i and T4_2, as in Table V. There are thus six 
stages in the pyrolysis process: up to T1, T1 to T2, 
T2 to T3, T3 to T4-1, T4-1 to T4-2 and above T4-2. 
The respective temperatures from Ta to T4-2 were 
determined by the points of deflection in the TG 
curves in Fig. 6. The temperatures other than T~ 
and 212 were not distinct. Therefore, T3 was deter- 
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Figure 6 TG-DTA curves of polycarbosilanes in nitrogen 
flow. 

0.5 

0.4 

0,3 

~- 0.2 

0.1 

i 

oL 
0 

- -  P C - T M S  

- - - -  P C - 4 7 0  

- - -  P C -  B3.2 

....... PC-  B55  

400  800 1200 1600 

T ( o c )  

Figure 7 Gas evolution curves of polycarbosilanes in 
pyrolysis process. 

mined as the termination temperature of an endo- 
thermic peak centred at temperature T e in the 
DTA curve in Fig. 6. 7"4 was divided into two, 
T4-1 as the initiation and T4_ 2 as the termination 
of a third peak of gas evolution observed in the 
temperature range of 1000 to 1200~ in Fig. 7. 
This temperature range corresponds to tempera- 
ture ranges of the exothermic peaks observed in 
DTA curves of PC-TMS, PC-470 and PC-B5.5 in 
Fig. 6. Conversion mechanism into the inorganic 
by pyrolysis and structure of the product in each 
stage is discussed. 

3.2. 1. The f i rs t  and the second stage up to 
550  ~ C 

The first stage up to Ta of the pyrolysis process 
will be discussed. In this temperature range, 
although weight loss is large, gas evolution is small. 
No remarkable change is observed in the IR or far 
infrared spectra. Fig. 8 shows the changes in 
molecular weight distribution of PC-TMS heat 
treated at 350~ and of PC-470, PC-B3.2 and PC- 
B5.5 at 400 ~ C. It is seen that the heat treatment 
above T1 increases the high molecular weight com- 
ponents or shifts the molecular weight distribution 
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to higher molecular weights. Since PC-470 was 
heat treated below T1 (Table V), the molecular 
weight distribution is little changed. 

The change due to the heat treatment below T~ 
is mainly weight loss by evaporation of the low 
molecular weight polycarbosilane. Structural 
change of the PCs should start in the second stage. 

In the second stage, Ta to T2, the molecular 
weight increases, as shown in Fig. 8. The weight 
loss in this stage is large as in the first stage in the 
TG curves of Fig. 6 and the gas evolution by 
pyrolysis is small, so that evaporation of the low 
molecular weight components is large. In this 
stage, however, PC-B3.2 and PC-B5.5 have a first 
gas evolution peak in Fig. 7, which is not observed 
in PC-TMS and PC-470. The mechanism in 
increase of the molecular weight of PC-3.2 and PC- 
B5.5 is thus different from that of PC-TMS and 
PC-470. 

The relationship between Av/A2950 and heat- 
treatment temperature in each PC is shown in Fig. 

TABLE V Temperatures (~ dividing the conversion 
process of polycarbosilanes into the inorganic by pyroly- 
sis 

T1 T2 T3 T4-1 T4-~ 

PC-TMS 330 540 860 960 1190 
PC-470 400 565 860 920 1200 
PC-B3,2 335 540 770 1100 1270 
PC-B5.5 335 520 770 990 1350 
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Figure 8 Molecular weight (M) 
distributions of polycarbosilanes 
before ( ..... ) and after ( ) 
heat treatment. 

9. In PC-TMS and PC-470, with increasing tem- 
perature, A210o/A 2950 decreases, A 125o/A295o 
increases slightly and A1355/A295o is almost con- 
stant. It is indicated that, compared with the num- 
ber of C-H bonds, the number of Si-H bonds 
decreases, that of Si-CH3 bonds increases slightly 
and that of Si-CH2-Si bonds is almost constant. 
Consequently, in this stage, the cross-linking with 
the Si-Si bond produced by dehydrogenation con- 
densation between Si-H bonds is possible, for the 
gas evolution is observed above 300 to 400~ in 
Fig. 7. Particularly in PC-TMS, A21oo/A295o at 

500 ~ C is half that at 300 ~ C, which corresponds to 
the drastic increase in molecular weight of PC-  
TMS. Fritz et al. [6] explained the increase in 
molecular weight on the basis of the condensation 
accompanied by separation of low molecular 
weight hydrocarbon. Thus, the mechanism of 
increasing molecular weight in PC-TMS and PC- 
470 is the condensation between the molecules; 
the condensation in PC-TMS is rapid compared 
with that in PC-470. 

In PC-B3.2 and PC-BS.5 in Fig. 9, with increas- 
ing temperature, A125o/A295o, A21oo/A295o and 
A 1355/A295o increase rapidly, so that the number of 
Si-CH3, Si-H and Si-CHz-Si bonds increases, 
compared with that of C -H  bonds. However, it is 
impossible that the number of Si-CH3 bonds 
becomes about twice that of C-H bonds when the 
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Figure 9 Changes in A~/A29so of polycarbosilanes in heat treatment: (a) PC-TMS, (b) PC-470, (c) PC-B3.2, (d) PC-B5.5. 

number of Si-CH2-Si bonds increases, because it 
is possibly only when Si -CH2-  Si bonds change 

into S i - d H - S i  or S i - d - S i  bonds. The absorbance 
I 

(.4) of absorption peaks, such as that for Si-CH3 
deformation, is a characteristic of the kind and 
structure of the compound even if the concentra- 
tions are the same. Therefore, the ratio of absorb- 
ances differs from one kind of compound to 
another. The values of A ns0/A29so of polysilanes 
are generally low, 1.31 for PDMS and 1.22 for 
DMCHS. Then, as in Table IV, the reason the num- 
ber of Si-CH3 bonds becomes about twice that of  
C - H  bonds by heat treatment is the existence of a 
polysilane skeleton in the molecule of PC-B3.2 and 
of PC-B5.5. The mechanism in increasing molecu- 
lar weight of PC-B3.2 and of PC-B5.5 should be 
accompanied by a large change in the molecular 
structure. It was shown by the far infrared spectra 
that the peak due to the Si-Si bond in PC-B3.2 
and in PC-B5.5 in Fig. 2 is almost annihilated by 
the heat treatment at 600 ~ That is to say, the 
polysilane skeleton is decomposed up to about 
600~ and converted into a carbosilane skeleton. 
Such a mechanism corresponds to the increase in 
Si -H and Si-CH2-Si bonds with an increase in 
heat-treatment temperature, and can explain the 
rapid increase in A 12so/A295o. A polysilane skeleton 
generally converts into a carbosilane skeleton in 
thermal decomposition and rearrangement. Hexa- 

methyldisilane Me3SiSiMe3, for example, decom- 
poses at 600 ~ C [13], which is the highest tempera- 
ture among polysilanes. Because of the radical 
reaction, radicals H. and Me. are produced in 
radical transfer, and so there arise hydrogen and 
methane gases, as observed in the first peak in the 
gas evolution curve. Therefore, the mechanism of 
increasing molecular weight is a combination of the 
high molecular weight radicals produced during the 
cleavage of the polysilane skeleton. From Fig. 8 it 
is evident that the increase in molecular weight is 
rapid in PC-B5.5 compared with that of PC-B3.2. 

In the temperature range of T1 to T2 the 
molecular weight of the polycarbosilanes is 
increased. In PC-TMS and PC-470 the mechanism 
is the dehydrogenation and dehydrocarbonation 
condensation, and in PC-B3.2 and PC-B5.5 it is 
this condensation and the radical combination 
accompanied by change in the molecular structure. 
The increase in molecular weight is rapid in PC-  
TMS and PC-B5.5 as compared with those in PC- 
470 and PC-B3.2. 

3.2.2. The third stage from 550 to 800 ~ C 
In the third stage 7'2 to T3, it is indicated from the 
TG-DTA and gas evolution curves that the hydro- 
gens and the methyl groups in side chains of PCs 
are thermally decomposed. The largest gas evolu- 
tion and a large endothermic peak are observed. 
This corresponds to the rapid decrease of the 
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absorption peaks of C-H (2950cm-t), Si-H 
(2100cm -1) and Si-CHa (1250cm -1) at 600~ 
and the annihilation of these peaks and the 
Si-CH2-Si (1355cm -1) peak at 800~ It is evi- 
dent in Fig. 9 that the Si-CH2-Si bond increases 
relatively, though the ratios of the absorbances at 
600~ should have errors because the absorption 
peaks are broad and weak in Fig. 9. That is, the 
Si-CH2-Si bond should be produced by the reac- 
tion of Si-H and Si-CHa. The main reaction dur- 
ing pyrolysis of organic polymers at high tempera- 

-~i" + 'CH2-~i- ~ -~i -CH2-~i-  (5) 
I I I I 

-~i-CH2" +"  CH2-~i--~-~i-CH 2-CH2-~i-(6) 

In Equation 6, it is to be noted that the Si-CH2- 
CH2-Si bond may be produced. With increase of 
the heat-treatment temperature, formation of the 
network and three-dimensional structure should 
occur by the reaction with -CH2- in the Si- 
CH2-Si bond: 

\ / \ /  
Si N . Si N , /  N / \ / \ / xx / / CHz / CH2 Si N / S i  N / ~  / "  Si N / S i  N / 

CH2 CH2 - 2I-I2 s i / C H  s i / C H ~  \ 
Si / N S i /  \ \ Si / ~ S i  / \ 

/ \ / \ 

\ / \ / 
Si ~ / Si N / 

/ "  CH2 CH2 

/ -  N. / ~ / N / "N 
\ /  \ /  " ~ / \  / 

/ S i N c H / S i N c H /  / S i ' ~ / S i N ~ /  

-% I I ~ L I 
-2CI~ ~i x 1X 2I-I2 Si N / S i  

~ C H  / CH / ~ / C 
N I I / c \  / \  

CH3 

I \ c  I 

(7) 

(8) 

ture is generally radical reaction. The bond energy 
of Si-H is the lowest in the polycarbosilane skele- 
ton [6], so that the hydrogen radical is readily 
produced. Under the condition of the free radical 
reaction, the Si-C bond is relatively stable for 
homolytic fission and the C-H bond in Si-CH3 is 
broken readily [ 14]. Thus, the primary steps in the 
decomposition are assumed to be: 

- i - H  ~ - i . + ' H  ( 1 )  

I I 
I I 

-Si-CHa + "H ~ -Si-CH2" + Hz (2) 
I I 

The formation of methane to an extent similar to 
that for hydrogen is observed [15], which is 
assumed to be: 

-~i-CH3 5. -~i '  + 'CHs (3) 
I I 

-~i-CHa + "CH3 -~ -~i-CH2" + CH4 (4) 
i / 

I I 

Recombination of the radicals produced in Equa- 
tions 1 and 2 should then lead to the Si-CH2-Si 
bond, besides H2 and CH4: 

Reaction 7 explains the phenomenon that each PC 
becomes light brown at 600~ and then blackish 
with increase of the heat-treatment temperature 
up to about 800 ~ C. And this corresponds to the 
expansion of the conjugated system in the pro- 
duction of C=C. 

In the third stage, PCs are converted into inor- 
ganic structure with network and three-dimen- 
sional structure by the decomposition of Si-H and 
C-H in SiCH3 and Si-CH2-Si bonds, such as 
dehydrogenation and demethanation. In this stage, 
it is to be noted that the C-C bond is formed in 
the inorganic structure. 

3.2.3. The fourth and the fifth stage from 
800  to 1200 ~ C 

In the fourth stage from T3 to T4_l, the gas evolu- 
tion by thermal decomposition is almost complete; 
the stage precedes the next stage of gas evolution. 
It is observed in IR spectra, however, that the 
characteristic structural change is little. Each PC 
heat treated at 800~ only shows peaks in the 
bands of 820cm -1 (Si-C stretch), 1020cm -1 
(CH2 wagging in Si-CH2-Si) and 460cm -1 (Si- 
O-Si deformation) and the peak in the band of 
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1020cm -1 shifts to 1080cm -1 (Si-O stretch) 
[16] with increase of the temperature. As shown in 
Fig. 10, the X-ray powder diffraction patterns of 
PCs heat treated at 900~ or above, below T4-1 
show no separation of the diffraction peaks (2 2 0) 
and (311) of 13-SIC, so that the products should be 
in amorphous structure. This stage is assumed to 
be transitional toward the fifth stage. 

In the fifth stage from T4-1 to T4-2, the third 
peak in the gas evolution curve is characteristic. 
This gaseous product is hydrogen [15]. In the 
X.ray powder diffraction patterns of Fig. 10, 
above T4-1 the diffraction peaks (220) and (31 1) 
of /3-SIC are separate and are narrower. In this 
stage, an exothermic peak is observed in the DTA 
curves of PC-TMS, PC-470 and PC-B5.5 in Fig. 6, 
indicating crystallization of/3-SIC. In IR spectra 
the peak due to Si-C stretching shifts to higher 
wave numbers with increase of the heat-treatment 
temperature, which shows that the Si-C bond 
becomes tight. Gas evolution thus occurs and the 
amorphous structure of the pyrolysis product 
becomes a crystalline structure. In Table VI, 
chemical analysis of the pyrolysis products at 
1300~ shows that the crystalline products are 
nonstoichiometric with excess carbon in all poly- 
carbosilanes. The structure of the carbon is not 
known. Since the crystallization occurs with de- 
hydrogenation in this temperature range, produc- 
tion of the excess carbon and crystallization may 
be due to Equations 7 and 8. 

The absorption peaks at 1080 and 460 cm -1 in 
IR spectra and chemical analysis show that SiO2 
exists in the products. As shown in the IR spectra 
of Fig. 11, SiO2 in the product of PC-470 by heat 
treatment at 1300~ is largely removed by HF 
treatment. By this treatment, as shown in Fig. 12, 
the diffraction peak of 20 = 26.63 ~ in the powder 
X-ray diffraction pattern is annihilated, but not by 
heat treatment in air at 600 to 700 ~ C, so that the 
peak is not a (002) diffraction line of carbon. 
Consequently, the peak at 20 = 26.63 ~ is due to a 
(101) diffraction line [17] of the a-quartz; it is 
observed from the fourth stage in all PCs. 

U 
C:  

.D  

E 
t -  

I . - -  

400 250 800 

(cm -~) 
1600 1200 

Figure 11 IR spectra of PC-470 heat treated at 1300~ 
before and after air treatment and after HF treatment. 

In this stage, each PC is converted completely 
from the organic into the inorganic by dehydro- 
genation and/3-SIC is crystallized. Composition of 
the products is nonstoichiometric with excess car- 
bon and a little a-quartz. 

3.2.4. The sixth stage above 1200 ~ C 
In the sixth stage above ]'4-2, there again appears a 
gas evolution peak, as shown in Fig. 7. The gas is 
CO [15]. In this stage, the powder X-ray diffrac- 
tion patterns in Fig. 10 become sharp with 
increase of  the heat-treatment temperature, so that 
crystal growth must occur. Further, in PC-B3.2 
and PC-BS.5, the (101) diffraction line of a-quartz 
at 20 = 26.5 ~ is annihilated, corresponding to the 
rapid decrease of Si-O bond (1080cm -1) in the 
IR spectra of PC-B3.2 and PC-B5.5 by heat treat- 
ment above 1300~ That is, in this stage, the 
Si-O bond in the product reacts with the excess 

TABLE VI Chemical compositions (wt%) and empirical formulae of pyrolysis products of polycarbosilanes at 1300 ~ C 
in a vacuum 

Si C H O B Empirical formula 

PC-TMS 52.4 40.1 0.07 5.73 SiCt.~gHo.o 3~Oo.19~ 
PC-470 60.3 36.1 0.10 1.31 SiC 1.4otIo.o 4600.0 s8 
PC-B3.2 56.3 35.7 0.28 4.67 0 . 0 0 5  SiCI.4BHo.139Ooa4 s 
PC-B5.5 54.5 36.6 0.10 4.53 0.12 SiC 1 ~THo~ ~ 1Oo.14sBo.oo 
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carbon and the Si-C bond is formed with CO gas 
evolution. In PC-TMS and PC-470, however, the 
(101) diffraction line remains even at the heat- 
treatment temperature of  1500~ in IR spectra, 
the decrease of Si-O bond is not rapid even at 
1500~ compared with the case of PC-B3.2 and 
PC-B5.5. As seen, the reaction of Si-O bond with 
excess carbon is more rapid in PC-B3.2 and PC- 
B5.5 than in PC-TMS and PC-470, possibly 
because the state of existence of the Si-O bond 
and of the excess carbon are different between 
these two groups. 

The relationship between L l l l  and heat. 
treatment temperature is shown in Fig. 13. At 
1500 ~ C L t 11 of the pyrolysis product increases in 
the order of PC-TMS <PC-B5.5 <PC-470 < 
PC-B3.2. Crystal growth is observed in the fifth 
stage and further in the sixth stage; the growth in 
the fifth stage L 111 is only slight and in the sixth 
stage L1 t 1 it is rapid. The apparent crystalline size 
of fl-SiC in the pyrolysis product at 1500~ is 
considerably different among PCs. This is similar 
to pyrolysis of the organic compounds; phenolic 
resins and cellulose carbonized in solid phase are 
non-graphitizable carbons, and pitches carbonized 
in liquid phase are graphitizable carbons. Though 
the reaction above about 500 ~ C is in solid phase in 
both cases, it influences significantly the carboniz- 
ation process whether in early carbonization below 
500~ molecules of the organic compound are 
mobile and are easily stacked in liquid phase or 
molecules are not mobile and are hardly stacked. 
In Fig. "8, which shows the change of the molecular 
weight distribution during heat treatment, PC-  

3 6 4 6  
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TMS is rapidly condensed between the molecules 
at 350~ and in PC-B5.5 the increase in higher 
molecular weight is remarkable at 400 ~ C. On the 
other hand, though the difference is not distinct 
between PC-470 and PC.B3.2, at 400~ the peak 
of the molecular weight distribution is in lower 
molecular weight and more sharp in PC-B3.2 than 
in PC-470. Consequently, in the pyrolysis process, 
the molten PC-B3.2 should have lower viscosity 
than that of molten PC-470 and have a higher tran- 
sition temperature into the solid phase than that 
of PC-470. Each PC melts by heating and is con- 
verted into the inorganic through the liquid phase 
in early stage of the pyrolysis process. The tran- 
sition temperature from liquid pahse to solid phase 
should increase in the order of P C - T M S <  

| 
0 PC- TMS ~E) 
(~ PC-470 l 

PC - B3,2 i 
�9 PC - B5 ,5  / / 

/ 
1(3 / / 

/ 
! 

I I L I 
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/ ' ( oC)  

Figure 13 Apparent  crystalline sizes of  fl-SiC (LI~1) in 
polycarbosilanes heat  treated in a vacuum.  



PC-B5.5<PC-470<PC-B3.2.  At 1500~ the 
crystal growth of J3-SiC is depressed in PC-TMS 
and accelerated in PC-B3.2. 

In the sixth stage, crystal growth of crystalline 
/~-SiC formed in the fifth stage occurs and Si-O 
bonds in the product decrease. The reaction 
between Si -O bonds and excess carbon is more 
rapid in PC-B3.2 and PC-B5.5 than in PC-TMS 
and PC-470. In the pyrolysis process of PCs, 
the transition temperature from liquid phase to 
solid phase in increase of the molecular weight by 
heating increases in the order of PC-TMS < 
PC-B5.5 < PC-470 < PC-B3.2. Consequently, the 
crystalline size of /3-SIC at 1500~ increases in 
this order, because when the liquid phase is main- 
tained at higher temperature the molecules are 
mobile and tend to condense into the skeleton to 
form a/3-SIC structure. 

4. Conclusion 
In each PC, from the measurements of the substi- 
tuents on a silicon atom, and the silicon atoms 
forming the PC skeleton were represented by 
means of three simple elements; silicon bonded 
with four carbon atoms (SIC4) , silicon bonded 
with one hydrogen atom and three carbon atoms 
(SiCsH), and silicon bonded with x carbon atoms 
and (4 - - x )  silicon atoms (SiCxSi4_x, x = 1, 2 or 
3). The differences in fractions of these silicon 
atoms among PCs are important in discussion of 
the conversion process of PCs into the inorganic 
and of the differences in structure of the pyrolysis 
products. 

The conversion process of PCs into silicon car- 
bide can be divided in six temperature ranges. 
Structures of the pyrolysis products in each stage 
were studied comparatively. Following are the 
results, which are summarized in Fig. 14. 

In the first stage, in each PC, weight loss occurs 

H2,CH 4 

H2 CO 

vaporizing of PC with pyrolysis of side chains /3 -S iC crysiall 
low M forming of network s t ruc ture  0rowth 

increasing ~n 
cross- linking inorganic nonstoichiomet tic 

transition from liquid amorphous composition 
phase to solid phase structure 

/3 -SiC crystall ization 

Stage ]1 Stage] Stage Stage 5th 6 th  
Stage Stage 

l _ _ t  l I I I I I ~ - 1  

0 200 400 600 800 1000 1200 14.00 1600 

T(oc) 

due to evaporation of the low molecular weight 
components and the number average molecular 
weight increases without structural change. 

In the second stage, the molecular weight 
increases in each PC. The mechanism is dehydro- 
genation and dehydrocarbonation condensation 
in PC-TMS and PC-470 and this condensation 
and the radical polymerization due to pyrolysis 
of the polysilane skeleton of molecule in PC-B3.2 
and PC-B5.5. 

In the third stage, by decomposition of the side 
chains of PC, such as dehydrogenation and 
demethanation, PC is converted into the inorganic 
structure with a network and three-dimensional 
structure. In the skeleton of inorganic structure 
are Si-C and C-C  bonds. 

The fourth stage is transitional toward the fifth 
stage. The products are amorphous structure. 

In the fifth stage, t3-SiC is crystallized with 
dehydrogenation. Compositions of the products 
are nonstoichiometric with excess carbon, contain- 
ing a little c~-quartz. The apparent crystalline sizes 
of/3-SIC are 2 to 3 nm. 

In the sixth stage, crystal growth of crystalline 
/3-sic formed in the fifth stage occurs. Si -O 
bonds in the products decrease by the reaction 
between Si -O bonds and excess carbon. The reac- 
tion is more rapid in PC-B3.2 and PC-B5.5 than in 
PC-TMS and PC-470. Crystal growth increases in 
the order of PC-TMS <PC-B5.5 <PC-470 < 
PC-B3.2, because the transition temperature from 
liquid pahse to solid phase in the pyrolysis process 
increases in this order. 

In the next report, the conversion process of 
the cured PC fibre into SiC fibre by pyrolysis will 
be described in detail. 
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