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Abstract Polycarbosilane (PCS) fibers are cured by

electron beam irradiation in helium. Then, the cured fibers

are pyrolyzed under hydrogen. The mechanisms of carbon

removal during pyrolysis are investigated using chemical

elemental analysis, FTIR, Raman, and AES analysis. The

development of microstructure and phase is examined by

SEM, TEM, and XRD. The results show that the thermal

cleavage of relatively weak Si–H and Si–CH3 bonds takes

place first during pyrolysis in hydrogen, generating free

radicals. The free radicals then react with C–H bonds or

with each other to form Si–CH2–Si groups, releasing

hydrogen and methane. As temperature increases, the

Si–CH2–CH2–Si groups in PCS begin to dissociate and

react with hydrogen to form methane, resulting in the

further removal of carbon and giving silicon-rich silicon

carbide fibers (i.e. C/Si \1).

Introduction

Fine diameter SiC-based fibers are produced via polycar-

bosilane (PCS) route on the base of the method developed

by Yajima et al. [1–4]. The processing includes the syn-

thesis of PCS precursor, melt-spinning to obtain precursor

fibers, curing to render the fibers infusible, and finally

pyrolysis to give silicon carbide fibers. Nicalon� is the

representative of the first generation silicon carbide fibers.

Because the precursor fibers are oxidation-cured, Nicalon�

contains about 10 wt% oxygen, limiting its long-term

service temperature below 1100 �C. Hi-Nicalon� is the

second generation SiC fibers. The precursor fibers are

cured by electron-beam irradiation in inert atmosphere, so

that the oxygen content in Hi-Nicalon� is reduced below

1 wt%. However, Hi-Nicalon� contains about 20% excess

carbon apart from silicon carbide. Therefore, its service

temperature is only about 1300 �C. To further improve the

thermal stability, the excess carbon must be removed to

give near stoichiometric silicon carbide fibers. The third

generation of silicon carbide fibers, Hi-Nicalon Type S�,

has thus been developed [5, 6]. Hi-Nicalon Type S� is

produced following essentially the same techniques as

Hi-Nicalon�. However, the pyrolysis has been carried out

in hydrogen instead of nitrogen. The hydrogen atmosphere

affects the pyrolysis mechanisms, favoring the formation of

methane (CH4) rather than hydrogen (H2) gas as in the case

of Hi-Nicalon�. Methane takes more carbon away from the

fibers, resulting in the formation of near-stoichiometric

silicon carbide fibers when the pyrolysis conditions are

optimized. Near-stoichiometric means that the C/Si ratio in

the final ceramic fibers is 1.01–1.1. The long-term service

temperature of Hi-Nicalon Type S� is estimated to be

above 1450 �C.

Irrespective of the excellent properties of Hi-Nicalon

Type S� fibers, only limited information has been pub-

lished on the processing technology and especially the

decarbonization mechanisms. Takeda et al. [7] have pre-

pared silicon carbide fibers with C/Si ratio ranging from

0.84 to 1.56 by heating electron beam-cured PCS fibers in

hydrogen-containing atmosphere. When the pyrolysis
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temperature is about 800 �C, silicon carbide fibers with

C/Si &1 are obtainable. Above this temperature, the C/Si

ratio will drops below unity, thus resulting in silicon-rich

ceramic fibers. Excess silicon is highly detrimental to the

high temperature properties of silicon carbide fibers, and

hence must be avoided. The C/Si ratio in the final ceramic

fibers can be regulated by pyrolysis temperature and

hydrogen concentrations in the pyrolysis atmosphere. The

as-decarbonized fibers contain a large amount of

un-reacted free radicals (pendant chemical bonds). They

will react instantly when exposed in air with oxygen,

increasing the oxygen content up to *10% in the ceramic

fibers [8]. Therefore, after pyrolysis in hydrogen, the fibers

must be immediately heat-treated to over 1000 �C in

argon to have the free radicals annihilated. Tazi Hemida

et al. [8] and Shimoo et al. [9] have also prepared SiC

fibers by pyrolysis in hydrogen. The C/Si ratio ranges

from 1.05 to 1.14.

These researchers have attributed the effective removal

of carbon by hydrogen to the effects of hydrogen on the

different decomposition paths of PCS. In inert atmosphere

such as argon, hydrogen (H2) is the main gas evolved,

while in hydrogen-containing atmosphere, methane (CH4)

is the dominant gaseous by-product. However, no con-

vincing explanation has been given on the over removal of

carbon in hydrogen-containing atmosphere. To avoid pro-

ducing silicon-rich silicon carbide fibers, the underlining

mechanisms of pyrolysis under hydrogen-containing

atmosphere must be understood.

In this work, we have studied the relation between

carbon reduction during pyrolysis and the chemical struc-

ture of the polymer fibers. A new mechanism for decar-

bonization has been put forth.

Experimental

Preparation of silicon carbide fibers

Polycarbosilane (PCS) was synthesized following the work

of Yajima and his colleagues [1–4]. Its number-average

molecular weight is Mn = 1210, and its softening point is

200 �C. The precursor was melt-spun under the protection

of high purity nitrogen into continuous precursor fibers

using a laboratory piston-type melt-spinning machine

(MMCH05, Chemat, Northridge, America). The as-spun

fibers were irradiated in flowing helium with an electron

accelerator (GJ2, Xianfeng Co. Ltd., China). The dose rate

was kept at 0.42 kGy s-1 when the dosage was below

3 MGy to prevent the fibers from over-heating and fusion;

and then the dose rate was increased to 0.84 kGy s-1 to the

final total dosage, 10 MGy. The as-cured fibers contain

1.88 wt% oxygen because of the slight oxidation during

spinning. The average diameter of the as-cured fibers is

28 lm.

The cured fibers were placed into a perforated graphite

boat to allow the easy access of reaction gas and the escape

of waste gases. The tube-furnace (ID = 30 mm) was first

heated to and stabilized at the decarbonization temperature

in high-purity nitrogen. The hydrogen flow rate was

200 mL min-1. The sample boat was quickly inserted

from \100 �C into the hot-zone for the decarbonization

reactions. This heating profile can avoid the uncertainty of

decarbonization temperature when a gradual heating rate is

used. After the decarbonization, the pyrolysis gas was

switched into high purity argon. The fibers were further

heated at a heating rate of 5 �C min-1 to 1200 or 1600 �C.

After holding for 60 min, the fibers were furnace-cooled to

room temperature.

Analysis and characterization

Carbon content was determined using Horiba Carbon/

Sulfur Analyzer (EMIA-320 V, Horiba Ltd., Japan). Oxy-

gen content was determined using Oxygen/Nitrogen Ana-

lyzer (EMGA-620 W, Horiba Ltd., Japan). Silicon content

was quantitatively measured by chemical titration method.

At least three measurements were made for each point and

the average value was used. Phase identification was car-

ried out by X-ray diffraction (XRD) (PANalytical X’Pert

PRO diffractometer, PANalytical Corporation, Nether-

lands) with CuKa radiation. Scanning electron microscopy

(XL30, Philips-FEI, Eindhoven, Netherlands) and trans-

mission electron microscopy (JEM-2100 CX, Jeol, Japan)

were used for fiber diameter determination and micro-

structure examination. FTIR spectra were recorded using

KBr disc method (Nicolet Avator 360, Thermo, America).

Raman spectra were recorded on LabRam I (Dilor Cor-

poration, France). Auger Electron Spectroscopy (AES)

analysis was performed on PHI660 (P-E Corporation,

America).

Results and discussion

Table 1 shows the chemical compositions of the fibers after

pyrolysis in hydrogen and the subsequent heat treatment in

argon at 1200 �C. The slight higher oxygen content in the

final ceramic fibers than in the as-cured fibers is partially

due to the weight loss during pyrolysis, and partially due to

the oxygen pick-up from the hydrogen and argon as the

fibers are extremely prone to oxidation during pyrolysis

even by the tiny amount of oxygen in the atmosphere.

Figure 1 shows that the most significant decarbonization

occurs at 600–800 �C. The C/Si ratio of the as-cured PCS

precursor fibers is 1.93. After heating at 700 �C for 1 h, it
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drops to 1.18. At 800 �C for 1 h, the C/Si ratio is reduced

to 0.98, indicating that the carbon removal is excessive and

the fibers are silicon-rich. Excess silicon is more harmful

than excess carbon in terms of high temperature mechan-

ical properties and creep resistance. Therefore, it must be

avoided. At even higher heat-treatment temperature, the

C/Si ratio increases. When the pyrolysis temperature in

hydrogen is 1100 �C, the resultant ceramic fibers contain

nearly the same amount of excess carbon as the fibers

pyrolyzed in nitrogen (C/Si = 1.40).

When the resident time is prolonged to 4 h at 700 �C,

the C/Si ratio is further reduced to 1.08. However, 4 h heat-

treatment at 800 �C leads to ceramic fibers with

C/Si = 0.90, highly rich in silicon. For decarbonization

temperature of C900 �C, the curve of 4 h almost com-

pletely overlaps with the 1-h curve.

It is clear that silicon carbide fibers with C/Si & 1 can

be obtained by optimizing the decarbonization temperature

(at 700–800 �C) and holding time. In order to increase the

productivity, short reduction time and hence higher tem-

perature is preferred. Therefore, we have examined the

change of C/Si with holding time at 800 �C as shown in

Fig. 2. Ceramic fibers with C/Si & 1 is obtainable at

0.85 h and the fibers are lustrously black. For holding time

of C2 h, the C/Si remains essentially constant, and the

resultant fibers are reddish-brown because of its richness in

silicon.

The above study shows that the decarbonization will not

stop at C/Si = 1 and the final ceramic fibers will be silicon-

rich with prolonged heating. However, the decarbonization

will not go infinitely, rather it will stop when the C/Si ratio

has reached to a certain value, C/Si & 0.9 in this work.

Our research and the published work [10, 11] have all

shown that the overwhelming organic–inorganic transition

of PCS takes place at 550–850 �C in inert atmosphere. On

the base of FTIR spectroscopy and gas evolution analysis

data in hydrogen and inert atmosphere, Hasegawa et al.

[10], Bouillon et al. [11], and Chollon et al. [12], have

proposed the pyrolysis mechanisms involving free radical

reactions shown in reaction (1) to (8):

�Si�H! �Si� þ H� ð1Þ
�Si�CH3 þ H� ! �Si�CH2

� þ H2 Hydrogen removalð Þ
ð2Þ

�Si�Hþ�Si�CH3 ! �Si�CH2�Si�
þ H2 Hydrogen removalð Þ ð3Þ

H� þ H� ! H2 Hydrogen removalð Þ ð4Þ
�Si�CH3 ! �Si� þ CH3

� ð5Þ

�Si�CH3 þ CH�3 ! �Si�CH2
�

þ CH4 Methane removalð Þ ð6Þ

�Si�CH3 þ�Si�CH3 ! �Si�CH2�Si�
þ CH4 Methane removalð Þ

ð7Þ
�CH3

� þ H� ! CH4 Methane removalð Þ ð8Þ

Table 1 Chemical compositions of the fibers after 1 h decarbonization

Pyrolysis

temperature (�C)

Si (wt%) C (wt%) O (wt%) C/Si

(atomic)

As-cured fibers 53.64 44.48 1.88 1.93

600 60.51 36.22 3.27 1.40

700 63.48 32.10 4.42 1.18

800 67.93 28.55 3.52 0.98

900 63.98 32.30 3.72 1.18

1000 61.59 34.51 3.90 1.30

1100 60.13 35.99 3.88 1.40

Fig. 1 C/Si ratio as a function of decarbonization temperature

Fig. 2 C/Si ratio as a function of holding time at 800 �C
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In inert atmosphere, the relatively weak Si–H and Si–CH3

bonds break first. Then, the free radicals react with C–H

bonds or with each other to form Si–CH2–Si groups,

releasing hydrogen and methane. Below 900 �C, the

cleavage of Si–CH3 is limited, so the major gaseous species

evolved is hydrogen. This can effectively explain why

the decarbonization is incomplete in inert atmosphere.

In hydrogen-containing atmosphere, the hydrogen accel-

erates the cleavage of Si–CH3. Therefore, more methyl free

radicals (–CH3
•) are generated. They react with hydrogen

free radicals (H•) or with C–H bonds to form methane.

One can deduce from Fig. 1 that the reduction of carbon

by hydrogen and the ceramicization is competing during

pyrolysis. The carbon removal is dominant below 800 �C,

while the ceramicization is the major process above

800 �C. Therefore, if the decarbonization temperature is

too high, the Si–H, Si–CH3, and C–H bonds near the fiber

surface will cleave into free radicals. However, the free

radicals quickly recombine, releasing mainly methane as

the exhaust gas. However, the hydrogen from the atmo-

sphere has not got enough time to diffuse into the interior

of the fibers, so that thermal decomposition is the major

process inside the fiber rather than reduction. Because the

initial C/Si ratio of PCS is near to 2, the final ceramic fibers

contain a large amount of excess carbon. The excess car-

bon in the ceramic network is stable, so that it can hardly

react with hydrogen. This explains why the decarboniza-

tion is more effective below 800 �C. In order to further

prove this hypothesis, the as-cured PCS fibers are quickly

placed to the furnace hot zone. After soaking for 1 h, they

are taken out quickly and cooled to room temperature for

analysis. Figure 3 shows the AES profiles for the fibers

pyrolyzed at 1000 �C in hydrogen. The overall C/Si ratio of

the pyrolyzed fibers was 1.30, although the C/Si ratio is

close to unity near the surface. The carbon concentration

increases toward the center, forming a uniform concen-

tration gradient and a carbon-rich core. On contrast, the

silicon concentration remains essentially unchanged along

the radial direction. This experiment shows clearly that the

decarbonization of PCS in hydrogen is hydrogen diffusion-

controlled process.

However, the above free radical reactions (1) to (8)

cannot explain the phenomenon of carbon over-removal

(C/Si \ 1) after prolonged heating at 800 �C. Takeda et al.

[7] have given a tentative explanation. After the cleavage

of Si–H and Si–CH3 bonds, the more stable Si–CH2–Si

linkages in the backbone chain of PCS start to dissociate

into Si–CH2
• free radicals. The Si–CH2

• then reacts with

H• to form methane, leading to silicon-rich ceramic fibers.

If this is true, the breaking of Si–CH2 bonds will continue

with increasing pyrolysis temperature or the holding time

until pure silicon fibers are formed. But, in reality the

change of C/Si ratio tends to stop below a certain value,

e.g., *0.9 [7]. Apparently, the above explanation has not

disclosed the underlying reasons for the carbon reduction

of PCS in hydrogen.

We postulate that the auto-stop of the carbon removal is

related to the chemical structure of the as-cured fibers. That

is to say, there exist other carbon-containing groups besides

Si–H, Si–CH3, and Si–CH2. These bonds should be stron-

ger than Si–H and Si–CH3, but weaker than Si–CH2.

Table 2 shows the possible chemical bonds in PCS together

with their bond dissociation energy [13]. Obviously, C–C

bonds can meet the above criteria.

In order to detect C–C bonds, the chemical structure of

the precursor fibers and as-cured fibers are characterized.

Figure 4 shows the FTIR spectra. The strong absorptions at

2100 and 1250 cm-1 are assigned to Si–H and Si–CH3,

respectively, while the doublet absorptions at 2950 and

2900 cm-1 correspond to C–H stretching of CH3 and CH2.

Chollon et al. [12] has analyzed electron beam-cured PCS

fibers by FTIR and have found new strong absorption at

1450 cm-1. They have attributed it to C–H of CH2–CH2

groups. However, in our work, a peak at 1425 cm-1 is

found for both the precursor fibers and the electron beam-

cured fibers. They are assigned to C–H from CH2–CH2 (see

Fig. 3 AES concentration profiles of Si, C and O across the fiber

diameter (holding 1 h at 1000 �C)

Table 2 Dissociation energy of selected chemical bonds

Chemical bonds Dissociation

energy (kJ mol-1)

Example

Si–Si 332–336 (CH3)3Si–Si(CH3)3

Si–H 357–380 (CH3)3Si(CH3)2Si–H

C–C 377 CH3–CH3

Si–C 383–394 (CH3)3Si–CH3

C–H 419–425 CH3CH2CH2CH2–H
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also the Raman spectra in Fig. 5). The shift of position is

believed due to the slightly different chemical structure of

the PCS precursors used. The peak areas of Si–H

(2100 cm-1, A2100) and Si–CH3 (1250 cm-1, A1250) are

normally used to calculate the relative concentration of

Si–H bonds. Similarly, the relative concentration of C–H

bonds (at 1425 cm-1) is calculated through the peak areas

of C–H (A1425) and Si–CH3 (A1250). Table 3 shows the

relative concentration of Si–H and C–H (from CH2–CH2

groups) bonds before and after curing. The concentration of

Si–H bonds has decreased significantly after curing

because of electron beam-induced free radical reaction.

However, the relative concentration of C–H bonds remains

essentially unchanged, indicating that CH2–CH2 is stable

during the irradiation.

It is well-known that C–C bonds are insensitive and

difficult to be detected by FTIR. However, they can be

analyzed by Raman. Figure 5 is Raman spectra of the

precursor and electron beam-cured PCS fibers. Absorption

bands at 710 cm-1 are observed for both the precursor and

irradiation-cured fibers. They are assigned to C–C bonds

according to Tazi Hemida et al. [8], further confirming the

existence of CH2–CH2 groups in the precursor and cured

fibers.

From the energy point of view, CH2–CH2 groups are

most likely to be present in the form of Si–CH2–CH2–Si

linkages. Therefore, we believe that the carbon removal

during pyrolysis in hydrogen is as follows. At the early

stage, reactions (1)–(8) takes place. When these reactions

approach to the end, the relatively strong C–C bonds in the

Si–CH2–CH2–Si groups are thermally cleaved, leading to

the free radical reactions shown in reactions (9)–(12).

Finally, methane is released and the C/Si ratio is reduced

below unity.

�Si�CH2�CH2�Si� ! �Si�CH2
� þ �CH2�Si� ð9Þ

�Si�CH2
� þ H� ! �Si� þ CH�3 ð10Þ

�Si� þ �Si�CH2
� ! �Si�CH2�Si� ð11Þ

CH3
� þ H� ! CH4 ð12Þ

According to this mechanism, all the carbon atoms in CH2–

CH2 groups will be removed during the final stage of

decarbonization. Therefore, one can estimate the

concentration of Si–CH2–CH2–Si in the whole PCS

structure. First, the backbone of PCS polymer chain is

assumed to be

� Si�CH2ð Þm�ðSi�CH2�CH2Þn
� �

�

At the end of the decarbonization process, the remaining

numbers of silicon atoms and carbon atoms are (m ? n)

and m, respectively. That is to say, the C/Si ratio in the

ceramic residue is m/(m ? n). In this work, the carbon

removal stops at C/Si = 0.9. Therefore, m/(m ? n) = 0.9,

or n/m = 1/9. After pyrolysis at 800 �C, the residue should

have inter-connected Si–CH2 structure [7]. Because the

dissociation energy of Si–C bonds is too high, they will not

cleave further. Instead the residue will convert into

ceramics by losing hydrogen from CH2 groups. Therefore,

in order to prepare SiC fibers with C/Si ratio close to unity,

the content of Si–CH2–CH2–Si groups in PCS must be

reduced as low as possible.

Figure 6 shows the XRD patterns of the SiC fibers with

different C/Si ratios. The fibers are decarbonized in

hydrogen and subsequently heat-treated at 1600 �C. All the

Fig. 4 FTIR spectra of a precursor fibers, and b electron beam-cured

fibers

Fig. 5 Raman spectra of a precursor fibers, and b electron beam-

cured fibers

Table 3 Relative concentration of Si–H (2100 cm-1) and C–H (from

CH2–CH2 groups, 1425 cm-1) bonds before and after curing

Fibers Si–H (A2100/A1250) C–H (A1425/A1250)

PCS precursor fibers 1.94 0.24

As-cured fibers 1.03 0.25
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diffraction peaks correspond to b-SiC. The carbon-rich

fibers contain smaller grains, because the excess carbon

will aggregate at the grain boundary, impeding the grain

growth [7, 14]. The silicon-rich fibers have larger grain size

than the carbon-rich or C/Si & 1, indicating that excess

silicon accelerates the grain growth of SiC [7].

Figure 7 shows that the SiC fibers with C/Si & 1 and

after treatment at 1600 �C are dense. The fracture mor-

phology is typical of brittle materials. It is similar to the

glassy fracture surface of Hi-Nicalon� fibers, rather than

the granular appearance of Hi-Nicalon Type S� fibers. The

TEM photograph (Fig. 8) shows that the SiC grain size is

*10 nm, close to the XRD value calculated from Scher-

rer’s formula. This grain size is similar to Hi-Nicalon�

fibers (*5 nm), but much smaller than Hi-Nicalon Type

S� fibers (*50 nm) [14]. This is probably due to the fact

that the current fibers contain higher percentage of oxygen

(*4% against *0.5% in Hi-Nicalon Type S�). Figure 8

also shows that there exists a small amount of amorphous

phase between the small silicon carbide grains, which is

attributed to SiCxOy phase [7, 14, 15]. It is well known that

both excess carbon (such as in Hi-Nicalon� fibers [7, 14])

and oxygen (such as in Nicalon� fibers [14]) can markedly

suppress the growth of silicon carbide grains. It has been

shown that the oxygen content must be reduced to nearly

zero for fibers to be produced with properties approxi-

mating to those of stoichiometric silicon carbide. And the

existence of excess of SiCxOy phase will most probably

limit the mechanical properties and encourage creep.

Therefore, more stringent processing control is needed to

reduce the oxygen content and produce near-stoichiometric

silicon carbide fibers similar to Hi-Nicalon Type S�.

Conclusions

When PCS fibers are cured by electron beam irradiation in

helium and then pyrolyzed under hydrogen, the excess

carbon in PCS can be effectively removed to give silicon

carbide fibers with C/Si & 1. During pyrolysis, the thermal

cleavage of relatively weak Si–H and Si–CH3 bonds takes

place first, generating free radicals. The free radicals then

react with C–H bonds or with each other to form Si–CH2–

Si groups, releasing hydrogen and methane. As temperature

increases, the Si–CH2–CH2–Si groups in PCS begin to

dissociate and react with hydrogen to form methane,

resulting in the further removal of carbon and giving sili-

con-rich silicon carbide fibers (i.e. C/Si \ 1). The con-

centration of Si–CH2–CH2 groups has been estimated to be

one tenth in the backbone chains of the PCS polymer used

in this work. Therefore, it is desired that Si–CH2–CH2

content should be as low as possible in PCS to produce

silicon carbide fibers with C/Si & 1.
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