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bstract

he ceramic yield of a new polycarbosilane is discussed based on its structure, including vinyl functionality, branched structure, as well as polymer

olecular weight. The cross-linking behavior of this polymer is studied up to 400 ◦C. According to the cross-linking mechanism, the optimized

eat-treatment conditions can be obtained for a high ceramic yield. The product pyrolysized at 1400 ◦C has a composition close to 1.1:1 Si:C with
ceramic yield of about 70%.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

The technique for the fabrication of non-oxide ceramics by
he pyrolysis of polymer precursors has attracted a great deal of
nterest due to its advantages over the powder-based ceramic
rocessing such as fabricating unconventional structures and
etting ceramics at relatively low temperatures.1,2 Furthermore,
olymer derived ceramics have high thermal stability,3 thermal
echanical properties,4,5 and oxidation resistance both in dry

nd wet environments.6–9 These unique properties of polymer
erived ceramics render them as potential materials for high
emperature structural applications.

The silazane-based polymer precursors are necessary for the
reparation of polymer derived silicon-based ceramics. In the
ast decades, many books,10,11 as well as review articles12,13

ere published concerning preceramic precursors. Several
esearchers have set forth a series of empirical rules for design-

ng a proper ceramic precursor.14,15 They stated that a general
equirement for the polymer precursor is a high ceramic yield
nd good processing characteristics. Hence, a useful polymer
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recursor should be liquid, fusible and/or soluble for processing,
nd should possess high molecular weight, presence of latent
eactivity, and cages or ring structure for high ceramic yield.

The ceramic yield of polymer precursors strongly depends on
heir chemistry, backbone structure, the functionalities, and the
egree of cross-linking. The cross-linked polysilazanes can give
ceramic yield of 80 wt% or higher while the uncross-linked

ilazanes give only 20% ceramic residue.16 Lücke et al.17 sys-
ematically investigated the effect of branched and unbranched
tructure of polysilazanes on their ceramic yield. It was found
hat the branched precursor had a much higher ceramic yield
han that of the unbranched one due to its lower evaporation of
ligomers. The functionality such as vinyl group is also widely
tudied in PHMS system and PVS system.16,18 The results
howed that the vinyl group will allow a high ceramic yield. The
tudy of Bahloul et al.19 indicated that the pyrolysis conditions
lso greatly affected the final ceramic residue.

Polycarbosilanes are the precursors for SiC ceramics. The
deal structure of the polymer should present alternating sili-
on and carbon atoms in the main chain with branching nodes.
he type of branching nodes can be designed to control the
ree carbon in the final ceramic composition. In this study, liq-
id polycarbosilanes with a highly branched structure are used.

systematic investigation on the effect of functional groups
xisted in the polycarbosilane structure has been carried out to
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Fig. 1. FTIR analysis of synthesized liquid polycarbosilanes.
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aximize its conversion to the ceramic. The influence of the heat
reatment prior to pyrolysis is also studied in order to optimize
he ceramic yield of this polymer.

. Experimental procedure

A liquid polycarbosilane (LPCS) with highly branched
tructure was synthesized in the Laboratory of Advanced Mate-
ials at Xiamen University. Briefly, LPCS was synthesized
y Grignard coupling of chloromethylmethyldichlorosilane
Cl2MeSiCH2Cl), chloromethyltrichlorosilane (Cl3SiCH2Cl)
nd allyl chloride (ClCH2CH CH2), followed by the reduction
ith lithium aluminum hydride (LiAlH4).20 The structures of

s-received liquid polymers were characterized by 1H NMR
nd FTIR. The FTIR spectra were obtained by placing the
iquid on NaCl plates using the Nicolet Avator 360 Spectrome-
er (Wisconsin, USA). The 1H NMR experiments were carried
ut on a Bruker AV300MHz spectrometer (Germany) operating
t 300.13 MHz in CDCl3 solution, using (trimethylsilyl)silane
TMS) as the internal standard.

The polymers were cross-linked at different temperatures
ith argon gas protection for 6 h. The structures of resultant

olids were also characterized by FTIR by using pellets made
rom the mixture of the solid powders and dried KBr pow-
ers. The thermal analysis for the cross-linking process was
arried out on thermal gravimetric analysis–differential scan-
ing calorimetry (TGA–DSC) (Netzsch STA 409C) in argon
as with a ramping rate of 10 ◦C/min. The average molecular
eight of LPCS was measured by gel permeation chromatog-

aphy (GPC) using Angilent 1100 (Angilent Co., USA) with
etrahydrofuran (THF) as a solvent.

. Results and discussion

The functionalities in as-received liquid polycarbosilanes
1#, see in Table 1) were identified by FTIR (Fig. 1). The defor-
ation band at around 1250 cm−1 (Si CH3 stretching) and the

tretching band at 2950 cm−1 (C H stretching in Si CH3) indi-
ate the existence of Si CH3. The strong band at 2120 cm−1

s assigned to Si H. The bands attributed to vinylsilyl group
CH2 CH Si) are C H vibration in CH CH2 at 3073 cm−1 and

C stretching at 1630 cm−1. The CH2 bending in Si CH2 Si
t 1000 cm−1 and the C H stretching in Si CH2 at 2920 cm−1
ndicate that Si CH2 Si chain, the backbone of polymer, exists
n this LPCS. Peaks at around 820 cm−1 are assigned to Si CH3
ocking and Si C stretching.21–23 The stretching vibration band
t around 3400 cm−1 is due to the water that was adsorbed in

e
s
b

able 1
ontents of functional groups and ceramic yield of polycarbosilanes

ypes of LPCS Si H content (%) Si CH2 CH CH2 co

# 31 3
# 25 9
# 37 7
# 12 8
Fig. 2. 1H NMR analysis of synthesized liquid polycarbosilanes.

Br during FTIR testing. The structure of liquid polycarbosilane
s further confirmed by 1H NMR spectrum (Fig. 2). The peaks in
H NMR spectrum of the LPCS are overlapped and broadened,
hich confirms that the structure is highly branched.24 The two
roups of peaks centered at −0.2 and 0.15 ppm are attributed to
he various SiCH2Si environments and the SiCH2 functionali-
ies. Si CH3 functionality in the polymer from reduced CH2Cl
nd groups would also appear in these regions.25,26 The SiCH2Si
nd SiCH2 are likely to be generated by Grignard reaction
o form the backbone of the polymer. The multiplet between
.5 and 2 ppm is due to the absorption of methylene protons of
he residual chloromethyl functionalities not reduced by LiAlH4
reatment, and the methylene protons derived from THF.26 The
hree peaks ranged from 3.3 to 4.5 ppm match the values for
he SiH, SiH2, and SiH3 groups.27 The two multiplets at 4.77
nd 5.76 ppm are assigned to the protons in CH CH2

* and
CH* CH2, respectively.24 From the above analysis, it is gen-

rally believed that the polymer precursor has a highly branched
tructure with a Si CH2 Si chain (the structure is shown
elow).

ntent (%) Si CH3 content (%) Ceramic yield (%)

54 60.22
46 71.07
48 63.58
72 29.79
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ig. 3. FTIR spectra of polycarbosilanes heat-treated at (a) un-cured, (b) 170 ◦C,
c) 200 ◦C, (d) 250 ◦C, (e) 300 ◦C, (f) 350 ◦C, (g) 400 ◦C.

The cross-linking behavior of the LPCS is studied by FTIR
Fig. 3). At the temperatures of 200 ◦C, the intensity of Si CH3
1250, 2950, 2900, 1400 and 1355 cm−1) does not change
oo much while the absorption peaks related to Si H (2130,
00 cm−1) and CH CH2 (1630 cm−1) decrease in intensity
fter curing. It is believed that hydrosilylation and dehydro-
oupling reactions occurred during the cross-linking process,
s shown below:

Si CH CH2 + Si H → Si CH2CH2 Si (1)

Si H + H Si → Si Si + H2 (2)

The thermal analysis indicates that there is an exothermic
eak at about 230 ◦C. It is believed that this peak arises from the
ydrosilylation and dehydrocoupling reactions.28 At this tem-

erature, the evaporation of hydrogen gas and small oligomers
hould be the main reason for weight loss. Hence, the weight
hange in TGA (Fig. 4) is small. With the temperature increas-
ng, the absorption bands attributed to Si CH3 greatly decreased

ig. 4. TGA–DSC analysis of cured polycarbosilanes in argon gas with a ramp-
ng rate of 10 ◦C/min.
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n intensity. At the temperature of 400 ◦C, the C H stretching
n CH CH2 (3073 cm−1) almost disappears and the inten-
ity of the absorption band attributed to C C (1630 cm−1) is
educed markedly, which indicates that the CH2 CH func-
ionality evolves in the cross-linking reaction. The following
eactions should happen during the cross-linking process

Si H + CH3 Si → Si Si + CH4 (3)

H2 CH Si → CH2 CH( Si ) (4)

The exothermic peak at about 380 ◦C should account for the
eactions above. Gaseous products such as CH4 and H2 will
vaporate out, contributing to the weight loss in this stage. The
ow weight molecules that require further cross-linking will
scape out at high temperatures, which should also accounts
or the weight loss in this stage.

Previous study17 indicated that the unbranched precursors
ad a very low ceramic yield (no more than 11 wt%) due to
he evaporation of oligomers around 300 ◦C. Hence, highly
ranched polycarbosilane is preferred at the beginning of struc-
ural design in order to avoid great oligomers loss. Structural
nalysis of our obtained LPCSs shows that they are highly
ranched structure. No obvious weight loss below 300 ◦C is
bserved in TGA for our LPCSs, which indicates that the highly
ranched structure is beneficial to ceramic yield.

The content of functionalities can be calculated from 1H
MR. The calculation results and the final ceramic yield are

isted in Table 1. It can be seen that the ceramic yield increase
rom 60 to 71% with the vinyl content from 3 to 9%; and that
he pyrolysis residue decreases to around 30% with the content
f CH3 up to 72%. The Si CH3 bonds will be broken at tem-
eratures higher than 300 ◦C and evaporate out in the form of
ethane gas. The loss of CH3 is the main reason for weight loss

uring pyrolysis. However, it has a beneficial effect by reducing
he free carbon residue. An introduction of a vinyl group into the
olymer as a side chain will increase the ceramic yield. With the
inyl, a hydrosilylation cross-linking happens at around 230 ◦C.
he degree of cross-linking at low temperature was enhanced to
reatly reduce the oligomers evaporation.

In order to get a composition of close to 1:1 Si:C from the
ighly branched LPCS, side chains such as allyl, butyl, and
exyl should be avoided. Although these functionalities could
ncrease the ceramic yield, the free carbon residual will be high.
n ideal structure has only H and CH3 as the side chains.
owever, the presence of pendent methyl groups in the polymer
enerally leads to a major loss of carbon as methane. Thus, a
uitable amount of vinyl groups are welcomed as side chains.
he ceramic yield can be greatly enhanced due to improvement
f cross-linking, though its pyrolysis leads to a little free-carbon-
ichness because of the preliminary polymerization of vinyl
oieties and subsequent formation of carbon during the pyrol-

sis step.
According to TGA results (Fig. 4), the weight loss mainly
appens in the temperature range of 300–500 ◦C. In this stage,
he polymerization of C C, hydrosilylation and dehydrocou-
ling reactions occur to increase the degree of cross-linking,
ccompanying the process of the depolymerization and evapora-



890 H. Li et al. / Journal of the European Ceramic Society 28 (2008) 887–891

Table 2
Molecular weight and ceramic yield of polycarbosilanes

Types of LPCS Mn Mw Polydispersity Viscosity (cP) Ceramic yield (%)

5 3.06
6 4.01

t
a
l
t
t
r
c
e
y
r
i
T
y

y
m
i
2
f
m
a
h
p
f

4

s
o
m
l
c
S

R

1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

# 756 2319
# 904 3629

ion of low molecular weight molecules. Sufficient cross-linking
t the beginning of this period is critical to reduce the weight
oss and to get a high final ceramic yield. From the analysis of
he cross-linking process, it is believed that 300 ◦C is a good
emperature for heat treatment of PCS because the cross-linking
eactions such as polymerization, hydrosilylation and dehydro-
oupling occur and the temperature is not high enough for violent
vaporation of oligomers. By this treatment, the final ceramic
ield can be increased by 10 wt% or more. However, the ceramic
esidual for LPCS with high CH3 content have no obvious
ncrease even after heat treatment at 300 ◦C for a long time.
his indicates that the type of side chain is critical for ceramic
ield as well.

Molecular weight also has an important effect on the ceramic
ield. Two precursors having the same structure with different
olecular weight were investigated in this study. As summarized

n Table 2, the Mn and Mw of LPCS were enhanced from 756 and
319 to 904 and 3629, while the ceramic residue was increased
rom 51.47 to 59.27 wt%. It is easy to understand that higher
olecular weight leads to less weight loss during cross-linking

nd pyrolysis. However, a high molecular weight also means a
igh viscosity, which will reduce the processability of the liquid
olymer. Therefore, a suitable of molecular weight is required
or optimizing the process.

. Conclusion

In conclusion, the effect of structure factors such as branched
tructure, side chains, vinyl functionality, and molecular weight
n the final ceramic yield, combined with the cross-linking
echanism is discussed. By optimizing the structure and cross-

inking process, a liquid polycarbosilane is obtained with a
eramic yield of 70 wt% and a composition of close to 1.1:1
i:C.
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