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Near-stoichiometric silicon carbide from a
poly(methylsilylene)/tetra-allylsilane mixture

MAUR Í CIO F. GOZZI, M. DO CARMO GON Ç ALVES, I. VAL É RIA P. YOSHIDA
Institute of Chemistry, Universidade Estadual de Campinas, CP 6154, 13083-970, Campinas,
SP, Brazil

This paper describes the use of a bi-component mixture of poly(methylsilylene), PMS, and
tetra-allylsilane, TAS, in variable composition, as a pyrolytic precursor to SiC. The ceramic
products were characterized by elemental analysis, 29Si MAS NMR, actual density
measurements, XRD and TEM. The PMS/TAS mixture produces, in an appropriate ratio,
near-stoichiometric SiC with an apparent composition of 99% SiC and 1% C, after pyrolysis
up to 1000 ◦C under inert atmosphere, in a reasonable yield. C© 1999 Kluwer Academic
Publishers

1. Introduction
The use of polymers as precursors to silicon carbide,
SiC, has received continuous attention, since Yajima
et al. [1] developed a poly(carbosilane) suitable for
conversion into SiC-based fibers. Due to the polymeric
nature of these ceramic precursors, this process can
be extended to production of ceramic composites [2],
monoliths [3], powders [4], and coatings [5].

A great variety of preceramic organosilicon poly-
mers have been developed in the last two decades with
significant improvements in the synthetic route, purity
and mainly in the ceramic yield of the final product.
However, these materials usually showed an excess
of carbon in their compositions [6]. The pyrolysis of
poly(silaethylene), PSE [7], and poly(methylsilylene),
PMS [8], both with 1 : 1 Si : C ratio, was studied in or-
der to achieve a stoichiometric product. Nevertheless,
the former requires an expensive method of prepara-
tion, whereas PMS obtained from relatively low cost
reagents produces SiC with an excess of Si.

Knowledge of the structural evolution by which
the polymer is converted to ceramics is important for
making changes in the structure of the precursor, in or-
der to improve its performance. Our previous studies
have demonstrated that a mixture involving PMS and
tetra-allylsilane, TAS, can be a good candidate to a SiC
precursor system [9]. In this report, the pyrolysis of sev-
eral different compositions of PMS/TAS mixtures was
investigated in order to produce near-stoichiometric
SiC.

2. Experimental procedure
2.1. General comments
All manipulations involving the organosilicon com-
pounds before their ceramization were carried out un-
der argon atmosphere, in oven-dried glassware and
in some cases, inside a glove-bag filled with ar-
gon. Solvents were purified and dried using standard

techniques. CH3HSiCl2, (CH3)3SiCl and SiCl4 were
freshly distilled in presence of CaH2 prior to their use.
CH2=CHCH2Br was distilled under argon before use.
Magnesium turnings were washed with benzene, fol-
lowed by acetone, and dried at 100◦C for 3 h immedi-
ately before their use.

2.2. PMS synthesis
Poly(methylsilylene) was prepared according to the
conventional Wurtz reaction between CH3HSiCl2 and
Na in toluene. At the final stage of the reaction,
(CH3)3SiCl was added into the reactional solution as
the blocking-chain agent. More details about the PMS
synthesis can be found in our previously re-
ported procedure [10]. Found composition (from1H
NMR data): Me3Si-[(CH3HSi)0.7(CH3Si)0.3]n-SiMe3,
n∼ 23, Mn= 1000, in a 50% yield. FTIR (neat, cm−1

(assignment) [11, 12]): 2956, 2893 (νCH, CH3), 2104
(νSiH), 1408, 1247 (δCH, SiCH3), 1038 (νSiOSi), 931
(γSiH2), 866 (ρCH3), 774, 685 (νSiC). 29Si NMR
(ppm, assignment [8a, 10, 13]):−68.0 (SiCH3),−63.0
(HSiCH3), and minor peaks at−34.9, 7.5 and 20.4
from −Si(CH3)H2, −Si(CH3)3 and −Si(H)(Cl)CH3
end groups, respectively.1H NMR (ppm, assign-
ment [13]): (HSiCH3), 3.93, 4.10 (SiH), 5.14 (SiH2
and Si(H)(Cl)CH3 end groups), 5.55 (SiOH traces).

2.3. TAS synthesis
Tetra-allylsilane was prepared by a reaction between
CH2=CHCH2MgBr and SiCl4, according to the proce-
dure described by O’Brienet al. [14]. Its synthesis was
confirmed by FTIR and1H NMR spectra [15].

2.4. PMS/TAS mixture
PMS was dissolved in TAS, under inert atmosphere, and
stored in a Schlenk-type reservoir until use. The ratios
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TABLE I Composition of the PMS/TAS mixtures

Code PMS/TAS molar ratio SiH/C=C bonds molar ratio

P1 1/0.5 8/1
P2 1/1.3 3/1
P3 1/2.2 1.8/1
P4 1/2.8 1.4/1
P5 1/3.6 1.1/1

and respective codes for the several prepared mixtures
are displayed in Table 1.

2.5. Ceramic conversion
The samples were pyrolyzed in alumina crucibles in a
EDG tube furnace, model EDGCON 5P, equipped with
a temperature controller, under an atmosphere of flow-
ing argon (50 ml/min). The final temperature (1100◦C)
was reached with a heating rate of 10◦C/min. Typi-
cally, each sample was held at this temperature for 3 h.
The ceramic material derived from P1 composition (see
Table I) was fired at 1500◦C for 2 h, under ambient at-
mosphere, in a EDG F-1700 furnace.

2.6. Characterization
Elemental analyses were performed in a Perkin Elmer
2400 Elemental Analyzer using the procedure sug-
gested by [16]. The accuracy was checked with ref-
erence samples and the deviation was around 3%. The
products were analyzed by Fourier transform infrared
spectroscopy (FTIR) as neat samples or as the con-
ventional KBr pellets on a Perkin Elmer 1600 spec-
trometer. Solid state29Si magic angle spinning nuclear
magnetic resonance (MAS NMR) (59.6 MHz) spectra
were run with samples spinning at∼5 kHz on a Bruker
AC300P instrument, using a pulse width of 3.5µs and
a pulse delay of 1 s. TMS (tetramethylsilane) refer-
enced the chemical shift. For thermogravimetric anal-
yses, a DuPont 1090B thermogravimetric analyzer, on
line with a DuPont 951 thermal analyzer, was used at
a heating rate of 10◦C/min, under argon flux. Differ-
ential scanning calorimetry (DSC) measurements were
done in a TA Instruments DSC 2910 calorimeter on
line with a TA Instruments 2100 thermal analyzer. The
curves were obtained without previous thermal treat-
ment of the samples, in a temperature range of 20 to
300◦C, under argon flux (50 ml/min). Samples were
put in closed aluminum reservoirs, and were heated at
a 10◦C/min rate. X-ray diffraction patterns (XRD) were
recorded on a Schimadzu diffractometer, model XD3A,
using CuKα radiation. The grain size values were calcu-
lated from the FWHH (full width of half height) of the
peak centered at 35.6◦, through the use of Scherrer’s
equation [17]. For transmission electron microscopy
observations (TEM), the samples were ground to a very
fine powder, then dispersed in isopropanol and trans-
ferred onto a 100 mesh copper grid (parlodium coated)
using an eye dropper. These examinations were per-
formed on a Zeiss CEM 902 microscope using 80 eV
electrons. Actual density measurements were obtained
from a 1305 picnometer Micromeritics by the method

of gas dislocation. The samples were dried at 120◦C for
1 h and purged with He at least 10 times before measur-
ing. Finally, the number-average molecular weight, Mn,
of PMS was determined by vapor pressure osmometry
(VPO) on a Knauer instrument using toluene solutions
thermostatically controlled at 45◦C.

3. Results and discussion
PMS was obtained as a very air-sensitive viscous liq-
uid. If exposed to air for a few minutes, the py-
rophoric character of the SiH bonds could set materi-
als like paper or wool on fire [18]. Some of the SiH
bonds were consumed by the metallic sodium dur-
ing the Wurtz coupling; therefore, the resultant poly-
mer is actually a polysilylene-polysilyne copolymer:
Me3Si-[(CH3HSi)0.7(CH3Si)0.3]n-SiMe3. Despite hav-
ing a 1 : 1 Si : C ratio, its pyrolysis up to 1100◦C un-
der argon leads to a silicon-rich ceramic material (62%
SiC, 38% Si) in a poor yield (∼20%). Several au-
thors have reported similar results [8, 19]. This some-
what disappointing performance is mainly attributed
to the volatilization of CH4, H2, cyclic organosilanes,
and oligomers during pyrolysis [6, 20]. To overcome
this problem, PMS was crosslinked by addition of TAS
through a hydrosilylation reaction [21]. The cure step of
this system occurs during the pyrolysis in the absence
of catalyst (to avoid metal contamination) at around
200◦C [9]. TAS was chosen as the tetra-functional re-
actant because its boiling point (215◦C) is high enough
to allow hydrosilylation to take place before its evap-
oration. Its inferior analogue, tetravinylsilane, has low
boiling point (131◦C) and therefore is unsuitable for
these purposes. TAS has a 1 : 12 Si : C ratio, and can also
serve to diminish the excess of Si in the final products.

PMS/TAS mixtures were prepared in several compo-
sitions (Table I). The ratio of C=C to SiH bonds gets
progressively higher from P1 to P5 composition. Fig. 1
shows the DSC curves of these mixtures. As expected,

Figure 1 DSC curves of the PMS/TAS mixtures and pure PMS and TAS.
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TABLE I I Temperature of hydrosilylation, Thyd; its associated en-
thalpy,1Hhyd; and the enthalpy normalized in relation to the C=C bonds
molar content, N1Hhyd

Precursor mixture Thyd, (◦C) 1Hhyd, (J/g) N1Hhyd, (J/g)

P1 209 276 1970
P2 216 471 1625
P3 224 448 1051
P4 230 406 864
P5 237 381 712

each curve has an exothermal peak assigned to the hy-
drosilylation process, which becomes broader as the
PMS/TAS ratio decreases from P1 to P5 compositions.

Table II shows the data obtained from the DSC ex-
periments. The hydrosilylation temperature, Thyd, was
taken as the temperature at the peak maximum. A shift
of its value upward from P1 to P5 compositions can be
observed, i.e., Thyd increases as the relative SiH content
in the PMS/TAS mixtures decreases. This behavior sug-
gests that SiH bonds drive the hydrosilylation reaction
in these experimental conditions.
1H is invariant for a given reaction if the molar quan-

tity of the limiting reagent is kept constant and there
are no changes in the reaction yield [22]. In this par-
ticular system, TAS is always the limiting reagent in
the hydrosilylation reaction. Therefore,1Hhyd values
once normalized in relation to the molar amount of
TAS (coded N1Hhyd) can be a probe for reaction yield
changes. Table II shows that the N1Hhyd magnitude
decreases as the SiH/C=C molar ratio decreases, con-
firming the role of SiH bonds as the active species in
these thermally induced reactions.

Even though rheological measurements have not
been run, we observed visually a gradual increase of the
viscosity of the PMS/TAS mixture, which passed from
liquid to solid state, as the hydrosilylation reaction took
place. These viscosity changes are potentially useful for
spinning fibers or casting films. Furthermore, instead of
oxidizing the poly(carbosilane) fiber to achieve dimen-
sional stability as described by Yajimaet al. [1], the
PMS/TAS mixture could be heated under an inert at-
mosphere for a few minutes, avoiding the introduction
of oxygen in the final SiC fiber, which would weaken
its mechanical properties [6].

Table III shows data related to the ceramic products
obtained after the pyrolysis of the precursor mixtures.
An increase in the ceramic yield in relation to pure
PMS is observed in all studied compositions. The ce-
ramic composition is, as expected, a function of the

TABLE I I I Ceramic yield (with and without an isotherm at Thyd); composition; actual density; and estimated grain size of the prepared ceramic
materials

Ceramic yield Ceramic yield (TGA,
(TGA, std run), with an isotherm Apparent ceramic Actual density, Average grain

Sample (%) at Thyd), (%) composition, (%) (g/cm3) size, (A
◦
)

PMS 20 — 60 SiC; 38 Si 2.95 40
P1 57 64 99 SiC; 1 C 3.21 40
P2 58 63 87 SiC; 13 C 3.16 34
P3 47 57 86 SiC; 14 C 2.61 32
P4 53 59 83 SiC; 17 C 2.54 29
P5 50 57 80 SiC; 20 C 2.30 27

starting PMS/TAS ratios, and the P1-derived ceramics
was obtained as a quasi-stoichiometric material, in a
reasonable yield and high purity. These results were
reproduced in three consecutive pyrolyses, with a de-
viation of 3%.

When the pyrolysis was carried out with a holding
plateau of 10 min at the respective Thyd of each com-
position, there was an increase in all ceramic yields,
probably due to an improvement on the curing process.

One can notice a certain relationship between the
composition of the ceramics and its actual density
value (i.e. free of the contribution of pores). The quasi-
stoichiometric product shows exactly the expected den-
sity for β-SiC, whereas the Si-rich or C-rich materials
display lower values, since both Si and C are less dense
than SiC [23].

Reflections centered at 35.6◦ (111), 60.2◦ (220), and
71.8◦ (311) (2θ ) in the XRD patterns confirmed the
presence ofβ-SiC crystallites [24].29Si MAS NMR
investigations, however, also showed a minor presence
of α-SiC indicated by shoulders on the main peak
(δ=−15.3 ppm) at−19.8 and−23.5 ppm [25] (Fig. 2).
The occurrence ofα-phase at low temperatures is not
usual, but has already been reported [8a].

The average grain size of theβ-SiC crystallites shows
a slight tendency to decrease as the excess of carbon
in its composition increases. This behavior can be at-
tributed to the effect of grain growth control of carbon
when dispersed in SiC matrix [26]. Actually, a little
excess of carbon is not totally undesirable, since grain
growth during a thermal treatment could crack an even-
tual SiC-made device [6].

P1 derived material was submitted to a firing at
1500◦C for 2 h under ambient atmosphere. As a re-
sult, the average grain size jumped from 40 A

◦
to 60 A

◦
,

and a coating of silica was formed on the SiC sur-
face. The appearance of a reflection at 21.9◦ (2θ ) in
the XRD pattern and a band at 621 cm−1 in the FTIR
spectrum confirmed this silica layer crystallized asα-
cristobalite [24, 27], (Figs 3 and 4).

Quantitative29Si MAS NMR showed that the exten-
sion of the oxidation was 10% in weight (SiC versus
SiO2). Further heating for another 4 h, at the same tem-
perature, did not change this value, but a shoulder at
−58.7 ppm (CSiO3 species) [28] appeared in the29Si
MAS NMR spectrum.

Finally, Fig. 5 shows by TEM micrographs that SiC
was obtained as nanocrystallites, which are homoge-
neously distributed in the ceramic matrix, with no evi-
dence of pores.
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Figure 2 29Si MAS NMR spectra of SiC prepared from (a) PMS; (b)
P1; (c) P2; (d) P3; (e) P4; (f) P5.

Figure 3 XRD patterns of SiC derived from P1 composition (a) before
and (b) after a heating treatment at 1500◦C, for 2 h, under ambient
atmosphere.

Figure 4 FTIR spectra (KBr pellets) of SiC derived from P1 composition
(a) before and (b) after a heating treatment at 1500◦C, for 2 h, under
ambient atmosphere.

Figure 5 TEM micrographs of SiC derived from P1 composition (a)
before and (b) after a heating treatment at 1500◦C, for 2 h, under ambient
atmosphere.

4. Summary and conclusions
The reported investigations show that the PMS/TAS
mixture is suitable as a SiC precursor. By varying the
starting PMS/TAS ratio it is possible to control the com-
position of the ceramic material. In this manner, a near
stoichiometric product could be obtained. An increase
of the viscosity of the precursor slurry during the ce-
ramization process was observed. This property is po-
tentially useful in the molding steps.

The ceramic products presented SiC nanocrystallites
homogeneously distributed, with no evidence of voids
or pores. The average grain size of theβ-SiC crystal-
lites showed a decrease as the excess of carbon in its
composition increased.

Annealing at 1500◦C of the P1-derived ceramic, in
air, created a cristobalite layer that protected it against
further oxidation. However, some grain growth did take
place.
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