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damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.
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Abstract—The objective of this study is to investigate the processing, material characteristics and
mechanical properties of carbon � ber reinforced composites with newly developed silicon containing
polymer. The polymer, poly[(phenylsilylene) ethynylene-1,3-phenyleneethynylene], abbreviated
MSP, possesses low thermosetting temperature (423– 480 K), no volatility with cure, excellent heat-
resistance and high char yield above 1273 K. In this study, carbon � ber reinforced composites with
MSP were made by prepreg consolidation with plain 2D woven prepreg sheets, and resin transfer
molding (RTM) with stitched plain 2D woven preforms. Compressive tests were conducted in order
to evaluate the mechanical properties of the composites. However, the strengths of the composites
were poor at elevated temperature. It was attributed to embrittlement and shrinkage of the polymer
during heat treatment above 473 K.

Keywords: Silicon containing polymer; high temperature; thermosetting; carbon � ber; prepreg
consolidation; resin transfer molding; compressive strength.

1. INTRODUCTION

The polymer, poly[(phenylsilylene) ethynylene-1,3-phenyleneethynylene] (abbrevi-
ated MSP), was developed by Mitsui Chemicals Ltd. in 1994 [1]. The polymer is
made by dehydrogenative coupling polymerization reactions between phenylsilane
and m-diethynylbenzene (Scheme 1) [1, 2]. The polymer has reactive Si H and

C C bonds, and it is cross-linked above 423 K by hydrosilylation reaction be-
tween Si H and C C . The Diels–Alder reaction between C C and

¤To whom correspondence should be addressed. E-mail: ogasat@nal.go.jp.

D
ow

nl
oa

de
d 

by
 [

Si
au

liu
 U

ni
ve

rs
ity

 L
ib

ra
ry

] 
at

 0
7:

09
 1

7 
Fe

br
ua

ry
 2

01
3 



320 T. Ogasawara et al.

Scheme 1.

Figure 1. Thermogravimetric analysis (TGA) result of MSP polymer (type-S) in Argon atmosphere.
Heating rate was 10±C/min, and gas � ow rate was 300 ml/min.

C C proceeds above 473 K and a very highly thermally stable structure is
formed. Thermogravimetric analysis result of cured polymer in argon atmosphere
is shown in Fig. 1. The cured polymer has pyrolysis temperature in excess of 800 K,
and high char yield (94% at 1273 K).

Engineering applications of MSP polymer have been studied for several years,
such as � ber reinforced composites [3], glassy carbon [3, 4], electrical insulators
and ablative materials [5]. MSP possesses some advantages as matrix material
of high temperature polymer matrix composites compared to other high tempera-
ture polymers such as polyimides, because it has low thermosetting temperature
(423–480 K), no volatility with cure, high decomposition temperature (>800 K)
and high char yield after pyrolysis. However, few investigations on MSP matrix
composites have been reported yet.

In this study, carbon � ber reinforced composites (CFRP) with MSP polymer
matrix were fabricated by a prepreg consolidation method, and a resin transfer
molding (RTM) method. MSP polymer was characterized using thermal analyses
and FT-IR in order to establish processing conditions. Mechanical properties of
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Carbon �ber reinforced composites with newly developed silicon containing polymer MSP 321

composites were evaluated by compressive tests at elevated temperature as well as
room temperature.

2. EXPERIMENTAL PROCEDURE

2.1. Polymer properties

Polymers used in this study were a pale yellow amorphous solid (type S) for prepreg
preparation, and a viscous yellow liquid (type L) for an RTM fabrication. Weight-
average molecular weight (Mw ) of the polymers was 7420 for S-type polymer and
2120 for L-type polymer, respectively. Viscosity of L-type polymer was 10 Pa s at
323 K, and 1 Pa s at 363 K, which was low enough to apply the polymer to an RTM
processing.

Chemical structures of the polymer were characterized using a Fourier transform
infrared spectrometer (FT /IR-610, JASCO, Japan). Thermal expansion and shrink-
age behaviors were evaluated by a thermal mechanical analyzer (TMA-6300, Seiko
Instruments, Japan).

2.2. Kinetic analysis of cure

Kinetic analyses of cure process in epoxy resin have been reported many times
based on a differential scanning calorimetry (DSC) technique [6]. The work is
concerned with an estimation procedure for determination of kinetic parameters. It
is assumed that rate of heat generation during cure is proportional to rate of cure
reaction. In general, degree of cure C of polymer may be de� ned as:

C D H.t/=Q;

where H .t/ is the heat evolved from the beginning of reaction to � nal time, and
Q is the total or ultimate heat generation during cure. Reaction of thermosetting
polymer systems can be realistically assumed by the following kinetic expression:

dC=dt D k.T /f .C/;

where, C is the degree of cure, T is the temperature, t is time, k.T / is the reaction
rate constant expressed as a function of temperature, and f .C/ is the equation as a
function of C dependent on type of reaction. Simple equations for k.T / and f .C/

can be expressed as follows:

k.T / D A expf¡.E=RT /g;
f .C/ D .1 ¡ C/n;

where A is a constant, E is the activation energy, R is the universal gas constant
(D 8.31 J/mole/K), and n is the reaction order. Using these equations, the degree
of cure was modeled throughout the range of applicable temperature (25–773 K).
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322 T. Ogasawara et al.

2.3. Processing and characterization of composites

Materials and processing parameters of the composites (MSP-CFRP) fabricated
by prepreg consolidation method are listed in Table 1. MSP polymer/ carbon
fabric prepreg was formulated by a solution impregnation process using toluene
as solvents. IM-600-6k plain weave fabrics (Toho Rayon, Japan) were used for
reinforcement. Prepreg sheets were stacked by hand lay-up, and prepreg laminates
were consolidated using a hot-press at 423 K for 3 h. By the prepreg consolidation
technique, high quality composite laminates without voids were obtained.

The processing parameters of MSP matrix composites fabricated by an RTM
method are listed in Table 2. IM-600-6k plain weave fabrics were stacked, and

Table 1.
Materials and processing parameters of MSP /CFRP fabricated
by prepreg consolidation

Carbon � ber IM-600-6k (Toho Rayon)
Carbon fabric Fabric; plain weave (0± /90± ) W6E01

Areal Weight; 200 g/m2

Count warp and � ll; 492 yarn/m

Polymer MSP type-S (STM-3S, Mitsui Chemicals)
Solid type, Mn D 3050, Mw D 7417

Polymer content 38 wt%

Fiber fraction 48–50 vol% (x : y D 1 : 1)

Ply 20 (Nominal thickness 4.5 mm)

Cure temperature Pre-cure; 423 K, 3 h
Post-cure; (a) 473 K, 2 h, (b) 673 K, 2 h

Fabricator Toho Rayon Co., Ltd.

Table 2.
Materials and processing parameters of MSP /CFRP fabricated by
resin transfer molding (RTM)

Carbon � ber IM-600-6k (Toho Rayon)
Carbon fabric Fabric; plain weave (0± /90± ) W6E01

Areal weight; 200 g/m2

Count warp and � ll; 492 yarn/m

Stitched glass � ber B150 1/4 10.4z x-2 (Unitica Ltd.)

Polymer MSP type-L (STM-5L-A, Mitsui Chemicals)
liquid type, Mn D 804, Mw D 2124

Fiber fraction 54–56 vol% (x : y : z D 1 : 1 : 0.02)

Ply 20 (Nominal thickness 4.5 mm)

Cure temperature Pre-cure; 453 K, 4 h
Post-cure; (a) 473 K, 2 h, (b) 673 K, 2 h

Fabricator Japan Aircraft MFG Co., Ltd.
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stitched with glass � bers (Unitica Co. Ltd., Japan). The polymer was heated at
368 K and impregnated into a stitched preform with pressure of 0.98 MPa. After
polymer impregnation, it was heated at 453 K for 4 h. High quality composites
were also obtained by an RTM processing. The composite laminates fabricated by
the prepreg consolidation and RTM processing were post-cured at 473 K, 573 K, or
673 K for 2 h under nitrogen gas atmosphere.

2.4. Mechanical testing

Compressive tests were conducted with I-shaped lateral supports according to an
end-loading test con� guration similar to ASTM-D695-85. Nominal sample size
was 25.4 mm in width, 105.5 mm in length, and 4 mm in thickness without tabs.
A mechanical type testing machine (Model 8228, Instron, USA) was used for
compressive tests under a constant displacement rate of 1.0 mm/min. For high
temperature compressive testing, a specimen and a test � xture were held for 10 min
after reaching the test temperature with heating rate of 3±C/min. Elastic modulus
was measured by using strain gauges af� xed on both sides of specimen surface at
room temperature.

3. RESULTS AND DISCUSSION

3.1. Cure kinetics and thermosetting reaction

Typical DSC results for MSP polymer (type-S) are plotted in Fig. 2, and estimated
cure kinetic parameters are listed in Table 3 using Friedman’s method [7]. Heat
generation of type-L polymer was approximately twice as much as that of type-S.

Figure 3 shows FT-IR spectra for non-cured and cured MSP (type-S) polymer at
423, 473, 573 K for 2 h, respectively. An IR absorption peak around 3300 cm¡1

( C C H) decreased with heat treatment temperature, which suggests that the

Figure 2. Differential scanning calorimetry (DSC) result of MSP polymer (type-S) in Argon
atmosphere. Heating rate was 1, 5, 10, and 200±C/min.
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324 T. Ogasawara et al.

Table 3.
Cure kinetic parameters of MSP polymers (type-S
and type-L)

MSP type-S MSP type-L
(lot #) (STM-3S) (STM-5L-A)

A (1/s) 2:2 £ 107 3:7 £ 109

E (kJ/mole) 90 112
n 1.2 1.2
Q (J/ g) 179 365

Figure 3. Fourier transform infrared (FT-IR) spectra of non-cured and cured MSP polymer (type-S).
Cure temperature was 423, 473 and 573 K.

heat generation measured by DSC corresponds to the hydrosilylation reaction
between Ph Si H and terminal C C H in MSP polymer. Any other obvious
difference between non-cured and cured polymer at 473 K could not be observed
in the FT-IR spectra. Heat generation due to the Diels–Alder reaction between

C C and C C above 473 K could not be measured by DSC. However,
an absorption peak around 2200 cm¡1 decreases with heat treatment temperature,
which suggests decreases in Si H bond due to the hydrosilylation reaction, and

C C bond due to the Diels–Alder reaction.

3.2. Mechanical properties

Figure 4 shows compressive strength of the composites at room temperature, as
a function of heat treatment temperature. The compressive strengths of the com-
posites cured at 473 K did not compare well with typical graphite/ epoxy compos-
ites [8]. Furthermore, strength degradation of the composites was considerable af-
ter heat treatment above 573 K, and the compressive strengths were quite poor. It
should be noticed that the strength degradation due to heat treatment is irreversible.
Stitched composite processed by an RTM has a little better strength than the non-
stitched composites at high temperature. Young’s modulus at room temperature was
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Carbon �ber reinforced composites with newly developed silicon containing polymer MSP 325

Figure 4. Compressive strengths of the composites at room temperature as a function of heat
treatment temperature.

Figure 5. High temperature compressive strengths of the composites cured at 473 and 673 K.

61.8 GPa for the composite laminate processed by a prepreg consolidation method,
and 71.7 GPa for the stitched composite laminate processed by an RTM method,
which corresponds to the � ber volume fraction as shown in Table 1 and Table 2.

Compressive strength results at elevated temperature are plotted in Fig. 5. The
compressive strengths of the composites cured at 473 K considerably decreased
with temperature. Although the strengths of the composite cured at 673 K were
almost constant up to 573 K, the strengths were quite poor. It can be observed that
the compressive strength was a little bit improved by stitched � bers.

Figure 6 shows an SEM micrograph of the composite cross-section after heat
treatment at 673 K. Many matrix cracks were observed in the transverse � ber
bundles and resin rich regions. It is supposed that delaminations derived from
these matrix cracks decreased the compressive strength of the composites. The
result of thermo-mechanical analysis (TMA) of type-S polymer cured at 423 K is
shown in Fig. 7. The volume of cured resin gradually shrunk during heat treatment
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326 T. Ogasawara et al.

Figure 6. SEM photograph of the composite cross section after heat treatment at 673 K.

Figure 7. Thermal mechanical analysis (TMA) result of MSP polymer (type-S) cured at 423 K in
Argon atmosphere.

at 473 K for 2 h, and large volume shrinkage is observed above 550 K. The
shrinkage was caused by post-curing reaction due to the Diels–Alder reaction, and
subsequent increase in the cross-link density. As a result, residual stress in matrix
increased after cooling, and many matrix cracks were propagated in transverse � ber
bundles. Furthermore, the polymer became brittle with cross-link density, and the
embrittlement also in� uenced strength degradation of the composites.

To improve the mechanical properties of MSP polymer, the polymer blend
technique with polyimides seems to be the effective method. Furthermore, basic
polymer structure design for reducing the cross-linking density is also important to
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Carbon �ber reinforced composites with newly developed silicon containing polymer MSP 327

improve the toughness. Although stitched � bers in composite are certainly effective,
it is impossible to improve the strength of MSP-CFRP suf� ciently.

4. CONCLUSIONS

In this study, carbon � ber reinforced composites of which the matrix was silicon
containing polymer MSP were made by a prepreg consolidation method of plain 2D
woven prepreg sheets, and a resin transfer molding (RTM) method with a stitched
plain 2D woven fabric. The processing conditions have been established for both
prepreg consolidation and RTM method with polymer cure kinetics analysis. Com-
pressive tests were conducted to evaluate mechanical properties of the composites.
However the strength of the composites were poor at elevated temperature and after
heat treatment above 473 K. This was attributed to embrittlement and shrinkage of
the polymer during heat treatment above 473 K. Although MSP polymer has many
attractive properties as matrix resin of high temperature polymer based compos-
ite, improvement of mechanical properties after heat treatment is indispensable for
realistic engineering applications.
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