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Unidirectional carbon fibre reinforced SiC composites were prepared from four types of
carbon fibres, PAN-based HSCF, pitch-based HMCF, CF50 and CF70, through nine cycles or
twelve cycles of impregnation of polycarbosilane and subsequent pyrolysis at 1200 ◦C. The
polycarbosilane-derived matrix was found to be β-SiC with a crystallite size of 1.95 nm. The
mechanical properties of the composites were evaluated by four-point bending tests. The
fracture behavior of each composite was investigated based on load-displacement curves
and scanning electron microscope (SEM) observation of fracture surfaces of the specimens
after tests. It was found that CF50/SiC and CF70/SiC exhibited high strength and non-brittle
fracture mode with multiple matrix cracking and extensive fibre pullout, whereas HSCF/SiC
and HMCF/SiC exhibited low strength and brittle fracture mode with almost no fibre
pullout. The differences in the fracture modes of these carbon fibre/SiC composites were
thought to be due to differences in interfacial bonding between carbon fibres and matrix.
Values of flexural strengths of CF70/SiC and CF50/SiC were 967 MPa and 624 MPa,
respectively, which were approximately 75% and 38% of the predicted values. The
relatively lower strength of CF50/SiC, compared with CF70/SiC, was mainly attributed to the
shear failure of CF50/SiC during bending tests. C© 1999 Kluwer Academic Publishers

1. Introduction
Silicon carbide ceramics have wide applications in var-
ious industrial fields because of their excellent high-
temperature strength and modulus, low density, good
oxidation resistance and high hardness etc. However,
like all ceramic materials, they are generally notch-
sensitive and low in toughness, hence they are unreli-
able as structural materials. Continuous fibre reinforced
SiC composites have been demonstrated to be the most
effective way for improving toughness [1–3].

Generally, there are several methods to fabricate
fibre/SiC composites, such as chemical vapor infiltra-
tion (CVI) [4, 5], slurry infiltration combined with hot-
pressing [2, 6, 7] and polymer-impregnation [8–10],
etc. The feature of CVI is that the process can be con-
ducted at about 1100◦C, much lower than the sintering
temperature of SiC. Moreover, it can be applied to com-
plex shapes with near-net-shape feature. However, the
CVI process takes a very long time to densify the com-
posites. Fibre/SiC composites can also be fabricated
through slurry infiltration. Fibres have been infiltrated
with a slurry of SiC and then hot-pressed at high tem-
perature [5, 6]. This process is limited to simple shapes,
and the samples have to be hot-pressed at very high tem-
peratures near 1900◦C, which causes degradation of
reinforcements [11]. One other method to prepare con-
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tinuous fibre reinforced ceramic composites is to use a
preceramic polymer, such as polycarbosilane, which is
frequently used to fabricate ceramic fibre [12] or film
[13]. This method is gaining increasing attention in re-
cent years because of its low processing temperature
and good shaping features. The preceramic polymer
liquid with low viscosity, which can be obtained by
dissolving in organic solvent [8, 9] or melting at ele-
vated temperature [10], can be easily infiltrated into the
fibre preform by using vacuum impregnation or pres-
sure impregnation.

It is well demonstrated that the interface between
fibre and matrix plays a key role in translating the me-
chanical properties of reinforcements to the mechanical
properties of the ceramic matrix composites [3, 14, 15].
Weak interfaces are preferred in order to obtain high-
performance fibre/ceramic composites which have high
toughness and high strength. Possible interface bonding
in composites includes interdiffusion, chemical bond-
ing, reaction bonding and mechanical bonding, etc.
[16], which strongly depend on processing conditions
and the structure and properties of matrix and fibres,
especially the surface structures of fibres. In design-
ing fiber/ceramic systems, fibres, matrix and process-
ing conditions should be carefully considered to di-
minish or avoid chemical bonding, reaction bonding

0022–2461 C© 1999 Kluwer Academic Publishers 827



             

P1: PSG/KCM P2: PNR/SNG P3: SNH 552-97 January 6, 1999 9:48

and interdiffusion bonding. However, the mechanical
bonding, which depends on the surface roughness of
fibres and residual stresses in composites, cannot be
avoided. In many cases, in order to reduce the inter-
facial bonding strength in ceramic matrix composites,
carbon [4] or BN [17] was frequently coated on the sur-
face of fibres. In carbon fibre reinforced SiC composites
(CF/SiC), it is possible to tailor the interface by con-
trolling the structure and surface structure of carbon
fibres. There are a variety of commercially available
carbon fibres from PAN-based high strength carbon fi-
bres to pitch-based high modulus carbon fibres which
show very different structures. However, these carbon
fibres are produced mainly for resin matrix composites
in which strong interfacial bonding is preferred. There-
fore, it can be expected that these carbon fibres may
show different behavior in ceramic matrix composites.
There are still relatively few reports about the effects
of different types of carbon fibres on the mechanical
properties and fracture behavior of CF/SiC prepared
from preceramic polymers. In this paper, the effects
of different types of carbon fibres on the mechanical
properties of CF/SiC composite materials, which were
prepared through impregnation of polymer precursor
of SiC, polycarbosilane (PCS), were investigated.

2. Experimental
2.1. Raw materials
Four types of continuous carbon fibres, PAN-based
high strength carbon fibre (HSCF), pitch-based high
modulus carbon fibre (HMCF) and ultra-high modulus
carbon fibre CF50 and CF70, were used as the rein-
forcements. Some properties of these carbon fibres are
shown in Table I. HSCF and HMCF, which were car-
bonized at below 1500◦C, had relatively low modulus,
while CF50 and CF70, which were graphitized at above
2000◦C, showed much higher modulus than the other
two types of carbon fibres. They were immersed in ace-
tone to remove the sizing from the surface of fibres
before being used in the processing of the composites.

Polycarbosilane (Type-UH, Nippon Carbon Co.) was
used as the precursor of the SiC matrix, whose proper-
ties are shown in Table II (data by the maker). It can be
directly pyrolysed to ceramic with a yielding of about
74% without curing. A toluene solution of PCS was
used to impregnate carbon fibres to prepare SiC matrix
composites.

2.2. Preparation process of CF/SiC
Continuous carbon fibres were wound unidirectionally
on a metal frame and placed in a metal die. 50 wt % PCS

TABLE I Properties of as-received carbon fibres

Types of Tensile Tensile
carbon Precursors Density Diameter strength modulus
fibres of fibres g/cm3 µm MPa GPa

HSCF PAN 1.76 7.0 3830 240
HMCF pitch 1.90 9.8 3350 277
CF50 pitch 2.14 9.4 3950 519
CF70 pitch 2.18 9.4 4200 700

TABLE I I Properties of polycarbosilane (Type-UH)

Chemical
compositions wt %Mean SiC

molecular yield
weight m.p.∗ ◦C Si C H O N %

5000 partial∼ 350 49.4 39.5 8.1 1.35 1.65 74

∗Only partially melting at about 350◦C.

toluene solution was poured into the metal die and infil-
trated into the fibre preform and then pressed to remove
excess solution. After drying at 80◦C, the prepregs were
pyrolysed at 1200◦C in N2 with a heating program
of 5 ◦C/min to 300◦C, 1◦C/min to 800◦C, 5◦C/min
to 1200◦C, holding at 1200◦C for 1 hour and then
free cooling. The prepregs were then impregnated with
50 wt % PCS solution in vacuum, dried at 80◦C, and
pyrolysed at 1200◦C in N2 with the same heating pro-
gram as described above. The impregnation in vacuum
and pyrolysis process was repeated 8 times for HSCF
and HMCF and 11 times for CF50 and CF70 to densify
the composites. The sizes of the as-prepared compos-
ites were approximately 80 mm× 37 mm× 1 mm.

2.3. Evaluation of mechanical properties
and microstructures of the composites

The volume fractions of fibre (Vf) in the compos-
ites were measured by scanning electron microscope
(SEM) photography of cross-sections of the compos-
ites. The bulk density of the composites was obtained
by measuring weight and sizes of the samples. The total
porosity of the composites was then calculated from the
density of the carbon fibres and SiC matrix, the com-
posite bulk density, and the volume fraction of the fibre.
Four-point bending tests were used to evaluate mechan-
ical properties of the composites with a crosshead speed
of 0.5 mm/min, a support span of 30 mm and a load-
ing span of 10 mm, using a universal testing machine
(AGS-5KND, Shimadzu, Japan). The sizes of speci-
mens for flexural strength tests were about 3.5 mm
in width, 1 mm in thickness and 40 mm in length.
The load-displacement curves were recorded simulta-
neously by using load-cell and laser extensometer.

Fracture surfaces of the specimens after four-point
bending tests were examined on the SEM. Crystallinity
of the carbon fibres and the SiC matrix was analyzed
using x-ray diffraction (XRD).

3. Results
3.1. Pyrolysis of polycarbosilane
Fig. 1 shows the thermal gravimetric analysis (TGA)
of PCS pyrolysed in N2. It is noted that the PCS lost
about 6% of its weight at 70◦C–300◦C, due to evapo-
ration of small molecules in the PCS. From 300◦C to
440◦C, the PCS had almost no change in weight. From
440◦C–800◦C, there was a remarkable weight loss, due
to the decomposition of PCS. Above 800◦C, the weight
of PCS residue showed almost no change, indicating
that PCS had been changed to inorganic materials. The
trend of the pyrolytic process of the PCS was similar to
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Figure 1 TGA curve of polycarbosilane in N2.

Figure 2 XRD pattern of pyrolytic residue of polycarbosilane.

those reported by other researchers [18, 19]. However,
the PCS used here showed higher pyrolytic yield, be-
cause the PCS probably had a high average molecular
weight and was well cross-linked.

Fig. 2 shows an XRD pattern of the pyrolytic residue
of PCS treated at 1200◦C for 1 hour in N2. The three
broad peaks are considered to be (111), (220) and (311)
peaks ofβ-SiC. It is apparent from the broad peaks
that theβ-SiC has a small crystallite size. The half-
width of its (111) peak was measured quantitatively
and the L111 crystallite size ofβ-SiC was calculated to
be 1.91 nm according to the Scherrer equation. The L111
value was slightly smaller than the values obtained from
other researchers [18, 19]. It is suggested that in PCS
which cross-linked well, it is more difficult to stack the
atoms in an orderly manner during pyrolysis. The peak
at 26.6◦ was probably caused by silica. It still appeared
in the 1400◦C-heat-treated samples, however, it was
not detected in the 1600◦C-heat-treated samples which
showed some weight loss. These phenomena suggested
that there was silica and free carbon in the pyrolytic
residue of PCS which had been well demonstrated in
other types of PCS [18, 19].

TABLE I I I Mechanical properties of the composites

Apparent density Vf Total porosity Matrix cracking Flexural strength Modulus Fracture
Composites (g/cm3) (%) (%) stress (MPa) (MPa) (GPa) mode

HSCF/SiC 1.74 67 13 — 220± 38 105 Brittle
HMCF/SiC 1.92 58 12 — 275± 51 121 Brittle
CF50/SiC 2.20 43 10.2 242± 50 624± 123 188 Non-brittle
CF70/SiC 2.28 33 9.6 268± 43 967± 62 207 Non-brittle

3.2. Mechanical properties of the
composites

HSCF/SiC and HMCF/SiC composites were prepared
through a total of 9 cycles of impregnation of PCS,
whereas CF50/SiC and CF70/SiC composites were pre-
pared through a total of 12 cycles of impregnation
of PCS as described in section 2.2. The mechanical
properties of the composites were evaluated by four-
point bending tests combined with load-displacement
curves recorded simultaneously. The specimens for
the bending tests were prepared with a thickness of
1 mm, in order to prevent the specimen from failing
in a shear way. The obtained properties of the com-
posites are shown in Table III. The matrix cracking
stress was determined from the load at which devi-
ation from linearity in the load-displacement curves
occurred. The matrix cracking stresses of HSCF/SiC
and HMCF/SiC are not listed in Table III, because
these two composites failed in a brittle mode. The ul-
timate flexural strength was obtained from the peak
load. The four kinds of CF/SiC composites in Table III
can be classified into two groups. The first group of
HSCF/SiC and HMCF/SiC failed in a brittle mode with
flexural strength of 210 MPa and 275 MPa, respec-
tively. The other group of CF50/SiC and CF70/SiC
failed in a non-brittle fracture mode with ultimate
flexural strength of 624 MPa and 967 MPa, respec-
tively. Fig. 3 shows the load-displacement behavior of
the composites. HSCF/SiC and HMCF/SiC exhibited
perfectly linear load-displacement behavior up to the
point of fracture. In contrast, the load-displacement
behavior of CF50/SiC and CF70/SiC were markedly
non-linear.

To elucidate the failure behavior of the composites,
the specimens were observed by SEM after the bending
tests. Fig. 4 shows the fracture surfaces of HSCF/SiC
and HMCF/SiC. It is noted that both of HSCF/SiC and
HMCF/SiC exhibited flat fracture surfaces with very
short fibre pullout; notably HSCF/SiC showed a com-
pletely flat fracture surface. It has been well demon-
strated that these phenomena were caused by strong
interfacial bonding between carbon fibre and matrix.
On the contrary, the fracture surfaces of CF50/SiC and
CF70/SiC showed extensive fibre pullout which was
demonstrated to be caused by weak interfacial bonding
of CF/matrix [15, 16]. It was also found that there were
many matrix cracks normal to the fibre axis direction on
the tensile surface of the CF50/SiC and CF70/SiC after
bending tests. Fig. 5 shows the matrix cracking on the
surface and in the centre of CF70/SiC. CF50/SiC also
exhibited similar phenomena. Matrix cracking has also
been reported in many continuous fibre reinforced ce-
ramic composites which exhibited high strength, and
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Figure 3 Load-displacement curves of HSCF/SiC and HMCF/SiC (a),
CF50/SiC and CF70/SiC (b) in four-point bending tests.

Figure 4 Fracture surfaces of the composites: HSCF/SiC (a), HMCF/SiC (b), CF50/SiC (c) and CF70/SiC (d).

have been treated theoretically by many researchers
[3, 20, 21].

The ultimate tensile strength of ceramic matrix com-
posites which exhibited matrix cracking and fibre pull-
out was deduced theoretically by Curtin [22], as shown
by the following formula,

σUT S = Vf σc

(
2

m + 1

)1/(m+1)(m + 1

m + 2

)
(1)

whereVf represents the fibre volume fraction,σc is the
characteristic strength of fibre, m is the Weibull mod-
ulus of fibre strength distribution. The m of CF50 and
CF70 were measured to be 3.53 and 4.06, respectively,
by testing the monofilament strength of as-received fi-
bres. Here we estimated approximately the ultimate ten-
sile strength of CF50/SiC and CF70/SiC, assuming that
σc was equal to the average strength of the fibres. The
ultimate tensile strengths of CF50/SiC and CF70/SiC
were then calculated to be 1176 MPa and 930 MPa,
respectively.

It was reported that the flexural strengths are approxi-
mately 1.4 times greater than tensile strengths in contin-
uous fibre reinforced ceramic matrix composites [23].
Therefore the predicted ultimate flexural strength of
CF50/SiC and CF70/SiC were obtained as 1646 MPa
and 1300 MPa, respectively. Compared with the mea-
sured values in Table III, it can be noted that the mea-
sured flexural strength of CF70/SiC was about 75%
of the predicted value. The discrepancy between mea-
sured and predicted strengths of the composites may be
caused by the damage of carbon fibre during process-
ing of the composite. On the other hand, the flexural
strength of CF50/SiC was only approximately 38% of

830



         

P1: PSG/KCM P2: PNR/SNG P3: SNH 552-97 January 6, 1999 9:48

Figure 5 Matrix cracking occurred in CF70/SiC during four-point bending test: matrix cracking on the surface (a) (b), matrix cracking in the sample (c).

the predicted value. The main reason was that CF50/SiC
failed in a shear way before tensile failure.

4. Discussion
It has been well demonstrated that interfacial properties
between fibre and matrix play an important role in prop-
erties of ceramic matrix composites. In order to obtain
high-performance ceramic matrix composites, weak in-
terface bonding is necessary to resist catastrophic fail-
ure, caused by the matrix cracking, through interfacial
debonding [3, 15, 16]. Interfacial strength can be eval-
uated by the morphology of the fracture surface; long
fibre pullout indicates weak interfacial strength, as dis-
cussed above. The interfacial properties in composites
are considered to be relative to the surface character-
istic of fibres, microstructure of matrix and processing
conditions of the composites. Since the same matrix
and the same processing conditions were used in the
preparation of all four kinds of CF/SiC composites, it
is reasonable to consider that the differences of inter-
facial strength in these composites were caused by the
difference of the surface characteristics of the carbon
fibres, which depended strongly on the microstructures
of these carbon fibres without special surface treatment.

Since HSCF and HMCF were fabricated at below
1500◦C, and CF50 and CF70 were fabricated at above
2000◦C, it is expected that their crystallinities and mi-
crostructures differ remarkably between the two groups
of fibres. The (002) peaks of these carbon fibres as well
as the peak of the internal standard silicon obtained by
XRD are shown in Fig. 6. It is noted that the (002)
peaks of HSCF and HMCF were broad, whereas those
of CF50 and CF70 were much narrower and shifted to a
higher angle. The lattice spacing d002and the crystallite

size of Lc002, which were calculated according to
Gakushinhou [24], are shown in Table IV. It can be
seen that the crystallinities of HSCF and HMCF were
not well-developed with less stacking layers and bigger

TABLE IV The d002 and Lc002 of carbon fibres

Carbon fibres d002 (A
◦

) Lc002 (A
◦

)

HSCF 3.479 15
HMCF 3.476 22
CF50 3.418 200
CF70 3.395 230

Figure 6 (002) peaks of the as-received carbon fibres.
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Figure 7 Surface morphologies of the carbon fibres: HSCF (a), HMCF (b), CF50 (c), and CF70 (d).

d002 spacing, whereas CF50 and CF70 were apparently
highly-graphitized with large crystallite size and small
d002 spacing. The difference in the crystallinity of the
carbon fibres give rise to the difference in the surface
structure and activity of the carbon fibres. Moreover,
those carbon fibers fabricated below 1500◦C have more
impurity elements, such as N, O, H, which are left by
the precursors [25]. Therefore, HSCF and HMCF gen-
erally have more functional groups on their surfaces
than CF50 and CF70, which were fabricated above
2000◦C. Fig. 7 shows the surface morphologies of the
carbon fibres. It seems that the surfaces of CF50 and
CF70 were somewhat smoother than those of HSCF
and HMCF. The texture of the carbon fibres can be
evaluated through examining transverse sections of the
carbon fibres by SEM, as shown in Fig. 8. It is noted
that HSCF has a relatively random structure, HMCF
has an onion-like structure in its inner core and a ra-
dial structure in the outer layer, and both CF50 and
CF70 have radial structure. From these results and ob-
servation of the carbon fibres, it seems that the surface
properties of the carbon fibres were greatly affected by
HTT or degree of graphitization of the carbon fibres.
Those carbon fibres which are heat-treated at high tem-
peratures and have high degree of graphitization tend
to bond weakly with matrix. Because the four kinds of
carbon fibres may be derived from different precursors,
it is difficult to draw out a clear conclusion here.

The difference in the interfaces may start from the
first impregnation-pyrolysis process. Because of the
differences in their microstructures and their activities,
the carbon fibres showed different behavior toward im-
pregnation of PCS solution and the subsequent pyrol-
ysis process. It is noted from Table III that the volume
fractions of fibre (Vf ) in HSCF/SiC and HMCF/SiC
are much higher than those in CF50/SiC and CF70/SiC.
The difference inVf is thought to be due to the wet-

ting ability and bonding strength between the carbon
fibres and PCS. Fig. 9 shows the two different mod-
els of impregnation of PCS into the fibre preform. As
the fibres were impregnated with PCS solution, HSCF
and HMCF had better wettability with PCS solution
than CF50 and CF70. After drying, it was observed
that PCS was strongly bonded with HSCF and HMCF,
but just weakly bonded with CF50 and CF70. Since
the PCS-derived matrix was not well crystallized and
contained silica, as described above, the matrix tend to
be bonded well with those functional groups or active
sites of HSCF and HMCF. Because CF50 and CF70
were much less active in their surfaces than HSCF and
HMCF, the matrix was poorly bonded with CF50 and
CF70, as verified by TEM observation [26]. After first
cycle of impregnation, drying and pyrolysis, the shrink-
age of PCS significantly diminished the fibre spacing
in HSCF/SiC and HMCF/SiC, but not so significantly
in CF50/SiC and CF70/SiC. At subsequent impregna-
tion, PCS is more likely to infiltrate into the open-
ings of matrix particles in HSCF/SiC and HMCF/SiC,
but into the openings between fibre and matrix parti-
cles in CF50/SiC and CF70/SiC. As a result, the fiber
spacing in HSCF/SiC and HMCF/SiC is smaller than
that of CF50/SiC and CF70/SiC, that is, HSCF/SiC
and HMCF/SiC have higherVf than CF50/SiC and
CF70/SiC. Consequently, HSCF/SiC and HMCF/SiC
reached their high density after 9 cycles of impregna-
tion, whereas CF50/SiC and CF70/SiC reached their
high density after 12 cycles of impregnation. Further
impregnation did not give an apparent increase in den-
sity, indicating many of the pores in the samples were
closed.

From the above discussion, it can be found that the
wettability of PCS solution to fibres is essential to
the preparation of CF/SiC. The good wettability and
the weak interface seem self-contradictory. In the four
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Figure 8 Transverse sections of the carbon fibres: HSCF (a), HMCF (b), CF50 (c), and CF70 (d).

Figure 9 The model of impregnation of polycarbosilane into fibre tows:
HSCF and HMCF (a), CF50 and CF70 (b). Large particles were formed
in first impregnation, and small particles were formed in the subsequent
impregnations.

types of carbon fibres used in the experiments, graphi-
tized CF50 and CF70 were found to have adequate wet-
tability and weak bond with the matrix.

Because HSCF/SiC and HMCF/SiC had strong inter-
face bonding, cracking in the matrix can easily propa-
gate across the interface between the carbon fibre and
matrix, resulting in failure at low strain. On the other
hand, the weak interfacial bonding in CF50/SiC and
CF70/SiC resisted propagation of matrix cracks into the
carbon fibres by debonding of the interface, although
the cracks propagated throughout the matrix. After that,
carbon fibres still supported the load through friction
between fibres and matrix.

The four types of CF/SiC were divided into two
groups. HSCF and HMCF belonged to the strong
interfacial bonding group, and CF50 and CF70 be-
longed to the weak interfacial bonding group. Al-
though HSCF/SiC and HMCF/SiC exhibited similar
mechanical behavior in the current conditions, there
was a degree of difference. From the fracture surfaces
of HSCF and HMCF in Fig. 4, it is noted that the
HSCF/SiC showed almost completely flat fracture sur-
face, while HMCF/SiC showed some short fibre pullout
although it could not resist the propagation of the ma-
trix cracks. This difference indicates that HMCF/SiC
had a relatively weak bonding interface compared with
HSCF/SiC, and can be explained by their differences
of crystallinity and microstrucures as described above.

The differences of interfacial properties of CF50/SiC
and CF70/SiC, both of which exhibited multiple ma-
trix cracking and extensive fibre pullout, had not been
well understood here, because fibre pullout length and
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distribution had not been precisely measured in our
experiments. Moreover, the shear failure of CF50/SiC
during bending test made it difficult to compare the
CF50/SiC and CF70/SiC.

5. Conclusions
Unidirectional carbon fibre reinforced SiC composites
were prepared from four types of carbon fibres, HSCF,
HMCF, CF50 and CF70, through nine cycles or twelve
cycles of impregnation of polycarbosilane and subse-
quent pyrolysis at 1200◦C. Their mechanical properties
and microstructures were evaluated. The following con-
clusions can be drawn from the present investigation:

(1) The matrix pyrolysed at 1200◦C in N2 wasβ-
SiC with crystallite size L111of approximately 1.95 nm.

(2) CF50/SiC and CF70/SiC showed non-brittle
fracture behavior with multiple matrix cracking and ex-
tensive fibre pullout, while HSCF/SiC and HMCF/SiC
exhibited brittle fracture behavior, during four-point
bending tests.

(3) CF70/SiC exhibited high flexural strength of ap-
proximately 967 MPa, which is about 75% of predicted
strength. On the other hand, the flexural strength of
CF50/SiC was 624 MPa, which was about 38% of pre-
dicted strength, because CF50/SiC failed in a shear way
during bending tests.

(4) Differences in fracture behavior of the four types
of CF/SiC were mainly attributed to the surfacial char-
acteristics of the carbon fibres, which were strongly
dependent on crystallinity of the carbon fibres or heat
treatment temperatures. The graphitized carbon fibres
(CF50 and CF70) were more adequate to be used as
reinforcement of the CF/PCS-derived-SiC than the car-
bon fibres (HSCF and HMCF) treated below 1500◦C.
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