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bstract

/C–SiC composite was fabricated with time efficiency and low cost by a two-step process. A quasi 3D carbon-fiber-felt was firstly densified to
/C composite in 2–5 h by a thermal gradient CVI method based on precursor of kerosene. Then, the C/C composite of different porosities was

eactively infiltrated with Si for 40 min to obtain C/C–SiC composite. The influence of the porosity of the C/C composite on the microstructure
nd mechanical properties of the C/C–SiC composite was investigated. The results show that the density of the C/C–SiC composite increases from
.0 g/cm3 to 2.3 g/cm3 while its porosity decreases from 5.8% to 1.7% with the increasing porosity of the C/C composite. Moreover, the porosity

f the C/C composite affects both the amounts of �-SiC, Si phases and the mechanical properties of the C/C–SiC composite. The flexural strength
nd modulus of the C/C–SiC composite are much higher than those of the C/C composite. The C/C–SiC composite from the C/C composite of
9.7% porosity has the highest flexural strength and modulus, which are 132 MPa and 14.4 GPa, respectively.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

C/C–SiC composites are widely used as structural materi-
ls in aerospace area for their outstanding properties,1 such as
igh strength at elevated temperature, low density and superior
oughness. C/C–SiC composites are also promising candidates
or advanced brake and clutch systems.2–4 Compared with C/C
omposites, C/C–SiC composites show more stable friction
oefficient because their low open porosity restricts the ingress
f oxygen and humidity which are harmful to their stability.1,5

Usually, the fabrication procedure of C/C–SiC composite
ncludes two steps: preparing porous C/C composite and sub-

equent C/C–SiC composite. Chemical vapor infiltration (CVI)
echnique6 is a primary route for preparing C/C composite.
owever, this method is costly because long period and sev-
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nical property

ral cycles are necessary to obtain sufficiently high density
f C/C composite. Therefore, much efforts have been made
o reduce manufacturing cost in order to expand the applica-
ion areas of C/C composite.6,7 On the other hand, to fabricate
/C–SiC composite8–11 from porous C/C composite, reactive
elt infiltration (RMI), or called liquid silicon infiltration (LSI)

rocess,12–14 is an attractive method considering the processing
ime and the cost. It is a near-net shaping process and one infil-
ration cycle can achieve fully dense products. In this method,
orous C/C composite is impregnated with molten silicon, and
and Si reacts to form SiC at high temperature (above 1410 ◦C).
he kinetics of liquid Si infiltration into porous carbon and the

eaction mechanism between solid carbon and liquid Si have
een extensively investigated.15–18

Recently, we presented a new method to carry out a rapid
ensification process of C/C composite by a thermal gradient
VI method based on precursor of vaporized kerosene.19,20 By
his method, the density of C/C composite can be increased to
.71 g/cm3 in 6 h.19,20 Combining this new CVI process with
MI method, we have prepared C/C–SiC composite in several
ours.21,22 Therefore, the processing period and cost of C/C–SiC

mailto:jipingwang@gmail.com
dx.doi.org/10.1016/j.jeurceramsoc.2009.04.036
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2.2. Characterization

The density and open porosity of the C/C composite and
the C/C–SiC composite were measured by Archimedes method
ig. 1. Schematic diagram of the needle-punched quasi 3D carbon-fiber-felt. (
ber of Z-axis integrated the different layers in a cross-section of Y–Z plane; (c
omposite during three-point-bending test.

omposite can be reduced sharply. However, the effects of the
rocessing parameters on the contents and distribution of differ-
nt phases (SiC, Si and pyrocarbon) in matrix and the mechanical
roperty of the resulting C/C–SiC composite have not been well
nvestigated.

In the present work, C/C composites with different porosi-
ies were made firstly by our CVI method in 2–5 h. C/C–SiC
omposites were prepared from the C/C composite by RMI pro-
essing. The influence of the porosity of C/C composite on the
icrostructure and mechanical properties of the C/C–SiC com-

osite were systematically studied. As a result, we can obtain
n optimized porosity of C/C composite for preparing C/C–SiC
omposite with excellent properties.

. Experimental procedure

.1. Material preparation

A needle-punched quasi 3D carbon-fiber-felt was chosen as
einforcement. The felt was made by repeatedly overlapping the
ayers of 0◦ weftless ply, short-cut fiber web and 90◦ weftless ply
n X–Y plane with needle-punching on Z-axis direction step by
tep to a certain thickness. The schematic diagram of the felt is
hown in Fig. 1(a) and (b). The fiber type was PAN-based carbon
ber whose diameter was ∼7 �m, and fiber volume fraction in

he felt was about 30%.
The C/C–SiC composite was fabricated by a two-step proce-

ure, and the processing route is shown in Fig. 2.

Step 1: The felt (size: Ø100 mm × 10 mm) was densified into
C/C composite by a thermal gradient CVI method with vapor-

ized kerosene as a precursor. The detail of the method was
described in our earlier literature.20 The deposition tempera-
ture was ∼1100 ◦C and the infiltration time was 2 h, 3 h, 4 h
and 5 h.
e position of weftless ply and short-cut fiber web; (b) needle-punched carbon
elative position between the loading direction and C/C composite or C/C–SiC

Step 2: The C/C composite in size of 6 mm × 6 mm × 50 mm
was placed in a graphite crucible and covered with some Si
powder with a diameter range of 0.5–2 mm. Then the crucible
was heated to 1550 ◦C in a furnace and held at this tempera-
ture for 40 min under vacuum atmosphere. After the Si RMI
processing, C/C–SiC composites were prepared and named as
CS-2, CS-3, CS-4, and CS-5 according to the C/C composite
whose CVI time was 2 h, 3 h, 4 h, and 5 h, respectively.
Fig. 2. Processing scheme of manufacturing C/C–SiC composites.
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sing distilled water. The C/C–SiC composite was examined
ia X-ray powder diffraction (XRD, D/MAX-RA X-ray diffrac-
ometer) between 15◦ and 70◦ (2θ) using Cu K� radiation.

The flexural strength and modulus of the C/C composite
nd C/C–SiC composite were measured by three-point-bending
est at room temperature on an electron universal testing

achine (Instron 1195). The dimension of the test sample was
mm (B) × 4 mm (H) × 50 mm. The span L is 30 mm, and the
rosshead speed is 0.5 mm/min. The relative position between
he loading direction and C/C composite and C/C–SiC com-
osite test samples is illustrated in Fig. 1(c). Flexural strength
σf) and flexural modulus (Ef) are calculated with the following
quations:

f = 3PL

2BH2 (1)

f = �PL3

4BH3�f
(2)

here P is the maximum load, �P/�f is the slope of the straight
ine in the load–deflection curve recorded during the test. All the
exural strength and modulus are the average values from five
ample tests. The error-bars indicate the standard deviation.

After three-point-bending test, the polished surface parallel
o X–Z plane (see Fig. 1(c)) of the C/C–SiC sample was observed
y an optical microscope (OM, Reichert, MeF3). The fracture
urface of the C/C–SiC composite was observed by means of a
canning electron microscope (SEM, Hitachi, S-2700) operated
t 25 kV and 20 mA.

. Results and discussion

.1. Open porosity and pyrocarbon volume ratio of C/C
omposite

Table 1 gives densities and the open porosities of the C/C
omposites prepared by the CVI processing. It shows that as
he CVI time increases from 2 h to 5 h, the density of the C/C
omposite increases from 1.04 g/cm3 to 1.65 g/cm3, while its
pen porosity decreases from 37.6% to 15.3%. The deposition
ate is much higher than that of normal CVI method.20 The
yrocarbon (PyC) volume ratios (VPyC) in the C/C composites
re also shown in Table 1. VPyC is calculated by the following
quation:

D − D

PyC = C/C Felt

DPyC
× 100 % (3)

here DC/C, DFelt and DPyC are the densities of C/C composite,
arbon felt and PyC, respectively. DFelt is 0.51 g/cm3, depend-

able 1
ensities, porosities and VPyC values of C/C composites.

VI time (h) Density (g/cm3) Open porosity (%) VPyC (%)

1.04 37.6 25.2
1.31 29.4 38.1
1.54 19.7 49.0
1.65 15.3 54.3

i
d

p
p
o
I
f
S
p
a
R
t

ig. 3. Densities and open porosities of C/C–SiC composites vs. open porosities
f C/C composites.

ng on the used carbon fiber and fiber volume ration. The PyC
s rough laminar carbon structure, and its density (DPyC) is
.10 g/cm3.6,19,20 It can be seen from the table that with the
ncrease of CVI time, VPyC value increases, leading to a higher
ensity and a lower open porosity of the C/C composite.

.2. Density and Si volume ratio of C/C–SiC composite

The relationships between the densities and open porosities of
he C/C–SiC composites and the open porosities of the C/C com-
osites are shown in Fig. 3. With the increase of porosity of the
/C composite, the density of the C/C–SiC composite increases

rom 2.02 g/cm3 to 2.31 g/cm3, and is much higher than that
f the C/C composite. The increment in density was directly
ttributed to the infiltration of Si. During the RMI processing,
olten Si infiltrated into porous C/C composite via capillarity

nd simultaneously reacted with C to form SiC. The related Si
olume ratio (VSi) in the C/C–SiC composite can be calculated
y the following equation

Si = DC/C–SiC − DC/C

DSi
× 100 % (4)

here DSi = 2.33 g/cm3 is the density of cubic Si at room tem-
erature, DC/C–SiC and DC/C are the densities of the C/C–SiC
omposite and the C/C composite, respectively. The VSi values
re shown in Fig. 4. It reveals that C/C composite of high poros-
ty can be infiltrated with more Si, which results in a higher
ensity of C/C–SiC composite.

Fig. 3 also shows that the open porosities of the C/C–SiC com-
osites are in the range of 5.5–1.6%, which decreases when the
orosity of the C/C composite increases. SiC layer was formed
n the surface of solid carbon during the RMI processing.21,22

ts volume is two times larger than that of the carbon.13 There-
ore, the pore diameter in C/C composite was reduced and the
i infiltration became difficult or even stopped as the average

ore diameter in the C/C composite became smaller. Unavoid-
bly, some open pores remain in the C/C–SiC composite after
MI processing. Furthermore, Si infiltration is more difficult for

he C/C composite of the lowest porosity (15.3%), resulting in
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ig. 4. VSi values of C/C–SiC composites vs. open porosities of C/C composites.

he highest open porosity of C/C–SiC composite (CS-5 sample)
mong the four types of composites.

.3. XRD analysis of C/C–SiC composite

The XRD patterns of the C/C–SiC composites are shown in
ig. 5. It reveals that �-SiC phase was formed and unreacted Si
hase and C (graphite) phase remained in the C/C–SiC compos-
te. Comparing the patterns from CS-2 to CS-5 sample, one can
ee that the intensity of (0 0 2) peak of C phase increases while

he intensity of (1 1 1) peak of Si phase decreases. It indicates
hat the relative content of C, Si and SiC in the C/C–SiC changed
ith the porosity of the C/C composite. CS-2 sample infiltrated

he most of amount of Si among four types of the composites

Fig. 5. XRD patterns of C/C–SiC composites.
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ig. 6. Flexural strengths of C/C composites and C/C–SiC composites, VSi val-
es, VPyC values and porosities of C/C–SiC composite vs. open porosities of
/C composites.

see Fig. 4). Therefore, its intensity of (1 1 1) peak of Si phase is
he highest. The VPyC value of CS-5 sample is higher than that
f others samples (Table 1), which result in the highest (0 0 2)
eak of C phase.

.4. Flexural properties of C/C composite and C/C–SiC
omposite

The flexural strengths of the C/C composites and the C/C–SiC
omposites as a function of the open porosities of the C/C com-
osites are illustrated in Fig. 6. According to the data in Table 1,
igs. 3 and 4, PyC volume ratio (VPyC) of the C/C composite, Si
olume ratio (VSi) and porosity of the C/C–SiC composite are
lso plotted in Fig. 6 to analyze the factors affecting the flexural
trength. It can be seen that the flexural strength of the C/C com-
osite decreases from 127 MPa to 63 MPa while the VPyC also
ecreases when the porosity of the C/C composite increases. It
ndicates that the decrease of the flexural strength is caused by
he decrease of the VPyC in the C/C composite.

Fig. 6 also shows that the flexural strength of the C/C–SiC
omposite is 38 MPa (CS-2) ∼83 MPa (CS-4) higher than that of
he C/C composite. This reveals that after RMI processing, SiC
nd unreacted Si improved the strength. The flexural strength of
he C/C–SiC composite first increased slightly then decreased
hen the porosity of the C/C composite increased. It can be seen

hat CS-4 sample has the highest flexural strength (132 MPa)
mong the four types of composites. The mechanical properties
f the C/C–SiC composites are not only influenced by the Si
nfiltration and Si/C reaction, but also affected by the content

f PyC23 and porosity24 of the C/C–SiC composites. The PyC
lays an important role in the load bearing during the bending
ests. However, pore in the C/C–SiC composite is a weak phase
hich can reduce the flexural strength of the composite. CS-5
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ig. 7. Flexural moduli of C/C composites and C/C–SiC composites vs. open
orosities of C/C composites.

as the highest VPyC among the four types of composites, which
ould lead to a higher mechanical property. However, it also
as the highest porosity that decreased the flexural strength of
S-5 sample; that is the reason why its strength is little lower

han that of CS-4 sample. Comparing the flexural strengths of
he C/C–SiC composites with VSi values in Fig. 6, it can be

een that CS-2 sample has the highest VSi value and its flexural
trength is the lowest among the four types of composites. This
esult indicates that higher VSi in the composite does not lead to
higher mechanical property of C/C–SiC composite.

o
t
t
m

Fig. 9. Optical micrographs of polished surfaces of (a) CS-2, (
Fig. 8. Typical load–deflection curves of C/C–SiC composites.

The flexural moduli of the C/C composites and the C/C–SiC
omposites are plotted in Fig. 7. The modulus is decided by the
odulus and volume ratio of the matrix and carbon fiber in the

omposites, as well as carbon fiber direction. Fig. 7 reveals that
S-4 sample processes the highest Young’s modulus because it
ontains more PyC whose modulus is much higher than those
f Si or SiC phases. The modulus of CS-5 sample is lower than

hat of CS-4 sample because its porosity is the highest among
he four types of composites; the pores did not contribute to the

odulus of the composite.

b) CS-3, (c) CS-4, and (d) CS-5. F, carbon fiber; P, PyC.
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Fig. 8 shows the typical load–deflection curves of the
/C–SiC composites, which can reveal the fracture behavior of

he C/C–SiC composites. We can see that the load first increases
inearly with the increase of the deflection. When the load closes
o the maximum value, the changing trend of the load is differ-
nt. The load of CS-2 sample decreases sharply which indicates
brittle failure behavior. CS-2 sample was infiltrated with the
ost Si (see Fig. 4) and Si is the brittle phase which contributes

ittle to the toughness of CS-2 sample. In contrast, the curves of
S-3–CS-5 samples show that the loads decrease gradually. This

s attributed to the increase of VPyC and the decrease of VSi in the
omposites. It can also be seen that the slope of the straight line
n each curve is different, which reflects the flexural modulus of
he composite. A higher strength modulus of the composite has
higher slope. CS-4 sample processes the highest slope, which

s corresponding to results of Fig. 7.
The interfacial characteristics of fiber and matrix also affect

he mechanical properties of C/C–SiC composite. It is necessary
o analyze the microstructures of the C/C–SiC composite for
urther understanding of the relationship between the properties
nd the material processing.

.5. Micrograph of C/C–SiC composite

The optical micrographs of the C/C–SiC composites are
hown in Fig. 9(a)–(d). It reveals the distribution and different
ontents of carbon fiber, PyC, SiC and Si in the composites (each
hase has been denoted in the figure). After the CVI processing,
arbon fiber was surrounded by PyC ring. The thickness of PyC
round interfiber is thinner than that of PyC around interbundle
ecause the space in interfiber is much smaller than that in inter-
undle. This result was consistent with our previous research.19

ith the increase of CVI time, the PyC layer around interfiber
ecomes thicker. It can be seen that thickness of PyC layer in
S-5 sample (Fig. 9(d)) is much higher than that of PyC layer

n CS-2 sample (Fig. 9(a)).
SiC layer was formed through the reaction between PyC and

i during the RMI processing, while carbon fiber was not dam-
ged (see Fig. 9(a)–(d)). Therefore, the excellent mechanical
roperty (especially tensile strength and modulus) of carbon
ber can be maintained. For the formed SiC layers, the interface
etween SiC and C phases appears continuous, while the inter-
ace between Si and SiC phases is rough. The different interfaces
riginated from the different reaction mechanisms between Si
nd C during RMI processing.25

Si still exists in the C/C–SiC composite (Fig. 9(a)–(d))
ecause it did not react with PyC completely. The different
orosities and structures of the C/C composites lead to differ-
nt free Si amount in the C/C–SiC composite. Fig. 9(a) shows
hat CS-2 sample has the most Si amount among the four types
f composites. This phenomenon is coincident with the result
f Si volume ratio (Fig. 4) and XRD analysis (Fig. 5). Si filled
he pores in the C/C composite, and improved its mechanical

roperty. However, Si was a brittle phase and mainly conglom-
rated in the large pores of the C/C composite, contributing
ittle to the flexural strength of the C/C–SiC composite. It can
lso be seen from Fig. 9(a)–(d) that microcracks exist in the

p
C
i
w

ig. 10. SEM micrographs of fracture surface of (a) CS-2, (b) CS-4, and (c)
S-5.

atrix and fiber–matrix debondings occurs in the composites.
MI processing was carried out at 1550 ◦C; then the composite
as cooled down to room temperature. The thermal mismatch
etween matrix (PyC, SiC and Si phase) and reinforcement (car-
on fiber) may cause the appearance of interfacial debonding and
icrocracks.14,26

The fracture surfaces of the C/C–SiC composites after three-
oint-bending tests are shown in Fig. 10. The micrograph of

S-2 sample (Fig. 10(a)) reveals that more residual Si is located

n interspaces of the fiber bundles because the C/C composite
as porous. In the fracture surface of CS-4 sample (Fig. 10(b)),
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o fiber pull-out was observed. It indicates that the interface
onding between fiber and matrix is strong. The PyC layer
round the fiber in CS-5 sample (Fig. 10(c)) is much thicker
han that of the other composites. It can also be seen that many
bers pull-out and pores in the composites which will reduce

he mechanical properties.

. Conclusions

C/C–SiC composites were rapidly manufactured by a thermal
radient CVI method using kerosene as a precursor, combined
ith reactive melt infiltration method. The increasing porosity of
/C composite facilitates the infiltration of Si. The density of the
/C–SiC composite decreased from 2.31 g/cm3 to 2.02 g/cm3

nd whose open porosity increased from 1.7% to 5.5% with
he increase of porosity of the C/C composite. �-SiC, Si and

phases coexisted in the C/C–SiC composite after the RMI
rocessing. The flexural strength and modulus of the C/C–SiC
omposite are much higher than those of the C/C composite. The
/C–SiC composite derived from the C/C composite with CVI

ime of 4 h (porosity of 19.7%) had the highest flexural strength
132MPa) and flexural modulus (about 14.4 GPa).
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