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Abstract

Two-dimensional C/C–SiC–ZrC composites were prepared by isothermal chemical vapour infiltration combined with the reaction melt
infiltration method using various density porous C/C skeletons. The microstructures, mechanical properties and ablation behaviour of the C/C–
SiC–ZrC composites were systematically studied. The results showed that the strength and ablation resistance of C/C–SiC–ZrC composites
improved with the increase of the C/C skeleton density. When the density of the C/C skeleton was 1.51 g/cm3, the bending modulus and strength
of the composites were 13.19 GPa and 70.57 MPa, respectively, and the linear and mass ablation rates of the composites ablated for 90 s were
1.44� 10−3 mm/s and 0.21� 10−3 g/s, respectively. These properties were attributed to the introduction of ZrC and SiC into the matrix and the
formation of a dense SiC–ZrC coating on the surface. The SiC–ZrC coating acted as an oxygen diffusion barrier for C/C composites and first
reacted with oxygen to form an oxide protecting layer in the ablation environment.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

There is an increasing demand for advanced materials with a
temperature capability of over 2000 1C for ultrahigh temperature
and aerospace applications. Carbon/carbon (C/C) composites are
considered as one of the most promising candidates for the
aerospace applications, such as rocket engines, nose cones and
leading edges of re-entry vehicles, because of their low density,
high strength-to-weight ratio, good thermal shock resistance
and good ablation resistance at elevated temperatures [1–3].
However, the fact that C/C composites oxidize at temperature as
low as 700 K has strictly limited their high temperature
applications [4–8]. It is necessary to develop protective anti-
oxidation and anti-ablation materials to prevent oxidation and
the consequential gasification in an ablative environment with
high-pressure gas flow and ultrahigh temperatures (42000 1C).

One effective solution to improve the ablation resistance of
C/C composites is to introduce ultra-high temperature ceramics
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
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such as SiC, ZrC, ZrB2 and HfB2 into the matrix or coating [9–12].
Some researches show that C/C−SiC composites have excel-
lent anti-oxidation resistance at 1600 1C but cannot meet the
requirements because of their rapid ablation at the scouring of
the ultrahigh temperatures and high pressure flux [13,14].
Further modification for C/C−SiC composites is necessary.
ZrC is an advanced ceramic with a high melting point (3540 1C),
excellent chemical stability and resistance to thermal shock
[15,16]. In addition, its oxide can effectively reduce the
diffusion of oxygen. So far, there are only a few reports about
the fabrication and properties of C/C−SiC−ZrC composites.
Wang et al. [17] prepared C/C–SiC–ZrC composites by the
reactive melt infiltration (RMI) method with molten Si0.87Zr0.13
alloy. Wu et al. [18] prepared two-dimensional (2D) C/C−ZrC
−SiC composites through precursor infiltration and the pyrolysis
(PIP) process using a hybrid precursor containing polycarbosilane
and organic zirconium containing polymeric precursor. We have
also fabricated integer felt reinforced (1D) C/C–SiC–ZrC compo-
sites by isothermal chemical vapour infiltration (ICVI) combined
with the RMI method in the previous work [19]. Further
investigations on the fabrication, mechanical properties and
ghts reserved.
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erosion behaviour of C/C–SiC–ZrC composites are of consi-
derable importance for their application at high temperature.

In this paper, 2D needled felt C/C–SiC–ZrC composites
were prepared by ICVI combined with the RMI method using
various density porous C/C skeletons. The microstructures,
mechanical properties and ablation resistance of the C/C–SiC–
ZrC composites were systematically investigated. The experi-
mental results are helpful to improve the theoretical system of
the C/C–SiC–ZrC composites.

2. Experimental

2.1. Material preparation

2D carbon felts with a density of 0.47 g/cm3 which were
fabricated by alternatively stacked non-woven layers and
carbon fibre webs by a needle-punching technique were used
as reinforcement for C/C composites. The volume content of
the felt was about 24.5%. Carbon matrix was introduced into
the felt by ICVI at 1000−1100 1C using natural gas (CH4) as
precursor to form porous C/C skeletons, followed by a
graphitization process at 2500 1C for 2 h. The density of the
porous C/C skeletons was controlled to be approximately 1.12,
Fig. 1. The SEM graphs of the C/C skeletons prepared to different densities using t
(c) CC-3 deposited for 80 h. The insets display the thickness of PyC covered on fi

Table 1
The density, open porosity and closed porosity of the C/C composites and the C/C

Samples CC-1 CC-2 CC

Density (g/cm3) 1.1270.02 1.3070.03 1.
Open porosity (%) 45.0170.15 34.5270.11 25.
Closed porosity (%) 0.5770.05 0.8670.06 1.
1.30 and 1.51 g/cm3 (labelled as CC-1, CC-2 and CC-3,
respectively) when deposited for 40, 48 and 80 h, respectively.
The as-prepared C/C skeletons wrapped with Zr, Si, C and

ZrO2 powders according to the mole ratio Zr:Si:C:ZrO2 of
3:5:1:0.2 were heat-treated in argon protective atmosphere at
2300 1C for 2 h to obtain the C/C−SiC−ZrC composite
samples (labelled as CSZ-1, CSZ-2 and CSZ-3, correspond-
ingly). All the above powders, with the granularities of 300
meshes, were of analytical grade and mixed by a blender for
4 h. ZrO2 and C powders were introduced into the pack
chemistry to increase the rate of diffusing reaction and improve
the compactness of the coating. The specimens CSZ-1 to CSZ-3
were fabricated using CC-1 to CC-3, respectively.

2.2. Mechanical property testing

The bending strength of the composites was measured using
a three-point bending test (SANS CMT 4304, Sans Testing
Machine, China) with a span of 40 mm. The load velocity was
0.05 mm/min. At least three samples with a dimension of
55� 10� 4 mm3 were tested to obtain the average data. The
stress–strain curves were recorded by computer along with
testing.
he ICVI process: (a) CC-1 deposited for 40 h; (b) CC-2 deposited for 48 h and
bres.

−SiC−ZrC composites.

-3 CSZ-1 CSZ-2 CSZ-3

5170.02 1.7870.05 1.9570.04 1.8670.05
1670.06 6.8370.08 0.1870.11 0.3070.04
3370.13 0.5370.10 0.8170.06 1.2470.15



Fig. 3. XRD pattern of the surface of composites CSZ-3.
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2.3. Ablation testing

The ablation behaviour of 2D C/C–SiC–ZrC composites
was tested with an oxyacetylene torch, which was close to the
practical ablative situation for aerospace materials. At least
three samples with a dimension of Φ30 mm� 10 mm were
used in the test. The temperature of the oxyacetylene torch was
measured using an optical pyrometer and reached up to
2300 1C. The exposure time under the torch flame was 30 s,
60 s and 90 s. The linear and mass ablation rates of the
samples were evaluated by the thickness and mass changes
after ablation, respectively. Further details about the test
process were described elsewhere [19].

2.4. Characterizations

Phase analysis of 2D C/C–SiC–ZrC composites was carried
out by X-ray diffraction (XRD, Philips XʼPert MPD, Holland)
using CuKα radiation. The microstructures and morphologies
of the samples were analysed using field emission scanning
electron microscopy (FESEM, Zeiss-Supra 55) along with
Fig. 2. Surface and cross-section SEM graphs of the 2D C/C−SiC−ZrC compos
references to color in this figure legend, the reader is referred to the web version o
Electron Dispersive X-Ray Spectroscopy (EDX, Oxford-
INCAPentaFET-3) for chemical analysis. The density, open
porosity and closed porosity of the composites were measured
by a water penetration technique according to the ASTM C20-
00 standard.
ites: (a, b) CSZ-1; (c, d) CSZ-2 and (e, f) CSZ-3. (For interpretation of the
f this article.)
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3. Results and discussion

3.1. Microstructure of the composites

It is well known that ICVI is the best process for the
fabrication of C/C composites owing to its excellent controll-
ability, uniform microstructure and good properties of the
composites fabricated, and its significance for the mass
manufacture of special-shape parts. So we use the ICVI process
to prepare the porous C/C skeletons for 2D C/C−SiC−ZrC
Fig. 4. The linear and point EDX analyses at the cross-section of composites CSZ-3
distributions (red line in Fig. 2(f)).

Fig. 5. (a) The inner microstructure of composites CSZ-3; (b) the large ma
composites. Fig. 1 shows the microstructures of the C/C
skeletons with different densities. It can be found that the
thickness of pyrocarbon (PyC) increases along with the
increase of the ICVI time and the as-prepared composites
have homogeneous microstructure and uniform porosity distri-
bution. There are three basic pore types in C/C skeletons: inter-
fibre pores existing among fibres in a bundle; inter-bundle
pores existing among fibre bundles in a fabric layer; and inter-
layer pores existing among two layers of fabric [20]. The
smaller inter-fibre pores can be easily filled by PyC in the ICVI
: (a) EDX analysis of spot 1; (b) EDX analysis of spot 2 and (c) elements linear

gnification of SiC–ZrC matrix and (c) the large magnification of pores.



Fig. 6. Stress−strain curves of the C/C composites and the C/C−SiC−ZrC
composites.
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process, but the larger inter-bundle and inter-layer pores are
difficult to be completely densified in short time, which are
considered as the infiltration channels for the molten powders
during the following RMI process.

Table 1 presents the density and open porosity of the C/C
composites and the C/C−SiC−ZrC composites; it can be seen that
the composites prepared by the ICVI process have a high open
porosity, the density of CSZ-1, CSZ-2 and CSZ-3 has increased by
58.93%, 50.00% and 23.18% compared with the porous skeletons
CC-1, CC-2, and CC-3, respectively, and the open porosity have a
great reduction. The pores in the skeletons have been filled up
during the RMI process. Moreover, the closed porosity of the C/C
skeletons prepared by the ICVI process is rather low, and the
closed pores are hard to be filled up in the following RMI process.

Fig. 2 shows the surface and cross-section SEM graphs of
the 2D C/C−SiC−ZrC composites. There is a rough coating
consisting of two kinds of crystalline particles (grey and white
phases) on the surface of composites, and the microstructure of
the C/C−SiC−ZrC composites is clearly affected by the
density of the C/C skeletons. According to the XRD and
EDX analysis results (Fig. 3and 4(a) and (b), respectively), the
coating on the surface is mainly composed of SiC (grey phase)
and ZrC (white phase). It can be seen that the composite CSZ-1
has a rough and loose surface consisting of coarse crystalline
particles and some bigger cracks existing in the coating. The
cracks are caused by the different thermal expansion stresses
between the coating and matrix in the cooling process after
high-temperature infiltration. There are also many pores that
survived after the RMI process, which presents that the pores
could not be completely filled when the density of the C/C
skeleton was low. The surface and cross-section SEM graphs
of CSZ-2 shows that the coating and matrix are dense and well
combined with each other. The thickness of the coating is
approximately 50 μm. Furthermore, the SiC–ZrC coating on
CSZ-3 is very dense without obvious penetrable cracks, and
the thickness of the coating is approximately 180 μm. Fig. 4(c)
shows the cross-section linear EDX analysis at a cross-section
of composites CSZ-3. It can be seen that the phases of ZrC and
SiC (shown as white and grey phase, respectively) disperse
equably in the coating. The distribution of Si, representing
SiC, in the binding site and the interior of the matrix leads to
the good combination between the coating and matrix. The
SiC–ZrC coating acts as an oxygen diffusion barrier for C/C
composites and reacts with oxygen to form zirconium dioxide
and silicon dioxide in oxyacetylene flame. The interactive
combination state presented by coating and matrix on CSZ-2
and CSZ-3 indicates that a strong bonding force exists between
them, which conducive to the improvement of the thermal
shock resistance of the coatings. Hence, the as-prepared
Table 2
Bending properties of the C/C composites and the C/C–SiC–ZrC composites.

Samples CC-1 CC-2 CC

Bending strength (MPa) 17.4072.23 41.7871.14 53.
Bending modulus (GPa) 0.0970.01 0.2470.03 0.
C/C–SiC–ZrC composites have better microstructure when
the density of porous C/C skeletons is higher.
Fig. 5 shows an inner cross-section of CSZ-3. It can be seen

that the SiC–ZrC matrix is formed deeply between the bundles
and the layers. As seen from Fig. 5(b), the generated matrix is
dense except for a few microscopic voids in it. The distribution
of SiC–ZrC is not even, which is caused by the pore distribution
in porous C/C skeleton. Moreover, the large inter-bundle and
inter-layer pores are not completely filled (Fig. 5(c)), so there is
a density gradient from the centre to the surface of sample.
In addition, the surface of the pores has been covered by a dense
SiC–ZrC layer, which could also prevent the C/C matrix from
being exposed to oxidizing atmosphere.
According to the above analysis, the mechanism for the

formation of the C/C−SiC−ZrC can be concluded as follows:
during the RMI process, the molten Si and Zr ware infiltrated into
the porous C/C skeletons by capillary forces along the carbon
fibre bundles, and reacted with the deposited PyC to form
C–SiC–ZrC matrix at a high temperature. SiC–ZrC coating,
meanwhile, formed on the surface of the matrix by chemical
combination with good bonding strength. The following reactions
would happen during the RMI process [17,19,21]:

SiðlÞ þ ZrðlÞ-ZrSi2ðlÞ ð1Þ
SiðlÞ þ CðsÞ-SiCðsÞ ð2Þ
ZrðlÞ þ CðsÞ-ZrCðsÞ ð3Þ
ZrSi2ðlÞ þ CðsÞ-SiCðsÞ þ ZrCðsÞ ð4Þ

3.2. Mechanical properties of the composites

The mechanical test results are summarized in Table 2. It is
clear that the bending properties of the C/C composites increase
-3 CSZ-1 CSZ-2 CSZ-3

3573.08 20.1471.08 47.0274.06 70.5776.11
3170.13 4.6671.10 6.1171.06 13.1972.15
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with density and those of the C/C–SiC–ZrC composites improve
after the RMI process. The bending modulus and bending
strength of CSZ-3 reach 13.19 GPa and 70.57 MPa, respectively.
It is notable that the infiltration temperature is 2300 1C and there
may be some damage to the fibre preform during the preparation.
In order to fabricate C/C–SiC–ZrC composites with good
mechanical properties, the pre-prepared C/C skeletons should
have an appropriate density (about 1.51 g/cm3).

Fig. 6 shows the stress−strain curves of the two kinds of
composites. They indicate that all the composites present
pseudo-plastic behaviour, which is attributed to the crack
deflection, interfacial debonding and fibre pull-out (Fig. 7).
However, the fracture strains of C/C–SiC–ZrC composites are
Table 3
Ablation properties of the C/C composites and the C/C–SiC–ZrC composites.

Samples CC-1 CC-2 CC-3

Ablation time (s) 30 30 30
Linear ablation rate (� 10−3 mm/s) 3.2570.12 3.7570.07 3.7570.11
Mass ablation rate (� 10−3 g/s) 1.5970.06 1.2470.13 0.9470.05

Fig. 7. Fracture surfaces of the C/C composites and the C/C−SiC−ZrC compo
smaller than those of C/C composites. It is well known that
good mechanical properties of the composites largely depend
on the fibre−matrix and the fibre−matrix−filler interfacial
adhesion, since the load transfer from the matrix to the fibres
would require a good bonding at the interfaces [20]. But there
are large amounts of pores in the porous C/C composites, so
the fibres cannot be solidly bonded by the deposited PyC,
especially between the fibre bundles and layers. Lower open
porosity is advantageous for the load transfer to the fibres,
which results in that the bending properties increasing with
density (Table 1, Fig. 7(a)−(c)). As for the C/C–SiC–ZrC
composites, they have a structure of carbon fibres covered by
the deposited PyC and SiC–ZrC matrix (Fig. 5(b)), and the
CSZ-1 CSZ-2 CSZ-3

30 30 30 60 90
2.3370.12 1.3370.05 0.6770.04 0.3370.03 1.4470.07
2.0670.15 1.6570.06 0.2470.02 0.2870.06 0.2170.03

sites: (a) CC-1; (b) CC-2; (c) CC-3; (d) CSZ-1; (e) CSZ-2 and (f) CSZ-3.
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SiC–ZrC matrix does not simply physically adhere but truly
chemically bonded to the fibre surfaces due to the participation
of PyC from the fibre surface in the active carbothermal
reaction (Reactions (2)–(4)) [22]. Under bending load, the
cracks propagation is difficult along the layers due to the
smaller amount of large pores and the stronger matrix between
the layers after the RMI process. When cracks develop
between the bundles or between the layers, the SiC–ZrC
matrix acts as an effective crack deflector to prevent direct
crack propagation and thus produces many secondary cracks
(Fig. 7(e, f)).
Fig. 9. XRD patterns of the surface of composites CSZ-3 after ablation for
different times: (a) 30 s; (b) 60 s and (c) 90 s.
3.3. Ablation behaviour of the composites

Table 3 shows the ablation test results of the C/C compo-
sites and the C/C–SiC–ZrC composites; it can be seen that the
C/C–SiC–ZrC composites show a lower average linear abla-
tion rate compared with the C/C composites. However, the
mass ablation rates of the C/C–SiC–ZrC composites present
two different kinds of situations: the mass erosion of CSZ-1
Fig. 8. Ablation morphology and EDX analysis of the C/C−SiC−ZrC composites ab
outer region of CSZ-2 (c, d) and centre region and outer region of CSZ-3 (e, f).
and CSZ-2 increases after the RMI process, but CSZ-3 has
steady ablation resistance for 90 s.
For the 2D ICVI C/C composites, the exterior inter-bundle

pores are very easily attacked during the ablation process,
resulting in the possible formation of macroscopic ablation pits
and a heterogeneous ablation front. The ablation morphology
and EDX analysis of the 2D C/C−SiC−ZrC composites
lated for 30 s: centre region and outer region of CSZ-1 (a, b); centre region and
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ablated for 30 s are shown in Fig. 8. An obvious macroscopic
pit can be found at the ablation centre of CSZ-1 because its
loose matrix structure cannot endure the high-pressure and
ultrahigh temperature under oxyacetylene torch (Figs. 2(b) and
8(a)). A dense white layer also can be seen in the outer region
of the ablated surface (Fig. 8(b)). EDX and XRD patterns
(Figs. 8(b) and 9, respectively) of the ablated samples indicate
that the white layer is mixed oxides consisting of SiO2 and
ZrO2 which are generated by the thermochemical reaction
during the ablation process [21]. As shown in Fig. 8(c) and (d),
the erosion for CSZ-2 is better than that for CSZ-1. There is no
obvious pit in the centre region and the fibres are surrounded
with dense mixture SiO2 layers. Fig. 8(e) and (f) shows the
erosion surface of CSZ-3. Only slight ablation occurred on the
surface of the samples and dense SiC–ZrC coating can resist
the ablation by forming a protective glass-like oxide layer.
Through the point EDX analysis in Fig. 8(e), it is known that
the main component of the glass-like oxide layer is SiO2 and
the white phase is ZrO2. The melting points of ZrO2 and SiO2

are 2700 1C and 1723 1C, respectively, while the temperature
Fig. 10. Ablation morphology of CSZ-3 ablated fo

Fig. 11. Ablation morphology and EDX analysis of CSZ-3 ablated for 90 s:
of the ablation centre is about 2300 1C, so SiO2 exists as liquid
phase in the centre region during the ablation process [21],
while solid-state ZrO2 could help to prevent the loss of liquid
phase SiO2 under high temperature air scour. In the outer
region, less coating has been oxidized and no glass-like oxide
layer can be found on the surface of the composites due to the
lower ablation temperature (Fig. 8(f)).
In order to further study the ablation resistance of CSZ-3,

ablation tests with longer time have been carried out. Figs. 10
and 11 present the ablation morphology of CSZ-3 ablated for
60 s and 90 s, respectively. Fig. 10 indicates that the SiC–ZrC
coating on the surface of CSZ-3 still efficiently protects the
composites from ablation. It can be seen that with the
extension of ablation time, the glass-like oxide layer has been
scoured off by flux and many erosion pits formed on the SiC
grains (Fig. 10(a)). But survival ZrO2 existing in the centre
region could enhance the anti-erosion property of the coating
by improving the mechanical erosion resistance. It is interesting
that the temperature in the outer region increased when the
samples were ablated for 60 s, resulting in the formation of
r 60 s: (a) centre region and (b) outer region.

(a) centre region; (b, c) large magnification of (a) and (d) outer region.
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glass-like layer mixed by SiO2 and ZrO2 in this region (Fig. 10(b)).
Fig. 11 indicates that in ablation centre region, SiC–ZrC
coating on the CSZ-3 surface is ablated thoroughly after ablation
for 90 s, but the SiC−ZrC matrix provides further ablation
resistance for the composites. The fibres are covered with some
white phase in Fig. 11(b) and (c), which could help to protect the
fibres from further ablation. In addition, the dense PyC also has
a lower ablation rate. Although the linear ablation rate of CSZ-3
increased after ablation for 90 s, the matrix was still well
protected without serious erosion. The ablation of SiC−ZrC
coating in outer region is tiny (Fig. 11(d)).

As has been analysed above, the density of the C/C skeletons
is an important factor affecting the mechanical properties and
ablation behaviour of the C/C–SiC–ZrC composites prepared by
the RMI process. When the density of the C/C skeletons is
1.12 g/cm3, the structure of CSZ-1 is loose, generating poor
bending properties and higher ablation rates. When the density of
the C/C skeletons is 1.51 g/cm3, dense SiC−ZrC matrix forms
inside the skeleton by chemical reaction and dense SiC−ZrC
coating forms on the surface of CSZ-3. The main ablation
mechanism of the C/C−SiC−ZrC composites is a combined
effect of thermochemical and mechanical erosion. The dense
coating on the surface of CSZ-3 reacted with the oxygen in
oxyacetylene flame; then an oxide layer consisting of SiO2 and
ZrO2 formed on the coating, which could prevent the oxygen
from contacting with the SiC−ZrC coating. Moreover, the SiC−
ZrC matrix and layer on the fibres provide further ablation
resistance when the surface coating burned through after long
time ablation. In addition, the gas escape of CO and SiO
generated by the thermochemical reactions and the evaporation
of SiO2 will result in a thermal barrier effect, which can
effectively hold back the heat transfer into the composites [20].

4. Concluding remarks

2D C/C–SiC–ZrC composites were prepared by ICVI
combined with the RMI method using various density porous
C/C skeletons. The mechanical properties and ablation beha-
viour of C/C–SiC–ZrC composites are remarkably influenced
by the density of porous C/C skeletons. The composites CSZ-3
fabricated using C/C skeletons with a density of 1.51 g/cm3

have dense structures and a SiC−ZrC coating forms on the
surface. The bending modulus and strength of CSZ-3 are
13.19 GPa and 70.57 MPa, respectively. The linear and mass
ablation rates of CSZ-3 ablated for 90 s are 1.44� 10−3 mm/s
and 0.21� 10−3 g/s, respectively. The main ablation mechan-
ism of the C/C−SiC−ZrC composites is a combined effect of
thermochemical and mechanical erosion. The dense SiC−ZrC
coating and its oxide layer play an important role during
ablation, and the gas escape and evaporation will result in a
thermal barrier effect, which can effectively hold back the heat
transfer into the composites.
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