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Abstract

Two-dimensional C/ZrC-SiC composites were fabricated by chemical vapor infiltration (CVI) process combined with a modified polymer
infiltration and pyrolysis (PIP) method. Two kinds of ZrC slurries (ZrC aqueous slurry and ZrC/polycarbosilane slurry) were employed to densify
composites before the PIP process. The as-produced C/ZrC-SiC composites exhibited better mechanical properties than the C/SiC composites
densified only by CVI and PIP process. Structural evolution for C/ZrC-SiC composites treated in the range 1200-1800 °C mainly consisted of the
change of SiC whiskers and the decomposition of polymer derived ceramic.

© 2009 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Carbon fiber reinforced silicon carbide matrix composites
(C¢/SiC) have been proposed as advanced materials suitable for
aerospace and gas turbine engine parts, because of their
potential to exhibit damage tolerance, high strength, and high
stiffness [1,2].

Particularly, the oxidation resistance of C/SiC is much better
than that of C/C composites because of the formation of
protective silica oxide layer at temperatures below 1700 °C [3].
However, with the speed of advanced space vehicles becoming
faster and faster, the temperature on surface of the nosetip or the
leading edges will be over 1800 °C. C/SiC composites cannot
withstand ablation environment with high heat flux and high
pressure gas flow any more at such high temperatures. In our
previous study, it was found that application of ablation-
resistant coatings for the composites could highly improve their
ablation resistance at ultrahigh temperatures (>1800 °C) [4].
However, the results also revealed that refractory particle
addition (such as ZrB, powder) in the SiC matrix did not result
in significant improvement in ablation resistance because of a
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large porosity (20%) of composite. Thus, it is necessary to
develop a cost-effective process with the aim to highly densify
the composites, and if possible, to further increase ablation
resistance of the composites.

Various techniques such as chemical vapor infiltration (CVI)
[5], slurry infiltration (SI) [6], polymer impregnation and
pyrolysis (PIP) [7], or liquid silicon infiltration (LSI) [8] have
been utilized to realize the densification of C/SiC composites.
However, some of the processes have obvious disadvantages
such as time-consuming, high-cost and reduction in strength for
the obtained component at elevated temperatures [9]. Conse-
quently, hybrid combined processes, whose elemental processes
compensate for mutual weak points, now being well studied
[9-11]. Especially, the joint of CVI, PIP and SI methods is more
preferable due to its cost effectiveness and simplicity [10,12,13].
In these cases, the following major problem is found: only a
limited amount powder (such as SiC powder) can be added to the
polymer because of the need to keep a low slurry viscosity to
reach a satisfactory impregnation efficiency [9,12]. Moreover,
the low-density amorphous pyrolysis products are converted to
the crystalline state at temperatures above 1400 °C, which makes
precise microstructure control of ceramic matrix composites
(CMCs) difficult to achieve [14]. Thus, introducing more powder
into the composites and understanding the structural evolution of
the polymer derived matrix become the urgent issues.
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On the basis of the previous experience, the present work
aims to develop a hybrid technique to fabricate two-
dimensional (2D) C/ZrC-SiC composites. The manufacturing
process combines a CVI run for perform shaping and partial
pre-densification, slurry infiltration and polymer impregnation—
pyrolysis for matrix densification. The process described here
provides a promising way to fabricate CMCs with a low final
porosity and reduced process time and costs. Furthermore,
surface morphologies of C/ZrC-SiC composite treated at
higher temperatures are also studied to investigate its structural
evolution.

2. Experimental procedure
2.1. Preparation of slurry

Two kinds of slurries, ZrC aqueous slurry and ZrC/
polycarbosilane slurry, were prepared in this study. Commer-
cially available ZrC powder (Beijing Mountain Technical
Development Center, Beijing, China) with an average particle
size of 1 pm (purity: 99.9%) was employed. Poly(ethyleni-
mine) (PEI, Hengda Surface Finishing Technology Co. Ltd.,
Guangzhou, China; molecular weight (Mw): 10,000) and
deionized water were used for the preparation of aqueous
slurry. The liquid highly branched polycarbosilane (HBPCS)
with allyl groups was synthesized in the Advanced Materials
Laboratory at Xiamen University [15].

After dispersing the ZrC powder (20 wt%) in PEI aqueous
solution (1.5 wt%) or PEI/HBPCS (1.5 wt%) solution, the
slurry was milled for 12 h in a polyethylene bottle with SiC
balls as the milling media.

2.2. Fabrication of 2D C/ZrC-SiC composites

The whole process for samples preparation is shown in
Fig. 1. The preforms were prepared by stacking plain weave
carbon cloths (T-300, ex-PAN carbon fiber, Torray) in a
perforated graphite holder which was tightened to obtain the
desired fiber volume fraction (generally 40%). A thin pyrolytic
carbon layer (PyC) was deposited on the surface of the carbon
fiber as the interfacial layer by chemical vapor infiltration
process with C3Hg at 960 °C. The sample was then pretreated
with a graphitization process at 1800 °C for 2 h. Some SiC
matrix was deposited in the preforms by low-pressure chemical
vapor infiltration (LPCVI). Details of LPCVI process were
described elsewhere [16]. The purpose of this CVI-SiC was to
increase preform stiffness and to prevent damages during
subsequent processing. After CVI, the ‘“green” C/SiC
composite was machined and polished into specimens with a
dimension of 40 mm X 5 mm x 3.5 mm. The apparent poros-
ity, measured by the Archimedes method, was 18-23%.

The fabrication of 2D C/ZrC-SiC composites was carried
out under the following two processing:

(A) The 2D C/SiC specimens were vacuum infiltrated with ZrC
aqueous slurry for 1 h. Excess slurry was removed from the
surface of the specimens after drying at 80 °C. Then, the
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Fig. 1. Experimental procedure for preparation of 2D C/ZrC-SiC composite.

samples, denoted as sample A, were densified by repeating
six cycles of vacuum infiltration and pyrolysis with the
pure HBPCS (no ZrC powder) as the polymer precursor.

(B) The specimens, denoted as sample B, experienced six
cycles of ZrC/HBPCS slurry vacuum infiltration and
pyrolysis process.

As a comparison, six cycles of PIP process were conducted
on 2D C/SiC specimens by using the pure HBPCS as the pre-
ceramic polymer (denoted as sample C).

In all cases mentioned above, high purity flowing argon was
used as protective atmosphere with a pyrolysis temperature of
900 °C. The curing and pyrolysis process for polymer precursor
were applied according to a previous study [17,18].

2.3. Characterization and heat treatment

The apparent porosity of the as-produced composites was
measured by the Archimedes method. Each data point was an
average of three values. Microstructure of the specimens
was observed by scanning electron microscope (SEM, JSM-
6700F).

Flexural strength of samples was measured by a three-point
bending method, which was carried out on SANS CMT4304
machine at room temperature. The span/height ratio and cross-
head speed are 15 and 0.5 mm/min, respectively. For
mechanical properties tests, three specimens were measured
for each composite. The C/ZrC-SiC composites after test were
then heated up to 1200 °C, 1300 °C, 1400 °C, 1500 °C, 1600 °C
and 1800 °C with the protection of flowing argon for 2 h,
respectively. Surface morphologies of the composites were
detected by SEM, while elemental analysis was conducted by
energy dispersive spectroscopy (EDS).
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Fig. 2. Density (a) and porosity (b) versus number of PIP cycles for the preparation of three kinds of composites.

3. Results and discussion

3.1. Densification behavior and microstructure of 2D C/
ZrC=SiC composite

The density and porosity change versus PIP cycles number
are shown in Fig. 2. Compared with the composite densified
only by PIP process (sample C), it is interesting to note that ZrC
powder introduced through the slurry infiltration seems to
significantly affect the subsequent PIP steps efficiently. This
effect can be clearly observed in Fig. 2 where the final density
and porosity change a lot, though their variation trends versus
PIP cycles are similar for preforms infiltrated with and without
the powder infiltration step. The ZrC powder infiltration step
proved to sensibly increase the preforms density, allowing final
lower porosity levels than the samples produced only by CVI
and PIP.
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Moreover, as shown in Fig. 2b, the porosity decreases versus
PIP cycles number for the composites A and B gives an
evidence to illustrate that, compared with process B, procedure
A exhibits higher efficiency to densify the composite. Since the
viscosity of ZrC aqueous slurry is much lower than that of ZrC/
HBPCS slurry, the impregnation efficiency for the sample A is
higher than that of sample B at the first stage. Then, compared
with the pure HBPCS, ZrC/HBPCS slurry is not in favor of the
subsequent impregnation, which results in the lower porosity
decrease.

Fig. 3 shows cross-sections of the as-produced composites.
As shown in Fig. 3c, some isolated large voids and cracks could
be observed in the inter-bundle areas even after six infiltration—
pyrolysis cycles (sample C). It is attributed to the shrinkage of
the infiltrated HBPCS on pyrolysis and the difficulty for
achieving effective polymer infiltration after the matrix was
formed.

Pyrolysizgd SiC
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Fig. 3. Cross-sections of the as-produced composites: (a) sample A, (b) sample B, (c) sample C, and (d) larger magnification.
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For the composites fabricated by powder infiltration, it can
be seen that there are still a few pores in the composite (Fig. 3a
and b). ZrC slurry prefers to fill large pores between the fiber
bundles. During the PIP process, the liquid PCS will fill
surrounding both the CVD SiC matrix and the ZrC particles.
After pyrolysis, the derived SiC integrates ZrC particles in the
composites (Fig. 3d). Hence, channels from the surface to the
inner of composite can be easily blocked by ZrC and
pyrolysized SiC. Further infiltration of the slurry thus becomes
much more difficult after several PIP cycles. In addition,
microstructure comparison between the composites fabricated
by powder infiltration and those densified only by PIP process
evidences that the ZrC powder fill effectively the large inter-
bundle voids of the preforms. Furthermore, the presence of a
continuous network of ZrC powder greatly reduced the length
and the size of the cracks induced by the polymer shrinkage on
pyrolysis (Fig. 3d).

The pyrolysized SiC and ZrC particles are relatively
concentrated in samples A (Fig. 3a), while the polymer derived
SiC integrates the ZrC particles more homogenous for samples
B (Fig. 3b). It seems well in accordance with the different
manufacturing process. For samples A, ZrC particles and
HBPCS are introduced separately, while the densification
media for sample B is the ZrC/HBPCS slurry.

3.2. Mechanical property of the as-produced composites

Typical stress—displacement curves derived from the
bending test for the as-produced composites are shown in
Fig. 4. For all the specimens, curves show an initial quasi-
linear elastic region before attainment of the maximum
fracture stress, followed by a continuous stress decrease. In
the PIP-derived composite (samples C), the density is
relatively low and the polymer derived ceramic matrix is
loosely formed. Cracks will easily propagate along the weak
region, and leads to fiber debonding from the matrix and then
fiber pullout. It is the reason why samples C have the lowest
bending strength (355 £ 20 MPa) among the three kinds of
composites.

For the composites A and B which infiltrated with ZrC
powder, curves (a) and (b) show that an initial quasi-linear
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Fig. 4. Stress—displacement curves of the as-produced composites: (a) sample
A, (b) sample B, and (c) sample C.

elastic region is followed by an increasing nonlinear stress up to
a maximum. Both of them exhibit a pseudo-ductile fracture
behavior. After reaching the maximum value, the stress
decreases gradually. However, the stress for composites C
decreases directly after the initial quasi-linear elastic region
(Fig. 4c) without any increasing nonlinear stress. It is revealed
that the composite infiltrated with slurry displays not only
higher failure stress but also better fracture toughness. As we
know, the formed matrix and the interface influence the
mechanical properties of the composites. For all kinds of the
as-produced composites, the thickness of CVI-SiC on the outside
of the fiber bundles is about 20 wm. Thus, the effect of interface
on mechanical properties for all the composites is the same.
Actually, the higher bending strength for samples infiltrated with
ZrC particles may be attributed to the relatively densely formed
matrix. The bending strength of samples A (428 & 15 MPa)
higher than that of samples B (401 4+ 26MPa), further testifies the
influence of a dense matrix on the mechanical properties of
composites. Meanwhile, the infiltrated ZrC particles also act as
reinforcement, which is beneficial for load transfer and leads to
increased mechanical properties of the PIP-derived matrix. Thus,
the failure stress of the final composite with the denser matrix is
enhanced.

3.3. Microstructure evolution under the high-temperatures
treatment

Fig. 5a shows the surface morphology of 2D C/ZrC-SiC
composite heat-treated at 1200 °C. It can be clearly seen that
the intrinsic shrinkage during polymer—ceramic conversion
process results in large amount of cracks. ZrC particles are
embedded in the polymer derived SiC ceramics. In addition, the
surface of the sample is partially covered with whiskers. The
whiskers are generally several micrometers in length and
nanometers in diameter, and randomly oriented with straight
morphology. A spherical part is observed on the tip of each
whisker. EDS analysis (Fig. 6a) reveals that the spherical part
contains iron and nickel. Only the Si and C elements are
detected (Fig. 6b) in the center of the whiskers, indicating a
pure Si—C chemistry in whiskers. Both the pyrolysized SiC
ceramic and the ZrC powder are thought to contain impurities
such as iron and nickel. According the Fe—Ni phase graph, iron
and nickel can form low-melting point eutectic alloy at low
temperature. Whisker nucleation can occur on such alloys [19].
The spherical part which contains Fe—Ni alloy on the tip of the
whisker implies that the whisker is formed by vapor-liquid—
solids (VLSs) mechanism [19-21]. The growth morphology of
the whiskers at different heat-treating temperatures in Fig. 5
testified the growth process.

At 1200 °C, nanosized spherical particles and short whiskers
with length lower than 200 nm are observed on the surface of
the composite. Each of them has a spherical part in the tip. It can
be deduced that the Fe—Ni catalyst liquid droplets were formed
below 1200 °C. As we know, HBPCS derived SiC ceramic has a
microstructure which is composed of (-SiC crystallites, free
carbon and amorphous oxycarbide (SiCxOy) [18,22]. The
SiCxOy phase which is unstable at such a temperature
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Fig. 5. Surface morphologies of 2D C/ZrC-SiC composite heat-treated at: (a) 1200 °C, (b) 1300 °C, (c) 1400 °C, (d) 1500 °C, (e) 1600 °C, and (f) 1800 °C.
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Fig. 6. EDS for (a) the tip of the whisker and (b) the center of the whisker.

decomposes to B-SiC crystals by evolving SiO and CO gases
[22,23]:

SiCxOy(s) — SiC(s) + SiO(g) + CO(g) (1)

Then, the SiO and CO gas dissolve into liquid droplets to
form B-SiC nanocrystal [22-24]:

SiO(g) + 3CO(g) — SiC(s) + CO(g) )

As the temperature increased, the concentration of 3-SiC
nanocrystal is supersaturated in the catalyst liquid droplets,
which grows along the thermodynamically favorable direction
to form whiskers at the solid—liquid interface [19]. As the heat-
treating temperatures gradually increase, the whiskers grow and
become longer. At 1300 °C (Fig. 5b) and 1400 °C (Fig. 5¢), a
large amount of whiskers with straight shape has been formed,
and all of them also have spherical part at the tips.

Fig. 5d—f shows the surface morphologies of the composites
heat-treated at 1500 °C, 1600 °C and 1800 °C, respectively. The
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whiskers have no spherical part, and iron and nickel are not
detected at the tip of the whiskers. The results suggest that the
spherical parts have been evaporated from the tips of the
whiskers. Therefore, it can be assumed that the growth process
of whiskers changes from VLS to VS as the heat-treating
temperature increased to 1500 °C [19,25]. Then, as the
temperature increased, the whiskers become longer and broader.

On the other hand, such high-temperature treatments cause
changes in the microstructure of the polymer derived ceramic,
that is, the coarsening of (3-SiC crystallites and the production
of imperfections such as pores and flaws (Fig. Se). The polymer
derived SiC showed a porous microstructure and larger grains
deposition on the ceramic surface, when heat-treated at 1600 °C
(Fig. 5e) and 1800 °C (Fig. 5f). The large bulk crystals
deposited on the ceramic surface are the 3-crystals which were
produced according to the gas-phase reaction (2) and the
following reaction [26]:

SiO(g) + 2C(s) — SiC(s) + CO(g) 3)

EDS analysis for the whole composite heat-treated at
different temperatures displays the gradual decrease in oxygen
content, further testifies the decomposition of amorphous
SiCxOy ceramic. The formation of porous structure in ceramic
could be attributed to the rapid evolution of gases at the earlier
stage of high-temperature exposure according to reaction (1).
Additionally, from the overall analysis, ZrC powder seems to
have little influence on the structural evolution of the as-
produced composites.

4. Conclusions

In conclusion, 2D C/ZrC-SiC composites were fabricated by
a combined process of CVI/SI/PIP. In order to introduce ZrC
powder into the composite, two kinds of slurries were employed:
ZrC aqueous slurry and ZrC/polycarbosilane slurry. The process
for composites densification by infiltrating ZrC aqueous slurry
before the PIP process exhibited higher efficiency. The as-
produced C/ZrC-SiC composites by such process possessed not
only a somewhat higher bending strength, but also a better
toughness. Morphologies evolution for C/ZrC-SiC composites
treated in the range of 1200-1800 °C consists in the formation of
SiC whiskers and the decomposition of the polymer derived
ceramic. Further decomposition of the HBPCS derived ceramic
together with impurities in ceramic and ZrC powder gave rise to
the evolution of SiC whiskers.
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