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Abstract

A high performance and low cost C/C-SiC composite was prepared by Si—10Zr alloyed melt infiltration. Carbon fiber felt was firstly densified
by pyrolytic carbon using chemical vapor infiltration to obtain a porous C/C preform. The eutectic Si—Zr alloyed melt (Zr: 10 at.%, Si: 90 at.%) was
then infiltrated into the porous preform at 1450 °C to prepare the C/C—SiC composite. Due to the in situ reaction between the pyrolytic carbon and
the Si—Zr alloy, SiC, ZrSi, and ZrC phases were formed, the formation and distribution of which were investigated by thermodynamics. The as-
received C/C-SiC composite, with the flexural strength of 353.6 MPa, displayed a pseudo-ductile fracture behavior. Compared with the C/C
preform and C/C composite of high density, the C/C—SiC composite presented improved oxidation resistance, which lost 36.5% of its weight
whereas the C/C preform lost all its weight and the high density C/C composite lost 84% of its weight after 20 min oxidation in air at 1400 °C. ZrO,,
ZrSiO,4 and SiO, were formed on the surface of the C/C—SiC composite, which effectively protected the composite from oxidation.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ceramic matrix composites, reinforced by high strength
continuous ceramic fibers, have attracted much attention for
high temperature structural applications because of their
superior high temperature strength, low density and improved
damage tolerance [1,2]. Particularly, carbon fiber reinforced C,
SiC binary matrix composite (C/C-SiC) is a promising material
owing to its low density, high hardness, excellent oxidation
resistance, high strength and thermal shock resistance [3,4]. Itis
a potential candidate for highly demanding engineering
applications such as heat shields, structural components for
reentry space vehicles, high performance brake discs and high
temperature heat exchanger tubes [5].

Various techniques such as chemical vapor infiltration (CVI)
[6], polymer impregnation and pyrolysis (PIP) [7,8], and
reactive melt infiltration (RMI) [9] have been utilized to
fabricate C/C-SiC composite. However, some of these
processes have obvious disadvantages such as time-consuming,
high-cost and reduction in strength for the obtained component
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at elevated temperatures [9]. PIP is a practical process to
prepare C/C-SiC composite, yet the cost is quite high. The
precursor is expensive and lots of cycles are usually needed to
densify a sample. CVI is a common process, but it is time
consuming, often taking hundreds of hours to densify a large
sample. Reactive melt infiltration (RMI), by contrast, is an
effective fabrication route with many advantages including
short fabrication period, low cost, near net shape, etc. However,
a certain amount of residual silicon often exists in the C/C-SiC
composite prepared by RMI, which leads to potential
degradation of the flexural strength [10]. In addition, the
working temperature of the composite is limited by the
softening of the residual silicon. To overcome the problem of
residual silicon, the porous C/C preform could be infiltrated
with an alloyed melt of silicon [11,12]. Si-Mo [13,14], Si-Nb
[15] and Si—-Mo-Ti [16] alloyed melts have been used to
fabricate C/C-SiC composites by RMI. The residual silicon
was eliminated and the composites demonstrated improved
performances.

However, the maximum working temperature of silicon
based ceramics is limited to about 1600 °C due to the onset of
active oxidation in dry air and to even lower temperatures in
water vapor environments [17]. Introduction of ultra-high
temperature ceramics (UHTCs) such as refractory carbides,
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borides and silicides into C/C-SiC composites allows the
composites to be used as potential candidates for extreme
environments associated with the hypersonic flight and rocket
propulsion due to their retained strength and ablation resistance
at temperatures over 1600 °C [18]. Among the family of
UHTCs, zirconium-bearing UHTCs, due to their high melting
temperatures and relatively low density, are of great interest, the
oxides of which formed in the ablation and oxidation processes
can effectively reduce the diffusion rate of oxidizing atmo-
sphere. Great efforts have been made to introduce zirconium-
bearing UHTCs into C/C-SiC composite [17,19,20]. The aim
of the present work is to prepare a low cost C/C—SiC composite
by Si—10Zr alloyed melt infiltration. For one hand, zirconium is
added into the silicon melt to eliminate the residual silicon, for
the other, zirconium in the melt is expected to react with carbon
and silicon to form zirconium carbides and silicides, which will
improve the composite performance.

2. Experimental

Carbon fiber needled felts were used as preforms. The
carbon fibers were PAN-based (T300, Toray, Japan). The
needled felts were prepared by a three-dimensional needling
technique, starting with repeatedly overlapping the layers of 0°
non-woven fiber cloth, short-cut-fiber web, and 90° non-woven
fiber cloth with needle-punching step by step. Pyrolytic carbon
was deposited on the surface of the carbon fibers as the reaction
carbon by chemical vapor infiltration. The porous C/C preform
were cut, polished, ultrasonically cleaned with ethanol and
dried at 100 °C for 4 h in an oven. A piece of Si—Zr alloy (Si:
90 at.%, Zr: 10 at.%) was then placed on top of the C/C preform
in a graphite pot, and the pot was put into a high temperature
furnace. The sample was heated to 1450 °C and kept for 1 h
followed by furnace cooling to prepare the C/C—SiC composite.
The pressure in the furnace was kept constant below
5.0 x 107* Pa.

The apparent density of the composite was measured by
Archimedes’s method. Flexural strength was determined using a
three-point-bending test on specimens of 50 mm x 10 mm X
4 mm with 40 mm span and 0.5 mm/min crosshead speed. The
composite was heated in the calm air in a corundum tube furnace
to investigate the isothermal oxidation behavior. The sample was
put into the furnace at 1400 °C for 5 min, then taken out quickly.

Table 1
Density and porosity of the C/C preform and C/C-SiC composite.

C/C preform C/C-SiC composite

Density, g/cm® 1.32 2.07
Open porosity, % 25.83 5.02

Weight changes of the sample were measured at room
temperature by an electronic balance with a sensitivity of
40.1 mg. Subsequently, the sample was put in the furnace again
for the next thermal cycle.

The microstructures of the composite were observed by
scanning electron microscopy using a JSM-6360LYV instrument,
at accelerating voltages in the range 5-25 kV. The chemical
composition was determined by energy dispersive spectroscopy
(EDS). The phase identification was conducted by X-ray
diffraction (XRD, Rigaku D/Max 2550VB-) using a Ni-filtered
Cu Ka radiation at a scanning rate of 5°/min and scanning from
10° to 80° of 26.

3. Results and discussion

3.1. Density and open porosity of C/C preforms and C/C—-
SiC composite

Table 1 lists the bulk density and open porosity of the C/C
preform and the C/C-SiC composite. The density of the
composite increased from 1.32 g/em? to 2.07 g/em?, while the
open porosity decreased from 25.83% to 5.02% after RML. It is
indicated that the Si—Zr melt infiltrated into the C/C preform
very well after RMI, the pores in the preform were filled and a
dense matrix was formed, which could be also confirmed by
observing the microstructure of the C/C-SiC composite
(Fig. 1). The density of silicon-zirconium alloy is about
3.1 g/cm® while the C/C preform density is 1.32 g/cm?, so the
density of the composite increased after RMI.

3.2. Microstructure and composition of the composite

Fig. 1 shows the backscattered electron micrographs of the
obtained C/C-SiC composite. It is observed that the alloyed Si—
Zr melt has infiltrated into the large pores among adjacent
carbon fiber bundles and some small pores among carbon fibers.

Fig. 1. Typical SEM micrographs of the C/C-SiC composite: (a) 30x and (b) 500x.
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Fig. 2. EDS analysis of the C/C-SiC composite.

The composite is found to consist of four regions, namely the
black, grey, hoar and white regions, which are marked as A, B,
C and D in Fig. 1(b), respectively. EDS analysis (Fig. 2) reveals
that the region B is composed of silicon and carbon, which is
believed to be the phase SiC derived from the reaction between
pyrolytic carbon and silicon. The hoar region C is composed of
silicon, zirconium and carbon, which suggests the phases ZrC

and SiC. The white region D may be ZrSi, which owns a
constitution of Si:Zr=66.26:33.74. The black region A
composed of only carbon includes the presence of carbon
fibers and the residual pyrolytic carbon. No region composed of
residual silicon was found by EDS.

The results from EDS analysis are confirmed by the XRD
analysis (Fig. 3), which indicates that the phases in the obtained
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Fig. 3. XRD patterns of the C/C-SiC composite.
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Fig. 4. Phase diagram of Si—Zr system.

composite are SiC, ZrSi;, ZrC and carbon. No detectable
silicon peaks was seen in the XRD patterns. The broad carbon-
peaks refer to the carbon fibers and the residual pyrolytic
carbon. The main phase SiC resulted from the reaction between
silicon and pyrolytic carbon is of face centered cubic (fcc) type,
i.e., B-SiC. In addition, a small amount of ZrC is formed due to
the reaction between carbon and zirconium.

Fig. 1(b) reveals that SiC and ZrC were formed around the
pyrolytic carbon after alloyed melt infiltration. The distribution
of SiC was continuous whereas a small amount of discontin-
uous ZrC was just formed on the edge of pyrolytic carbon. It is
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Fig. 5. Typical stress—deflection curves for the C/C preform and C/C-SiC
composite.

believed that the formation and distribution of the phases in the
composite may be concerned with the reaction ability of silicon
and zirconium with carbon, respectively. The reactions and
thermodynamic calculations are as follows:

C + Zr — Z1C AG|4500C = —183661(]/11’101 (1)

2)

Known from the thermodynamic calculations, the formation
of ZrC according to Eq. (1) is more favorable than that of SiC
according to Eq. (2) due to the much more negative Gibbs free
energy. During the process of alloyed melt infiltration, Si—Zr
melt homogenously infiltrates into the porous C/C preform.
Zirconium in the melt prefers to react with pyrolytic carbon
when the melt meets the pyrolytic carbon at the beginning.
However, the zirconium (10 at.%) in the Si—Zr melt is not
enough for the subsequent formation of ZrC, which leads to the
small amount of discontinuous reaction-formed ZrC distribut-
ing around the pyrolytic carbon. Here, the reaction between
silicon and carbon occurs and the phase SiC is formed. There is
enough silicon in the Si—Zr melt, and more and more SiC is
formed. The concentration of silicon in the melt decreases due
to the reaction between silicon and carbon, and ZrSi, phase
begins to solidify from the Si—Zr melt at a certain time, which is
indicated by the phase diagram of Si—Zr system (Fig. 4). With
the proceeding of the reaction between silicon and carbon, SiC
and ZrSi, phases keep forming until both silicon and zirconium
in the melt are completely consumed. Finally, the continuous
SiC and discontinuous ZrC and ZrSi, are developed in the
composite, in which the continuous SiC and discontinuous ZrC
distribute around the pyrolytic carbon inside the pores of the C/

C + Si — SiC AG14500C: —6252kJ/mol
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Fig. 6. SEM photographs of the fracture surfaces: (a) and (b) C/C preform, (c) and (d) C/C-SiC composite.

C preform and the ZrSi, locates in the middle of pores
surrounded by the SiC.

3.3. Mechanical properties

Typical stress—deflection curves derived from the bending test
for the C/C preform and the C/C-SiC composite are shown in
Fig. 5. The flexural strength of the C/C-SiC composite is
353.6 MPa, which is much higher than that of the C/C preform,
65.5 MPa. For the C/C-SiC composite, the curve shows that an
initial quasi-linear elastic region is followed by an increasing
nonlinear stress up to a maximum. After reaching the maximum
value, the stress decreases gradually. It shows a pseudo-ductile
fracture behavior. Compared with the C/C-SiC composite, the C/
C preform just shows a quasi-linear elastic region, followed by a
sharp decrease of the stress after it reaches a maximum value.

The SEM photographs of the fracture surfaces for the C/C
preform and the C/C-SiC composite are shown in Fig. 6. It
shows that there are lots of pores in the C/C preform. The big
pores exist among the carbon fiber bundles and the small pores
exist inside the carbon fiber bundles (Fig. 6(a) and (b)). After
alloyed melt infiltration, both types of pores are filled and the
preform is greatly densified (Fig. 6(c)), which plays a key role
in stress transferring. Upon loading, stress can be effectively
transferred from the dense matrix to the residual pyrolytic
carbon and the carbon fibers. As a result, the dense C/C-SiC
composite shows improved mechanical properties.

Fig. 6(b) presents that the pyrolytic carbon possesses good
adherence to the carbon fibers in the C/C preform, which tends
to result in a brittle fracture behavior. Cracks formed within the

matrix cannot be stopped or deflected around the carbon fibers,
thus the C/C preform presents a flat fracture surface with a
sharp load decrease in the stress—deflection curves. Compared
with the C/C preform, the C/C-SiC composite has much lower
content of residual pyrolytic carbon and some ZrC and SiC
phases are formed around the pyrolytic carbon. The residual
pyrolytic carbon presents lower adherence to carbon fibers after
alloyed melt infiltration, and the reaction-formed ZrC and SiC
do not adhere to the residual pyrolytic carbon tightly because of
the large mismatch of the coefficient of thermal expansion
between pyrolytic carbon, SiC and ZrC (CTEc = 1.2 ppn/K,
CTEgic = 4.3 ppm/K, CTEz.c = 6.9 ppm/K). For the C/C-SiC
composite, therefore, the carbon fibers tend to split from the
matrix and cracks formed in the matrix deflect along the
interfaces with lower adherence. Thus, the C/C-SiC composite
is toughed and shows a pseudo-ductile fracture behavior.

3.4. Oxidation resistance properties

The results of the isothermal oxidation tests in the air at
1400 °C are shown in Fig. 7. The weight loss—time curves
evidently reveal that the obtained C/C-SiC composite shows
much better oxidation resistance compared with the C/C
preform (density: 1.32 g/lcm®) and the C/C composite (density:
1.8 g/cm®). After 20 min oxidation, the C/C—SiC composite lost
36.5% of its weight whereas the C/C preform lost all its weight
and the high density C/C composite lost 84% of its weight.
XRD phase analysis of the C/C-SiC composite after oxidation
is shown in Fig. 8. It is indicated that ZrO,, SiO, and ZrSiO,
phases are formed on the surface of the composite.
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Fig. 7. Oxidation curve of weight loss on time at 1400 °C of C/C-SiC and C/C
composites.

The oxidation curve of the C/C-SiC composite in Fig. 7
can be divided into four segments: linear rise, non-linear rise,
slow non-linear decrease and flat displacement, correspond-
ing to four stages of oxidation. The oxidation of carbon loses
weight, yet the oxidation of ZrC, ZrSi, and SiC gets weight.
At the beginning, the oxidation of the composite is of reaction
control due to the fast diffusion of oxygen. There is the most
amount of carbon (including carbon fibers and pyrolytic
carbon) exposed in the air, the oxidation rate of which is quite
large at 1400 °C. Compared with the weight loss from carbon
oxidation, the weight gain resulting from the oxidation of
SiC, ZrC and ZrSi, can be ignored. The weight loss of the
composite is controlled by the reaction of carbon with
oxygen, which linearly increases with the oxidation time.
After 20 min oxidation, the amount of bare carbon exposed in
the air decreases and the weight gain from the oxidation
of SiC, ZrC and ZrSi, cannot be ignored, which, however, is
still smaller than the weight loss of carbon oxidation. The
weight loss of the composite non-linearly increases with the

oxidation time. After 35 min oxidation, much more amount of
SiC, ZrC and ZrSi, is oxidized. SiO, resulting from the
oxidation of SiC and ZrSi, is in liquid condition at 1400 °C,
which can flow onto the surface of the bare carbon and protect
the carbon form subsequent oxidation [21]. Here, the weight
gain from the oxidation of SiC, ZrC and ZrSi, becomes larger
than the weight loss from the carbon oxidation and the
composite gets a slow non-linear weight gain. At a certain
moment, the bare carbon in the composite is oxidized and
sufficient SiO,, ZrSiO4 and ZrO, phases are formed on the
composite, which serves as a layer to protect the composite
from oxidation. At this stage, the composite oxidation begins
to be controlled by oxygen diffusion through the protection
layer [22,23]. Because the diffusion rate of oxygen in SiO,,
ZrSi0,4 and ZrO, is quite low, the oxidation rate of the
composite is very low [24]. Therefore, no obvious weight loss
was found and the oxidation curve presents flat displacement,
i.e., the forth stage in the oxidation curve.

4. Conclusions

C/C-SiC composite was successfully prepared by alloyed
melt infiltration. SiC, ZrSi, and ZrC phases were formed after
the melt infiltration. No residual silicon was found by EDS and
XRD analysis. The density of the obtained composite is 2.07 g/
cm®, and its open porosity is 5.02%. The flexural strength of the
C/C-SiC composite is 353.6 MPa, which shows a pseudo-
ductile fracture behavior with large numbers of fibers pulled out
of the composite on the fracture surface. The oxidation
resistance of the C/C—SiC composite is significantly improved
compared with that of the C/C composite. After oxidation in air
for 20 min at 1400 °C, the weight loss of the C/C-SiC
composite is 36.5% whereas the C/C preform lost all its weight.
Much better oxidation resistance for the C/C-SiC composite is
mainly due to the formation of ZrO,, ZrSiO,4 and SiO, on the
surface of the composite, which effectively prohibited the
subsequent oxidation of the composite.
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Fig. 8. XRD patterns of C/C-SiC composite after oxidation.
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