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Abstract

A high performance and low cost C/C-ZrC composite was prepared by chemical vapor infiltration combined with zirconium-silicon (Zr:
91.2 at.%:; Si: 8.8 at.%) alloyed reactive melt infiltration. The density of the as-received composite is 2.46 g/cm® and the open porosity is 5%.
Due to the reaction between the pyrolytic carbon and Zr-Si alloy in the composite, ZrC and Zr,Si phases were formed, the formation and
distribution of which were investigated by thermodynamics and phase diagram. The as-received C/C-ZrC composite, with the flexural strength
of 239.5 MPa, displayed a pseudo-ductile fracture behavior. Ablation properties of the C/C—ZrC composite were tested by a pulse laser. The
linear ablation rate was 0.028 mm/s. A ZrO, barrier layer was formed on the ablation surface and the composite presented excellent ablation

resistance.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ultra high temperature materials (UHTMs) capable of
prolonged operation in oxidizing environments at tempera-
tures above 2000 °C are required for future space systems such
as advanced hypersonic vehicles and rocket propulsion
systems. The most widely studied UHTMs are refractory
carbide/boride ceramics and C/C composite. C/C composite
has many excellent properties such as low density, high specific
strength, high thermal conductivity, and high resistance to
thermal shock [1]. Nevertheless, C/C composite begins to
oxidize over 400 °C and cannot meet the requirements any
more because of their rapid ablation at ultrahigh temperature
[2]. It is necessary to improve its ablation resistance at
ultrahigh temperatures in oxidizing atmosphere. Refractory
carbide/boride ceramics, known as ultra high temperature
ceramics (UHTCs), can withstand the extreme thermal and
chemical environments due to their high melting temperatures,
high hardness, excellent oxidation and ablation resistance at
high temperatures [3,4]. However, like most other kinds of
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ceramics, refractory carbide/boride ceramics are brittle and
have a tendency toward catastrophic failure, for which their
applications are limited.

If the high oxidation and ablation resistance of refractory
carbide/boride ceramics and the excellent mechanical proper-
ties of C/C composite can be combined, C/C-UHTC
composites of even higher performances may be obtained. In
the last few years, many efforts have been made to develop the
C/C-UHTC composites by introducing refractory carbide/
boride compounds into C/C matrix. ZrB,, HfC, TaC, SiC and
ZrC were respectively introduced into C/C composite to
improve the ablation resistance by slurry infiltration, liquid
precursor route or chemical vapor infiltration [5-9], by which
the ablation resistance of the C/C composite was improved.
However, because the introduced refractory carbide/boride
content is low, the reduction effect in the erosion of the C/C
composite is limited.

Reactive melt infiltration (RMI) has been demonstrated to be
an effective fabrication route for ceramic matrix composite
(CMC). The ceramic matrix is obtained by the reaction between
the porous preform and infiltrated metal melt. The driving force
for infiltration is capillarity and the process finishes within
minutes to hours. The RMI possess has many advantages
including short fabrication period, low cost, and near net shape
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[10,11]. Itis an effective method to introduce refractory carbide/
boride compounds into C/C matrix. C/C-ZrC composite has
been successfully fabricated by infiltrating C/C preform with
zirconium melt [12,13]. Great mount of ZrC were introduced into
C/C composite by the reaction between carbon and infiltrated
zirconium, and the oxidation and ablation resistance of C/C
composite was greatly improved. However, the C/C—ZrC
composite was fabricated at a temperature higher than the
melting point of zirconium (1855 °C), at which the carbon fibre
properties tend to degrade. In this paper, C/C—ZrC composite was
fabricated by alloyed reactive melt Infiltration. The eutectic
zirconium-silicon alloy (Zr: 91.2 at.%; Si: 8.8 at.%) with the
melting point of only 1570 °C was chosen to infiltrate the C/C
preform. Because of the 8.8 at.% silicon added in the molten
melt, the infiltration could be operated at a much lower
temperature and multiple matrix composed of zirconium, carbon
and silicon was obtained.

2. Experimental

2.1. Materials preparation

2.1.1. Preparation of porous C/C preforms

Carbon fibre needled felts were used as preform. The carbon
fibre was polyacrylonitrile-based (T300, Toray, Japan). The
needled felts were prepared by the three-dimensional needling
technique, starting with repeatedly overlapping the layers of 0
non-woven fibre cloth, short-cut-fibre web, and 90 non-woven
fibre cloth with needle-punching step by step. The pyrolytic
carbon (PyC) was then deposited on the surface of the carbon
fibres as the reaction carbon by chemical vapor infiltration
process.

2.1.2. Preparation of C/C-ZrC composite

The porous C/C preforms were cut and polished with 3000-
grit paper. It was ultrasonically cleaned with ethanol and dried
at 150 °C for 4 h. The Zr-Si alloy (Zr: 91.2 at.%; Si: 8.8 at.%)
was placed above the porous C/C preforms in a graphite pot,
which was then placed in a high temperature furnace to prepare
C/C-ZrC composite. The sample was heated to 1800 °C at a
speed of 10 °C/min and the temperature was held for 10 min
under the pressure of 8.0 x 1072 Pa. Ar gas (99.99%) was then
poured into the furnace to 1 atm and the furnace temperature
was kept at 1800 °C for more than 20 min.

2.2. Properties test

The apparent density and open porosity were measured
by Archimedes’s method. Flexural strength was determined
using a three-point-bending test on specimens of
50 mm X 4 mm X 3 mm with 40 mm span and 0.5 mm/min
crosshead speed. The flexural strength was calculated from the
values of three specimens under each test condition. Ablative
resistance properties of the composite were tested by a pulsed
laser. The laser power of 1000 W/cm® was selected to
vertically irradiate on the materials exposed in the air.

2.3. Characterization

The morphology of the C/C—ZrC composite was observed
by Hitachi-S4800 scanning electron microscope (SEM). The
chemical composition was examined by energy dispersive
spectroscopy (EDS). The phases of the sample were identified
by X-ray diffraction (XRD, Rigaku D/Max 2550V B-) using 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 preform and C/C-
ZrC composite

Table 1 lists the bulk density and open porosity of the C/C
preform and the obtained C/C—ZrC composite. The density of
the composite increased from 1.33 g/em® to 2.46 g/em?, while
the open porosity decreased from 25.34% to 5.00% after melt
infiltration. It is indicated that the Zr—Si melt was infiltrated into
the C/C preform very well. The pores were filled and dense
matrix was formed, which can also be confirmed by observing
the microstructure of the C/C-ZrC composite (Fig. 1). As can
be seen, the large pores among the fibre bundles have been
sealed by the infiltrated melt, as well as some small apertures
inside the fibre bundles.

ZrC was formed along PyC due to the in situ reaction between
PyC and zirconium during the RMI process. The generated ZrCis
dense and acts as a melt penetration barrier. As indicated by
Adelsberg et al. [14], the growth rate of ZrC layer is quite high.
Besides, reaction between C (molar volume V=153 cm3) and
melting Zr with the formation of ZrC (molar volume
Ve = 16 cm?®) leads to a volume increase of 300%. Therefore,
the reaction-formed ZrC is liable to retarding the next infiltration
steps. That may be the reason why certain mount of pores still
existed inside the reaction formed ZrC matrix in the work of
Wang et al. [13]. However, the present work does not suffer from
that problem. For the one hand, different from the normal
pressure infiltration in argon atmosphere in the work of Wang
et al. [13], vacuum infiltration combined with low pressure
infiltration was applied to prepare the C/C—ZrC composite. The
driving force for infiltration is capillarity, which owns an inverse
relation with the pore’s diameter [ 15]. The distribution of pores in
the porous C/C preform is mainly in the range of 20-200 pwm.
The melt was more prone to infiltrate into the porous C/C preform
with the help of vacuum and pressure before the small pores were
retarded. For the other, because the melting point of the Zr-Si
alloy used in present work (1570 °C), in which the concentration
of silicon is 8.8 at.%, is 275 °C lower than that of pure zirconium,

Table 1
Density and open porosity of the C/C preform and the as-received C/C-ZrC
composite.

C/C preform C/C-ZrC composite

Density (g/cm®) 1.33 2.46
Open porosity (%) 25.34 5.00
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Fig. 1. Microstructure of the C/C preform and the as-received C/C—ZrC composite: (a and b) C/C preform and (¢ and d) C/C-ZrC composite.

RMI could be operated at much lower temperature and the
growth rate of ZrC would be greatly decreased. Consequently,
the pores in the C/C preform could be sealed and dense matrix
was formed after RMI.

3.2. Microstructure and composition

Fig. 1 shows the typical SEM micrographs of the C/C
preform before RMI and the as-received C/C—ZrC composite.
As can be seen, there are two kinds 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. 1(a) and
(b)). After alloyed melt infiltration, both types of pores were
filled. Two kinds of microstructure were formed resulted from
the reaction between the PyC and Zr—Si alloy. One seems rough
and distributes around the PyC inside the pores in the C/C
preform and the other seems comparatively flat and locates in
the middle of pores surrounded by the rough one. EDS analysis
was carried out to confirm the composition. The results are
shown in Fig. 2. It is indicated that the rough one was composed
of zirconium and carbon and the atom composition was 34:66.
It was the phase ZrC derived from the reaction between PyC
and zirconium. The flat one was composed of silicon and
zirconium, with an atom proportion of 32:68. It might be the
phase Zr,Si. No region composed of pure zirconium was found.

XRD phase analysis of the C/C—ZrC composite is shown in
Fig. 3. It is indicated that the phases in the composite are
carbon, ZrC and Zr,Si, respectively. No detectable zirconium
peak was seen in the XRD patterns. The broad carbon peak
refers to the carbon fibres and unreacted PyC. The main phase

ZrC is resulted from the reaction between zirconium and PyC.
The phase Zr,Si derived from the reaction between residual
silicon and zirconium. The phase determination by XRD
confirmed the results from EDS analysis.

ZrC and Zr,Si phases were formed resulted from the
reaction between the PyC and Zr-Si alloy after RMI process.
ZrC distributes around PyC inside the pores in the C/C preform

Fig. 2. EDS analysis of the obtained C/C—ZrC composite: (a) spot A and (b)
spot B in Fig. 1(b).
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Fig. 3. XRD patterns of the as-received C/C—ZrC composite.

and Zr,Si locates in the middle of pores surrounded by ZrC
(Fig. 1). It is believed that the formation and distribution of the
phases are concerned with the reaction ability among silicon,
zirconium and carbon. The reactions with the thermodynamic

Zr-Si alloy
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calculations are as follows:

C(s) + Zr(s) — ZrC(s), AGispo-c= —180.1kJ/mol (1)

C(S) + Sl(]) — SIC(S)7 AGig00°c = —559kJ/mol 2)

Sl(l) + ZZI'(S) — ZIZSi(s), AG]g()OoC: —243.9 kJ/mol

3)

Known from the thermodynamic calculations, the formation of
ZrC according to Eq. (1) and Zr,Si according to Eq. (3) are
much more favorable than that of SiC according to Eq. (2)
because of the more negative Gibbs free energy. The formation
and distribution of the phases in the C/C—ZrC composite during
the RMI process could be explained in Fig. 4. When the sample
is heated to the RMI temperature (1800 °C), the eutectic Zr—Si
alloyed melt homogenously infiltrates into the porous C/C
preform (Fig. 4(b)). Zirconium in the melt prefers to react
with PyC at the beginning and a ZrC layer is formed around the
PyC. The melt and PyC are separated by the reaction-formed
ZrC layer (Fig. 4(c)). Carbon atoms diffuse through the ZrC

ZrC phase Zr3Si melt
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Fig. 4. Schematic of the microstructure formation mechanism of the C/C—ZrC composite during the RMI process (1800 °C, 30 min): (a) C/C preform and Zr-Si alloy
before RMI starts, (b) infiltration of the eutectic Zr—Si melt into C/C preform at 1800 °C, (c) ZrC layer is formed around the PyC by the reaction between zirconium
and PyC. The eutectic Zr—Si melt begins to change to Zr;Si melt due to the decrease of the zirconium concentration, (d) growth of the ZrC layer and the total formation
of Zr3Si melt, (e) growth of ZrC layer and the formation of Zr,Si in the Zr;Si melt due to the further decrease of the zirconium concentration, and (f) total
transformation of Zr3Si melt into Zr,Si phase and final microstructure at room temperature with ZrC distributing around the PyC inside the pores of C/C preform and

Zr,Si locating in the middle parts of the pores surrounded by ZrC.
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Fig. 5. Phase diagram

layer and arrive at the interface between ZrC and the melt, and
the subsequent reaction continues. With the proceeding of the
reaction between zirconium and carbon, the concentration of
zirconium in the melt decreases and Zr;Si phase derived from
the reaction of silicon with zirconium begins to precipitate form
the melt (Fig. 4(c)), which is indicated by the phase diagram of
Zr-Si system (Fig. 5). Zr;Si phase, with the melting point of
1650 °C, isinthe liquid condition at the RMI temperature. Atoms
in the melt diffuse rapidly and the reaction between zirconium
and carbon still progresses at a rather high speed. With the further
decrease of the zirconium content in the melt, all the eutectic Zr—
Si melt changes to Zr3Si melt and then the Zr;Si melt totally
transfers to Zr,Si phase due to the significant decrease of
zirconium content (Fig. 4(d) and (e)). Zr,Si, with the melting
point of 1925 °C, is in solid state during the RMI process. Atoms
in the solid Zr,Si diffuse slowly and the formation of ZrC goes
along at a rather low speed. Consequently, ZrC and Zr,Si were

as-received C/C-ZrC composite
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Fig. 6. Typical stress—deflection curves of the C/C preform and the C/C-ZrC
composite.

of Zr-Si system.

formed in the as-received C/C—ZrC composite after RMI process
(1800 °C, 30 min). ZrC distributes around the PyC and Zr,Si
locates in the middle of pores surrounded by ZrC (Fig. 4(f)).

3.3. Mechanical properties

Typical stress—deflection curves derived from the bending test
for the C/C preform and C/C—ZrC composite are shown in Fig. 6.
The flexural strength of C/C—ZrC composites is 239.5 MPa. For
the curve of C/C—ZrC composite, 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-ZrC composite, the C/C preform just
shows a quasi-linear elastic region, followed by a sharp decrease
of the stress after it reaching the maximum value.

SEM photographs of the fracture surfaces of the C/C
preform and the C/C-ZrC composite after the bending test are
shown in Fig. 7. As can been seen, PyC presents very strong
adherence to the carbon fibres in the C/C preform (Fig. 7(b)).
Crack propagation within the matrix cannot be stopped or
deflected around carbon fibres, thus the C/C preform presents a
flat fracture surface (Fig. 7(b)). However, a great amount of
carbon fibres are pulled out in the C/C—ZrC composite
(Fig. 7(c)). The residual PyC presents lower adherence to
carbon fibres after RMI and the reaction-formed ZrC does not
adhere to the residual PyC tightly enough because of the large
mismatch of coefficient of thermal expansion (CTE) between
PyC and ZrC (CTEc=1.2 ppm/K, CTEzc =6.9 ppm/K).
Therefore, the carbon fibres tend to split from the matrix
and the crack formed in the matrix deflects along the interfaces
with lower adherence. Consequently, the C/C-ZrC composite is
toughed and shows a pseudo-ductile fracture behavior.
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Fig. 7. SEM photographs of the fracture surfaces: (a and b) C/C preform and (c and d) C/C—ZrC composite.

3.4. Ablation resistance properties

A pulsed laser was used to test the ablation properties of the
as-received C/C—ZrC composite. The ablation was sustained for
20 s. The linear ablation rate of the C/C—ZrC composite is listed
in Table 2, which was calculated by the eroded depth at the
ablation center dividing the ablation time. As comparison, the
linear ablation rates of C/SiC, C/SiC-ZrB,, C/SiC-TaC and C/
SiC—ZrB,-TaC composites are also listed in Table 1. XRD phase
analysis of the C/C—ZrC composite after ablation is shown in
Fig. 8. SiO, and ZrO, (including m-ZrO, and c-ZrO,) were
formed after the laser testing. The phase SiO, derived from the
oxidation of Zr,Si, and the phase ZrO, was formed due to the
oxidation of ZrC and Zr,Si in the C/C—ZrC composite. The
possible reactions during the ablation testing are as follows
[19,20]:

26C(s) + (3/2)0a(g) = ZrOs(s) + CO(g) RD)
ZrO,(s) = ZrOy(1) (R2)
Table 2

Linear ablation rates of C/ZrB,-SiC, C/SiC-TaC, C/SiC, C/SiC-ZrB,~TaC and
C/C-ZrC composites.

Materials Linear ablation rate (mm/s)
C/ZrB,-SiC [16] 0.066
C/SiC-TaC [17] 0.038
C/SiC [17] 0.083
C/SiC-ZrB,-TaC [18] 0.026
C/C-ZrC 0.028

Zr0,(1) = ZrOy(g) (R3)
C(s) + (1/2)0a(g) = CO(g) (R4)
CO(g) + (1/2)01(g) = COx(g) (RS)
Z1,Si(s) + 302(s) = 2ZrOx(s) + SiOy(s) (R6)
Si0,(s) = SiO,(1) (R7)
Si0,(1) = SiO,(g) (R8)

Fig. 9 shows the surface morphologies of the ablated C/C—ZrC
composite. As can be seen, a white layer was formed in the
central region of the ablated surface. EDS analysis indicated
that it was composed of zirconium and oxygen. It is believed
that this layer is ZrO, resulted from the reactions (R1) and (R6).
No detectable silicon was found. With the laser power of
1000 W/mm?, the center region was instantly heated to a very
high temperature, approximately 3000 °C. SiO, resulted from
reaction (R6) immediately gasified (boiling point of SiO, is
2230 °C [21]) and no detectable SiO, was found. At the brim
region, the temperature was lower than the central region and
spherical SiO, was found on the carbon fibres because of the
bad wetting property between carbon and SiO,. Near to the
ablation center, the temperature is low and the C/C-ZrC
composite was just slightly oxidized. The ZrO, and SiO,
resulted from reactions (R1) and (R6) in the ablation region
help to improve the ablation resistance properties of the C/C—
ZrC composite. For the one hand, the evaporation of SiO, and a
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Fig. 9. Morphologies of the as-received C/C—ZrC composite after ablation: (a) 45x, (b) the brim region, (c) the region near to the ablation center, and (d) the central

region, with EDS pattern of the surface.

spot of ZrO, entrained partial quantity of heat on the surface of
the sample. For the other, the ZrO, is in liquid state at the
ablated temperature and could flow onto the carbon fibres and
seal the cracks and holes in the C/C-ZrC composite. The
diffusion of the oxygen to the inner of the C/C—ZrC composite
would be blocked by the liquid ZrO, barrier layer. Therefore,
the C/C-ZrC composite are protected and present excellent
ablation resistant performance.

4. Conclusion

C/C-ZrC composite was prepared by chemical vapor
infiltration combined with alloyed reactive melt infiltration.
Carbon fibre preform was infiltrated by the zirconium-silicon
melt. The phases in the C/C—ZrC composite are carbon, ZrC
and Zr,Si, respectively. The investigation by thermodynamics
and phase diagram indicates that ZrC distributes around the
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PyC inside the pores in C/C preform and Zr,Si locates in the
middle of pores surrounded by ZrC. The density of the C/C—
ZrC composite is 2.46 g/cm’ and the open porosity is 5%. The
flexural strength of the C/C—ZrC composite is 239.5 MPa. A
great amount of fibres were pulled out on the fracture surface
and the composite presented a pseudo-ductile fracture
behavior. The ablation property of C/C-ZrC composite was
tested by a pulse laser. The linear ablation rate is 0.028 mm/s.
A ZrO, barrier layer was formed on the ablation surface
and the C/C-ZrC composite presented excellent ablation
resistance.
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