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Abstract: HfC-TaC was employed to modify the C/SiC-ZrC composites and to improve their oxidation resistance. The composites

were fabricated by the combined process of precursor infiltration and pyrolysis method and chemical vapor deposition method, and
the oxidation resistance was evaluated by static oxidation tests (1600 °C/5 h and 1600 °C/20 h). According to the test results of
flexural strength and mass loss, it is found that HfC-TaC can effectively improve the anti-oxidation behavior of C/SiC-ZrC composites

without obviously decreasing their mechanical properties. By virtue of X-ray diffraction, scanning electron microscopy, and energy
dispersive spectrometry, the crystal structure and microstructure of composites were analyzed. Results show that the superior anti-
oxidation behavior of C/SiC-ZrC composites after HfC-TaC modification can be ascribed to the uniform element distribution and well-

integrated components in the matrix.
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Over the past decades, great demands of structural materials
of low density as well as excellent mechanical and oxidation
resistance properties in extreme environments are excited for
the components of aerospace vehicles, such as turbine
engines, leading edges, and nose caps'. The conventional
thermal-structural materials, such as alloys, C/C composites,
and ultra-high temperature ceramics (UHTCs), cannot
simultaneously meet requirements of low density, good
mechanical properties, as well as excellent oxidation
resistance at high temperature. However, continuous carbon-
fiber-reinforced ceramic matrix composites (CMCs) with
lower density overcome the inherent brittleness of UHTCs
and exhibit better oxidation resistance than C/C composites
do™. Therefore, CMCs become one of the most promising
materials in aerospace and aviation fields'*".

The outstanding oxidation resistance of CMCs is derived
from their unique structures, consisting of continuous carbon
fiber, interface phase, ceramic matrix, and coating. Among
these four components of CMCs, the ceramic matrix plays an
important role in the overall oxidation resistance and
mechanical property. In order to serve under severe
conditions, CMCs need further modification of matrix to
enhance the anti-oxidation property at high temperature.
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C/SiC-ZrC composite has been identified as one of the most
promising CMCs". The combination of ZrC and SiC results
in the formation of SiO, and ZrSiO, during the oxidation,
acting as the effective barrier against the oxidation*"”. Zhou
et al™ studied the relationship between mass loss and
oxidation time of C-SiC-ZrC composites from 1000 ° C to
1200 °C, and found that a sharp mass loss (nearly 9%) appears
after oxidation at 1000 °C for 60 min. This result indicates
that the oxidation resistance of SiC-ZrC requires further
enhancement.

In order to further improve the long-time oxidation
resistance of composites, HfC and TaC are introduced into the
ceramic matrix"*'"”, As the melting points of refractory metal
carbides are close to 4000 °C", HfC and TaC both exhibit
unique advantages in terms of oxidation resistance. Shimada
et al'” reported that the three-layer structures appear at the
cross section of composites: the residual HfC layer, dense
carbon-containing HfO, interface layer, and porous HfO,
layer. Among these three layers, the carbon-containing HfO,
interface layer possesses a stronger oxygen diffusion barrier,
effectively improving the oxidation resistance of composites.
Chen et al'¥ prepared the C/C-TaC composites via chemical
vapor infiltration method and studied their oxidation behavior
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at elevated temperatures. It is found that the mass increases at
900~1300 °C and decreases at 1400 °C; while the acute mass
loss occurs when the temperature further increases to 1500 °C.

In this research, the C/SiC-ZrC and C/SiC-ZrC-HfC-TaC
composites were fabricated via combined process of precursor
infiltration and pyrolysis (PIP) method and chemical vapor
deposition (CVD) method. The oxidation resistance of
composites was evaluated through mass loss rate and flexural
strength retention after static oxidation tests at 1600 ° C.
Influences of HfC-TaC modification on anti-oxidation
properties of C/SiC-ZrC composites were also discussed
according to the microstructures, morphologies, and element
distribution.

1 Experiment

The needle-punched (T700 12k) carbon fiber preforms
(Yixing Tianniao High Technology Co., Ltd, Jiangsu, China)
with the density of 0.4 g/cm’ were used as the reinforcements
of composites. Zirconium-silicon (ZS) and tantalum-hafnium-
carbon (THC) precursors (Institute of Chemistry, Chinese
Academy of Sciences) were used to prepare SiC-ZrC matrix
and HfC-TaC matrix, respectively. Propane, hydrogen, argon,
and methyltrichlorosilane (MTS, CH,SiCl;) were all at
analytical grade.

The needle-punched preforms were used as the skeleton,
and the pyrolytic carbon (PyC) interface layer was prepared
with propane as precursor until the density reached about 1.0
g/cm’. Subsequently, the preforms were infiltrated with the
solution of ZS precursor and then pyrolyzed under inert
atmosphere. PIP process was repeated until the ratio of mass
gain was less than 1%. Finally, the SiC coating was prepared
with MTS-H,-Ar as the precursor system.

The preparation of C/SiC-ZrC-HfC-TaC composites was
also conducted through the similar procedures. After the
deposition of PyC interface phase, the SiC-ZrC matrix was
obtained by repeated PIP process using ZS precursor until the
the bulk density reached ~2.1 g/cm’. Then HfC-TaC
modification was realized using THC precursor via PIP
process. The densification process was finished when the ratio
of mass gain was lower than 1%. At last, the SiC coating was
deposited to protect the interior ceramic matrix and carbon
fiber from oxidation at high temperature.

Three-point bending test was conducted by the CSS44050
electronic universal testing machine. Bending tests were
conducted according to Q/SB 513-2013 standard, and the
specimen size was 60 mmx9 mmx4 mm (Fig. 1). During the
test, the crosshead speed was 0.5 mm/min with the support
span of 40 mm. The flexural strength ¢ was calculated by

Eq.(1), as follows:
3PL
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where L, h, and b denote the span of bending test, the
specimen thickness, and the specimen width, respectively; P is
the maximum applied load during testing.

The oxidation resistance of composites was evaluated by
the static oxidation experiments in the muffle furnace. The
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Fig.1 Schematic diagram of shape and size of bending specimen (L=

60 mm; 5=9 mm; ~=4 mm)

temperature was firstly increased to 1600 °C at the heating
rate of 5 ° C/min. Then the specimens were placed in the
furnace center for 5 or 20 h. Finally, the specimens were
directly taken out at 1600 ° C and cooled down at room
temperature. The mass loss rates were obtained and calculated
according to the specimen mass before and after the oxidation
experiments. The mass loss rate (R ) can be calculated by
Eq.(2), as follows:

R,="0 T )

where m, and m, mean the mass of specimen before and after
static oxidation experiments, respectively; ¢ represents the
oxidation time.

The phases of pyrolysis products from ZS and THC
precursors, C/SiC-ZrC, and C/SiC-ZrC-HfC-TaC composites
were analyzed by X-ray diffraction (XRD, Rigaku
D/max2500) with Cu Ka radiation.

The microstructure and chemical composition of
composites before and after the static oxidation tests were
analyzed via field emission scanning electron microscope
(SEM, SUPRA 55, ZEISS) equipped with energy dispersion

spectroscope (EDS).
2 Results and Discussion

2.1 Static oxidation of C/SiC-ZrC composites

The appearances of C/SiC-ZrC composites before and after
static oxidation at 1600 ° C are shown in Fig.2. Although
C/SiC-ZrC composites suffer the severe tests, no cracks can
be observed, indicating the good anti-oxidation and thermal

Fig.2 Appearances of C/SiC-ZrC composites before (a) and after
static oxidation at 1600 °C for 5 h (b) and 20 h (c)
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shock resistance of composites. As for the specimen after
oxidation for 5 h, its surface is slightly oxidized and white
oxides appear. With prolonging the oxidation duration to 20 h,
the oxide layer becomes more evident on the specimen
surface.

The calculation results of mass loss rate and flexural
strength are summarized in Table 1. It can be seen that the
flexural strength retention ratio of C/SiC-ZrC composites after
oxidation for 5 and 20 h is 89.2% and 77.7%, respectively.
The mass loss rates of C/SiC-ZrC specimens are 1.3x107* and
7.5%107° g/min after oxidation for 5 and 20 h, respectively.
These results reveal that C/SiC-ZrC composites have good
oxidation resistance.

The load-displacement curves of C/SiC-ZrC composites
during three-point bending tests are shown in Fig.3, and the
pseudo-plastic fracture characteristics can be observed
obviously. The curves present zigzag steps after reaching the
maximum load, indicating the coupling effects of crack
deflection, interfacial debonding, and fiber pulling-out. The
load of C/SiC-ZrC specimens before and after oxidation
reaches the maximum value and then decreases, resulting
from serious oxidation reactions of composites. In addition, a
linear relationship between the load and displacement can be
observed for the three specimens at initial stage, which can be
ascribed to the elastic deformation. Therefore, the cracks are
easier to deflect along the interface of specimen after
oxidation for 20 h according to its shortest linear segment.

2.2 Effects of HfC-TaC modification on oxidation

resistance

In order to reveal the effects of HfC-TaC modification on
high temperature oxidation performance of C/SiC-ZrC

Table1 Mass loss rates R and flexural strengths ¢ of C/SiC-ZrC

composites before and after static oxidation at 1600 °C

Oxidation ~ Mass loss rate, Flexural Strength retention
duration/h R /gmin™'  strength, o/MPa ratio/%
As-prepared - 332 -
5 1.3x10* 296 89.2
20 7.5x10° 258 77.7
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Fig.3 Flexural load-displacement curves of C/SiC-ZrC specimens

before and after oxidation

composite, the similar static oxidation tests were also
conducted on the bending C/SiC-ZrC-HfC-TaC specimens.
After oxidation at 1600 ° C for 5 h, the specimen surface
changes from black (Fig.4a) to white (Fig.4b), and a loose
white oxidation layer forms. With prolonging the oxidation
duration from 5 h to 20 h, the specimen still maintains the
structural integrity (Fig.4c), while the amount of oxide is not
increased significantly.

Table 2 shows the mass loss rates and flexural strength of
C/SiC-ZrC-HfC-TaC composites after static oxidation at
1600 °C. The flexural strength is decreased from 248 MPa to
227 and 181 MPa with prolonging the oxidation duration to 5
and 20 h, respectively. The high strength retention ratio
(above 70%) suggests good oxidation resistance. As the
oxidation duration increases from 5 h to 20 h, the mass loss
rates are decreased from 7.3x107 g/min to 3.4x107 g/min.

It can be seen that the mass loss rate and flexural strength
of both the C/SiC-ZrC and C/SiC-ZrC-HfC-TaC composites
exhibit similar variation trends. The C/SiC-ZrC-HfC-TaC
composite displays better behavior in terms of the mass loss,
while the C/SiC-ZrC composite exhibits higher flexural
strength.

The fracture behavior of C/SiC-ZrC-HfC-TaC composites
after oxidation can also be characterized by the load-
displacement curves (Fig. 5). Three curves all show an
approximately constant slope in the initial stage and the peak

Fig.4 Appearances of C/SiC-ZrC-HfC-TaC composites before (a)
and after static oxidation at 1600 °C for 5 h (b) and 20 h (c)

Table2 Mass loss rates R
C/SiC-ZrC-HfC-TaC composites before and after static
oxidation at 1600 °C

and flexural strengths o of

Oxidation ~ Mass loss rate, Flexural Strength

duration/h R /<107 g'min™" strength, s/MPa retention ratio/%

As-prepared - 248 -
5 7.3 227 91.5
20 3.4 181 73.0
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Fig.5 Flexural load-displacement curves of C/SiC-ZrC-HfC-TaC

composites before and after static oxidation

appears in front of the long load retention zone. With the
oxidation proceeding, the slope and the load value become
smaller, indicating the decreased mechanical properties of
composites. Considering the segment after the peak point, the
loads of C/SiC-ZrC-HfC-TaC composites after static oxidation
are decreased gradually through zigzag steps, and the
composites do not show brittle fracture behavior. As for
C/SiC-ZrC composites (Fig.3), their feature behavior is not as
obvious as that of C/SiC-ZrC-HfC-TaC composites, especially
under the oxidation condition of 1600 ° C/5 h. Thus, the
toughening effect is strengthened after HfC-TaC modification.

2.3 Oxidation behavior and mechanism

XRD patterns of pyrolysis products and composites are
presented in Fig. 6. ZrC and SiC phases can be clearly
observed in ZS pyrolysis products (Fig. 6a) and C/SiC-ZrC
composites (Fig.6¢) with a small amount of residual carbon.

This result suggests that ZS precursor is transformed into ZrC
and SiC after pyrolysis process. Similarly, XRD analyses of
THC pyrolysis product and C/SiC-ZrC-HfC-TaC composites
are also shown in Fig.6b and 6d, respectively. HfTa C, phase
is formed after pyrolysis, as indicated by the sharp diffraction
peaks. ZrC and Hf TaC. phases play important parts in as-
prepared C/SiC-ZrC-HfC-TaC composites.

Fig.7 shows SEM cross-sectional morphologies of C/SiC-
ZrC composites after different static oxidation tests. It can be
that the SiC coating of as-prepared C/SiC-ZrC
composites bonds well with the ceramic matrix (Fig. 7a),

seen

significantly protecting the composite from oxygen. After
static oxidation at 1600 °C for 5 h, a large number of cavities
appear in the coating region (Fig.7d), which are caused by the
release of byproducts, such as CO and SiO. Meanwhile, the
cracks between coating and matrix become distinct (Fig. 7b),
demonstrating that the SiC-ZrC matrix is responsible for the
overall oxidation resistance of composites. As the oxidation
time is extended from 5 h to 20 h, the significant mass loss of
matrix around carbon fibers can be observed in Fig.7c. This
phenomenon suggests that SiC-ZrC matrix cannot provide
efficient protection for inner carbon fibers after continuous
oxidation at 1600 °C for 20 h.

The cross-sectional morphologies of HfC-TaC-modified
C/SiC-ZrC composites are shown in Fig.8. The microstructure
of as-prepared C/SiC-ZrC-HfC-TaC composites exhibits the
similar features to that of C/SiC-ZrC composites. The
introduction of HfC-TaC does not lead to the detachment in
the composite matrix (Fig. 8a), presenting a strong bonding
interaction between SiC, ZrC, HfC, and TaC, which is
beneficial to the improvement of oxidation resistance. After
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Fig.6 XRD patterns of pyrolysis products of ZS (a), THC precursors (b), C/SiC-ZrC composites (c), and C/SiC-ZrC-HfC-TaC composites (d)
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Fig.8 Cross-sectional morphologies of C/SiC-ZrC-HfC-TaC composites before (a) and after oxidation at 1600 °C for 5 h (b) and 20 h (c, d)

oxidation at 1600 ° C for 5 h, the C/SiC-ZrC-HfC-TaC
composites are similar to C/SiC-ZrC composites (Fig. 8b).
However, after oxidation at 1600 °C for 20 h, SiC-ZrC-HfC-
TaC matrix is still compact (Fig.8c). In the specific regions
where SiC coating is consumed (Fig. 8d), the matrix with
carbon fibers remains nearly intact. Hence, the addition of
HfC-TaC can offer superior protection for carbon fibers.

The even element distribution is important to achieve the
high oxidation resistance at high temperature. SEM mor-
phology and corresponding EDS element distributions of
C/SiC-ZrC-HfC-TaC composites after oxidation at 1600 ° C
for 20 h are shown in Fig.9. It can be clearly observed that the

Si, Zr, Hf, Ta, and O elements are distributed evenly after the
oxidation, and they exist in the form of corresponding oxides
in the composite. In addition, the ceramic matrix with carbon
fibers remains compact without cracks. Therefore, the
superior anti-oxidation properties of C/SiC-ZrC-HfC-TaC
composites result from the dense structure and uniform
elemental distribution.

3 Conclusions

1) C/SiC-ZrC and C/SiC-ZrC-HfC-TaC composites can be
fabricated via combined process of precursor infiltration and
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Fig.9 SEM cross-sectional morphology (a) and corresponding EDS element distributions (b) of C/SiC-ZrC-HfC-TaC composites after static

oxidation at 1600 °C for 20 h

pyrolysis (PIP) method and chemical vapor deposition (CVD)
method.

2) HfC-TaC modification can effectively improve the
oxidation resistance of C/SiC-ZrC composites, and the
mechanical properties of composites are still reasonable.

3) The well-integrated matrix and uniform element
distribution are responsible for the enhanced anti-oxidation
properties of C/SiC-ZrC-HfC-TaC composites.
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