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Abstract: Refractory metal carbides have been widely proven to be an effective strategy to enhance the oxidation resistance of

ceramic matrix composites. The modification effect of ZrC-HfC-TaC system on cyclic oxidation and ablation behavior has rarely been

explored. Herein, ZrC-HfC-TaC modified C/SiC composites were fabricated by polymer infiltration and pyrolysis and chemical vapor

deposition processes. The mechanical strength, chemical composition and microstructure after cyclic static oxidation test under

1600 °C/5 h were investigated, and the corresponding oxidation mechanism was proposed according to the characterization results.
The cyclic oxyacetylene torch tests under 1700 ° C/4000 s were also employed to verify the effectiveness of ZrC-HfC-TaC
modification on C/SiC composites. Results suggest that ZrC-HfC-TaC modified C/SiC composites possess outstanding cyclic

oxidation and ablation behavior.
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Thermal structural materials with high efficiency and
reliability are currently considered as the key of re-entry
reusable launch vehicles across the world". Traditional
refractory metal alloys™, ultra-high
temperature ceramics'™™®, C/C composites”™, cannot remain
stable in oxidative environments at high temperature due to

materials  like

their poor oxidation resistance and unsatisfactory reusability.
Carbon fiber reinforced ceramic matrix composites, by
contrast, have been considered as promising candidates for
thermal protection system of aerospace vehicles because of
their combination of merits like low density, superior
mechanical properties and prominent oxygen resistance’”. For
example, C/SiC is one of typical ceramic matrix composites,
owing to its low specific weight and high weight-to-strength

1

ratio"". The viscous melt silica layer produced in the

oxidizing atmosphere can effectively protect the interior
matrix and fibers against damages, and thus prolong the
service life.

The protection effect of the silica layer, nevertheless, is

limited at higher temperature due to the low melting point of

silical”. Thanks to the development of refractory metal
13-15]

carbides!”", the improvement of oxidation resistance of
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C/SiC relies on the modification of the ceramic matrix using
high-temperature ceramics, like ZrC, HfC, TaC'*'". High
melting points of these carbides and oxidation products play
significant roles in performance at high temperatures. Yan et
al"™ prepared C/HfC-SiC composites via polymer infiltration
and pyrolysis (PIP) process and evaluated the anti-oxidation
property via oxyacetylene torch testing under 3000 °C/60 s. It
has been found that the HfO, layer and SiC make
contributions to the erosion of high-velocity combustion flow.
Chen et al" fabricated C/HfC-ZrC-SiC composites via
reactive melt infiltration, and found that the formation of
compact and continuous HfO,-ZrO, mixed layer can
effectively improve the oxidation and ablation resistance of
composites. In addition, Jiang et al® found that C/TaC
composites possess excellent ablation property, which is
ascribed to the formation of Ta,0O, melt on the surface.
Nevertheless, the modification of mixed ZrC-HfC-TaC system
has rarely been reported.

Regarding the reusability of ceramic matrix composite,
static oxidation and oxyacetylene flame are often applied as
meaningful tools to evaluate the oxidation and ablation
resistance. The low air flux in static oxidation ensures that
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sufficient oxygen can react with composites, which is often
applied to investigate the oxidation behavior and kinetics in
high-temperature environments®'**. Compared with static oxi-
dation, oxyacetylene flames involve much greater flow rates,
generally used to simulate the harsh service environment of
high-speed vehicles"**".. In order to explore the cyclic ablation
behavior of C/C-ZrC-SiC composites, Xie et al® have per-
formed repeated oxyacetylene torch ablation (30 s), with the
linear and mass ablation rates in the 4th cycle as ~3x10™* mm/s
and —2.29x107 g/s, respectively. Feng et al® also evaluated
the ablation performance of HfC-TaC/HfC-SiC alternate
coatings for SiC-coated C/C composites using similar me-
thods. The linear ablation rates are approximately 10° mm/s
during oxyacetylene torch ablation (60 s) for three times.
Herein, the cyclic oxyacetylene flame tests under 1600 ° C/
5 h and 1700 °C/4000 s are conducted to model the extreme
service condition of re-entry reusable launch vehicles.

In the present study, ZrC, HfC and TaC were introduced
into the C/SiC composite through PIP process to enhance the
cyclic oxidation and ablation behavior. Cyclic static oxidation
(1600 °C/5 h) and oxyacetylene torch (1700 °C/4000 s) testing
were conducted to investigate the influence of ZrC-HfC-TaC
C/SiC By virtue of
characterization techniques like X-ray diffraction (XRD),

modification on composites.
scanning electron microscopy (SEM) combined with energy
dispersive spectroscopy (EDS), the haunting puzzles of
oxidation and ablation resistance were resolved fundamentally.

1 Experiment

1.1 Fabrication of composites

Polyacrylonitrile (PAN)-based carbon fibers were employed
as the reinforcements and braided into 2.5D needle-punched
preforms with density of 0.40 g/cm’. After preparation of
pyrolytic carbon interfaces (1.1 g/cm’), ZrC-HfC-TaC modi-
fied SiC matrix was fabricated via cycles of PIP process.
Zirconium-silicon and tantalum-hafnium-carbon precursors
were transformed into ZrC-SiC matrix and HfC-TaC matrix at
1450 and 1500 °C, respectively. Eventually, SiC coating was
deposited from analytical-grade methyltrichlorosilane and
hydrogen at 1100 °C. And the final density reached 3.2 g/cm’.
1.2 Three-point bending test

The flexural strength was measured with the CSS44050
electronic universal testing machine, following Q/SB 513-
2013 standard. The composite was cut into specimens with the
size of 60 mmx9 mmx4 mm. During the bending test, the
support span was 40 mm with the crosshead speed set as 0.5
mm/min. The flexural strength was calculated by

3PL
26k )
where L, h, and b denote the span of bending test, the
thickness and the width of specimens, respectively.

1.3 Cyeclic static oxidation experiment

Oxidation behavior of C/SiC-ZrC-HfC-TaC composite was
investigated by cycles of static oxidation experiments in the
muffle furnace. The furnace was firstly heated to 1600 °C at

o

the rate of 5 °C/min, and then the specimen was directly
placed in the center of furnace and oxidized at 1600 °C for 5
h. The specimen was extracted from the furnace, cooled to
room temperature, and transferred into the furnace for the next
oxidation cycle. In order to reveal the influence of cyclic
oxidation on the composites, 1600 °C/5 h cyclic static oxida-
tion experiments were carried out consecutively and named as
1600 °C/5 hx1, 1600 °C/5 hx2, 1600 °C/5 hx3 and 1600 °C/
5 hx4 successively. The changes of mass were recorded and
then mass loss rates were calculated. The cyclic static
oxidation experiment was designed to verify the rapid thermal
shock resistance spanning from room temperature to 1600 °C.
1.4 Cyclic dynamic ablation experiment

The high-temperature ablation performance of composites
was evaluated via oxyacetylene torch test facility following
GJB 323A-96 standard™. The C/SiC-ZrC-HfC-TaC compo-
site was machined into cylindrical specimens with size of
@30 mmx10 mm, and then fixed in a water-cooled copper
concave fixture. The oxygen rich flame was parallel to the
axial orientation of specimens. The distance between nozzle
tip and specimen surface was controlled as 30 mm, with the
inner diameter of the nozzle tip as 2.0 mm. The front face
temperature was monitored by an infrared thermometer and
remained around 1700 °C by adjusting the pressure and flux
of oxygen and acetylene. The wavelength of the infrared beam
and the emissivity were set as 0.4~1.1 pm and 0.98,
respectively. The specimen was exposed to the flame for 4000
s per cycle. After each ablation experiment, the linear ablation
rates (R) and mass ablation rates (R ) were obtained
according to the following equations:

R=(l,"1)/t )

R,=(my=m,)/t 3)
where [, and m,, [, and m, denote the thickness and mass before
and after the ablation, respectively (¢ represents the ablation
time).

1.5 Sample characterization

The phase composition of composites was identified by X-
ray diffraction (XRD, Rigaku D/max2500) with Cu Ka
radiation. The microstructure and elemental distribution were
studied by field emission SEM (SUPRA 55, ZEISS) equipped
with EDS.

2 Results and Discussion

2.1 Macroscopic evolution during cyclic static oxidation

In the work, cyclic static oxidation experiments under
1600 °C/5 h were performed to investigate the influence of
high-temperature oxidative environment and rapid heating-
cooling process on the destruction behavior of C/SiC-ZrC-
HfC-TaC composites. The optical images and the evolution of
sample mass during cyclic static oxidation experiments are
recorded and displayed in Fig. 1 and Fig. 2. After static
oxidation treatment under 1600 ° C/S5 h, the specimen
maintains intact structure except the production of some white
oxides. It can be observed macroscopically that the white
oxides increase gradually from Fig. 1a to Fig. 1d. After twice
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Fig.l1 Optical images of C/SiC-ZrC-HfC-TaC composites before and after cyclic static oxidation: (a) as-prepared, (b) 1600 °C/5 hx1,

(c) 1600 °C/5 hx2, (d) 1600 °C/5 hx3, and (e) 1600 °C/5 hx4

consecutive oxidation treatment (Fig. 1c), the SiC coating
begins to lose its protective ability, due to the consumption of
coating and exposure of ceramic matrix. This is evidenced by
the evolution of sample mass shown in Fig.2, in which the
mass decreases sharply after twice cycle compared to the first
one. Abundant swells appear on surface under 1600 °C/5 hx3
(Fig. 1d) and 1600 °C/5 hx4 (Fig. 1e), which can be largely
ascribed to the escape of gaseous oxidation products.
Moreover, the interlayer cracks become evident for 1600 °C/
5 hx3 (Fig. 1d) specimen, while they further propagate and
lead to the mechanical denudation after four cycles (Fig.1e).
The fracture behavior was analyzed by load-displacement
curves during the three-point bending test. As displayed in
Fig.3, the C/SiC-ZrC-HfC-TaC composites exhibit an obvious
degradation of flexural strength after 1600 ° C/5 h cyclic
oxidation treatments. As the cycles increase, the maximum
load of each specimen exhibits a gradual decline, which is an
indicative of the mechanical denudation after cyclic static
oxidation. Compared with the flexural strength of the as-
prepared composite, the strength retention rates are calculated
as 82.5%, 38.2%, 23.1% and 6.1% after consecutive cycles of
1, 2, 3, 4 of oxidation treatments under 1600 ° C/5 h,
respectively. According to the pioneers’ studies, the fracture
mode is influenced by the relative strength between the fiber
fracture strength and the matrix/fiber bonding strength®>". As
presented in the curves (Fig.3), all of the five specimens show
typical zigzag steps, exhibiting pseudo-plastic fracture
behavior. Therefore, C/SiC-ZrC-HfC-TaC composite can still
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Fig.2 Evolution of sample mass after repeated static oxidation under
1600 °C/5 h (Shxm-n in the horizontal axis denotes the nth

sample oxidized for m times)
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Fig.3 Flexural load-displacement curves of C/SiC-ZrC-HfC-TaC
specimens after static oxidation treatments

maintain non-brittle fracture feature even after four cycles of
1600 °C/5 h oxidation treatments.
2.2 Structural transformation and oxidation mechanism

The microstructure of C/SiC-ZrC-HfC-TaC composites
after cyclic static oxidation was characterized via cross-
sectional morphologies. As shown in Fig. 4a, the protective
SiC layer of as-prepared composite is continuous and bonds
tightly with ceramic matrix, which can effectively prevent
oxygen species in the environment from spreading into the
ceramic matrix. The first 1600 °C/5 h oxidation (Fig.4b) leads
to the mismatch between coating and SiC-ZrC-HfC-TaC
matrix, possibly as a result of the oxidation of SiC coating and
the interfacial thermal stress. The serious consumption of SiC
coating induces the formation of porous networks, providing
channels for the inward oxidation of SiC-ZrC-HfC-ZrC
matrix. According to the SEM images from Fig.4c to Fig.4e,
the continuous oxide layers, existing as compact structures,
act as protecting layer and inhibit the inward diffusion of
oxygen. After long-time cyclic static oxidation, the continuous
oxide layers are consumed gradually, accompanied with the
generation of oxidized pits.

Typical XRD analysis in Fig.5 was employed to clarify the
phase composition and oxidation mechanism of C/SiC-ZrC-
HfC-TaC composites after 1600 °C/5 h cyclic static oxidation.
Evident changes of composition can be observed from the
crystalline peaks of oxidized composites. The phases like
7Zr0,, HfO,, SiO,, ZrSiO, and TaZr,,,O, are newly formed
after cyclic static oxidation tests. The ZrSiO, is derived from
the reaction of ZrO, and SiO,, while TaZr, .;O, is formed from
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Fig.4 Cross-sectional morphologies of C/SiC-ZrC-HfC-TaC composites after 1600 °C/5 h cyclic static oxidation tests: (a) as-prepared,
(b) 1600 °C/5 hx1, (c) 1600 °C/5 hx2, (d) 1600 °C/5 hx3, and (e, f) 1600 °C/5 hx4
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Fig.5 XRD patterns of C/SiC-ZrC-HfC-TaC composites before and

after cyclic static oxidation treatments

reaction of Ta,O; and ZrO,. The formation of these oxides
suggests that carbides are transformed bit by bit. The carbides
like ZrC and HfTaC. still exist with lower diffraction
intensity. According to the evolution of oxidative products, the
possible reactions can be inferred as follows:
Hf.Ta C_(s)+(x+1.25y+0.5z) O, (g)—
xHfO,(s)+0.5yTa,0, (s)+zCO (g)
Hf Ta C. (s)+(x+1.25y+z2) O, (g)—
xHfO,(s)+0.5yTa,0,(s)+zCO, (g)
ZrC (s)*+1.50,(g)—ZrO,(s)+CO (g)
Z1C (5)+20, (2)—ZrO, (s)+CO, (g)
SiC (s)+1.50, (g)—Si0, (s)+CO (g)
SiC (s)+20, (g)—Si0, (s)+CO,(g)
CO ()+0.50,(2)—CO, (2)
Zr0, (s)+Si0, (s)—ZrSiO (s)
0.5Ta,0,(s)+2.75Zr0, (s)—TaZr, , ;04 (s)
The SEM image combined with the corresponding EDS
maps can be used to confirm the existence of oxides as shown
in Fig. 6. The cross-sectional morphology consists of two

structures. One is residual ceramic matrix in the bottom-left
corner, and the other is oxidized structure located in the top-
right. According to the EDS results, the as-oxidized composite
features a homogeneous distribution morphology without
aggregation. Notably, O, Si, Zr, Hf and Ta elements are
uniformly distributed in the oxidized C/SiC-ZrC-HfC-TaC
composites, implying that the ceramic matrix like SiC, ZrC,
HfC and TaC is oxidized homogeneously after the static
oxidation treatments. This is in agreement with ZrO,, HfO,,
Si0,, ZrSi0, and TaZr, ,,O, in XRD results.

2.3 Cyclic oxyacetylene torch testing of composites

The anti-ablation property of C/SiC-ZrC-HfC-TaC compo-
sites was investigated using an oxyacetylene combustion
flame. Photographic images of the composites after each
1700 °C/4000 s ablation are displayed in Fig.7. As an aggres-
sive test, the oxyacetylene combustion flame involves high
temperature, sharp heating/cooling process, and high-velocity
gas flow. In spite of such harsh environment, C/SiC-ZrC-HfC-
TaC specimens hold intact features without any crack obser-
ved even after nine sequential oxyacetylene torch ablation
(Fig. 7b~7f). The series of macro-morphologies suggest that
the C/SiC-ZrC-HfC-TaC composite possesses desirable anti-
ablation properties. In the heat-affected zone, an orbicular
structure appears after the first 1700 °© C/4000 s ablation,
which further expands outwards until the whole surface is
covered by the oxide layers. The change of surface
morphologies involves the complex oxidation reactions,
where SiC is mainly responsible for the process. Partial oxide
layers seriously peels off the surface of C/SiC-ZrC-HfC-TaC
composite after the seventh ablation, owing to the
accumulated thermal stress between oxide layers and
composites. The eighth ablation flattens the surface likely
because of the formation of continuous oxide layer.

Interestingly, a clear feature of crater appears after the ninth
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70 um
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Fig.7 Photographs of C/SiC-ZrC-HfC-TaC composites before and after 1700 °C/4000 s oxyacetylene torch tests repeated for different cycles:
(a) as-prepared, (b) 1, (¢) 2, (d) 3, (¢) 4, () 5, (g) 6, (h) 7, (i) 8, and (j) 9

ablation. According to the SEM image, large numbers of
protuberances and grains are embedded at the edge of center
region (Fig. 8a). The formation of these features is probably
due to the solidification process of molten oxide phase under
oxyacetylene flame. As illustrated in Fig. 8b, the surface
evolves into a dense oxide layer with smaller grain sizes,
which can withstand further airflow scouring. Concerning the
edge of transition region, penetrating cracks are obviously
observed from the SEM image in Fig.8b. The propagation of

cracks is likely related to multiple thermal shocks and
accumulated stress in the composites. The magnified image in
Fig.8d also exhibits the enlarged view of pores formed in the
brim region, suggesting the vigorous evaporation of gas
products in the composites.

The plot of the sample mass and thickness as a function of
ablation cycles are demonstrated in Fig. 9. As the cycles
increase, the mass of specimen decreases gradually in the first
four cycles, demonstrating that the recession takes place
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Fig.8 Surface SEM images of regions of C/SiC-ZrC-HfC-TaC composites marked in Fig.7j: (a) center region (I), (b) transition region (II),

(c) brim region (III), and (d) magnification of pores in the brim region
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Fig.9 Variation of sample thickness and mass after different cycles

of oxyacetylene ablation

during cycles of oxyacetylene torch ablation. Despite this, the
mass ablation rate follows a decreasing tendency from the first
to the sixth test, which can be ascribed to the outstanding
ablation-resistance of SiC-ZrC-HfC-TaC ceramic matrix.
Regarding the sample thickness, the variation keeps the
similar tendency as that of mass in the first four cycles, but
increases in the fifth cycle. The gain of thickness in the fifth
ablation can be contributed to the large amount of emerging
oxides, which are derived from the volumetric expansion
caused by repeated ablation. Regarding the last several cycles,
the “zigzag” features of both plots are closely associated with
the complex surface morphology.

In order to evaluate the ablation performance of ZrC-HfC-
TaC modified C/SiC composites, the detailed data of linear
and mass ablation rates are calculated and summarized in
Table 1. The ablation resistance of SiC coating and SiC-ZrC-
HfC-TaC matrix can be compared by analyzing the mass
ablation rates. At initial stage, the mass loss mainly originates

Table 1 Linear ablation rates (R) and mass ablation rates (R )
of C/SiC-ZrC-HfC-TaC composites after cycles of
oxyacetylene torch ablation under 1700 °C/4000 s

Cycle of ablation R/x10°mm-s’ R /<107 mgs’
1 7.5 20.8
2 3.8 8.0
3 4.8 23
4 5.9 1.6
5 -8.3 1.4
6 22 1.6
7 2.6 -10.6
8 9.6 16.7
9 -18.2 -21.1

from the oxidation of SiC coating, and then from the SiC-ZrC-
HfC-SiC matrix. From this point, the mass ablation rate after
the first ablation (20.8x10” mg/s) represents that of SiC, while
the rate of 1.4x107 mg/s can be seen as that of SiC-ZrC-HfC-
SiC. Thus the ZrC-HfC-TaC modification effectively en-
hances the ablation resistance. Compared with ablation results
of composites reported in Ref.[31,32], the C/SiC-ZrC-HfC-
TaC composite also exhibits superior anti-ablation properties.

3 Conclusions

1) The ZrC-HfC-TaC modified C/SiC composite can be
fabricated via PIP and CVD processes. The composite can still
maintain non-brittle fracture feature even after four cycles of
1600 °C/5 h oxidation treatments.

2) The cross-section of the ZrC-HfC-TaC modified C/SiC
composite consists of two structures: one is residual ceramic
matrix, and the other is oxidized structure. The ceramic matrix
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like SiC, ZrC, HfC and TaC is oxidized homogeneously after Engineering[J], 2008, 37: 729 (in Chinese)

the static oxidation treatments. 15 Cheng J, Zhang J Z,Wang X Z et al. Rare Metal Materials and
3) After cycles of 1600 °C/5 h oxidation, the ZrC-HfC-TaC Engineering[J], 2018, 47: 108 (in Chinese)

modified C/SiC composite exhibits gradual decline in strength 16 Binner J, Porter M, Baker B et al. International Materials

retention rates from 82.5% to 6.1%. Moreover, 1700 °C/4000 Reviews[J], 2020, 65: 389

s cyclic oxyacetylene flame combustion provides further 17 Burkhanov G S, Dementiev V A. Inorganic Materials: Applied

Research[]], 2018, 9: 1012
18 Yan C, Liu R, Zhang C. Journal of the European Ceramic

evidence of outstanding ablation performance. The ZrC-HfC-
TaC modification effectively enhances the ablation resistance

of C/SiC composite.
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