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Abstract
HfC-TaC-SiC multiphase coating was prepared on the surface of SiC-coated carbon/carbon composites by means

of supersonic atmospheric plasma spraying. The morphology and microstructure of the HfC-TaC-SiC coating were
characterized with XRD and SEM. The ablation resistance test was performed with an oxyacetylene torch. The results
show that the surface of the coating is dense and rough. No crack can be found. The HfC-TaC-SiC coating could
protect the substrate from ablation by the generated oxide compound layer. During ablation, the new compound
Hf6Ta2O17 was generated, which had a single phase and high melting point. In addition, the formed Ta2O5 could
prevent the phase transition of HfO2 during the cooling process, which would restrict the volume expansion of HfO2.
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I. Introduction
Carbon/carbon (C/C) composites are considered one of

the most attractive structural materials owing to their ex-
cellent physical and chemical properties 1, 2. However, the
poor oxidation resistance in the high-temperature oxida-
tion environment of C/C composites restricts their appli-
cations 3. Coating is an effective method to protect C/C
composites from oxidation in a high-temperature oxida-
tion environment 4, 5. Many coating techniques, such as
chemical vapor deposition, pack cementation, hydrother-
mal electrophoretic deposition, slurry method and plas-
ma spraying, have achieved good effects 6 – 9. Among the
various techniques, supersonic atmospheric plasma spray-
ing is a novel method with a high plasma temperature of
10 000 K and high jet velocity of 600 m/s 10, 11, which can
be used to efficiently prepare an oxidation protective coat-
ing.

Refractory carbides and borides (HfC, ZrC, ZrB2, etc.)
are effective coating materials for C/C composites in a
high-temperature oxidation environment 12 – 18. HfC is
characterized by a high melting point, high temperature
stability, high hardness, and good resistance to ablation 19.
These properties make HfC an efficient coating material
for protection against oxidation and ablation. However,
the phase transition of the oxidation product HfO2 may
bring about cracks and break the structure of the coating.
It is necessary to restrict the phase transition of HfO2. The
introduction of SiC is helpful to limit the phase transition
of HfO2 by forming a new phase of HfSiO4

20. In addi-
tion, Ta2O5 has been used to inhibit the phase transition
of ZrO2, while HfO2 has similar properties to ZrO2. The
addition of Ta2O5 may be useful to restrict the phase tran-
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sition of HfO2. In addition, HfO2 could form a solid solu-
tion with Ta2O5, which could accelerate the sintering pro-
cess and generate a dense layer during ablation 21.

In this work, we prepared a HfC-TaC-SiC multiphase
coating on SiC-coated C/C composites by means of SAPS.
The influence of TaC in the ablation resistance and mor-
phology evolution of the coating were discussed. The ef-
fect of Ta2O5 on the sintering process was studied.

II. Experimental

(1) Preparation of HfC-TaC-SiC coating for SiC-coated
C/C composites

3-D C/C composites were used as substrates with the
density of 1.7 g/cm3. Specimens were cut from the C/C
composites with the size of ∅ 30 mm × 10 mm. All the
specimens were hand-abraded and cleaned.

A SiC bonding layer was prepared on the surface of C/C
composites by means of pack cementation. The precursor
powders consisted of 75 wt% Si, 15 wt% C, and 10 wt%
Al2O3. The specimens were embedded in the precursor
powders, and then heated to 2173 – 2373 K and preserved
for 2 h in an argon-protective atmosphere. The detailed
preparation process has been reported 22. Fig. 1 shows the
XRD patterns and surface morphology of the inner SiC
coating, which is composed of lamellar SiC and liquated
Si.

The HfC-TaC-SiC (HTS) multiphase coating was de-
posited on the surface of the SiC-coated C/C composites
by means of SAPS in air. Before the spraying process, the
mixture of HfC, TaC and SiC particles was pelleted in a
spray dryer to ensure the liquidity of the particles. The mo-
lar ratio is 2: 2: 1. During the spraying process, the samples
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were held in an assembly fixture and positioned perpen-
dicular to the plasma torch. The technological parameters
of the whole preparation process are listed in the Table 1.

Fig. 1: XRD patterns and surface SEM image of the inner SiC
coating.

Table 1: Details of the spraying parameters for the HfC-
SiC coating.

Content Parameters

Spraying current (A) 400

Spraying voltage (V) 120

Primary gas Ar (L/min) 75

Carrier gas Ar (L/min) 10

Second gas H2 (L/min) 5

Powder feed rate (g/min) 30

Spraying distance (mm) 100

Nozzle diameter (mm) 5.5

(2) Ablation test and microstructure analysis
The ablation test on the coated samples was performed

with an oxyacetylene torch. The pressure of O2 and C2H2
were 0.4 MPa and 0.095 MPa, while their fluxes were
0.244 L/s and 0.167 L/s, respectively. The heat flux of
the oxyacetylene torch was 2.38 MW/m2. The distance
between the nozzle tip of the oxyacetylene gun and the
coated surface was 10 mm. The inner diameter of the oxy-
acetylene gun tip was 2 mm. The surface temperature of
the samples was estimated to be 2200 ± 100 K measured
with an infrared thermometer (Raytek MR1SCSF). The
ablation angle was 90°.

The mass ablation rate of the sample was obtained based
on the mass change before and after ablation. The ablation

rate of the sample was the average ablation rate of three
samples.

The crystalline structure and morphology of the as-ob-
tained coatings and ablated coatings were investigated
by means of x-ray diffraction (XRD, X’Pert Pro, PA-
Nalytical, Almelo, the Netherlands), scanning electron
microscopy (SEM, JSM6460, JEOL Ltd., Mitaka, Japan)
along with energy-dispersive spectroscopy (EDS, Oxford
INCA).

III. Results and Discussion

(1) Microstructure and morphology of the HTS coating
The XRD patterns of the HTS before and after spray-

ing are shown in Fig. 2. It can be seen that the detect-
ed diffraction peaks are in accordance with the JCPDS
card No. 03 – 065 – 0964, No. 03 – 065 – 8794 and No.
00 – 040 – 1173. However, the carbides were partly oxi-
dized after spraying, which resulted from the reactions
between the carbides and oxygen during the spraying and
cooling process in air.

Fig. 2 : XRD patterns of the HTS before and after spraying.

The surface and cross-section morphology of the HTS
coating are shown in Fig. 3. From the Fig. 3a, it can be seen
that the surface is rough and dense, and no crack can be
found on the surface. However, from the high magnifica-
tion SEM image (Fig. 3b), it can be seen that some pinholes
are distributed non-uniformly on the surface, which re-
sulted from the evaporation of oxidation products. From
Fig. 3c, it can be observed that the thickness of the outer
HTS coating is about 200 lm. The structure is dense with-
out cracks. The boundary between the HTS coating and
the SiC inner coating, that is the mechanical bond between
the two coatings, is distinct. In addition, according to the
elements line analysis, as shown in Fig. 3d, the O element is
mainly distributed in the range of 0 – 200 lm, which means
that the carbides were oxidized during the whole spraying
process.
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Fig. 3 : Surface (a), (b) and cross-section (c) morphology and elements line analysis (d) of the HTS coating.

(2) Ablation properties
An oxyacetylene torch was used to test the ablation prop-

erties of the HTS coating. The coated samples were ex-
posed to the flame for 30 s, 60 s, 90 s and 120 s, respec-
tively. Fig. 4 shows the surface temperature variation of the
HTS samples during ablation. It can be seen that the sur-
face temperature rose rapidly in the initial stage and kept
at about 2200 K after ablation for 50 s. In the first 50 s,
the carbides were oxidized and released heat, which result-
ed in the rapid increase of the surface temperature. The
mass ablation rates of the HTS samples are -0.543 mg/s,
0.022 mg/s, 0.433 mg/s, 0.741 mg/s, respectively, which
meant the weight of the HTS coating increased first and
then decreased during ablation. The increase in weight
mainly resulted from the oxidization of carbides, while the
decrease was due to the evaporation of low-melting-point
oxides such as Ta2O5 and SiO2.

During ablation, the samples were exposed in an oxygen-
rich environment 23 and some severe reactions took place
in the ablation center region of the coating. When the sur-
face temperature stayed at 2200 K, the following reactions
may take place:

2HfC (s) + 3O2 (g) → 2HfO2 (s) + 2CO (g) (1)

4TaC (s) + 7O2 (g) → 2Ta2O5 (s) + 4CO (g) (2)

2SiC (s) + 3O2 (g) → 2SiO2 (l) + 2CO (g) (3)

Ta2O5 (s) → Ta2O5 (l) (4)

6HfO2 (s) + Ta2O5 (s) → Hf6Ta2O17 (s) (5)

SiO2 (s) → SiO2 (l) (6)

HfO2 (s) + SiO2 (s) → HfSiO4 (s) (7)

Fig. 5 shows the XRD patterns of the HTS coatings af-
ter ablation for different times. In the first 30 s, the sur-
face temperature was relatively low, and the main reac-
tions were the oxidation of carbides. As shown in the XRD
patterns, the diffraction peaks of different oxides such as
Ta2O5, HfO2, and SiO2 were detected after ablation for
30 s. Meanwhile, the newly formed HfO2 could react with
Ta2O5 to generate new stable phases Hf6Ta2O17

24. In
addition, during the cooling process, HfO2 could react
with SiO2 and form another phase HfSiO4

25. As the ab-
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lation went on, the surface temperature of the coating rose
to about 2200 K, exceeding the melting point of Ta2O5
(2058 K) and SiO2 (1873 – 1973 K) 26, which resulted in
the evaporation and weight loss. The XRD patterns indi-
cate that the diffraction peak intensity of Ta2O5 and SiO2
decreased. Meanwhile, the further generated HfSiO4 was
also reduced owing to the reduction of SiO2. However, the
solid solution sintering of the oxides also played an impor-
tant role during ablation. The high temperature was ben-
eficial for sintering to form the stable Hf6Ta2O17, which
resulted in the increase of the diffraction peaks’ intensi-
ty. In addition, the high-pressure environment caused by
the oxyacetylene flame was also helpful to accelerate the
sintering process. During ablation, the Ta2O5 evaporat-
ed and the oxides were sintered simultaneously. When the
samples were ablated for 120 s, the Ta2O5 and SiO2 in
the external coating were almost consumed, leaving the
Hf6Ta2O17 and HfO2.

Fig. 4 : Surface temperature and mass ablation rate of the HTS
samples.

Fig. 5 : XRD patterns of the HTS coatings after ablation for differ-
ent times.

(3) Ablation morphology
Fig. 6 shows the surface morphology and EDS analysis of

HTS coatings in the ablation center region after ablation

for different times. In the first 30 s, the temperature was
relative low and the main reactions were the oxidation of
carbides. As shown in Fig. 6a, the initial rough surface was
translated to small stacked oxide grains with a dense struc-
ture. Some pinholes were distributed on the surface, which
may result from the volatilization of generated gases. Ac-
cording to the EDS analysis of spot A (shown in Fig. 6e), it
can be seen that the surface consisted of Hf, Ta, Si and O el-
ements, which meant the carbides had been oxidized com-
pletely. In addition, the ratio of Hf, Ta and Si had changed
compared to the initial ratio (2: 2: 1), which resulted from
the evaporation of generated Ta2O5 and SiO2. As the abla-
tion went on, more oxides were generated on the surface of
the coating, which resulted in a denser structure and reduc-
tion of pinholes (Fig. 6b). As shown in Fig. 6c, with the in-
crease in the ablation time to 90 s, the surface temperature
remained at about 2200 K, which could lead to the evapo-
ration of generated Ta2O5 and SiO2 and the formation of
pores. In addition, the solid solution sintering in the high
temperature brought about the volume shrinkage of the
conglomerated grains, thus leading to the loose structure.
After ablation for 120 s, as shown in Fig. 6d, the evapora-
tion and solid solution sintering were accelerated, which
made the pores on the surface more obvious. As shown in
Fig. 6f, according to the EDS analysis of spot B, the inten-
sity of the Ta peak clearly decreased. Meanwhile, on the
basis of the elements ratio, it indicated that all of the Si and
half of the Ta had evaporated. To summarize, the oxida-
tion of carbides played a major role at the temperature-
rise stage, while the sintering and evaporation of formed
oxides played the important roles during the rest of the ab-
lation process.

The cross-section micrographs of the HTS coatings af-
ter ablation for different times are shown in Fig. 7. It can
be seen that the depth of the oxidation region increased
with the increase in ablation time, which resulted from the
gradual permeation of the oxygen. In addition, the thick-
ness of the coating was reduced owing to the evaporation
of generated Ta2O5 and SiO2. According to the EDS anal-
ysis, the content of Ta and Si elements in the external coat-
ing decreased from Fig. 7a to Fig. 7d, which indicated the
evaporation of Ta2O5 and SiO2. As shown in Fig. 7a, a
fine crack appeared in the cross-section after ablation for
30 s, which resulted from the mismatch of the coefficient
of thermal expansion between the oxidized external coat-
ing and the unreacted coating. During ablation, the formed
HfO2 was tetragonal-HfO2, and translated to monoclin-
ic-HfO2 after cooling, which would lead to crack expan-
sion 21. However, Ta2O5 could restrict the phase tran-
sition of HfO2 based on the solution effect 27. In addi-
tion, the further formed HfSiO4 can not only consume
the HfO2 but have a pinning effect to prevent extension
of the cracks 28. With the increase of ablation time, the re-
duction of Ta2O5 would lead to the increase of m-HfO2,
which was translated from t-HfO2 after cooling. Mean-
while, the further formed HfSiO4 also decreased owing
to the decrease in SiO2. The phase transition of HfO2
brought about volume expansion, which resulted in crack
propagation and structural failure.
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Fig. 6 : Surface morphology and EDS analysis of HTS coatings in the ablation center region after ablation for different times: (a) 30 s; (b) 60 s;
(c) 90 s; (d) 120 s; (e) EDS of spot A; (f) EDS of spot B.
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Fig. 7 : Cross-section micrographs of HTS coatings in the ablation center region after ablation for different times: (a) 30 s; (b) 60 s; (c) 90 s; (d)
120 s.

IV. Conclusions

The deposited HfC-TaC-SiC multiphase coating was
mainly composed of different carbides and their oxides,
which were oxidized during the spraying process. After
ablation for different times, the weight of the HTS sam-
ples first increased and then decreased. During ablation,
the oxidation of carbides was in the important position
at the temperature-rise stage, while the sintering and eva-
poration of the newly formed oxides played a major role
during the remaining ablation process. The evaporation
of Ta2O5 and SiO2 resulted in the formation of pores and
a loose structure. In addition, the stable phase Hf6Ta2O17
was generated by the solid solution sintering in the ab-
lation. The phase transition of HfO2 could be inhibited
by the generated Ta2O5 during the short ablation time.
HfSiO4 can have a pinning effect to prevent crack exten-
sion. However, with the increase of ablation time and the
evaporation of Ta2O5 and SiO2, the volume expansion
of HfO2 would lead to obvious cracks. Ta2O5 acted as a
sintering aid during ablation. The sintering process could
be accelerated with the introduction of sintering aid in the

HfC coating, which was beneficial for the formation of a
stable phase Hf6Ta2O17 with a high melting point.
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