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Abstract: The working environment of aerospace engines is extremely harsh with temperature exceeding 1 700 °C and
accompanied by thermal coupling effects. In this condition, the materials employed in hypersonic aircraft undergo
ablation issues, which can cause catastrophic accidents. Due to the excellent high-temperature stability and ablation
resistance, HIC exhibits outstanding thermal expansion coefficient matching that of C/SiC composites. 2.5D needle-
punched C/SiC composites coated with HfC are prepared using a plasma spraying process, and a high-enthalpy arc-
heated wind tunnel is employed to simulate the re-entry environment of aircraft at 8 Mach and an altitude of 32 km.
The plasma-sprayed HfC-coated 2.5D needle-punched C/SiC composites are subjected to long-term dynamic testing,
and their properties are investigated. Specifically, after the thermal assessment ablation experiment, the composite
retains its overall structure and profile; the total mass ablation rate is 0.074 45 g/s, the average linear ablation rate in
the thickness direction is —0.067 5 um/s, and the average linear ablation rate in the length direction is 13.907 pm/s.
Results verify that plasma-sprayed HfC coating exhibits excellent anti-oxidation and ablation resistance properties.
Besides, the microstructure and ablation mechanism of the C/SiC composites are studied. It is believed that this work
will offer guideline for the development of thermal protection materials and the assessment of structural thermal
performance.
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0 Introduction

Hypersonic vehicles fly at speeds exceeding
5Mach (6 173 km/h) """, which possesses unique
physical characteristics, such as high speed, good
penetration strength, and good concealment. They
embolden the role of modern military, space tech-
nology, and scientific and technological progress'™'.

Being a part of national security, the associated sci-
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entific and technological challenges in hypersonic air-
craft boost research at the international level includ-
ing the academic and engineering communities. Dur-
ing flight, the re-entry phase of a hypersonic vehicle
is a critical stage, which undergoes extreme aerody-
namic and thermal conditions. Hence, the develop-
ment of an efficient thermal protection system
(TPS) becomes crucial **'.

During the past decade, C/SiC composites
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have resisted oxidation better than C/C composites,
and have exhibited high specific strength, large spe-
cific modulus, ablation resistance, and high-temper-

[58]

ature resistance ”®'. Therefore, C/SiC composites
have numerous applications in aerospace’'!", partic-
ularly in thermal protection systems like heat
shields, wing leading edges, nose cones, and flaps

of aircraft*!*

. The development of hypersonic air-
craft requires robust materials for thermal protection
systems, while the long-term application tempera-
ture of C/SiC composites is less than 1 650 ‘C'",
and severe ablation will occur at higher tempera-
tures. The re-entry vehicle undergoes significant
heat flow in extremely high-temperature and high-
pressure environments. Therefore, it is crucial to
improve the microstructure and composition of C/
SiC composites to optimize their performance in
these conditions, particularly in terms of high anti-
oxidant capacity and ablation resistance. Previous
studies" ™’ have demonstrated the effectiveness of
applying a coating of ultra-high temperature materi-
als on the surface. This method greatly improves
the stability of C/SiC composite materials at high
temperatures. The HfC coating can enhance hard-
ness, melting point, and stability. Additionally, the
melting point of HfO, is higher than that of ZrO,*"’,
making HfC the best fit material for anti-oxidation
ablation coating. Among reported coating methods,
vacuum plasma spray technique endows a facile and
broad-area covering approach for preparing coatings

[21-22]

on C/SiC composites . It enables high deposi-

tion efficiency and strong coating bonding***. Yoo

et al [27]

reported HfC-coated composites using a
SiC buffer layer via vacuum plasma spray process,
and the buffer layer protected the internal carbon fi-
bers. In light of this, the objective of this study is to
enhance the ablation resistance of C/SiC compos-
ites by spraying a HfC coating on its surface using a
plasma spraying process.

High-speed airflow erosion can accelerate the
degradation of composites sustaining ultra-high tem-
peratures. Currently, the impact of airflow ablation
is measured through dynamic gas, simulating the
material ablation performance. The arc-heated wind

tunnel enables ideal conditions for simulating the re-

entry of aircraft into the atmospheric environment
on the ground. It is adopted globally to investigate
the ablation performance during re-entry process. In
contrast to oxyacetylene and other tests, the compo-
sition of the aerodynamic and thermal environment
in the arc-heated wind tunnel allows for precise con-
trol of experimental conditions: airflow speed, pres-

128 Tt facilitates the least cost

sure, and temperature
of replicating the actual aircraft flight environment.
Considering the heat-proof design of the tunnel, the
outcomes can reflect the real ablation effect more ac-
curately. Kong et al."””' simulated the heat transfer
and expansion phenomena of coatings in C/SiC com-
posites within arc-heated wind tunnels. Li et al.”* in-
vestigated the evolution mechanism of the voids in
C/SiC composites through arc-heated wind tunnel
tests. Thus, it has a great advantage to assess the
ablation performance by utilizing an arc-heated wind
tunnel.

In this study, HIC coating is deposited on the
surface of C/SiC composites using a plasma spray
coating process. The high-enthalpy supersonic air-
flow test is conducted on the leading edge made
from HIC-coated C/SiC composites. The arc-heat-
ed wind tunnel is utilized to simulate the actual aero-
dynamic heating conditions experienced by aircraft
during atmospheric re-entry, resulting in accurate
enthalpy, heat flow, and pressure. The experiment
simulates a flight at a speed of 8 Mach and an alti-
tude of 32 km. This work investigates the thermal
performance and ablation behavior of C/SiC com-

posites in a simulated environment.
1 Experiment

1.1 Materials

2.5-dimensional (2.5D) needled carbon fiber
preform is prepared through chemical vapor infiltra-
tion technique. Domestic T300 carbon fibers of
grade 12 000 is used, and carbon fibers are stacked
alternately along 0° and 90° (unidirectional) with a
chopped fiber tire mesh layer, forming the needle-
punched fiber bundles with tire mesh layer, that is,
a 2.5D needle-punched structure. The reactive melt

infiltration process prepares SiC matrix on the pre-
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form, resulting in C/SiC composites with a density
of 2.2 g/cm®. Then it is processed into a V-shaped
passivation leading edge sample. The leading edge
is designed with a smaller radius of curvature,
which can reduce the aerodynamic heat (generated
during re-entry of sharp structural parts). It is de-
signed to effectively disperse the heat and guide
heat, thereby simplifying the process and reducing
the cost. A dense layer of HfC, with a thickness of
30 pm, is coated by plasma spraying process. The
process parameters for the plasma-sprayed HIC

coating are shown in Table 1.

Infrared
o pyromcter

Nozzle

Table 1 Process parameters of plasma sprayed HfC

coating
i Secondary
Cur- Primary gas Nozzle  Feed Spray
gas flow .
rent/ flow rate/ diameter/ rate/ distance/
rate
A (Lemin ') ) mm  (gemin~') mm
(Lemin ")
350 75 5 5.5 30 100

1.2 Ablation test

The thermal assessment test of the sample is
conducted in an arc-heated wind tunnel. Fig.1
shows the arc-heated wind tunnel equipment system

diagram.

Vacuum
system

Pressurized

section Cooler

-

\

', —— Airflow direction

palml

\Arc heater

Mixed pressure
stabilizing chamber

\_Test model

Fig.1 Diagram of arc-heated wind tunnel test equipment system

The macroscopic morphology of the leading
edge sample is shown in Fig.2. The sample is verti-
cally installed in the test fixture (along the airflow
direction) , as illustrated in Fig.2. An installed non-
contact infrared thermometer (through a quartz
glass observation window) measures the surface
temperature of the leading edge regions: WTI1,
WT2 and WTS3.

B —
Airflow direction

Fig.2 Macroscopic morphology of the leading edge sample

The detailed experimental parameters are listed
in Table 2. States A, B, and C simulate the phase
of climb, acceleration, and thermal environment

during the cruise at 8 Mach and flight height of

32 km, respectively.

Table 2 Parameters of test conditions

Cold-wall heat  Enthalpy val- Pressure/

State Time/s
flux/(MWem ) ue/(kJ-kg ') kPa
A 0.5 800 60 70
B 4.5 2200 80 25
C 8 4 500 150 135

The corresponding curves depicting the temper-
ature rise and test time of the test sample are illus-
trated in Fig.3.

The mass ablation rate (R,,) is calculated as
follows

m, — m

R,=—— (1
1A

where m, and m, represent the mass before and after
ablation, respectively; 7 is the ablation time.

To assess the brittleness and susceptibility of
the surface oxide layer to detachment, the thickness
of the unaffected sample is measured. The linear ab-
lation rate (R)) of the sample is determined by mea-

suring the size of the leading edge sample before and
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Fig.3 Surface temperature responses of sample in high-en-

thalpy flows

after ablation at multiple positions in the thickness
direction using the three-coordinate method, and

the results are averaged. R, can be calculated by

1 n
Rlzgz(L(‘o*LA)/f (2)

i=1
where L, and L, are the thickness at different posi-

tions before and after ablation, respectively.
1.3 Characterization

The microstructure and morphology of samples
are characterized by scanning electron microscope
(SEM, ZEISS GEMINI 300, Germany). The ele-
mental composition analysis is collected by energy
dispersion spectroscopy (EDS, OXFORD Ultim
Max 40, UK). Phase analysis is performed by X-
ray diffraction (XRD, ESCALAB Xi+, USA)
equipped with Cu-Ka radiation. The variation in size
(before and after ablation) is measured by three co-
ordinate measuring machine (3D CMM). A two-
color infrared pyrometer (Marathon MR1SC, Ray-
tek, USA) is utilized to record the surface tempera-

ture of the sample.
2 Results and Discussion

2.1 Macroscopic ablation morphology

Fig.4(a) shows SEM analysis of C/SiC com-
posites, revealing mainly C and Si phases. C phase
consists of carbon fiber and pyrolytic carbon, as de-
picted in Fig.4(b). The key distinction lies in the
variation in material structure. Si phase involves SiC
and residual Si, as illustrated in Fig.4(c), which is

primarily distributed among the short fiber web lay-

er, the weftless cloth layer, and the needle-punched
fiber bundle.

Figs.5(a, b) show the macro morphologies of
the sample after the arc-heated wind tunnel test.
Compared with the morphology of the pre-ablation
sample shown in Fig.2, it is found that the overall
structure of the sample is intact, while the coating at
the leading edge is torn out. There is no damage to
the main structure of the leading edge. The front of
the leading edge exhibits a thick deposition layer,
while the back end possesses a loose and uneven de-
position layer (Fig.5(c) ). The area near the bottom
of V-shaped is devoid of the deposition layer, expos-
ing SiC matrix and carbon fiber. The tail end shows
only surface ablation, the coating is blown off and
the surface is nearly complete. Additionally, notice-
able molten materials are observed on the front sur-
face, and distinct flow traces can be seen at the front
end of the back. From Fig.5(d), the surface of com-

posite experiences melting, resulting in the forma-

‘‘‘‘‘‘‘

/. (b) Front morphology of
™\ the sample after ablation
VHIO]
vSiC

+si0,

Intensity / (a.uw.)

iJ.I.I..-.H..:I.:
10 20 30 40 50 60 70 80
20/°

/
(e) XRD analysis of
droplet-like substance

4 ,F Tmm
(d) Liquid layer

Fig.5 Morphology of the sample after ablation
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tion of a liquid layer. This liquid layer flows and then
evaporates along the surface due to aerodynamic
shear. Consistent with the findings of Tang et al."*",
the thermal ablation process leads to the merging of
liquid droplets and their presence in the form of a lig-
uid film, which is more pronounced due to high abla-
tion rate of liquid SiO,. Fig.5(e) illustrates the pres-
ence of droplet-like substances on the surface. The
melting point of SiC matrix is 2 380 “C, and its subli-
mation temperature is 2 700 “C. XRD analysis re-
veals that the droplet primarily consists of SiO, and
SiC phases. The formation of liquid oxides acceler-

“1 ) as liquid oxides

ates the stagnation of composites
disappear from the surface due to the dynamic pres-
sure during arc-wind tunnel testing.

The temperature distribution in different re-
gions of the leading edge is significantly asymmetric

due to the large gradient of heat flux at the surface

and the presence of asymmetric ablation. High sur-
face heat flux and low thermal conductivity of com-
posites cause a substantial temperature gradient
along the radial direction. As shown in Fig.3, the
highest temperature of the sample is observed to be
1 922 °C at the stagnation point WT1. Table 3
shows the measurement data of the mass and size of
the sample before and after ablation. Calculated
through Egs. (1, 2), the overall mass ablation rate
is 0.074 45 g/s, the average linear ablation rate in
the thickness direction is —0.067 5 pm/s, and the
average linear ablation rate in the length direction is
13.907 pm/s. The stagnation point WT2 in the cen-
tral symmetric region exhibits the highest tempera-
ture, accompanied by high incoming flow pressure
and heat flux, leading to the highest linear ablation
rate and the most severe ablation—An ablation re-

treat of 7.05 mm.

Table 3 Mass and size data of sample before and after ablation

Thickness/mm Length/mm
State Mass/g
s, S, s, s, L L, L,
Initial 390.94 16.19 16.18 16.13 16.21 130.35 78.25 130.25
Post-ablation 374.04 16.16 16.26 16.12 16.23 129.39 71.20 128.79

Within the arc-heated wind tunnel environ-
ment, the combination of high temperature, high
pressure, and high-speed flow makes the boundary
layer thin, which increases the convective heat
transfer and mass transfer processes of the gas on
the surface'™. This causes severe thermochemical
corrosion of the material. Furthermore, the aerody-
namic shearing further enhances the mechanical ero-
sion of the material. Consequently, the material in
the front end area undergoes severe ablation, caus-

ing the highest mass loss.
2.2 Microscopic ablation morphology

The oxidation resistance and ablation resistance
of ceramic matrix composites are associated with the
composition and microstructure of the surface oxide
layer. So, the microscopic ablation morphology is
examined at the stagnation point, which opens up
the impact of temperature at the stagnation point.

The microstructure of the white deposition lay-
er near the stagnation points of WT2 and WT3 is

analyzed in Fig.6. From Fig.6(a), a dense structure

covers the surface of the sample. The XRD spec-
trum analysis (Fig.6(c)) confirms that the white de-
posited layer consists of HfO, and SiO, phases
(HfO, as the main component). SEM (Fig.6(b))
and XRD analysis (Fig.6(d) ) of the inner layer of

(b) Microstructure of the inner layer
after removing the white oxide
at the stagnation point of WT2

(a) Micro-morphology of
white oxide

+HfO, + Si0,
s » SiC A « HfO,

2 . +Si0, 5 vSiC

~ T ~ ’HfSiO,,
z 2z

w 172}

g g

=i + troor i

e lls IA] l.ln

20 3I0 4I0 5I0 6I0 7I0 80
20/(°)
(d) XRD analysis of Fig.(b)

10 20 30 40 50 60 70 80
20/(°)

(c) XRD analysis of Fig.(a)

Fig.6  Microstructure of the white deposition layer near

stagnation points of WT2 and WT3
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the stagnation point reveal that the content of SiO,
phase is higher than that of HfO,. The inner layer
exhibits a small amount of HfSiO, phase. As the
temperature and heat flux density increase during
the ablation process of HIC-coated C/SiC compos-
ites, the outer HIC coating is oxidized first. Due to
airflow erosion, the oxide cannot form a stable anti-
oxidation layer, leading to numerous oxygen lattice
vacancies in the generated Hf{O,. The HfO, oxide
film 1s loosely bonded, allowing rapid diffusion of
oxygen and passive oxidation of SiC matrix to gener-
ate Si0O, in the exposed internal C/SiC composites.
Both sides of the sample show minimal variation in
size compared to the ablation retreat amount in the
central area. Thus, HfO,-SiO, oxide film slows
down the diffusion of oxygen, and the oxidation re-
sistance is ensured by the synergistic effect of the
outer oxide layer and the inner dense layer, thereby
reducing the amount of ablation.

Fig.7 shows the different morphologies of the
inner surface after the removal of the white deposi-
tion layer at WT2. The morphology at low power
lens of the surface is depicted in Fig.7(a). Fig.7(b)
illustrates a favorable bonding state of the carbon fi-
ber with PyC interface and SiC matrix. Fig.7(c)
shows the micro-morphology of grooves and pores
on the inner surface. According to the EDS analysis
(Fig.7(d) ), the carbon fiber has undergone severe
ablation, and the exposed carbon fiber is wrapped

up. The surface of the carbon fiber exhibits spherical

=0 - ‘ad

(a) Morphology of the (b) Bonding state of (c) Micro-morphology of
C/PyC/SiC
matrix

inner surface at low
magnification

grooves and pores on
the inner surface

Weight
percent

(d) EDS analysis of (e) Carbon fibers (f) Bubble rupture
Fig.(c) covered by spherical morphology
Si0, particles after CO outflow

Fig.7 Different morphologies of the inner surface after re-

moval of the white deposition layer at WT2

SiO, particles (Figs. 7(e, ) ), which are formed
through the solidification of SiO, gas. These parti-
cles can provide a certain level of protection to the

carbon fiber™

. However, as the temperature goes
higher than 1 700 C, SiC undergoes active oxida-
tion, leading to the loss of carbon fiber protection.
The direct exposure of SiC to the air causes the gen-
eration of gaseous SiO and CO. SiO reacts with O,
forming molten SiO, through pore transport, while
CO aggregates to form bubbles, and the rupture pro-
cess accelerates the ablation'™.

In the arc-heated wind tunnel environment, the
airflow 1s parallel to the surface of the sample, result-
ing in a high velocity of the main airflow. Figs.8(a,
b) illustrate significant damage to SiC matrix and
carbon fiber at the front end of the leading edge due
to mechanical erosion caused by airflow. Various
morphologies, such as carbon fiber breakage, fiber
pull-out, and filamentous SiO, can be observed. The
combined analysis of Figs.8(c,d) reveal that the sur-
face is covered with molten SiO,. Some of the gener-
ated Si0, is carried away by the high-speed airflow,
exposing the carbon fiber, while the remaining SiO,
attaches to the surface, forming a microcrystal stack
structure. This structure enhances thermal resis-
tance and fills pores and cracks at high temperature,
and consequently effectively protects the inner lay-
er, then improves the ablation resistance.

The design of V-shaped passivated front edge

(b) Morphology of
filamentous SiO,

(a) Fiber breakage and
fiber pull-out

Weight

percent ¢
C 18.870.3
0 429 02
Si 36.84 0.2
Hf 1.39 0.2

(c) Morphology of molten SiO, (d) EDS analysis of Fig.(c)

Fig.8 The front-end ablation morphology of the sample
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ensures a smooth surface without forming any sharp
angles on the sample. By optimizing the airflow di-
rection and speed, its impact and vibration on the
structure are reduced, resulting in low resistance
and improved material utilization efficiency. Addi-
tionally, it isolates the high-temperature area from
the low-temperature area, minimizing heat transfer
and relieving thermal stress to protect the integrity
of the leading edge and rear-end materials. The
most severe ablation occurs near the symmetry cen-
ter of the leading edge, specifically at WT1 stagna-
tion point. From the sample placement position, it
can be seen that the airflow in the center position is
parallel to the surface.

After ablation, the microscopic morphology
analysis of the central area shows a ladder-like struc-
ture. Interlayer erosion is observed near WT1 stag-
nation point (Fig.9(a)) along with a thin shell struc-
ture (Fig.9(b) ). Additionally, different fiber orien-
tations exhibit varying degrees of ablation (Fig.9
(¢)), with distinct annular pores prominently visi-
ble in the Z direction (Fig.9(d) ), and the ablated
carbon fibers display a “bamboo shoot-like” struc-
ture. The oxidation of needle-punched fibers trig-
gers the peeling off of carbon fibers from SiC ma-
trix, forming thin shell structure. The presence of
inter-bundle holes creates the channel for oxygen dif-
fusion, further exacerbating the non-uniform abla-

tion. The “shoot-like” morphology predominantly

o £ - oum

(b) Thin shell structure

(d) The local
of Fig.(c)

nlarged grah

(c) Morphology in different
fiber orientations

Fig.9 Ablation morphologies near the stagnation point of
WTI1

occurs due to the high failure strain of SiC matrix
compared to the carbon fiber. Under a certain stress
level, the matrix cracks first, allowing oxygen to
diffuse through microcracks, which oxidize the inter-
face layer and carbon fiber. Consequently, the abla-
tion rate of SiC matrix exceeds that of the carbon fi-
ber'®'. Additionally, the diffusion process of gas-
eous products (generated in the thermochemical re-
action) leads to a concentration gradient, leading to
different oxidation times for the front and rear ends
of the carbon fiber, which forms “bamboo shoot-
like” morphology.

From Fig.3, the transfer of heat is limited dur-
ing the climb and acceleration stages of aircraft oper-
ation, resulting in a substantial temperature gradient
at the leading edge. The temperature gradient can
stimulate structural thermal stress and deformation.
As a result, variations in temperature occur at three
stagnation points. As the heat flow density increases
to 8 MW/m?, the surface temperature at the three
stagnation points gradually stabilize. At the WT1
stagnation point, the destruction of the formed oxide
layer under high heat flux density and high stagna-
tion point pressure make the temperature jump. The
immediate burning of the exposed carbon fiber in-
creases temperature. The temperature declines due
to the absorption of a significant amount of heat by
Si0, molten layer through the endothermic process
and phase change of SiO, in a high-temperature envi-
ronment. Eventually, the temperature reaches a new
steady state. After the ablation test, the temperature
continues to rise because of high-temperature and
high-pressure state of test chamber without intense
airflow flushing, which gradually increases the tem-
perature of the sample. The overall variation in tem-
perature is almost similar at the stagnation point,
while WT3 shows a slightly lower temperature. It
may be due to uneven heating or airflow disturbance
in the arc-heated wind tunnel, which generates an
asymmetric distribution of the flow field at WT3. As
aresult, low heat accumulation reduces temperature.

Interlayer ablation primarily refers to the flaking
caused by the thermal stress. The combined impact
of the aerodynamic force generated by high-speed air-
flow and high-temperature and shear force enables X~

Y carbon fibers more prone to denudation. The oxi-
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dation is not uniform, and the anisotropy of C/SiC
composites leads to different rates of carbon fiber ab-
lation along XY and Z directions. As the carbon fiber
is exposed to airflow, it undergoes oxidation and de-
velops holes, facilitating the diffusion of oxygen. On
the other hand, the X-Y alignment of carbon fibers
perpendicular to the direction of heat flow
(Fig.9(c)) , effectively blocks heat from passing
through the material and reduces the ablation rate.
Additionally, the rapid combustion occurs parallel to
the airflow. As the speed of airflow increases, the
aerodynamic ablation accelerates the removal of the

surface, causing a wide and deep ablation pit.
2.3 Ablation mechanisms

standard Gibbs

change analysis, the following reactions occur dur-

According to free energy

ing the entire ablation process

HfC +20,(g)=HfO,+ CO,(g) (3)
HfC-O—gOg(g):HfOZ—O— CO(g) (4)
SiC+0,(g)=Si0(g)+CO(g) (5)
Sic+§oz(g)=510(g)+ CO,(g) (6)

2 2 2
S SICHO0Lg)= Si0.+ - COg) (7)

SiC+20,(g)=Si0,+CO,(g) (8)
2C+0,(g)=2C0(g) (9)
C+0,(g)=CO,(g) (10)
Si0,+ HfO,=HISiO, (11)

The microscopic morphology analysis after ab-
lation shows that the sample mainly experiences
chemical erosion and mechanical erosion in the arc-
heated wind tunnel environment. Fig.10 illustrates

the ablation mechanism of the sample. During the

High enthalpy flow
|

l Mechanical erosion Thermal radiation

test, various processes, such as hot gas diffusion,
mechanical erosion, and thermal radiation, take
place. Along with the influence of multi-phase cou-
pling, the ablation retreat and thermal decomposi-
tion of the material surface are caused. Additionally,
the internal structure of the material underwent
changes due to pyrolysis gas diffusion and heat con-

duction™®*"

. As the temperature and heat flux densi-
ty increase during the ablation process of the HfC-
coated C/SiC composite samples, the oxidation oc-
curs at the outer HfC coating first (Eqgs.(3, 4)). It
forms a protective liquid HfO, film against ablation.
However, a portion of HfO, film is carried away due
to airflow. In addition, the porous nature of HfO, ox-
ide facilitates oxygen to the internal C/SiC compos-
ites. Then the oxidation reaction of Eq.(5) occurs.
The gaseous Si0O and CO accelerate the ablation pro-
cess. With increasing heat flux density and tempera-
ture, dense oxide layers of HfO, and SiO, appear
(Fig.6), which partially obstruct the diffusion of ox-
ygen and slow down the oxidation process of the car-
bon fiber. Furthermore, a minimal amount of Hf-
Si0, forms according to Eq.(11)"*. SiO, generated
through passive oxidation can possess excellent anti-
oxidation  capabilities  at below
1 850 ‘C". Reactions (Eqs.(6—10) ) occur during

the ablation process, resulting in liquid SiO,, which

temperature

leads to the appearance of flow and solid particles on
the surface. The white oxide layer consisting of
HfO, and Si0O, is peeled off. The presence of a tem-
perature gradient accelerates the ablation of SiC ma-
trix and carbon fiber. HfC coating reduces the oxida-

tion reaction and exhibits good ablation resistance.

Hot gas diffusion Co/co, HZO/QZ Si0/fSio, |
Ablation () Thermal \- N W Y amio
retreat s o 00,0 ,00 0,000 f}eﬁ?{n})?iﬂﬁ?c ! 1004
Mixed oxide film of
Si0O, and HfO,

(a) Thermal conduction and decomposition
process under high-enthalpy flow before ablation

—

(b) Schematic of oxidation product
structure of HfC coating after ablation

Fig.10  Ablation mechanism of HfC coated 2.5D needled C/SiC composites
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3 Conclusions

The HfC-coated 2.5D needle-punched compos-
ites 1s tested in an arc-heated wind tunnel to simu-
late re-entry conditions. By analyzing the macro-
scopic morphology and microstructure evolution,
the ablation performance of the aircraft under a high-
enthalpy flow environment is investigated to analyze
ablation mechanisms through experiments and theo-
retical models. After long-term ablation, the sam-
ple’s profile remains intact with minimal surface lay-
er ablation and no significant internal damage. The
total mass ablation rate is measured to be 0.074 45
g/s, the average linear ablation rate in the thickness
direction is —0.067 5 pm/s, and the average linear
ablation rate in the length direction is 13.907 pm/s.
The ablation of C/SiC composite primarily occurs
through chemical erosion and mechanical ablation.
The synergistic effect of the outer oxide layer and in-
ner dense layer provides excellent ablation resis-
tance and antioxidant properties. Through the abla-
tion test and analysis of test results, along with the
analysis of the ablation mechanism, it is clearly
demonstrated that the plasma-sprayed HfC coating
exhibits good antioxidant and ablation properties.
This coating effectively addresses the ablation chal-
lenges encountered by C/SiC composites at temper-
ature exceeding 1 700 °C. This study provides essen-
tial data for the development of thermal protection
materials and the evaluation of structural thermal

performance in hypersonic aircraft.
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