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Abstract: A C/C-SiC-HfC composite was fabricated using a three-dimensional orthogonally woven (3DW) preform,
and the effect of HfC ultra-high temperature ceramic (UHTC) particles on the microstructure and ablation properties
of the composite was evaluated. First, pyrolytic carbon (PyC) was infiltrated into the 3DW preform by the isothermal
chemical vapor infiltration (I-CVI) method. Then, impregnation of a suspension composed of HfC particles and
phenolic resin into the 3DW preform. Next, liquid Si alloy was infiltrated into the C/C-HfC porous structure at
1650°C to form a C/C composite with a SiC-HfC matrix. HfC particles and the continuous SiC phase among carbon
fibers were saturated, and during the oxyacetylene test, they covered the surface of the C/C-SiC-HfC composite as
a dense, continuous SiO2-HfO: layer. This layer acted as a barrier against the diffusion of oxygen into the bulk parts
of the C/C-SiC-HfC composite. The results of the oxyacetylene flame test at 2500°C for 120 s showed that the mass
and linear ablation rates of the C/C-SiC composite were 4.8 mg/s and 3.75 um/s, respectively. After the addition of
HfC and the formation of the C/C-SiC-HfC composite, these rates decreased to 1.6 mg/s and 0.98 um/s, respectively.

Keywords: Three-dimensional orthogonally woven (3DW), Liquid silicon infiltration (LSI), C/C-SiC-HfC composite,

Ablation behavior.

1. INTRODUCTION

Increasing the speed of aerospace vehicles, especially
hypersonic products, has resulted in the utilization
of ultra-high temperature materials that exhibit
appropriate oxidation and corrosion resistance at
operating temperatures higher than 2000°C. In
addition, propulsion applications require high
shock resistance and mechanical strength at the
above-mentioned temperatures since during the
flight of hypersonic equipment in the atmosphere,
a noticeable amount of heat is generated due to
the friction present between these vehicles and the
atmosphere, causing an increase in the surface
temperature to temperatures higher than 2000°C
[1-3]. At the beginning, researchers paid special
attention to carbon-carbon composites as appropriate
choices for applications in space and aerospace
fields owing to their outstanding properties such
as low density, low thermal expansion, proper
mechanical properties at high temperatures, high
specific strength and modulus, high thermal
conductivity, and high shock and ablation resistance
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[4-7]. However, these materials are oxidized at
temperatures >500°C, limiting their application
at ultra-high temperatures [8]. Then, C/C-SiC
composites received attention as proper candidates
for thermal protection systems in the aerospace
industry. C/C-SiC composites are also oxidized
and degraded at temperatures >1700°C and are
not viable for these conditions [9-11]. Therefore,
C/C-SiC composites needed modifications to be
proper choices in aerospace industries and be
applied at ultra-high temperatures (>2000°C).

An effective method to modify C/C-SiC composites
and utilize them at ultra-high temperatures is to
use ultra-high temperature ceramics such as ZrC,
ZrB,, HfB; and HfC within the matrix of C/C-SiC
composites. Among ultra-high temperature ceramics,
HfC can be considered an effective material to
enhance the ablation resistance of C/C-SiC
composites because its melting point is 3827°C
while that of HfO, is 2827°C. The presence of an
oxide layer with such characteristics can act as a
barrier against the diffusion of oxygen to the bulk
layers of the composite, leading to a significant
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increase in the ablation resistance of C/C-SiC
composites [12-17]. However, the use of HfC is
considered an ideal ultra-high temperature ceramic
to be used in the matrix of C/C-SiC composites to
fabricate C/C-SiC-HfC composites.

Preformed structures of C/C-SiC composites
reinforced with ultra-high temperature ceramic
particles include layered 2D and 3D preforms,
which can be fabricated by methods such as
braiding, weaving, stitching, knitting, and needle
punching. Three-dimensional orthogonal preforms
are one of the newest carbon preforms that were
used in this study [18-20].

Various methods have been investigated to fabricate
C/C-SiC composites reinforced with ultra-high
temperature ceramic particles. Chemical vapor
infiltration (CVI) [21, 22], polymer infiltration
and pyrolysis (PIP) [23], slurry infiltration (SI)
[20], and liquid silicon infiltration (LSI) [14] are
among the most important and widely used
methods to fabricate C/C-SiC composites reinforced
with ultra-high temperature ceramic particles. The
LSI process is a fast, cost-effective, and simple
method that can be employed to fabricate high-
density C/C-SiC-HfC composites reinforced with
ultra-high temperature ceramic particles. Because
of these reasons, it has been paid appreciable
attention by researchers [24-27]. Duan et al. [14]
fabricated a C/SiC-HfC composite by a combination
of CVI, PIP, and LSI methods using HfSi, alloy
powder and studied the ablation behavior of the
composite through the oxyacetylene flame test
for 20 s. With the fabrication of the C/SiC-HfC
composite using the combined CVI, PIP, and LSI
methods, the mass and linear ablation rates of
the C/SiC composite decreased from 12 mg/s and
8.3 um/s to 2.9 mg/s and 2.2 pm/s, respectively.
Liu et al. [28] evaluated the fabrication and ablation
resistance of the C/C-HfC-SiC in-situ composite
through a combination of CVI and LSI methods
using a mixture of Al,O3 and HfSi, powders. The
mass and linear ablation rates of this composite
decreased significantly compared with those of
the C/C-SiC composite.

Generally, most of the studies performed on C/C
composites have used 2D preforms, traditional
fabrication methods, and reactive starting materials,
leading to the fabrication of C/C-SiC-HfC in-situ
composites [29-31]. To the best of our knowledge,
there has been no research on the investigation of
the ablation resistance of C/C-SiC-HfC composites
fabricated by HfC particles using 3D orthogonal

preforms through the I-CVI, SI, and LSI combined

method.

In this research, a C/C-SiC-HfC composite using

a three-dimensional orthogonally woven preform,

ultra-high temperature HfC ceramic particles, and

I-CVI, SI, and LSI combined method has been

fabricated, and its ablation behavior has been

assessed. The I-CVI, SI, and LSI combined method
is a fast, cost-effective, and novel technique to
fabricate C/C-SiC-HfC composites. First, a large
amount of HfC particles was loaded into a porous

C/C preform by the SI method, followed by the

infiltration of liquid Si alloy into a porous

structure of C/C-HfC at 1650°C to form a C/C-

SiC-HfC composite. The SiC phase forms in a

continuous and relatively uniform way in the

matrix structure by the reaction between carbon
sources and liquid Si alloy during the LSI process.

Ultimately, the microstructure and ablation behavior

of the C/C-SiC-HfC composite are investigated.

The selection of HfC powder (1-5 um) over reactive

Hf-containing alloys was primarily driven by the

following considerations:

+ Enhanced microstructural homogeneity:
Utilizing HfC powder allows for a more
uniform distribution of the HfC phase within
the matrix compared to reactive Hf-containing
alloys. In reactive synthesis, the localized
reaction kinetics often lead to heterogeneous
distribution or clustering of the reinforcing
phase. By employing pre-synthesized HfC
powder, we achieved a more controlled and
homogeneous dispersion.

% Higher phase fraction control: The use of
HfC powder enables a precise and higher
weight fraction of the HfC phase within the
matrix. In contrast, reactive approaches are
often constrained by stoichiometric limitations
or the incomplete conversion of reactants,
making it difficult to attain a high, stable
volume fraction of the reinforcement phase.

2. EXPERIMENTAL PEOCEDURES

Fig. 1 shows the fabrication flow chart for the
preparation of the C/C-SiC-HfC composites via
the combined process of I-CVI, SI, and LSI. A
3DW preform made of T-300 (6K) carbon fibers,
with a density of 0.67 g/cm?, dimensions of
67 x 43.50 x 47.40 mm, and a fiber volume
fraction of 40%, was used in this work. Carbon
matrix was introduced into the 3DW preform by
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I-CVI at 1050°C using methane (CH4) as precursor
to form a porous C/C skeleton, followed by a
graphitization process at 2400°C for 1 hr. The
density of the 3DW preform was reached 1.06 g/cm’
with an open porosity of 42%. HfC powder (1-5 um,
99.99% purity, China), phenolic resin (THC-800,
purity: 95.0%, China), and ethanol solution were
used to prepare a high-solid-loading HfC by
planetary ball milling with ZrO, balls for 6 hrs.
Fig. 2 depicts the morphology and XRD pattern
of the particles of HfC. Subsequently, the slurry
was impregnated into the 3DW carbon fabric in a
desiccator with a vacuum pressure of -0.7 bar for
45 min. Afterwards, the preform was placed into
an autoclave under a constant pressure of 20 bar
and temperature of 170°C for 2 hrs. In the SI
process, the optimal sample exhibited a relatively
uniform distribution of HfC particles within the
matrix structure, corresponding to approximately
20 wt.% HfC. Phenolic resin was used to supply
a carbon source and fix the HfC, followed by
pyrolysis and thermal treatment under a continuous
argon flow at 1050°C and 2400°C for 2 hrs
respectively. As a result, a C/C-HfC composite
with a density of 1.18 g/cm® was obtained by
repeating the impregnation-pyrolysis process 3 times.
The 3DW preform was placed in a graphite
crucible with Si powder and heated to 1650°C for
3hrs in a vacuum atmosphere under a constant
pressure of 107 bar for the LSI process to take
place. At temperatures above the melting point of
silicon (Tm= 1415°C), the fluidity of the liquid
silicon increases, facilitating its infiltration into
microcracks formed during the carbonization

Phenolic Resin

3D-Woven C/C Preform

process. The molten Si was infiltrated into the
preform by capillary forces along the carbon
fibers, where it reacted with the carbon source to
form the SiC matrix. Concerning the T300 (K6)
carbon fibers employed in the present study, as
well as the preform fabrication method used to
generate a dense and structurally robust three-
dimensional orthogonal architecture, the fibers
exhibited negligible degradation during molten Si
infiltration. The compact preform configuration
is expected to restrict excessive penetration of
molten silicon and thereby mitigate direct fiber
attack. This observation is supported by the SEM
results, which revealed that the carbon fibers largely
preserved their morphology and structural integrity,
with no evident signs of severe degradation. The
phase composition of the C/C-SiC-HfC composite
was identified using an X-ray diffractometer (XRD;
GNR, Italia) with CuKal radiation at room
temperature. The density and open porosity of the
specimens were averaged over 5 measurements
by Archimedes’ method.

The ablation test was performed by averaging
three measurements. The specimen features
were assessed using an oxyacetylene torch.

The pressure and flux of C,H, were 0.095 MPa
and 0.31 L/s, and for O, were 0.4 MPa and
0.42 L/s, respectively. The specimens were exposed
to the flame for 120 s. The internal diameter of the
tip of the nozzle was 2.0 mm, and the distance
between the samples and the nozzle tip was
10 mm. As detected by an optical pyrometer, the
surface temperature of the sample center reached
2500°C.

Fig. 1. Flow chart for the process of fabricating C/C-SiC-HfC composites by the combined process of I-CVI, ST and LSI
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The linear and mass ablation rates of the tested
samples were calculated using Egs. (1) and (2),
respectively:

Ri= (do—dl)/ t (1)
Rin= (mo—m)/t 2)
where R, is the linear ablation rate; do and d; are
the thickness values of samples in the center
region before and after ablation, respectively; Rm
is the mass ablation rate; mo and m, are the masses
of the samples before and after ablation, respectively;
t is the ablation time. The microstructure and
elemental distribution of the composites were
examined using a field emission scanning electron
microscope (FESEM) and an energy dispersive
spectroscope (MIRA3, TESCAN, Czech).

3. RESULTS AND DISCUSSION

3.1. Microstructure of As-Fabricated C/C-
SiC-HfC Composite

Table 1 shows the density and porosity percentage
of the as-fabricated composites in this study,
including C/C-SiC and C/C-SiC-HfC by the I-CVI,
SI, and LSI combined method, compared with
C/C-SiC-HfC composites [14] and C/C-SiC-HfC
composites [28] through the combined LSI, PIP,
CVI and LSI, CVI method. When the density and
porosity percentage of C/C-SiC (1.92 g/cm?),
C/C-SiC-HfC (2.61 g/cm®) [14], C/C-SiC-HfC [28]
(2.32 g/cm?), and C/C-SiC-HfC (2.68 g/cm?)
composites are compared, it can be found that the
C/C-SiC-HfC composite (2.68 g/cm?®) exhibits the
highest density and the lowest porosity percentage.

30 40 50 60 70 80 90

20)

Fig. 2. The morphology and X-ray diffraction pattern of HfC powder.

The reason can be related to the direct impregnation
of a high solid loading of HfC by the SI process
into the C/C porous structure, the infiltration of
liquid Si alloy, and its reaction with both carbon
sources and carbon fibers of the preform, and
consequently, the formation of a continuous ceramic
SiC phase in the structure of the composite matrix
during the novel I-CVI, SI, and LSI combined
method. In general, the impregnation of a high
amount of high-density HfC solid particles by the
SI process in addition to the infiltration of liquid
Si alloy at 1650°C within the porous matrix of the
composite, leads to the filling of the preform and
obtaining a high-density C/C-SiC-HfC composite
with a low porosity percentage. The LSI method
is cost-effective, fast, and efficient, producing
C/C-SiC composites with high densities and low
porosity percentages reinforced with ceramic
particles. Nowadays, this method has attracted
considerable attention [14, 28].

Fig. 3(a, b) shows the microstructure of the C/C-
SiC-HfC composite fabricated by the novel C-C
preform and the new [-CVI, SI, and LSI combined
method. As can be seen in Fig. 4, ultra-high
temperature HfC ceramic particles (white points)
have uniform distributions in the composite structure.
This is because of using a new fabrication method
as well as a novel preform, which in turn, causes
both higher penetration and stabilization of HfC
particles in the matrix structure. These particles
are trapped by phenolic resin among carbon fibers
during the impregnation process and are stabilized
during the curing process.

Table 1. Density and porosity percentage of C/C-SiC, C/C-SiC-HfC [28], C/C-SiC-HfC [14], and C/C-SiC-HfC

composites
Composites C/C-SiC | C/C-SiC-HfC [28] | C/C-SiC-HfC [14] | C/C-SiC-HfC
Density (gr/cm?) 1.92 2.32 2.61 2.68
Porosity (%) 20.5 13.4 17.4 12
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Fig. 3. Micrograph of the cross-section of the C/C-SiC-HfC composite

Furthermore, the SiC ceramic phase is distributed
within the matrix in a continuous layered form
through the reaction of carbon sources and carbon
fibers with liquid Si alloy, creating a relatively
uniform structure. The presence of microcracks
in the C/C-SiC-HfC composite fabricated by the
new [-CVI, SI, and LSI combined method can be
explained by the reaction between the carbon
fibers of the 3DW preform and the liquid Si
alloy at a high temperature (1650°C), which is
an extremely exothermic reaction. In addition, the
difference in the thermal expansion coefficients
of HfC, SiC, and C/C composite, which are
6.6x10°K",4x 10°K", and 2 x 10°K", respectively,
is another important factor that affects the formation
of microcracks in the structure of the C/C-SiC-
HfC composite [14, 28].

The details of the microstructure of the C/C-SiC-
HfC composite can be found in Fig. 4(a, b). As
can be seen, the space between carbon fibers of
the 3DW preform is filled with four different
colors: dark gray, light gray, mild gray, and white,
which show C, Si, SiC, and HfC, respectively.
The as-fabricated composite exhibits a dense
matrix (with a high density) containing SiC and
HfC ceramic phases with a limited number of
microcracks and macroporosities. Fig. 4(a, b)
obviously shows that the distribution of HfC
particles within the matrix of the C/C-SiC-HfC
composite is noticeably uniform. The results of the
EDS analysis of various points of the C/C-SiC-
HfC composite can be seen in Fig. 4(c, d, e, and f).
Point 1 depicts the HfC particles located in the
center of the C/C-SiC-HfC composite (Fig. 4c),
which confirms the uniform distribution of HfC
particles in Fig. 4a. Point 2, which is near the
carbon sources (caused by the pyrolysis of phenolic
resin) and carbon fibers, consists of the SiC continuous
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ceramic phase, which is the result of an exothermic
reaction between carbon and the liquid Si alloy at
1650°C (Fig. 4d). It is clear in Fig. 4b that the
regions with a light gray color (Si) are located in
the center of the regions with a mild gray color
(SiC). This shows that the reaction between carbon
and liquid Si alloy at 1650°C has been incomplete,
with an increase in the distance from the regions
that are rich in carbon. Point 4 shows the carbon
sources that were generated because of the pyrolysis
of phenolic resin, which play a crucial role in the
formation of the SiC continuous phase (Fig. 4f).
Fig. 5 shows the SEM-BSE microstructures of the
C/C-SiC-HfC composite of the light gray and
mild gray regions, in detail. As mentioned above,
with an increase in the distance from the regions
rich in carbon, the chemical reaction between
carbon and liquid Si alloy at 1650°C decreases or
occurs in an incomplete form (Fig. 5 ¢, d). Thus,
since the results of this research show that the
residual Si in the C/C-SiC-HfC composite results
in degraded ablation resistance, it is recommended
that the preform should be designed such that a
minimum distance between carbon sources and
liquid Si alloy is achieved (with a minimum size
of pores). The XRD pattern of the as-fabricated
C/C-SiC-HfC composite is shown in Fig. 6.
The main crystalline phases detected in the C/C-
SiC-HfC composite are HfC, SiC, and C (the
composite consists of 76 wt.% carbon, 20 wt.%
HfC, and 4 wt.% Si.). Moreover, a minor amount
of Si can also be seen, which agrees with the
incomplete reaction between carbon and silicon.
Although LSI is cost-effective, fast, and efficient,
there is always a minor amount of Si in the structure
of carbon-carbon composites reinforced with
ultra-high temperature ceramic particles, leading to
decreased ablation resistance of the composite.
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The presence of HfC, SiC, and C phases in the
XRD pattern of the C/C-SiC-HfC composite is in
agreement with the results of the EDS analysis

(Fig. 4c-f).

®*—C
4 & — HIC
A — SiC
— Si
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Fig. 6. XRD pattern of the C/C-SiC-HfC composite

3.2. Formation Mechanism of the C/C-SiC-HfC
Composite

Fig. 7 demonstrates the schematic evolution
mechanism of the C/C-SiC-HfC composite fabricated
through the I-CVI, SI, and LSI combined method
using the novel 3DW preform. At first, the
pyrolytic carbon layer forms on the carbon fibers
through the I-CVI process. Then, liquid Si alloy
is infiltrated into the porous 3DW carbon-carbon
preform containing ultra-high temperature HfC
particles, leading to the formation of the SiC
crucial continuous phase by solving carbon atoms
and reacting with liquid Si alloy. Next, HfC
particles, which are not stabilized by phenolic
resin, rearrange by the surface tension of liquid
Si alloy, resulting in the formation of large,

Infiltration
with Si

—-

continuous HfC clusters. It has been shown that
the presence of liquid Si alloy among ultra-high
ceramic temperature particles with different sizes
can increase mass transfer along with the ease
of migration to grain boundaries [14]. Over time,
finer HfC particles are dissolved within HfC
clusters, penetrate the melt, and crystallize in
coarser particles, creating an irregular space
among growing HfC particles. In brief, although
HfC particles do not affect the reaction between
carbon and liquid Si alloy, the uniform distribution
of HfC particles within the C/C-SiC-HfC composite
is not influenced by liquid Si alloy.

3.3. Ablation Resistance Behavior of C/C-SiC-
HfC Composite

Fig. 8 shows the macrostructures of the C/C-SiC-
HfC composite before and after the ablation
test at 2500°C for 120 s. The sample that was
under the oxyacetylene flame test for 120 s, had
dimensions of 25 mmX 25 mm X% 25 mm (Fig. 8a).
Ablation tests were performed on three distinct
samples, with the reported values representing the
mean of the three individual ablation measurements.
After the ablation test, the surface coating formed
on the sample surface is divided into three distinct
regions: edge region (C), transitional or middle
region (B), and central region (A) (Fig. 8b). A
white region can be seen on the surface of the
C/C-SiC-HfC composite under the oxyacetylene
flame test. The area and thickness of this white
layer increase with an increase in the test time to
120 s. This layer is composed of oxide products of
the first constituents of the C/C-SiC-HfC composite.

IaAe] OIS pue sapanaed HJH umoin)

Fig. 7. Microstructure and process of the formation of the C/C-SiC-HfC composite during LSI
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Fig. 8. Macrographs of the C/C-SiC-HfC composite a) before and b) after the oxyacetylene flame test

The highest ablation rate occurs in the central
region of the sample since the pressure and
temperature of the oxyacetylene gas are at their
maximum values. When the C/C-SiC-HfC composite
is subjected to the oxyacetylene gas at 2500°C for
120 s, SiO, and HfO; phases form on the sample
surface with a white color.

To determine the mass and linear ablation rate,
first, the dimensions (thickness) and weight of the
samples were accurately measured before and
after the oxyacetylene flame test using a digital
micrometer and a 0.0001 gr balance. Table 2
shows the charts of the mass and linear ablation
rates of the as-fabricated samples in this study
(C/C-SiC and C/C-SiC-HfC), compared with those
reported in the almost similar research conducted
by Duan et al. [14]. As can be seen, the mass and
ablation rates of the C/C-SiC-HfC composite are
significantly higher than those of the C/C-SiC and
C/C-SiC-HfC [14] samples. The weight of the
samples after the oxyacetylene flame test decreases
owing to the formation and evaporation of oxide
products at the high temperature of the flame
(about 2500°C) and the long test duration (120 s).
Under these conditions, some oxide products such
as CO, CO,, SiO, and SiO, evaporate and are
released from the sample surface. Among the
samples, the C/C-SiC-HfC composite exhibits the
highest ablation resistance under the oxyacetylene
flame conditions. This can be related to the addition
of a high amount of HfC ultra-high temperature
ceramic particles and their relatively uniform

distribution within the porous 3DW C/C through
the SI process. HfC particles transform into a
dense oxide layer of HfO, at the high flame
temperature (around 2500°C) and the long exposure
time (120 s). This white surface layer acts as a
strong barrier against the diffusion of oxygen to
the bulk layers of the C/C-SiC-HfC composite,
leading to a decrease in the mass and linear
ablation rates and, in general, increasing the
oxidation and ablation resistance of the C/C-SiC-
HfC composite.

Fig. 9(a-f) shows the SEM-BSE microstructures
and EDS analysis of the microstructure of the
central, transition, and side regions of the C/C-
SiC-HfC composite exposed to the oxyacetylene
flame for 120 s. In the central region of the sample,
where maximum temperature and pressure exist,
SiC and HfC carbide phases are rapidly oxidized
and convert into SiO, and HfO», respectively. With
increasing the oxyacetylene flame time, SiO»
gradually evaporates, leading to the formation of
microporosities on the surface of the C/C-SiC-
HfC composite along with an increase in the mass
ablation rate. The presence of surface micro-
porosities, which are obviously seen in Fig. 9a, is
due to the evaporation of SiC and C. The analysis
result of the central region (Fig. 9b) confirms that
the white surface layer is HfO,. Fig. 9c depicts the
surface morphology of the transitional or middle
region. It can be seen that the composite surface
in the transitional region consists of a coating of
white and gray rough porous glass phases.

Table 2. Mass and linear ablation rates of the C/C-SiC-HfC, C/C-SiC-HfC [14] and C/C-SiC composites

Composites C/C-SiC | C/C-SiC-HfC [14] | C/C-SiC-HfC
Mass ablation rate (mg/s) 4.8 2.6 1.6
Linear ablation rate (um/s) 3.75 - 0.98
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The EDS analysis of the middle region (Fig. 9d)
shows the presence of a layer consisting of
combined SiO; and HfO, phases. This combined
glass layer inhibits the oxidation and ablation of
the C/C-SiC-HfC composite. Since the temperature
of the middle region is lower than that of the
central region, the amount of Hf is lower than that
of Si, as shown in the EDS analysis. The presence
of surface microporosities, seen in Fig. 9b, is
because of the evaporation of SiC and C. In the
edge region, the sample surface is gray (Fig. 91).
The EDS analysis of this region shows the
presence of a Si-Hf-O ternary compound with Si
and O as the major constituents, demonstrating
the formation of the SiO; phase. In this region, the
amount of the HfO, phase is very small because
of the relatively lower temperature of this region
compared with that of the central and middle regions.
Fig. 10 depicts the SEM-BSE microstructure and
the EDS map of the C/C-SiC-HfC composite
from the edge region (C) toward the central region
(A). According to the SEM-BSE microstructure,
the volume fractions of Hf and O elements
increase gradually from region C toward region
A, while the volume fraction of Si and O elements
increases gradually from region A toward region
C. This is due to the temperature gradient of
regions A and C. Region C has the minimum
pressure, velocity, and temperature of the oxy-
acetylene flame, whereas these parameters are all

maximum in region A, and thus, the formation of
the HfO, glass phase increases from region C
toward region A. Also, comparing the EDS analysis
of Fig. 9(b, f) with the XRD pattern in Fig. 13
confirms the formation of HfO, mainly in region
A. The dense HfO, oxide layer acts as a strong
barrier against the diffusion of oxygen to the bulk
layers of the C/C-SiC-HfC composite, leading to
an increase in both the oxidation and ablation
resistance of the composite to a great extent.

Fig. 11 displays the XRD pattern of the central
region (A) of the C/C-SiC-HfC composite after
the oxyacetylene flame test. This pattern belongs
to the SEM microstructure (Fig. 9a) of the C/C-
SiC-HfC composite with a white layer. The XRD
pattern of Fig. 11 shows that the melted white
layer in this region is HfO, oxide phase, caused
by the oxidation of HfC particles during the
ablation test. HfO, remains stable until the end of
the oxyacetylene flame test owing to its higher
melting point (2785°C). However, SiO; rapidly
evaporates at 2500°C and exits the surface
because of the high pressure of the oxyacetylene
gas in the central region (the presence of micro-
porosities in the central region in Fig. 8a) [29].

3.4. Ablation Mechanism

Ablation testing under an oxyacetylene gas flame
is a very complicated process, which probably
consists of kinetic and thermodynamic phenomena.

Point 2 Elements Wt.%

Point 3 Elements Wt.% At%

0 21.70 81.04

Hf
(o]
Si

Si 78.46 3252
] 21.54 67.48

43.19 35.89

15.38 55.07

41.43 9.03
Hf

4

1 120

Fig. 9. SEM-BSE micrographs and EDS analysis of the ablated parts of C/C-SiC-HfC composite under the
oxyacetylene flame: a) central region, b) transitional region, and c) side region
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Fig. 10. SEM micrograph and the EDS maps of elements of the C/C-SiC-HfC composite

*—HiO,

Intensity

‘l e % o R
20 30 20 2 50 P 70
Fig. 11. XRD pattern of the central region of the C/C-
SiC-HfC composite after the oxyacetylene test

The following reactions may occur during the
ablation test under an oxyacetylene gas flame in

region A:

C (s)+ 02 (g) = CO: (g) (1)
2C(s) + O2(g) > CO (g) (2)
CO (g) + 02 (g) = CO2 (g) 3)
SiC (s) + Oz (g) — SiO2 () + CO (g) 4
SiC (s) + CO; (g) — SiO, (1) + CO (g) (5)
Si0; (1) + CO (g) — SiO (g) + CO2 (g) (6)
Si0; (1) + C (s) — SiO (g) + CO (g) (7
Si0; (1) — SiOs (g) (®)
HfC (s) + O, (g) — HfO, (s) + CO (g) ©)
HfC (s) + CO, (g) — HfO, (s) + CO (g)  (10)
HfO, (s) — HfO; (1) (11)

By combining Fig. 9, Fig. 10, and Fig. 12, it can

be found that the minor wear in region A is
probably due to thermochemical corrosion and
thermomechanical wear. Fig. 12 shows the ablation
mechanism of the C/C-SiC-HfC composite. Region
A experiences the highest pressure, velocity, and
temperature of the oxyacetylene flame (2500°C)
immediately, and the constituent phases of the
composite, including HfC, SiC, carbon fibers, and
matrix carbon (caused by the PIP and I-CVI
processes), get in direct contact with oxide gases
(Egs. 1 to 11). In the early stages of the oxyacetylene
flame test, carbon phases are rapidly oxidized and
exit the composite surface (Egs. 1 to 3). With an
increase in both the test time and oxyacetylene
flame temperature, HfC, and SiC carbide phases
react with oxygen at 1100°C and 1600°C, respectively,
and convert to HfO, and SiO; according to
Egs. 4,5,9, and 10. SiO; and HfO; act as barriers
against the diffusion of oxygen to the inner layers
of the preform. When the temperature is beyond
1415°C, the SiO; phase starts to melt and evaporate
owing to the high pressure of combustion gases
(Egs. 6 and 7). At 1600°C, HfC particles convert
to the HfO, continuous oxide layer. Because of its
very high melting point (2785°C), HfO, covers
the composite surface in the form of a monolithic
viscous layer of HfO,-SiO,.
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Fig. 12. Surface ablation mechanism of the C/C-SiC-HfC composite

Thus, the HfO, layer is a high-strength coating
with high adhesion to the surface, acting as a
barrier against the diffusion of oxygen to the bulk
parts of the composite, which results in a decrease
in the mass and linear ablation rates. The results
obtained in this research are in agreement with
this conclusion [32, 33]. The significant ablation
behavior of the C/C-SiC-HfC composite, compared
with that of similar studies, is because of a novel
3D orthogonal preform as well as a new combined
fabrication method.

4. CONCLUSIONS

A novel 3D orthogonal C/C-SiC-HfC composite
was fabricated through a new [-CVI, SI, and LSI
combined method, including the penetration of
carbon by [-CVI, the impregnation of phenolic
resin and HfC particles by SI, and the infiltration
of Si alloy at 1650°C by LSI. The oxyacetylene
flame test calculated the mass and linear ablation
rates of the composite. The as-fabricated C/C-
SiC-HfC composite exhibited a much higher ablation
resistance than C/C-SiC and C/C-SiC-HfC [13]
composites. The mass and ablation rates of the
C/C-SiC-HfC composite after the oxyacetylene
flame test for 120 s were 1.6 mg/s and 0.98 um/s,
respectively. The residual Si and matrix SiC were
rapidly oxidized, melted, and evaporated under the
high pressure and temperature of the oxyacetylene
flame, and exited the surface. HfC ultra-high
temperature ceramic particles could significantly
decrease the mass and linear ablation rates
through the formation of a dense HfO; glass layer
and covering the surface. The dense continuous
HfO; layer, with a high melting point, could act

w G0

as a strong barrier against the diffusion of oxygen
to the bulk parts of the C/C-SiC-HfC composite,
leading to a significant decrease in the ablation
rate and oxidation of the composite.
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