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Enhanced microstructure as well as mechanical and
oxidation resistance of C/C-SiC composites
fabricated by RMI for thermal protection
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Haoran Sun® and Xiankai Sun @ *2

In this study, two-dimensional needle-punched laminated C fibres were used as preforms, and interfacial
phases were prepared via chemical vapor infiltration (CVI) using pyrolytic carbon (CVI-PyC), sucrose-
derived carbon (S/C), and pitch-derived carbon (P/C). The effects of interfacial phases on fibre coatings
and siliconizing properties were investigated. The results demonstrated that the CVI-PyC interfacial
phase is the most continuous and dense, providing the best protection effect on the fibres and forming
a uniform cylindrical structure after siliconizing. The S/C interfacial phase is the second best; however,
the matrix is fragmented after siliconizing. The P/C interfacial phase is the worst, leading to a lamellar
surface structure and microcracks after siliconizing. Using CVI-PyC and S/C alternately as matrix carbon
sources, C/C-SiC composites were synthesized via reactive melt infiltration, which comprised carbon
fibres, SiC, and residual Si. According to mechanical property test results, the bending and tensile
strengths of the prepared C/C-SiC composites were 345.4 and 156 MPa, respectively, which are
considerably higher than those of single sucrose-derived carbon (134 and 75 MPa, respectively) and CVI-
PyC matrix carbon (261.9 and 108 MPa, respectively). Oxidation-resistant coatings were prepared on the
surface of the materials through chemical vapor deposition. High-temperature examination
demonstrated that the coating effectively inhibited fibre oxidation, and the tensile strength retention rate
reached 41% at 1500 °C in an oxygen environment, whereas the strength of the uncoated samples
decreased to <10 MPa. This study provides an important reference for optimizing the interface design

and high-temperature oxidation resistance of C/C-SiC composites.

1 Introduction

With the intensive development of lunar exploration projects
and the increasingly frequent round-trip missions between
Earth and the moon, the demand for research and development
of aerospace vehicles has become increasingly urgent. During
repeated atmospheric crossings, the hot-end components of the
aircraft are subjected to complex alternating loads, extreme
temperatures, and harsh thermophysical and chemical envi-
ronments. Thus, a reliable thermal protection system is
required to guarantee the performance of the aircraft. Contin-
uous fibre-reinforced ceramic matrix composites have become
ideal thermal structural materials owing to their excellent high-
temperature and mechanical properties. Among these
composites, carbon fibre-reinforced silicon carbide (C/C-SiC)
composites™® are stable in high-temperature environments
without additional thermal protection because of their high
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specific strength, good fracture toughness, fatigue resistance,
and excellent creep resistance, which can remarkably reduce
structural weight and improve reusability.>*

At present, the primary methods for preparing C/C-SiC
composites are chemical vapor infiltration (CVI), powder/slurry
hot pressing, precursor cracking (PIP), and reactive melt infil-
tration (RMI). Among these, materials prepared using the PIP
and CVI methods exhibit stable properties; however, they are
time-consuming, and their equipment requirements are high.
Thus, their high preparation cost limits their extensive applica-
tions in civil fields.”® The powder/slurry hot pressing method is
less time consuming. However, it has high equipment require-
ments and can only prepare products with simple shapes.
Therefore, this method is not suitable for civil fields.""*>* The RMI
method has the advantages of a short preparation period, low
residual porosity, and the ability to prepare workpieces with a net
size and complex shape. Therefore, it is termed as a reliable
method for preparing C/C-SiC composites at low cost."*™
However, owing to the influence of carbon fibre quality, preform
and interfacial phase structure, matrix carbon structure, density,
pore size and distribution, and process parameters of RMI, the
properties of RMI-prepared C/C-SiC composites differ.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Herein, two-dimensional (2D) needle-punched laminated
carbon fibres were used as preforms, and pyrolytic carbon (PyC)
was deposited as the interfacial phase via CVL.'*" For compar-
ison, interfacial phases were prepared using sucrose-derived PyC
(S/C)*** and pitch-derived carbon (P/C).***' The microstructural
characteristics of the three interfacial phases were systematically
compared, and their effects on fibre coating and siliconizing
properties were investigated. C/C-SiC composites were prepared
via RMI by siliconizing C/C preforms with different carbon source
structures, and their microstructures, mechanical properties,
and oxidation resistance were analyzed. Moreover, an oxidation-
resistant coating was prepared on the material surface via
chemical vapor deposition (CVD), and the influencing mecha-
nism of the coating on the high-temperature mechanical prop-
erties of the material was explored. This study provides an
important basis for optimizing the interface design and high-
temperature oxidation resistance of C/C-SiC composites.

2 Experimental

A schematic of the preparation process is shown in Fig. 1. In
total, there are 3 steps in the procedure for C/C-SiC composite
preparation; ie., the interface phase preparation, carbon
matrices preparation, and siliconizing process. Three different
methods in Sections 2.1 to 2.3 were employed to prepare the
interface phase to form the C/C preform. The same methods
could be used to prepare the carbon matrices as long as the
original carbon fabric was replaced by the C/C preform. The
siliconizing process was the reaction between the melted Si and
the carbon matrices at 1500 °C in a vacuum.

2.1 Preparation of the interface phase by CVI-PyC

The 12K needle-punched laminated carbon fiber preforms were
purchased from Zhong Fu Shen Ying Carbon Fibre Co., Ltd. The
above carbon fabric with a density of 0.65 g cm ™ and a thick-
ness of 6 mm was used. The method for preparing the interface
phase via CVI involved using propane as the precursor gas and
nitrogen as the carrier gas, with a propane-to-nitrogen molar
ratio of 1: 5. Propane at a flow rate of 2 L min~" was introduced
into a pyrolysis furnace with a nitrogen atmosphere at a pres-
sure of 4 kPa. The furnace chamber, cylindrical in shape with
a diameter of 1200 mm and a height of 900 mm, was main-
tained at a temperature of 900 °C. Deposition was carried out
for 1 hour to prepare the CVI-PyC interface.

2.2 Preparation of the interface phase by S/C

The carbon fibre fabric was immersed in a 0.5 mol L™* FeCls-
-6H,0 solution for 12 hours to ensure uniform attachment of

st

Silicon infiltration

i—=—|

Needle-punched
fiber preform

CIC preform
With interface

CIC porous

2D Braid N "
intermediate

C/C-SiC composition

Fig.1 Schematic flow chart of the C/C-SiC composite preparation via
RMI.
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FeCl; (catalyst) on the carbon fibre surface. A 70 wt% solution was
prepared by mixing sucrose, acrylamide, and N,N-methyl-
enebisacrylamide, followed by the addition of an initiator. The
carbon fibre fabric was further immersed in these 70 wt% sucrose-
monomer solutions for 10 minutes. The system was evacuated to
—0.1 MPa, and the fibre preform was immersed in the solution
under vacuum (—0.1 MPa) for 5 minutes. After restoring atmo-
spheric pressure, a gas pressure of 3 MPa was applied in a pres-
sure impregnation device to fully infiltrate the sucrose solution
into the fabric. The impregnated preform was placed in a reaction
kettle and heated in an oven at 80 °C for 1 hour to allow sucrose
infiltration and solidification within the preform. The preform
was then removed, and any sucrose gel adhering to the surface
was cleaned off. It was subsequently transferred to an oven for
pre-carbonization at 300 °C for 3 hours, followed by pyrolysis in
a vacuum furnace at 1100 °C to form glassy carbon. Finally, it was
carbonized at 1800 °C to form S/C attached to the fibre surface.

2.3 Preparation of the interface phase by alternating S/C and
CVI-PyC

The sucrose-monomer solution prepared in Section 2.2 was also
used in this section. First, the fibre preform with the PyC carbon
interfacial phase was immersed in the solution for two cycles of
impregnation-curing-pyrolysis. Subsequently, CVI infiltration of
PyC was performed for 50 hours, followed by two cycles of
impregnation at 3 MPa pressure and pyrolysis at 1100 °C. CVI
carbon infiltration was conducted for another 50 hours to achieve
a density of approximately 1.4 g cm ™ for the C/C preform.

2.4 Characterization

The microstructures of the materials were analyzed using field-
emission scanning electron microscopy (SEM; accelerating
voltage: 200 V-30 KV; FEI Company Quanta 250 FEG). The
composite composition was analyzed using X-ray diffraction
(XRD; D8 Advance X-ray diffractometer with a power rating of 18
kW; Germany Brooks Company).

Tensile properties were investigated using a high-
temperature electronic universal testing machine (Instron
3369), and the displacement loading mode was adopted at
a loading rate of 1 mm min ™. The size of the tensile specimen
at ambient temperature (22-25 °C) was 120 mm X 10 mm X 3
mm, and the tensile specimen under high-temperature air
atmosphere was dumbbell-shaped, as shown in Fig. 2.

The bending performance of the C/C-SiC composites was
tested using a microcomputer-controlled electronic universal

Fig. 2 Tensile
atmosphere.

specimen size under

a high-temperature air
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testing machine (MTS C 45.105). The sample was cut into 3 mm
X 4 mm x 36 mm test strips, and the bending strengths of the
carbon fibre-toughened ceramic matrix composites at ambient
temperature were evaluated using the three-point bending
method. The strength value ¢ was calculated as follows:

3P:L
= i ®

where Py denotes the fracture load of the composite material (n),
L represents the style span (mm); w represents the style width
(mm), and A& represents the style height (mm).

3 Results and discussion

3.1 The effects of carbon sources with different preparation
processes on interfacial phase microstructure

Before preparing continuous fibre-reinforced SiC matrix
composites via RM]I, the first problem to be analyzed and solved
is the suppression of carbon fibre damage. To avoid high-
temperature silicon vapor eroding the C fibre, it is typically
necessary to prepare an interfacial phase on the surface of the C
fibre, which is generally combined with the fibre and matrix.
When the composites are damaged, the fibres are pulled out to
strengthen and toughen them to avoid catastrophic damage.****
The interfacial phase improves some properties of the carbon
fibre surface, facilitates the realization of appropriate interfacial
bonding energy, and enhances the toughness of composite
materials. Furthermore, the phase can prevent fibre erosion and
damage by silicon vapor during RMI.

Herein, S/C, P/C, and CVI-prepared PyC were used to prepare
interfacial phases to protect carbon fibres. The effects of the
phase-fibre-matrix structure and the interfacial phase on the
mechanical properties of the prepared composites were analyzed.

The sucrose pyrolysis process is divided into two steps:
initially, glucose and fructose are formed, and then further
dehydration and polycondensation are conducted to form small
molecular polymers. Among these polymers, 5-hydroxymethyl-
furfural is the most important intermediate product, which
tends to polymerize to form a carbon structure.>*>¢

C12H22011 — 12C + 11H20 (2)

Owing to the adhesion of high sugar concentrations, the
sucrose solution adheres to the fibre surface, whereas the sugar
in the pores can discharge through extrusion. The SEM images
after pyrolysis at high temperatures show that the sucrose
solution thoroughly infiltrates the C fibre preform, and the
carbon after sucrose pyrolysis is close to the fibre surface and
piled up on the fibre surface in a granular form, thus making
the fibre surface rough. Some particles are fused and connected
into sheets, which have a good coating effect on the fibre and
are closely combined with the C fibre; however, as shown in
Fig. 3a, the particles are not completely continuous.

Pitch primarily contains heavy aromatics and polycyclic
naphthalene, and its cracked carbon yield is high.>” In this
experiment, the pitch was placed in an 80 °C vacuum oven until
it melted. The fibre preform was then immersed in the molten
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Fig. 3 The photo images and morphology of pyrolytic carbon-coated
C fibres: (a) sucrose-derived pyrolytic carbon; (b) pitch-derived
pyrolytic carbon; and (c) propane-based CVI-prepared pyrolytic
carbon.

pitch, and a vacuum was applied to ensure that the pitch fully
impregnated the preform. The experimental results revealed
that the pitch pyrolysis product (P/C) exhibited less attachment
to the fibre surfaces. Instead, it predominantly filled the spaces
between fibre bundles, forming discontinuous flake-like
distributions among the fibre tows.

The PyC sample pyrolyzed by propane-based CVI was in
a continuous and dense state, and the sample was tightly
wrapped with carbon fibres. The S/C and CVI-PyC samples
exhibited better coating properties on the carbon fibres than the
asphalt-derived pyrolytic P/C samples. Fig. 3 shows the
morphologies of the primary pyrolysis of different precursors.

The SEM results demonstrated that the carbon prepared by S/
C and CVI-PyC adhered to the fibre surface, as shown by Fig. 3a
and c. The pyrolytic carbon was coated onto the fibre surface,
whereas the pitch-derived carbon was mostly located between
fibre bundles and grew in discontinuous layers. When compared
with CVI-PyC, the carbon on the fibre surface of the sucrose-and
pitch-derived PyC samples was looser and even more disordered.
The carbon coating on the fibre surface seemed rough and
discontinuous, and was unable to form a dense barrier. This is
mainly because pitch and sucrose shrink in volume during
drying and pyrolysis; thus, complete carbon cannot be formed.
Different from sucrose- and pitch-derived PyC, CVI-prepared PyC
piles up in sheet-like folds, and its lamellae are parallel to the
axial direction of the fibre, forming a concentric PyC layer. This
layer keeps growing around the fibre surface and evenly covers
the fibre surface. CVI is more suitable for preparing the interfa-
cial phase because the produced carbon tightly wraps the fibre to
form a protective barrier.

The weight of the carbon fibre preform used in the experiment
was 25 g, and the weight gains of PyC after 1 h of carbon depo-
sition via CVI deposition and soaking in sucrose and asphalt
solutions were 5.4, 5.2, and 5.3 g, respectively. As shown by Fig. 4,
the weight gains for the three samples are close to each other; i.e.,
the amounts of carbon generated are similar. Comparisons of the
three types of carbon matrices were made, and investigations
were conducted as presented in the following sections.

3.2 Analysis of the microscopic properties of carbon
matrices produced by three different methods

The above experiments have demonstrated that sucrose solu-
tions can effectively soak the fibre, and the carbon particles
generated by sucrose pyrolysis can effectively attach to the fibre

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Weight gain of knitted fabrics for three different treatment
methods.

surface. Therefore, we attempted to densify the fibre preform
containing the PyC interfacial phase using a sucrose monomer
polymerization solution, combined with repeated impregna-
tion-pyrolysis processes. The specific operation was as follows:
sucrose (Fig. 5a) was retained in the preform by monomer
initiation curing, and precarbonization was then performed at
300 °C. However, at 300 °C, sucrose was carbonized and con-
tracted, forming a continuous dense aggregate (Fig. 5b), which
made the subsequent impregnation difficult. To overcome this
challenge, the preform was treated at 1100 °C to carbonize the
aggregate, and the sucrose solution was then subjected to
secondary impregnation and carbonization densification. The
experimental results demonstrated that the sucrose solution
penetrated the preform smoothly during the first impregnation
and the aggregate structure changed after high-temperature
treatment, thus forming a sponge-like porous carbon after
sucrose pyrolysis (Fig. 5c). This porous structure considerably
improved the penetrability of the sucrose solution, which is
highly beneficial for the further infiltration and densification of
the sucrose solution into the preform.

After protecting the carbon fibre, it is necessary to further
prepare the C matrix so that it can react with Si and form the SiC
matrix. If the C matrix is too loose, it cannot prevent silicon
from eroding the fibre; while, if the C matrix is too dense, it is
not conducive to the infiltration of molten silicon. Ran Liping
et al.”® reported that the protection of carbon fibre is necessary
to form SiC highly efficiently by RMI. In this study, the forma-
tion of the preforms also plays a decisive role in the carbon
matrices and the following siliconization. In particular, the
density and porosity*® of the preforms and the carbon matrices
are critical parameters that influence the mechanical and
thermal resistance of the final C/C-SiC composites.

Fig. 5 Pre-carbonization and post-carbonization morphology of
sucrose gel.
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Fig. 6 Pore size distribution of materials after three types of carbu-
rizing (gray represents CVI/C, red represents S/C&CVI/C alternation,
and blue represents S/C).

Herein, the porosity and pore size of the C/C preforms
prepared by S/C, CVI/C, and S/C&CVI/C alternation were
analyzed, as shown in Fig. 6. The densities of these preforms are
the same, ca. 1.4 g cm . The pore size distributions of the
composites prepared by CVI/C are broad. The minimum pore
size of CVI/C is 83.37 pm, and the maximum pore size is 339.77
pm. During the densification of fibre preforms using the CVI
process, gas diffusion within the pores of the fibre bundles
initially follows Fick diffusion (molecular diffusion), while in
the later stages, Knudsen diffusion becomes dominant.**** The
pore structure is primarily determined by the balance between
gas accessibility and deposition rate. Small-sized pores may be
preferentially filled with deposited carbon due to their larger
specific surface area, whereas large-sized pores are prone to
forming surface-sealed pores due to gas diffusion limitations.
Additionally, the excessive deposition of reactive gases on the
outer surface of the preform forms a dense layer, which hinders
internal gas diffusion and results in density inhomogeneity.

Compared with CVI, sucrose-derived carbon typically
exhibits a hierarchical pore size distribution. The smallest and
largest pore sizes are 70.88 and 185.87 um, respectively. Sucrose
aqueous solution can penetrate the smallest pores through
capillary action, leading to its pyrolytic carbon filling the inter-
fibre spaces, as seen in Fig. 3. The pores in carbon derived from
sucrose infiltration primarily originate from pyrolysis volatili-
zation and volume shrinkage. During the sucrose pyrolysis
process, the escape of gaseous products tends to form an
interconnected pore network, which can provide pathways for
gases during chemical vapor infiltration (CVI) pyrolysis.

Therefore, the pore size distribution of the preform
produced by CVI-PyC and S/C alternation is relatively uniform,
and the most probable pore size distribution is approximately
51.26 um, which is beneficial for uniform siliconization, thereby
forming a uniform C/C-SiC composite structure. A difference in
pore size leads to uneven siliconization, and an excessive pore
size may even lead to residual silicon tumors.

Fig. 7 shows the SEM images of the three types of carburized
composite materials after siliconizing. The micromorphology in
Fig. 7a-c shows that the silicon carbide produced after silico-
nizing only with sucrose-pyrolysis carbon as the matrix is
distributed discontinuously and fills the middle of fibre

RSC Adv, 2025, 15, 40328-40337 | 40331
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Fig. 7 Surface and cross-sectional morphologies of the three types of
carburized composite materials after siliconizing. (a—c) S/C; (d—f) CVI-
PyC; (g—i) S/C&CVI/C alternation.

bundles, with large pores in the materials and many cracks in
the materials. In addition, the bending strength of the materials
is very low, and brittle fracture occurs when they break. In
contrast, the SiC produced by the melt siliconizing reaction of
the CVI-PyC composite still wraps the fibres in a tubular shape,
and the SiC surface is dense and smooth, as shown by Fig. 7d-f;
however, large unfilled holes are observed in the middle of the
fibre bundle. The SiC composites produced after siliconizing
the matrix that were alternately carburized by S/C and CVI-PyC
were comparatively denser (Fig. 7g-i).

3.3 Mechanism and properties of C/C-SiC composites

3.3.1 Mechanism of silicon infiltration into carbon
matrices. The most important factor affecting the RMI process
is the infiltration temperature. The infiltration temperature
must ensure that the infiltrator can be fully melted, and it also
directly affects melt fluidity and surface tension. At a certain
temperature, the silicon powder outside the C/C porous body
melts, and the liquid Si penetrates the porous body along the
micropores and microcracks, driven by capillary forces, and
reacts with the contacted C (including carbon fibre and matrix
carbon) to generate the SiC matrix. In general, the penetration
depth of the melt into the pore size of the matrix can be ob-
tained as follows:*

h= /—C"z‘fs 0<r0t - §A513/2> 3)

where % represents the infiltration depth, C represents
a constant, o denotes the surface tension of the melt, § denotes
the wetting angle between the melt and the matrix, u denotes
the melt viscosity, r, denotes the initial capillary radius, ¢
denotes the infiltration time, and 4; denotes the temperature-

40332 | RSC Adv, 2025, 15, 40328-40337

View Article Online

Paper

/Melting silicon

Matrix

Formed SiC

Interfacial

Fibre

Residual silicon
Residual carbon

Fig. 8 Structural diagram of the siliconizing principle.

determined coefficient. According to eqn (3), the factors that
affect the infiltration depth include the infiltration time, melt
viscosity, melt surface tension, and wetting angle between the
melt and matrix. Except for the time and initial capillary radius,
the other parameters are all temperature dependent. Therefore,
the theoretical infiltration depth is a function of the infiltration
temperature at a constant infiltration time.

Under vacuum conditions, the formed carbon matrices were
siliconized at a temperature of 1550 °C. Fig. 8 illustrates the
siliconizing principle. The molten silicon infiltrated the
composite surface and then its interior by capillary action. The
molten silicon reacted with the matrix carbon to generate SiC.
The reaction of the molten silicon weakened with increasing
thickness, and the interior of the composite contained some
residual C. The surface pores may be filled with residual Si.*®

The interfacial phase acts as a bridge between the fibres and
matrix, which plays a key role in load transfer, crack deflection,
and fibre protection, as shown in Fig. 9. In this study, the
interfacial phase somehow decides how the carbon matrix
works with the melting Si.

The chemical reaction between molten Si and matrix C is as
follows:

Si(l) + C(s)-SiC(s) (4)

The reaction between the C/C composites and Si is
controlled by different mechanisms at different stages. In the
initial stage, the reaction occurs at the interface between solid C
and liquid Si, and the dissolution and precipitation mechanism
controls the growth of SiC. The growth rate is proportional to
the reaction time. When a continuous SiC layer is formed on the

Fiber

Fiber pull-
5 t
Brittle o

fracture Ductile

Bulk materials with strong
interfacial bonding

Bulk materials with weak
interfacial bonding

Fig. 9 Schematic of the action mechanism of the interfacial phase.
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surface of solid C, the reaction occurs at the SiC/Si interface,
and the reaction rate is controlled by the diffusion rate of C in
the SiC layer. Thus, the formation rate of SiC decreases. In
addition, the reaction between Si and C is a strong exothermic
reaction, with the amount of heat released being as high as
68 k] mol™!, and volume expansion can easily cause local
temperature increases and temperature gradients in the mate-
rial, generating stress.

3.3.2 Morphology and properties of C/C-SiC composites.
The mechanical properties of C/C-SiC composites are listed in
Table 1.

As shown in Table 1, the density of the C/C-SiC composite
formed by melt siliconizing with CVI-PyC as the carbon source
alone is lower than that of the C/C-SiC composite formed by
melt siliconizing with S/C as the carbon source alone. The
carbon from CVI could form a dense, continuous coating layer
on the fibre surface. The coating covers the carbon fibre,
reduces the pore size, and acts as an effective barrier against
silicon vapor erosion. Also, the coatings hinder the infiltration
of molten silicon, resulting in the SiC formed by the reaction
between molten silicon and surface PyC being very dense, while
the high-density SiC hinders the further infiltration of molten
silicon. Therefore, the total amount of formed SiC is too low,
leading to a low density of the C/C-SiC composite. For the
carbon matrix infiltrated only by S/C, its porous structure in the
green body and the volume shrinkage during sucrose carbon-
ization cause a loose bonding state between the carbon matrix
and fibre. The gap in the middle allows for the full infiltration of
silicon and the full reaction of C in the S/C green body, leading
to the generation of SiC and less residual silicon. The residual
silicon usually fills the macropores and voids of SiC. The
porosity plays an important role in forming SiC. The lower the
porosity, the more SiC is generated and the less residual Si. As
shown by Table 1, when comparing the three carbon matrices
after RMI, the bending strength is the greatest when the
porosity is the least. Owing to the porous structure of sucrose-
derived carbon, the SiC particles generated by the new reac-
tion are loosely filled between fibre bundles, which cannot form
a dense and continuous structure. Both the loose SiC and the
discontinuity of matrix carbon facilitate Si to penetrate through
cracks and contact the surface of the carbon fibre and locally
react to damage the carbon fibre. The above factors account for
its low bending strength.

Based on the above considerations, an optimal method
using alternative S/C and CVI-PyC was employed to prepare the
carbon matrix. In such a case, the carbon matrix includes
a suitable amount of pores with a narrow size distribution, so

Table 1 Bending and tensile strengths of C/C-SiC composites ob-
tained by melting and siliconizing three types of preforms

Preform type CvI/C S/C CVI/C + S/C
Density (g cm?) 1.75 1.95 1.99
Porosity (%) 6.62% 21.29% 4.01%
Bending strength (MPa) 261.9 134.4 345.4
Tensile strength (MPa) 108.0 75.0 156.0

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that the silicon can fully react with carbon to form SiC, which
can reduce the amount of residual Si after reaction infiltration.
The smaller the amount of the residual Si, the better the
mechanical performance of the C/C-SiC composites. As listed in
Table 1, the outstanding bending strength of 345.4 MPa and
tensile strength of 156.0 MPa were observed for the carbon
matrix with alternating S/C and CVI-PyC after RMI. The results
indicate that the method of alternating S/C and CVI-PyC used in
this work is very effective in improving the microstructure and
mechanical performances of the carbon matrix as well as the C/
C-SiC composites.

Alternate treatments with S/C and CVI-PyC caused the
density of the preform to reach approximately 1.4 g cm ™, and
then the siliconizing treatment was performed. At high
temperatures, molten silicon enters the fibre gap or the
micropore channel of the treated preforms via capillary force
and reacts with the contact C to form SiC. During this process,
high-density carbon fibre-reinforced SiC matrix composites can
be obtained while protecting the C fibres to avoid performance
degradation owing to silicification. PyC prepared by CVI pyrol-
ysis is used as the interfacial phase. Fig. 9 shows the
morphology of the C/C preform densified by alternating sucrose
pyrolysis and CVI after siliconizing. The C fibre is located in the
middle, and a gap between the C fibre and the SiC phase is
generated by the reaction owing to the difference in the thermal
expansion coefficient.

3.3.3 Oxidation analysis of fibre composites after silico-
nizing the alternately carburized matrix. Fig. 10 shows the
fracture morphology of the composite material at ambient
temperature and 1500 °C in air, respectively. After the tensile
fracture of the composite at ambient temperature, the fibre was
pulled out to become longer and then closely combined with the
matrix (Fig. 10a and b), indicating an obvious reinforcing role of
the fibre. After a tensile fracture at 1500 °C, the cross-section of
the composite was divided into oxidation and nonoxidation
zones. The entire carbon fibre in the oxidation zone was eroded,
leaving a hole, and the interface between the fibre and matrix
was oxidized to form a glass phase. The nonoxidation zone is
surrounded by the oxidation zone and is the main bearing area
of composites at high temperatures, accounting for a small part
of the entire composite, thereby degrading the overall tensile

Fig. 10 Tensile fracture morphology of fibre composites: (a) and (b)
ambient temperature; (c) and (d) 1500 °C.
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Fig. 11 XRD spectra of the C/SiC fibre composite after stretching at
ambient temperature and 1500 °C.

properties of the composite. The phenomenon of fibre pull-out
in the nonoxidized zone is obvious, and the fracture surface of
the fibre shows obvious tensile characteristics. However, the
fracture surface is covered with an oxide layer because the
nonoxidized zone is also oxidized when exposed to air after the
composite breaks.

According to the XRD patterns of the composites in Fig. 11,
B-SiC diffraction peaks corresponding to the (111), (220), and
(311) planes are observed in the composites at 26 = 36.5°, 60.1°,
and 71.9°, respectively, both at ambient temperature and under
a 1500 °C air atmosphere. No obvious differences in the peak
width and strength were observed under both temperature
conditions, indicating that 1500 °C has no obvious influence on
SiC. However, the C-peak (26.5°) intensity of the oxidized
composite decreased significantly, and the diffraction peak of
SiO, appeared at 20.9°. This is because the C fibre and PyC
interface inside the material were consumed by oxidation; thus,
the surface of the matrix began to be oxidized to produce SiO,.
With the sealing effect of SiO,, some C fibres in the central area
of the material were not severely oxidized. Both the C fibre and
the SiC matrix of the C/SiC composites were oxidized at 1500 °C,
which resulted in a rapid decline in the tensile strength of the
materials.

3.4 Preparation and analysis of antioxidant coating
performance

The C/SiC fibre composite sample was ultrasonically cleaned in
deionized water, dried in a drying oven at 100 °C, and then
placed in a chemical vapor furnace at 1200 °C to deposit a CVD-
SiC oxidation-resistant coating on the composite surface. The
image of the sample after deposition for 5 h is shown in
Fig. 12a. Fig. 12b shows a surface SEM image of the SiC coating.
The coating surface exhibits a cellular morphology of hemi-
spherical particles composed of many fine grains. Fig. 12c
shows the cross-sectional morphology of the coating sample.
The coating is compact and flat, with a thickness of approxi-
mately 49 pm.

The tensile properties of C/C-SiC composites with CVD-SiC
coatings at 1500 °C were also investigated. Fig. 13 shows the
tensile load-displacement curve of the C/C-SiC composites with
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Fig. 12 (a) Photographs of coated fibre composites; (b) and (c) surface
and cross-sectional morphologies of SiC coating, respectively.

and without SiC coatings. The tensile strength of the C/SiC
composite with a SiC coating is 107.87 MPa at 1500 °C, which
is significantly higher than that of composites without SiC
coatings, indicating that the SiC coating plays a role in oxida-
tion resistance and heat insulation.

Fig. 14 compares the oxidation morphologies of uncoated
and CVD SiC-coated C/C-SiC composites at 1500 °C. Uncoated
composites exhibit severe oxidation degradation characterized
by the following: substantial oxidation of both fibres and
matrix; development of pronounced internal cracks; significant
damage to the glass phase formed at fibre-matrix interfaces;
complete fibre oxidation generating abundant pores; and
distinct oxidation spots on the SiC matrix. This pervasive
degradation causes drastic deterioration of tensile properties,
as shown in Fig. 14a and b.

In contrast, SiC-coated composites (Fig. 14c and d) demon-
strate enhanced carbon fibre retention - particularly in coating-
proximal regions - though localized oxidation occurs in coating-
distant zones where partial fibre consumption creates pores
and enables significantly elongated fibre pull-out. Fracture

250
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Fig. 13 Stress—displacement curves of C/C-SiC composites with and
without CVD-SiC coating at ambient temperature (a & b) and 1500 °C
(c & d).
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Fig. 14 Fracture morphology of the C/SiC fibre composite at 1500 °C:
(a) and (b) without coating; (c) and (d) with coating.

surfaces show no extensive oxidation zones, featuring only
partially oxidized exposed fibres.

Notably, the material's strength at 1500 °C shows a 50%
reduction compared to room-temperature coated specimens.

Microstructures of C/C-SiC composites are an important
factor that affects the oxidation. The crack defects generated
during the preparation process provide channels for oxygen to
penetrate the material. A key advantage of the RMI process in
fabricating C/C-SiC composites lies in its high densification
efficiency. Under capillary forces, molten silicon infiltrates
minute pores and reacts with pre-infiltrated carbon. The
resulting silicon carbide (SiC) occupies a slightly larger volume
than the consumed carbon (molar volume: SiC = 12.5 cm?
mol ™!, C = 5.3 cm® mol '), and this reaction contributes to
further fill in the internal structure of the C/C-SiC composite.

As mentioned in the previous section, three methods were
investigated for the preparation of carbon matrices, and alter-
nating S/C and CVI-PyC was chosen as the optimal method. By
using the optimal method, a more uniform distribution of
carbon sources could be formed in the composite (as shown in
the pore distribution diagram in Fig. 6). This facilitates
complete silicon melt infiltration, resulting in the content of
easily oxidizable carbon in the matrix being reduced, and the
oxygen diffusion pathways are shortened. The resulting silicon
carbide fills the pores, cracks, and fibre bundle gaps in the C/C
preform, forming a continuously distributed ceramic matrix.
This helps minimize channels for oxygen diffusion into the
material and prolongs the path and time required for oxygen to
reach the carbon fibres.

Besides the effect of microstructures on the oxidation resis-
tance, there are some effects from the residual Si. Residual
silicon, having a much lower melting point (~1414 °C) than SiC,
solidifies last during cooling from RMI processing tempera-
tures.**** This can lead to the formation of relatively large,
continuous pockets of silicon within the SiC matrix. A signifi-
cant mismatch exists between the coefficient of thermal
expansion of silicon and the surrounding phases, including SiC
and carbon. This mismatch induces substantial residual
stresses during cooling, which can lead to microcracking at the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Si/SiC and Si/C interfaces. These silicon-rich regions and the
associated weak, stressed interfaces act as preferential pathways
for crack propagation. While strong interfaces and secondary
phases can deflect cracks and increase toughness, the
comparatively low strength and fracture toughness of silicon
mean that cracks encountering a silicon pocket are more likely
to propagate directly through it rather than being deflected.
This results in a more direct, brittle fracture path, reducing the
overall toughness of the composite. Although the residual Si is
detrimental to the mechanical properties, it plays a crucial and
largely beneficial role in the high-temperature oxidation
performance of C/C-SiC composites.

4 Conclusions

The following conclusions were derived from this study:

(1) The phase composition of the C/C-SiC composites
prepared through RMI comprises SiC, C, and residual Si. The
porous C structure obtained after sucrose-derived carbon
pyrolysis is more likely to react with Si, thereby producing SiC.
However, after reacting with the infiltrated Si, the dense CVI-
prepared PyC blocks the channel, making the complete reac-
tion challenging. Therefore, after siliconizing CVI combined
with S/C preforms, the residual Si phase is reduced and
dispersed.

(2) The bending and tensile strengths of CVI-PyC and S/C
after siliconizing are the highest (reaching 345.4 and
156 MPa, respectively), whereas the strength of sucrose-derived
carbon after siliconizing is the lowest (reaching 134.4 and
75 MPa, respectively). The structure and morphology of C are
the primary factors affecting the strength.

(3) CVD-SIC coating is critical for C/C-SiC fibre composites
because it ensures the tensile strength of these composites at
1500 °C and exhibits good oxidation resistance, thereby
ensuring their reliable aerospace applications.
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