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Abstract: Carbon fiber-reinforced carbon aerogel (C/CA) composites are one of the most promising candidates for
applications requiring both thermal insulation and load bearing capabilities. The preparation of anti-oxidation coatings
on C/CA to address its susceptibility to oxidation is a feasible approach to promote its application in oxidative
environments. However, the currently reported coatings on C/CA mainly focus on improving the ablation performance
and coating preparation process typically necessitating high-temperature heat treatment. This procedure can increase
its thermal conductivity and reduce its thermal insulation ability. In this study, a series of ceramic-resin coatings were
fabricated on C/CA through a simple slurry brushing-drying approach at room temperature. The effects of phenolic
resin content on the coating structure, residual stress, thermal shock, and oxidation behaviors were investigated. Due to
the adhesive properties and curing-induced shrinkage, the PR-7.5 coating (containing 7.5% (in mass) phenolic resin in
the slurry) exhibits bonding strength close to fracture strength of the substrate and residual compressive stress of
0.853 GPa, which is beneficial for resisting thermal shock cracking. However, excessive resin content (PR-10.0
containing 10.0% (in mass) phenolic resin in the slurry) induces tensile stress due to uneven curing shrinkage, thereby

leading to thermal shock cracking. Meanwhile, oxidation tests reveal significantly reduced weight losses for PR-7.5
(17.46% at 800 ‘C/100 min, 8.15% at 1000 ‘C/120 min, 3.15% at 1200 ‘C/120 min) versus uncoated C/CA’s 44.60%
loss at 800 ‘C/20 min. This work provides a brand-new and simple approach to improving the anti-oxidation

performance of C/CA and expands its application in mild oxidative environments.
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Carbon aerogels (CAs) are highly porous materials
characterized by a unique skeleton structure comprising
three-dimensionally  overlapped nanoparticles and
interconnected nanopores, which endows them with low
bulk density, large specific surface area and low thermal
conductivity compared to other carbon materials!'.
Comparatively, carbon fiber-reinforced carbon aerogel
(C/CA) composites, prepared by carbonization of organic
fiber reinforced organic aerogel, exhibit low density, low
thermal conductivity, and high thermal stability up to
2000 ‘C, along with good mechanical properties that

facilitate the manufacture of large bulks. Notably, these

composites present a specific compressive strength of
160 MPa-g '-cm® and a fracture energy of 354 J/m’,
which are the highest values among the reported various

aerogel materials'®.

Resultantly, C/CA composites
demonstrate tremendous potential in the applications
requiring both thermal insulation and load bearing.
However, the high oxygen sensitivity of C/CA signi-
ficantly restricts their application in high-temperature
oxidizing environments, as evidenced by a lower
apparent activation energy of 50.80 kJ/mol compared to
the traditional carbon materials, along with a reduced

initial oxidation temperature of 350 “C"!. In consequence,
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it becomes pivotal to improve the oxidation resistance of
C/CA in order to broaden their applicability and prolong
their service life.

Applying a ceramic coating on C/CA is a promising
strategy for improving their long-term service abilities in
(451, reports on

oxidation-resistant coatings for C/CA and other porous
11671

oxidizing environments However,
carbon materials remain sparse. Yan et a prepared
SiC monolayer, SiC bilayer and SiC/ZrB,-SiC bilayer
coatings on C/CA composites successively through
gas-solid reaction between Si and CA matrix at high
temperatures (1300-1400 C). Benefiting from the dense
surface and gradient structure, these coatings could
withstand oxyacetylene ablation at 1650-1900 ‘C for
durations of 600 s to 900 s. Xu et al'® prepared
HfB,-MoSi, coatings on carbon-bonded carbon fiber
(CBCF) via thermal spraying, resulting in a low mass
ablation rate of 5.8x10* g-ecm s’ after exposure to
ablation at 1500-2200 C for 480 s. Through a rapid
sintering process in a micro-oxygen environment, Li
et al.” and Xu et al"" applied ceramic-glass coatings on
C/CA-SiCO and CBCF/ZrB,, respectively, achieving
good ablation resistance at 1600 ‘C for 200-800 s.
Nevertheless, the current studies on oxidation-resistant
coatings for porous carbon materials mainly focus on
improving the ablation properties for brief periods (tens
to hundreds of seconds), with limited reports about the
antioxidant properties at medium temperatures (e.g.,
800-1200 C) over extended durations. In addition, the
current fabrication methods for anti-oxidant coatings
typically necessitate high-temperature heat treatment,
which can adversely affect the increase in solid thermal
conductivity of C/CA due to the rearrangement of carbon

U Therefore, further studies are warranted to

atoms
develop ceramic coatings at low or even room tem-
perature for C/CA
conductivity and long-duration
resistance. To ensure the continuous and stable existence
of the oxide film, this study adopted a multi-ceramic
composite strategy. By taking advantage of the

differences in the initial oxidation temperatures of silicon

to maintain its low thermal

achieve oxidation

and boron-based ceramics, a hybrid ceramic system with
different initial oxidation temperatures was constructed.
Oxidation reactions occurred sequentially in different
ceramics at 800-1200 °C, thus establishing a stepped
synergistic protective effect.

Here, we report a ceramic-resin coating on C/CA
utilizing a simple slurry brushing-drying process at room
temperature. Effects of phenolic resin content in the
coated C/CA on the coating structure, interfacial bonding,
residual stress, thermal shock and oxidation behavior

were investigated.
1 Experimental

1.1 Coating preparation

C/CA composites with a density of 0.6 g-cm™ were
prepared using phenolic resin and ethylene glycol,
following the method described
studies!'?. Subsequently, they were cut into small pieces
with dimensions of 15 mmx15 mmx10 mm for testing.
After being polished, the samples were ultrasonically
cleaned in ethanol and dried at 100 C for 2 h.

The coating preparation process consists of three steps.
Firstly, 12.5%-22.5% (in mass) SiC (1 pm), 47.5%—
57.5% (in mass) B4C (1 pm), 2%—-8% (in mass) SiO,
(50 nm), 3%—7% (in mass) B,O; (1 um), 7.5%-12.5%
(in mass) SiBg (1 pm), and 5%-9% (in mass) ZrSi,
(1 um) powders were mixed by ball milling to form the
solid phase of the slurries. The aforementioned ceramic
mixture accounts for 20% (in mass) of the total slurry
mass, while polyvinyl butyral (PVB) resin constitutes
10% (in mass) of the total slurry mass. The combined
mass of phenolic resin and ethanol makes up the
remaining 70% (in mass) of the total slurry mass. Four
distinct coating groups were prepared by adjusting the
mass percentage of phenolic resin in the slurry (0, 5.0%,
7.5%, and 10.0% (in mass), denoted as PR-0, PR-5.0,
PR-7.5, and PR-10.0, respectively). Secondly, the
slurries were applied on the C/CA substrates using a
brushing method. Thirdly, the C/CA coated with
slurries was dried at room temperature to facilitate the
formation of coatings containing ceramic powders and
resin. Fig. S1 shows the macrophotograph of the coated
C/CA panel.

1.2 Testing methods for thermal shock and
oxidation resistance
Thermal shock resistance of the coatings with

in our previous

different phenolic resin contents was tested in static air
using a muffle furnace. Specifically, the samples were
subjected to a temperature of 1200 ‘C for a duration of
5 min. Then, they were taken out and cooled to room
temperature in ambient air. Following the cooling
process, the samples were weighed and reintroduced into
the furnace for the subsequent thermal shock cycle. The
oxidation resistance of the coating was assessed through
an isothermal oxidation test in static air. The muffle
furnace was heated to the designated temperatures
(800, 1000, and 1200 C). The weight loss of the samples
was measured every 20 min. The cumulative oxidation
time at 800, 1000, and 1200 ‘C were 100, 120, and
120 min, respectively.
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1.3 Microstructure and composition charac-
terization

The microstructures of the samples before and after
oxidation were observed using a scanning electron
microscope (SEM, Thermo Scientific, Verios G4 UC),
equipped with energy-dispersive X-ray spectroscopy
(EDS). The composition of the coatings was determined
by X-ray diffraction (XRD). The oxidation behaviors of
the ceramic powders used for the coating preparation

were also measured using a thermogravimetric analyzer
(NETZSCH STA 449 F5).

2 Results and discussion

2.1 Microstructure and composition

Fig. 1 displays the surface and cross-section mor-
phologies of ceramic-resin coatings with varying phen-
olic resin contents. Evidently, the coatings become more
compact and thicker as the phenolic resin content rises.
The phenolic resin-free coating (PR-0) shown in Fig. 1(a)
has a fragmented appearance with numerous micron-
sized inter-particle pores. Upon 5.0% addition of
phenolic resin, the as-prepared PR-5.0 displays a
reduction in pore size, although the surface remains
porous (Fig. 1(b)). As the content increases to 7.5%, the
resin fills the inter-particle pores, resulting in a denser
surface for PR-7.5 (Fig. 1(c)). The surface of PR-10.0 is
smooth and compact due to excessive phenolic resin
covering the surface (Fig. 1(d)). This observation is
further supported by the gradually intensified broad halo
in the XRD patterns shown in Fig. S2, confirming the
presence of amorphous resin in PR-10.0. The insets in
Fig. 1 indicate the thicknesses of PR-0, PR-5.0,
PR-7.5and PR-10.0 to be 76.6, 1354, 173.6 and
254.1 pm, respectively.

Particle aggrqgatioﬁ
ooty + Hole= o &

PRA10.0

Fig. 1 Surface and cross-sectional morphologies of (a) PR-0,
(b) PR-5.0, (c) PR-7.5, and (d) PR-10.0

Insets showing the corresponding cross-sectional morphologies

2.2  Effect of phenolic resin content on
thermal shock behaviors

Thermal shock tests from 1200 C to room tem-
perature were carried out in static air for 20 cycles, with
a cumulative oxidation time of 100 min. The weight loss
curves with the thermal shock cycles are illustrated in
Fig. 2. The weight losses of all samples increase with the
thermal shock test proceeding, initially decreasing and
then increasing as the phenolic resin content increases.
The PR-7.5 exhibits the lowest weight loss (i.e., 27.17%),
which is 35.09%, 18.23%, and 52.23% lower than PR-0,
PR-5.0, and PR-10.0, respectively. Notably, PR-10.0 has
the highest weight loss despite its compact structure and
large thickness.

Fig. S3 shows the macroscopic surface morphologies
of PR-0 to PR-10.0 after thermal shock. The phenolic
resin affects the mass loss of the samples during thermal
shock by influencing the surface defects of the coatings
after thermal shock. Figs. 3(a-d) provide the microscopic
morphologies of the coatings after thermal shock tests.
The phenolic resin-free PR-0 (Fig. 3(a)) exhibits macro-
scopically spalled oxide layers after 20 thermal cycles
(with cumulative oxidation of 100 min), where the
interconnected pore formation due to crack propagation
exacerbates the mass loss. When the phenolic resin is
added into the coating, the relatively continuous oxide
scales are formed, as shown in Figs. 3(b-d). However,
the porous structure of PR-5.0 retains many surface holes
after thermal shock. When 7.5% phenolic resin is
introduced into the coating (PR-7.5), noticeable surface
hole-healing is observed due to its compact structure and
the relatively low resin content. According to the
elemental surface analyses shown in Figs. 3(c;-c3), this
healing phase is identified as ZrO,-stabilized
borosilicate glass. Although PR-10.0 is compact, the
excessive phenolic resin contributes to the formation of
surficial surface and inner pores due to resin
carbonization, carbon oxidation and successive
volatilization of carbon oxides during thermal shock.

60

50

40t

30+

20+

Weight loss / %

1ol B

0 5 10 15 20
Thermal shock cycle

Fig. 2 Weight loss of C/CA with different coatings during
thermal shock at 1200 ‘C
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Fig. 3 (a-d) Surface morphologies of PR-0, PR-5.0, PR-7.5, and PR-10.0 after thermal shock;
(cy-c3) Surface microstructures under high magnification and corresponding elemental analyses;
(e, ) Cross-sectional morphologies of PR-7.5
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Fig. 4 (a) XRD patterns near 260=39° of different coatings, and (b) residual stress of the coating
calculated according to the shift of diffraction peaks in (a)

Figs. 3(e, e;) show the cross-sectional morphologies of
PR-7.5 after thermal shock, revealing that the coating
closely adheres to the substrate without interfacial
debonding or cracking after cyclic thermal shock. As
shown in Fig. 3(e), the coating can be divided into three
layers: a glass layer, an oxidation layer and an
unoxidized layer. The bonding between the layers is tight
with no interfacial cracks, which verifies the effective
oxidation protection provided by the coating.

The surface defects, especially the cracks generated
during thermal shock, are influenced by both the original
microstructure and healing ability of the formed oxide
film, as well as the residual stress of the as-prepared

coating!"’!

. The tensile stress produced by the
shrinkage of the coating during the cooling process is
one of the main reasons for the formation of cracks.
When residual compressive stress is present in the
prepared coating, the tensile stress generated during
thermal shock is mitigated, thereby preventing cracking,
and vice versa. Fig. 4(a) shows the diffraction peak shift
of ZrSi, (131) crystal plane near 26=39° in the XRD
patterns. With the increase in phenolic resin content, the
diffraction peak initially shifts significantly to the right
and subsequently shifts to the left, indicating that
phenolic resin modifies the residual stress within the
coating. Specifically, the ZrSi, (131) (PDF#72-1272) has
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a standard diffraction peak at 26,=39.106°, while the
corresponding peaks for PR-0 to PR-10.0 are located at
26=39.065°, 39.273°,39.395°, and 38.996°, respectively.
Assuming that ZrSi, particles are isotropic and undergo
only elastic deformation, the stress within the ZrSi,
component of the coating can be calculated according to
the Bragg equation ni=2dsinfd and Hooke’s law
o=FEx(Ad/d,), where E represents the elastic modulus of
ZrSi, (120.660 GPa), Ad is the change in crystal surface
spacing, d and d, correspond to the distances between
crystal faces in the as-prepared and unstressed states, and
o denotes the residual stress. Fig. 4(b) shows the
calculated residual stress of the coatings according to the
XRD results. PR-0 has a tensile stress of 0.119 GPa,
while compressive stresses in PR-5.0 and PR-7.5 are
observed to be 0.496 and 0.853 GPa, respectively. As the
phenolic resin content increases to 10.0%, the stress in
PR-10.0 reverts to a tensile stress of 0.315 GPa. The
compressive stress in PR-7.5 is beneficial for inhibiting
the cracking of the coating during thermal shock, thus
protecting the C/CA (4,
However, PR-10.0 is prone to cracking due to the
residual tensile stress during thermal shock, which likely
contributes to its relatively high weight loss!'”.
Obviously, the phenolic resin content significantly
affects the residual stress within the coating, which can be
explained in terms of the distribution of the resin and
ceramic particles, and the resin shrinkage!'®. In PR-0

substrate from oxidation

coating only containing PVB resin, the resin cannot fully
encapsulate the ceramic particles, thereby forming a
bonding structure solely among particles. During the
curing process, the shrinkage of interparticle bonding resin
exerts residual tensile stress on the ceramic particles!'”.
When phenolic resin (5.0% and 7.5%) is added to the
coating, the resin can fully encapsulate the ceramic
particles. During the curing process, the shrinkage of the
surrounding resin compresses the ceramic particles,
stress while shifting the
diffraction peaks to the right. PR-7.5 with a greater

resulting in compressive

amount of phenolic resin presents a greater residual
compressive stress than PR-5.0. However, when the
phenolic resin content increases to 10.0%, the coating
thickness greatly increases from 173.6 pm to 254.1 pm.
The large thickness may result in an unignorably uneven
curing of the resin from the surface to the interior. As the
resin in the surface layer is completely cured, the curing
shrinkage of the resin in the inner layer exerts a tensile
force on the surface, resulting in the generation of residual

tensile stress in the surface!').

2.3 Effect of temperature on the oxidation
behaviors of PR-7.5

Considering the excellent thermal shock resistance of

PR-7.5, an in-depth exploration was conducted to
investigate the oxidation behaviors of the coated C/CA
within a temperature range of 800-1200 C. As shown in
Fig. 5, it is obvious that the weight loss of PR-7.5 coated
C/CA decreases with the increasing temperature.
Specifically, the weight losses are 17.46%, 8.15% and
3.15% after oxidation at 800 C for 100 min, 1000 C
for 120 min and 1200 ‘C for 120 min, respectively. In
comparison, the uncoated C/CA exhibits a weight loss of
44.60% after oxidation at 800 ‘C for only 20 min. This
clearly demonstrates that PR-7.5 significantly enhances
the service life of C/CA at 800-1200 C.

The total weight loss of the sample encompasses the
oxidation-induced weight gain of the ceramic phases, the
oxidation-induced weight loss of the C/CA substrate, and
the weight loss associated with resin carbonization and
oxidation. These factors are significantly influenced by the
integrity of the coating and its oxide film present on the
surface. Fig. 6 shows the morphologies of PR-7.5 after
oxidation at different temperatures. At 800 ‘C, notable
oxidation of the ceramic particles within the coating
occurs, facilitating the formation of a borosilicate glass
film, according to the thermogravimetric analysis results
in Fig. S4. The oxidation of the ceramics exhibits a slow
weight gain due to the relatively low temperature, which is
attributed to the formation of B,O; from B,C!'”!. B,0; has
a relatively high viscosity, resulting in a discontinuous
oxide film on the coating surface, which partially protects
the substrate. Additionally, the nanoscale pores and cracks
induced by the resin carbonization and oxidation are not
adequately healed at this temperature (Fig. 6(a)). These
defects provide channels for oxygen to diffuse into C/CA,
resulting in a relatively high weight loss of the sample at
800 'C (Fig. 5). When the oxidation temperature is
elevated to 1000 C, the ceramics undergo rapid
oxidation to form a continuous borosilicate glass film with
self-healing capacity!*’!. Specially, SiB¢ and ZrSi,
start to oxidize (Fig. S4), producing excessive ZrO, and
SiO,, which improve the stability of the glass film to

—0—C/CA 800 C
—o—PR-7.5 800 C
—4—PR-7.5 1000 C

501

© 40 —v— PR-7.5 1200 °C
g 30
5
3

10

v Y ]
0
0 20 40 60 80 100 120
Time / min

Fig. 5 Weight loss of the C/CA with PR-7.5 during oxidation
at 800-1200 ‘C
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Fig. 6 Surface morphologies of the oxidized PR-7.5 at (a) 800, (b) 1000 and (c) 1200 C

prevent the oxygen from diffusing inward (Fig. 6(b)). This
leads to a reduction in the oxidation weight loss of the
sample at 1000 ‘C (Fig. 5). At 1200 C, although B,O;
volatilizes more rapidly, leaving SiO,-rich regions with
micro-crack characteristics (Fig. 6(c)), the oxide film
remains stable. At this point, part of ZrO, integrates into
the glass network in the form of a solid solution, forming
Si—-O—Zr or B-O—Zr bonds to enhance the crosslinking
properties of the glass network. The excess ZrO, is
dispersed in the glass film in the form of nanoparticles to
enhance the mechanical properties'!. Meanwhile, the
glass phase, which exhibits excellent fluidity at elevated
temperatures, demonstrates strong self-healing capabilities,
effectively reducing defects on the coating surface after
oxidation. The diminished surface defects and the massive
oxidation of ceramics contribute to the lowest oxidation
weight loss at 1200 C (Fig. 5).

In addition, the interfacial bonding strength of the
C/CA composites protected by PR-7.5 and the retention
rate of the bending strength after thermal shock were
characterized. As shown in Fig. S5(c), the strengths of the
original C/CA and the C/CA with the coating were
measured at 7.030 and 6.840 MPa, respectively. In
Figs. S5(a, b), fracture occurs in the C/CA substrate,
indicating that the
comparable to the tensile fracture strength of the substrate.
Similarly, the C/CA protected by PR-7.5 has a bending
strength of 15.650 MPa after oxidation at 1200 ‘C, with a
retention rate of the bending strength exceeding 90%. This
demonstrates that PR-7.5 can effectively protect the C/CA
substrate from significant damage caused by oxidation.
Furthermore, oxidation weight loss measurements of three
additional sample groups were systematically performed
(Fig. S6), followed by oxidation kinetics modeling using
the experimental data. The derived fitting coefficients are
presented in Table S1. Through parametric analysis of
these fitting results, the oxidation activation energy was
quantitatively determined as graphically presented in
Fig. S7. Remarkably, the PR-7.5 coating exhibits a
negative activation energy of —39.86 kJ/mol, thermodyna-
mically confirming its exceptional oxidation resistance

interfacial bonding strength is

with the lowest oxidative degradation tendency among all
investigated systems.

Herein, a temperature-dependent anti-oxidation mecha-
nism for the coating system is proposed, wherein the total
oxidation mass loss of the specimen is synergistically
governed by the competitive interaction between dynamic
healing capacity of oxide films and defect evolution. At
800 ‘C, the relatively high viscosity of glass film com-
bined with ineffective healing of nanopores and micro-
cracks generated from resin carbonization/oxidation,
contributes to slightly elevated oxidation weight loss.
When the temperature increases to 1000 C, inward
diffusion of oxygen is suppressed by the continuous
borosilicate glass film formed on specimen surface,
thereby leading to a reduced weight loss. However,
residual unhealed surface cracks persist, thus limiting the
optimal anti-oxidation performance. At 1200 C, the
volumetric expansion induced by rapid oxidation of
ceramic phases, along with the ZrO, pinning phase formed
through ZrSi, conversion, synergistically maintains the
structural stability of the oxide layer. Simultaneously, the
significantly enhanced flow-induced self-healing capabi-
lity of the glass phase results in minimal surface defects
and the lowest oxidation weight loss observed in the
specimen. In general, the PR-7.5 demonstrates superior
oxidation resistance at 800—1200 ‘C compared with other
coatings, attributed to its dense structure, which can
rapidly form a continuous glass layer during the initial
stage of oxidation, and its high residual compressive stress,
which effectively prevents crack initiation and propagation.

3 Conclusions

In a word, a structurally dense ceramic-resin com-
posite coating with robust interfacial bonding was
fabricated on the C/CA substrate at ambient temperature.
Concurrently, the residual compressive stress (0.853 GPa)
induced by resin curing shrinkage in the PR-7.5 coating
significantly enhanced its
suppressing crack initiation and propagation during

densification, effectively
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thermal shock from 1200 ‘C to room temperature. After
undergoing 20 thermal cycling tests in static air, PR-7.5
exhibited the optimal oxidation-protective performance,
achieving a weight loss rate of 27.17%, which was
35.09%, 18.23%, and 52.23% lower than those of PR-0,
PR-5.0, and PR-10.0, respectively. Systematic investi-
gations revealed the oxidation resistance mechanism of
the coating in the medium temperature range (800—
1200 C). The volumetric expansion resulting from
ceramic oxidation, along with the healing of the glass
phase, synergistically compensated for structural defects
caused by thereby dynamically
maintaining the coating’s structural integrity. Specifically,

resin  pyrolysis,

the weight losses under exposure to 800 ‘C/100 min,
1000 ‘C/120 min, and 1200 ‘C/120 min conditions were
17.46%, 8.15%, and 3.15%, respectively, markedly
extending the high-temperature service life of C/CA
compared to the uncoated samples. This work breaks the
limitations of conventional high-temperature sintering
processes and establishes a room-temperature film-
forming technology, thereby providing a cost-effective
anti-oxidation solution for C/CA composites. Through
tailoring ceramic component gradients and microstru-
cture design, the protective capabilities of the coating can
be extended to other temperature regimes.

Supporting Materials

Supporting materials related to this article can be
found at https://doi.org/10.15541/jim20250103.
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Fig. S1 Macrophotograph of the coated C/CA panel with a
size of 300 mmx300 mmx25 mm

Fig. S2 presents the XRD patterns of C/CA with and
without coatings. The results show all of coatings have
the same diffraction peaks of SiC, B4C, ZrSi, and SiO,.
Additionally, the B,O; and SiB4 phases are not detected
due to the relatively low contents. Differently, because
PR-0 is thin and has many large pores, the characteristic
peak of amorphous CA can be detected in the 26 range of
20°-28°. However, the amorphous diffraction peak dis-
appears in PR-5.0 because of the increasing coating
thickness and compactness. In PR-7.5 and PR-10.0, the
amorphous diffraction peaks appear again in the 26 range
of 18°-25°, which are originated from the phenolic resin,
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Fig. S2 XRD patterns of C/CA without and with different
coatings

and their intensities show an upward trend with the
increasing phenolic resin contents. The result is in
correspondence with the aggregation of phenolic resin
manifested on the surface morphology as shown in
Fig. 1(d).

Fig. S3 presents the macroscopic surface morpho-
logies of PR-0 to PR-10.0 after thermal shock. PR-0
exhibits pronounced thermal spalling with crack widths
exceeding 10 pm (Fig. S3(a)), which can be attributed to
the original large pores hindering the formation of a
dense oxide layer. As the resin content increases, PR-5.0
and PR-7.5 demonstrate progressively reduced surface
defects with complete elimination of macroscopic cracks
(Figs. S3(b, ¢)). However, further augmentation of resin
in PR-10.0 results in many pores and cracks that are
difficult to heal, with a width of more than 30 um
(Fig. S3(d)) since the defects can be generated by resin
pyrolysis and insufficient filler by ceramic-derived
glassy phases.

Fig. S4 shows the initial oxidation temperatures of
each ceramic phase using TG. The results show that B,C
can rapidly oxidize to produce B,0O; at 600-700 C, and
SiB¢ can rapidly oxidize to form B,0; and SiO, at
900-1000 C. ZrSi, can be oxidized to form SiO, and
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Fig. S3 Macroscopic surface morphologies of the different

coatings after thermal shock from 1200 C to room temperature
(a) PR-0; (b) PR-5.0; (c) PR-7.5; (d) PR-10.0
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Fig. S4 Thermogravimetric analyses of ceramics in the coating

Zr0, at 1200 ‘C. SiC oxidizes slowly below 1200 C.
The “powder” composed of the above-mentioned cera-
mics can rapidly oxidize below 800 ‘C, and the “glass”
composed of the SiO, and B,0; products remains
stable below 1200 C, meeting the service requirements
of the coating at 800-1200 C. In this work, ceramic
particles with different initial oxidation temperatures
were selected to form the ceramic phase in the coating,
so that the coating had ceramic phases for oxidation and
different
stepped-type cooperative protection. Meanwhile, ZrO,
and SiC were selected as binding particles to ensure the
stable existence of the oxide film at high temperatures.

expansion at temperatures, achieving a

The specific oxidation reactions involved are as follows:

Z1Si, + 30, = ZrO, +2Si0, (S1)
SiBg +5.50, = SiO, +3B,03 (52)
SiC +20, =Si0, + CO, (S3)
B4C+40, =2B,0; +CO, (54)
Si0, +B,053 =Si0, -B,05 (S5)

The interfacial bonding strength and the retention rate
of the bending strength of the coated C/CA composites
were also investigated before and after thermal shock.
The interfacial bonding strength between the coating and
the substrate was measured by a tensile test and the
fracture morphologies are shown in Figs. S5(a, b). The
fracture occurs in the C/CA substrate rather than at the

Pulled-out fibers

/

Substrate

Coating

interface, indicating that the interfacial bonding strength
is comparable to the tensile fracture strength of the
substrate. As shown in Fig. S5(c), strength of the original
C/CA and coated C/CA are close to 7.030 and 6.840 MPa,
respectively, attributed to the good adhesive ability of the
resin. Similarly, the coated sample shows a high bending
strength of 15.650 MPa with a retention rate of 90.20%
after thermal shock. This demonstrates that the C/CA
substrate is well protected by PR-7.5 without significant
oxidation-induced damage.

In Table S1, the parameters a and b of the linear
equation are fitted using the data in Fig. S6. Then, &k and
Ink are calculated from a. The linear correlation coeffi-
cient R* of the fitted straight line is mostly above 0.9,
which indicates that the linear fitting goodness of the
oxidation weight loss data of the samples is high. Finally,
based on the relationship between Ink and 1/7, the
variation of the oxidation activation energy (£,) of the
four groups of coatings with the reciprocal of tempe-
rature was fitted, and the results are shown in Fig. S7.

The details are as follows:

w=at+b (S6)
In which, w is the weight loss, @ (min™') and b are the
linear fitting parameters, and ¢ is the oxidation time.
Differentiate both sides of the linear fitting formula with
respect to 7.

dw=kdt (87)
k (s is the constant of weight loss, and k=a/60. The
relationship between & and temperature can be expressed
using the Arrhenius equation:

k= Aexp(—%) (S8)

Take the natural logarithm (logarithm with base e) of
both sides of the equation.

Ink =1n4 - Ea
RT

(89)

Where A4 refers to the pre-exponential factor, E,
represents the apparent activation energy, T is the
absolute temperature, and R=8.314 J/(mol-K).
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Fig. S5 (a, b) Surface morphologies of the sample after the tensile test,
and (c) tensile curves of the C/CA substrate and the coated C/CA
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Table S1

Fitting results of oxidation Kinetics equation parameters of PR-0, PR-5.0,

PR-7.5, and PR-10.0 at 800, 1000 and 1200 C

Temperature/'C Sample al/(x107%, min ") b R’ K(x107,s7h Ink
PR-0 43.45 -4.305 0.9974 7.2417 —4.9279
200 PR-5.0 35.9 8.9301 0.9996 5.9833 -5.1188
PR-7.5 17.42 -1.3518 0.9974 2.9033 -5.8419
PR-10.0 40.84 8.8932 0.9948 6.8067 —4.9899
PR-0 66.32 —4.2528 0.9999 11.0533 -4.5050
1000 PR-5.0 8.75 0.9611 0.9611 1.4583 —-6.5305
PR-7.5 5.15 0.8934 0.8934 0.8583 ~7.0605
PR-10.0 18.68 5.5384 0.9951 3.1133 -5.7721
PR-0 81.66 -9.239 0.9996 13.61 —4.2970
1200 PR-5.0 10.72 6.0556 0.8625 1.7867 -6.3274
PR-7.5 2.37 0.0858 0.9112 0.395 —7.8366
PR-10.0 35.01 3.0509 0.9928 5.835 -5.1439
60
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Fig. S6 Weight loss of the C/CA with different coatings under oxidation tests in the temperature range of 800-1200 ‘C
(a) PR-0; (b) PR-5.0; (c) PR-7.5; (d) PR-10.0
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Fig. S7 Oxidation rate curves with 1/7 for the different coated
C/CA

The Arrhenius curves of oxidation rates for C/CA with
different coatings are depicted in Fig. S7. The relation-
ship between Ink and 1/7 is almost linear, and the
oxidation activation energy can be calculated from the
slope. The activation energies of PR-0, PR-5.0, PR-7.5,
and PR-10.0 are 12.71, -25.92, —39.86, and —4.88 kJ/mol,
respectively. The absolute value of oxidation activation
energy represents the oxidation-resistant ability of the
coatings. The remarkably low value of PR-7.5 verifies its
superior antioxidant performance. Since the oxidation
rates decrease with the rising temperature for the coating
with phenolic resin, the calculated activation energy
values are negative. It is reasonable to deduce that the



AL M OB IR

W

: (b) CKal,2

100 200 300 400 500 600
Distance / pm

(c) SiKal

100 200 300 400 500 600
Distance / pm

Fig. S8 (a) Cross-sectional microstructure of PR-7.5 and (b, c) elemental line scanning of C and Si in (a)

defects are self-healed effectively at higher temperatures
for these coatings.

SEM image (Fig. S8) shows that there is a
strip-shaped region with a deep contrast on the side close
to the substrate at the interface between the coating and
substrate. An elemental line scanning analysis is
conducted from the coating towards the substrate, and the
results show that the C peak in this region is extremely
higher than that in the C/CA substrate (Figs. S8(a, b)).
This suggests resin infiltration from the slurry into the
substrate during the coating fabrication, followed by
resin accumulation near the C/CA surface layer during
curing shrinkage. Beyond the adhesive effect of the resin
itself, this microstructure creates strong bonding between
the ceramic-resin coating and the substrate, resulting in
an interfacial strength comparable to that of the substrate.

Testing process of mechanical properties

Bending strength of the original C/CA before
oxidation and the C/CA with coating after oxidation
(with dimensions of 60 mmx10 mmx5 mm) was tested
using the three-point bending method. The span was
50 mm and the loading rate was 2 mm/min. Bending
strength calculation formula 0v=3PL/2zh>. Among them,
P is the breaking load (N), L is the span (mm), z is the
width of the sample (mm), and / is the thickness of the
sample (mm).

According to the measurements, the C/CA protected
by PR-7.5 has a bending strength of 15.650 MPa after
oxidation at 1200 °C, with a strength retention rate
exceeding 90%. This is attributed to the formation of a
continuous and dense glass film on the coating surface
during oxidation, which acts as an effective barrier
against oxygen infiltration, thereby mitigating oxidative
degradation of the C/CA substrate.

The interfacial bonding strength of the coating was
determined by tensile tests, and the test method was in
accordance with the American Society for Testing and
Materials standard ASTMC633-79. The sample with size
of 20 mm (length)x15 mm (width)x10 mm (height) was
adhered to the upper and lower fixtures by epoxy resin
adhesive with circular bonding area in 9 mm diameter.
Then they were installed on the mechanical testing
machine and pulled to fracture with a loading rate of
0.5 mm/min. The formula for the tensile bonding strength
of the coating is 0=F,/S. Among them, F., (N)
represents the maximum tensile force during the coating
stretching process, and S is the contact area between the
coating and the fixture. The final strength values were
determined after at least 3 measurements.

According to the measurements, the strength of the
original C/CA and the coated C/CA are 7.030 and
6.840 MPa, respectively. The bonding strength of the
ceramic-resin coating is comparable to the intrinsic
strength of C/CA.



