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Abstract: In a high heat flux ablative environment, the surface temperature of aircraft rises rapidly, leading to
traditional high thermal conductivity materials being ineffective at protecting internal metal components. In this study,
continuous carbon fiber reinforced Li,O-Al,0;-SiO, (C/LAS) glass ceramic composites doped with SiC particles
(SiC,) were prepared by slurry immersion winding and hot pressing sintering. Effect of matrix crystallinity on ablative
properties of the composites under ultra-high heat flux was investigated. By utilizing heat absorption and low thermal
conductivity characteristics associated with SiO, gasification within composite materials, both surface and internal
temperatures of these materials are effectively reduced, thereby ensuring the safe operation of aircraft and electronic
devices. Results indicate that the average linear ablation rate of composites doped with 10% (in mass) of SiC,
significantly decreases at a heat flux of 20 MW/m?. Transmission electron microscope observation reveals that the
doped glass matrix exhibits increased crystallinity, reduced internal stress, and minimized lattice distortion, thereby
enhancing the composites’ high-temperature performance. However, excessive SiC, doping leads to reduced
crystallinity and deteriorated ablation performance. Ultimately, the average linear ablation rate of C/LAS composites
with 10% (in mass) SiC, at 20 MW/m® heat flux is comparable to that of commercial carbon/carbon composites,
accompanied by providing lower thermal conductivity and higher bending strength. This novel high-performance
Cy/LAS composite is cost-effective, short-cycled, and suitable for mass production, offering promising potential for
widespread application in ablation-resistant components of hypersonic vehicles.

Key words: ablation-resistant C/LAS composite; SiC doping; crystallinity of glass matrix; long-range ordered

The nozzles, leading edges and ends of spacecraft
require protective materials with light weight, ultra-high
temperature ablation resistance, low thermal conductivity,
and excellent mechanical properties to shield the inner
metallic body of spacecraft from ultra-high temperatures
when re-entering the Earth’s atmosphere or passing
through planetary atmosphere!' ..

Continuous carbon fiber reinforced carbon-based
(C/C)*), carbide/boride ceramic-based® and glass-based
system composite materials'* are important classes of
ultra-high materials.
Among them, C¢/C composites are extensively utilized

for thermal protection, employing sublimation to absorb

temperature  ablation-resistant

heat, which results in superior ablation resistance

compared to materials that rely on melting for ablation!”),
along with excellent high-temperature stability and
mechanical strength[s’ 1 However, C{/C composites are
susceptible to oxidation!"!, and require lengthy
production cycles and high costs, which impede their
rapid mass production''?. Additionally, their high thermal
conductivities are unfavorable for safeguarding the integrity
of internal metal components!'*. Carbon fiber reinforced
carbide/boride composites form oxidation-resistant films

through oxidation
[14]

reactions to enhance ablation

resistance Nevertheless, their poor thermal shock
resistance, long manufacturing cycles, high costs and high
thermal conductivity limit broader applications!' >,

Continuous carbon fiber reinforced glass-based
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ceramic material is a type of ablative material
characterized by its melting properties, which utilizes a
high-viscosity molten liquid film on the matrix surface at
elevated temperatures to absorb external aerodynamic
heat, thereby achieving heat protection''”). This material
not only exhibits excellent ablative resistance, but also
offers superior heat insulation. In high heat flux ablation
environments, the surface and internal temperatures of
aircraft rise rapidly, posing a challenge for materials with
high thermal conductivity such as Ci/C, C¢/carbide, and
Cy¢boride in protecting internal metal components.
However, the gasification heat absorption of SiO, in
carbon fiber reinforced glass ceramic materials can
significantly reduce surface temperature. Additionally,
the low thermal conductivity of glass ceramic helps
maintain lower internal matrix temperature, ensuring
aircraft safety and the functionality of onboard electronic
devices. The production cycle of glass materials prepared
through a single hot pressing process is remarkably
efficient, typically only taking two weeks'®. The low
density facilitates the manufacturing of lightweight
devices, while low thermal conductivity effectively
prevents internal matrix failure due to overheating.
Furthermore, the similar linear expansion coefficient
compatibility with the
microwave windows. Compared with C¢/C, Cy/carbide
and Cyboride, the straightforward preparation process,
high production efficiency, and cost-effective raw
rapid
large-scale industrial production. However, traditional
quartz based glass ceramic composites exhibit limitations
in terms of their single performance and average ablative
resistance. To address these limitations in quartz, LAS is
used to modulate the matrix characteristics, yet ablation
performance of LAS matrix composites with low
crystallinity enhancement!'”’,
ablation process, the low boiling point of low-
crystallinity LAS leads to excessive volatilization of
Si0,, exposing the internal carbon fiber material to the
external environment. As the carbon fiber is further
oxidized, it forms open pores and intensifies the ablation.
To enhance the high-temperature resistance of LAS, the
crystallization process can be accelerated by incorporating
nucleating agents. Common nucleating agents for LAS
glass include precious metal salts (AgNO;), oxides (TiO,,
P,05), fluorides (CaF,, Na;AlFy), and carbides (SiC)"".
SiC is particularly notable for its excellent thermal
stability, and SiO, generated by the oxidation of SiC
under high heat flow can repair the glass ceramic matrix,
making it an ideal additive for LAS ablative materials.

In this study, SiC-doped C¢LAS composites were
fabricated, and their crystallization degree, ablation

ensures excellent quartz

materials present promising prospects for

requires During the

resistance, high-temperature thermal conductivity, and
mechanical properties were explored, considering the
compatibility of SiC with carbon fiber and glass matrix,
as well as its anti-ablation mechanism.

1 Experimental

Sample preparation Drawing from the reported
literature!'™, the SiC particle-infused LAS powders were
mixed with deionized water, employing carboxymethyl
cellulose (CMC) as a binder and isopropyl alcohol as a
dispersant, followed by ball milling utilizing agate balls.
Subsequently, a continuous carbon fiber was immersed
into the resulting slurry and stacked into a graphite mold
after drying. The prepreg was then fabricated through hot
pressing under a N, atmosphere of 1350 ‘C and 20 MPa.
The SiC additive amounts were 0%, 10%, 20%, 30% and
40% (in mass), corresponding to C/LAS, C/LAS-SCI,
Cy/LAS-SC2, C/LAS-SC3 and Cy/LAS-SC4, respectively.
To evaluate the ablative characteristics of typical ablative
materials, an identical methodology was employed to
fabricate C¢/C materials.

Sample characterization The phase was analyzed by
in-situ X-ray diffractometer (XRD, Panalytical) with a
scanning rate of 6 (°)/min. Crystallinity (X) is calculated

according to the following equation!*'):

X=Y1,10Q 1, +>.1,)x100% (1)
where X/ is the diffraction intensity of crystalline phase,
and X/, is the scattering intensity of amorphous phase.
The incorporation of SiC notably decreased the
proportion of the amorphous phase from 62% to below
30%. The density was measured by Archimedes drainage
method. The relative density (p,) was calculated by
comparing the measured volume density (p,) to the
theoretical density (p,), following the mixing rule
Py = Py ! p; . Scanning electron microscope (SEM, Zeiss

SUPRA 55VP) equipped with an energy dispersive
spectrometer (EDS) was used to
micro-morphology of as-sintered
three-dimensional pore distribution of the composite was
obtained by three-dimensional X-ray computed tomography
(X-CT, Zeiss). High-resolution lattice images of the
composites were observed using a field emission
transmission electron microscope (TEM, FEI Talos
F200s super-X), and strain distribution was obtained by
geometric phase analysis (GPA). The thermal diffusivity
was measured by laser thermal conductivity meter
(LFA467) by preparing a circular plate with a diameter of
~12 mm and a thickness of ~1 mm. The specific heat
capacity of the sample was obtained using sapphire
method and a synchronous thermal analyzer (STA449)

observe the
composites. The
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with a controlled heating rate of 10 ‘C/min. The thermal

conductivity test ranged from 25 ‘C to 1000 C, and
utilized the equation'®:

A=apC, 2)

where 4, a, p and C,, are the thermal conductivity, thermal
diffusion coefficient, density and specific heat capacity at
constant pressure, respectively. The sample was
processed into 36 mm (length)x4 mm (width)x3 mm
(thickness), and the bending strength was measured by
the three-point bending method from room temperature
to 1200 C. The bending tests of the samples were
carried out on a CMT5304-30KN computer-controlled
electronic universal testing machine (three-point flexural
approach). The elastic moduli of the samples were
determined by MHT indentation system with a diamond
Berkovich indenter. The flexural strength (o},) and elastic
modulus (E) are calculated using Eq. 3 and Eq. 41*!:

3PL
% = e €)
3
Ear @

where P, L, B, H and AP/AF are the maximum failure
load, support span, sample width, sample thickness,
slope of load-displacement curve, respectively. Ablation
tests were conducted using liquid oxygen-kerosene under
a heat flux of 20 MW/m? for 10 s. For the sample
exhibiting the lowest linear ablation rate, ablation tests

were conducted at 30 MW/m” for 10 s to further explore
the ablative resistance. Thickness was measured at three
points before and after ablation to determine the average
the

ablation to

[25].

linear rate, according following

formula

)

where R, is the linear ablation rate, d, and d, are the
thicknesses of the sample before and after ablation, and ¢
is the ablation time.

2 Resultsand discussion

2.1 Phase composition and micro-mor phology
The phase composition of C/LAS-SC composite is
shown in Fig. 1. The C¢/LAS-SC composite primarily
consists of SiC phase and LAS matrix (Fig. 1(a)). The
refined XRD pattern (Fig. 1(b)) shows a y* of 1.5,
indicating a small fitting error. The mass percentage of
crystalline SiC, crystalline LAS and other amorphous
phases are obtained by the same refinement method for
other samples, as depicted in Fig. 1(c). A significant rise
in the relative content of crystalline LAS is observed
when the SiC mass fraction is below 20%. Among them,
a 10% (in mass) SiC addition yields the highest
crystalline LAS content at 60%, indicating enhanced
crystallization and reduced crystal defects'*®!. As the SiC
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Fig. 1 Characterizations of C/LAS-SC composites

(a) XRD patterns; (b) XRD refined patterns of C/LAS-SC3; (c) Mass percentages of different phases obtained by XRD refinement
(c-SC indicates crystalline SiC and c-LAS indicates crystalline LAS); (d) Density (p) and relative density (p,)
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content rises, the density of the composite material
increases, with average relative density (p,) in the range
of 95%-99%, as depicted in Fig. 1(d). The dense LAS
matrix effectively serves as an oxygen barrier at elevated
temperatures, preventing direct exposure of SiC and Cg to
0,, and enhancing the
high-temperature oxidation resistance and stability.

The cross-sectional microscopic morphology of the
C¢/LAS-SC composite in Fig. 2 reveals that the LAS
matrix and C; are tightly combined. Introducing an

subsequently material’s

optimal proportion of SiC, (<20%, Figs. 2(a-c)) results
in a relatively dense LAS matrix. Conversely, an
excessive addition of SiC, (=30%, Figs. 2(d, ¢)) yields a
porous and loose matrix. This phenomenon is likely
attributed to the high sintering temperature requirement
of SiC (up to 1650 CP"), where excessive SiC,
significantly elevates the densification temperature of the
composite, ultimately reducing the matrix’s density at
lower temperatures.

Fig. 3 and Fig. 4 illustrate the microstructures of
C¢/LAS and C¢/LAS-SC1 after ablation, respectively.
Following the ablation process, C/LAS can be divided
into a surface melting layer (about 200 pm thick), an
intermediate transition layer (about 400 um thick), and
an internal dense layer. EDS mappings reveal that the
surface melting layer and the intermediate transition
layer are mainly composed of SiO,. Due to the poor
crystallinity of the C/LAS matrix, the carbon fibers in
the transition layer fail to prevent direct oxygen
exposure during high heat flux ablation, resulting in
significant oxidation and the formation of a porous
intermediate transition layer. Conversely, C/LAS-SC1
transitions from a SiO, melt surface layer to a dense
internal layer, lacking an intermediate transition layer.

LAS matrix

These findings indicate that the highly crystalline
LAS matrix
between external oxygen and internal components,
facilitating SiC oxidation to SiO, through O*" diffusion
during ablation and enhancing the composite’s ablation

effectively hinders direct contact

resistance.

Fig. 5 presents TEM characterization of CyLAS
composite material along the [121] zone axis. Fig. 5(a)
illustrates the coexistence of crystalline and amorphous
regions within the composite material. The fast Fourier
transform (FFT) analysis confirms the presence of an
amorphous state and a crystalline phase in LAS matrix,
with diffraction rings in the amorphous region and spots
in the crystalline region (Fig. 5(b)). According to the
standard PDF data (39-1425), (111) and (101) crystal
plane spacings of the crystalline LAS matrix are 0.3136
and 0.4040 nm, respectively. In contrast, the (111) and
(101) crystal plane spacings of the LAS matrix in C/LAS
are measured to be 0.2056 and 0.3169 nm, which are
reduced by 34.4% and 21.6%, respectively. The narrow
spacings of the (111) and (101) crystal planes of the
crystalline phase are attributed to the volume expansion of
the adjacent amorphous region. The tensile stress
predominantly arises in the ¢, direction, while the
compressive stress is primarily observed in the e,
direction. Moreover, the tensile and compressive stresses
are arranged alternately along the ¢,
(Figs. 5(c-e)). High strain in amorphous region indicates
a high-energy defect state, characterized by physically

direction

bonded unstable structures and excess free volume. As
this excess free volume decreases, the local structure
undergoes relaxation and crystallization, leading to a
decrease in system energy and the formation of a stable
chemically bonded structure.

Lo
g L N

4

C fiber

Fig. 2 Cross-sectional morphologies of C/LAS-SC
(a) C/LAS; (b) C/LAS-SC1; (c) C/LAS-SC2; (d) C/LAS-SC3; (¢) C/LAS-SC4
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Fig. 3 Cross-sectional microscopic morphology and EDS
mappings of C/LAS after ablation

Fig. 4 Cross-sectional microscopic morphology and EDS
mappings of C/LAS-SC1 after ablation
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Fig. 5 TEM characterizations of C/LAS composite material along the [121] zone axis
(a) High-resolution transmission electron microscopy (HRTEM) image; (b) Images for selected regions obtained locally enlarged after the

corresponding region’s fast Fourier transform (FFT); (c-e) Strain distribution obtained by geometric phase analysis (GPA) of FFT

Fig. 6 presents TEM characterization of C/LAS-SC1

composite material along the [I121] zone axis. In
Figs. 6(a, b),
diffraction spots derived from the FFT underscore its

the orderly atomic arrangement and

high crystallinity. Upon comparison with the standard
PDF card (39-1425), the (111) crystal plane spacing of
the LAS matrix in C¢LAS-SCl1 is 0.3225 nm,
representing a slight increase of 2.8%, while the (101)
crystal plane spacing is 0.4100 nm, indicating a slight
increase of 1.5%. Compared to C/LAS, the spacings of
the (111) and (101) crystal planes in C/LAS-SC1 align
more closely with theoretical values, indicating a marked
reduction in lattice distortion. The lattice primarily
experiences tensile stress in the &, direction, compressive

stress in the &,, direction, and alternating stress in the ¢,
direction (Figs. 6(c-¢)), reducing defect development and
stress concentration, and bolstering the lattice’s stability.
The C/LAS-SCI1 lattice exhibits lower tensile and compressive
strain compared to C¢/LAS, indicating reduced internal
stress (the average internal stresses of C¢yLAS and
C¢/LAS-SCI1 calculated by Gaussian distribution method
are 110.1 and 25.3 MPa, respectively), stronger atomic
bonding, and enhanced system stability.

Fig. 7 illustrates the 3D reconstructions from X-CT
scans for both C¢/LAS and C¢LAS-SCI1. The reduced
aperture size of C/LAS-SC1 corroborates SEM-EDS
findings, indicating superior oxygen barrier -effect
properties and thus enhancing its ablative resistance.
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Fig. 6 TEM characterizations of C/LAS-SC1 composite material along the [121] zone axis
(a) HRTEM image; (b) Images for selected regiosn obtained locally enlarged after the corresponding region’s FFT;
(c-e) Strain distribution obtained by GPA of FFT
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Fig. 7 X-CT 3D reconstructions of (a) C/LAS and (b) C/LAS-SC1 after ablation

2.2 Thermal performance

Fig. 8 illustrates the linear ablation rate and the
underlying ablation mechanism of the sample after a 10 s
ablation exposure to an ultra-high surface temperature of
approximately 2400 ‘C. In the high heat flux ablation
environment, the volatilization of SiO, contributes to
heat absorption within the C/LAS-SC, thereby reducing
the surface temperature of the composite materials. At a

heat flux of 20 MW/m?, the surface temperature of the
C¢/C composite reached 3000 ‘C, while its bottom
temperature reached 550 °C. In contrast, under the same
ablative conditions, the surface temperature of the
C{/LAS-SC composite is 2400 C, and the bottom
temperature remains at ambient temperature, demonstrating
superior thermal barrier properties. The introduction of
an optimal amount of SiC, effectively enhances the
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Fig. 8 (a) Average linear ablation rate with insets showing photographs of C/LAS-SC1 (left) and C¢/LAS (right)); (b) Surface
temperature of C¢/LAS-SC; (c, d) Schematic diagrams of (¢) oxygen molecule direct contact ablation and
(d) oxygen ion diffusion ablation mechanism, respectively

material’s ablative resistance. Specifically, at a SiC mass
fraction of 10%, the linear ablation rate reaches a
minimum of 0.35 mm/s under a heat flow rate of
20 MW/m?, representing a significant reduction of ~27%
(Figs. 8(a, b)). The ablative resistance of the C¢/LAS
matrix is comparable to that of C¢C, with a similar
density, as indicated in Table 112831 However, an
excessive SiC, can exacerbate the ablation process.

At elevated temperatures, SiC oxidizes to form a SiO,
repair oxide film, providing a self-healing LAS matrix
that proficiently shields SiC and C; from further
oxidation. Insufficient matrix density decreases crystallinity,
allowing O, to infiltrate the interior through pores and
other imperfections (Fig. 8(c)). The high-temperature
oxidation of carbon fibers and excess SiC (>10%)
produces CO and CO, gases, resulting in a foam liquid
layer that fails to effectively prevent ablation, thereby
deteriorating the ablative properties. The oxidation
reactions of the composite material are described by the
following chemical equations:

2SiC(s) +30, (g) = 28i0, (s) + 2CO(g) (6)
SiC(s) + 20, (g) — SiO, (s) + CO, (2) )
C(s)+0,(g) > CO,(g) (3

The C¢/LAS-SC glass-ceramic matrix with a high level
of crystallization, offers superior O, barrier properties,
and undergoes ablation behavior driven by O* diffusion
(Fig. 8(d)). Under simulated ablative conditions of liquid
oxygen kerosene, the LAS matrix has sufficient density,
allowing both the dense matrix and the SiO, layer to
effectively prevent direct contact between O, and the

interior. The high-temperature oxidation of SiC forming a
SiO, film facilitates the internal diffusion of O*", and the
corresponding chemical reaction equations are given as:

SiC +40%" — Si0, +CO, + 8¢~ ©)

0, +4e” — 20> (10)
An appropriate addition of SiC can rectify defects
caused by CO, and inherent lattice imperfections by
producing SiO,. This process enhances the densification of
the SiO, layer and significantly mitigates the ablation rate.
Fig. 9 depicts the thermal conductivity curve of the
C¢/LAS-SC1 During the
aircraft’s re-entry into Earth’s atmosphere, considerable
aerodynamic heating generates a significant heat flux
across the surface layer of the C/LAS-SC. Notably, low
thermal conductivity of the C/LAS system’s materials
minimizes the risk of overheating in the inner layers, thus
averting potential safety hazards.

at different temperatures.

34|

3.0

2871

Thermal conductivity / (W-m™-K™)

400 600 800 1000
Temperature / 'C

0 200

Fig. 9 Thermal conductivity of C/LAS-SC1
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As the temperature rises, the material’s crystallinity

enhances, subsequently enhancing its thermal
conductivity™. This direct relationship between
temperature and thermal conductivity protects the sample
from local overheating, deformation, or cracking

resulting from thermal stress concentration during the
Additionally, the tested
temperature range, the thermal conductivity of the
C¢/LAS matrix remains below 3.5 W/(m-K), substantially
lower than that of Cy¢C, effectively preventing the

heating process. within

internal metal material from overheating failures or
posing safety hazards (Table 1)2*>!,
2.3 Mechanical properties

Fig. 10 exhibits the mechanical properties of C/LAS-SC.
Within the tested temperature range, the bending strength
of all specimens remains above 125 MPa, demonstrating
remarkable mechanical stability even after prolonged
high-temperature exposure. Specifically, C¢/LAS exhibits
superior bending strength at lower temperatures, while
SiC-doped samples perform better at elevated
temperatures (Fig. 10(a)).

From a thermodynamic standpoint, the internal energy
of C¢/LAS-SC glass-ceramics exceeds that of their

crystalline state, in a thermodynamically
unstable yet metastable condition. As temperatures

resulting

surpass 1000 “C, heightened molecular vibrations facilitate
crystallization through rearrangement and orientation!**>%,
This process reduces porosity within the glass structure,
enhancing its interlocking characteristics. Consequently,
the bending strength and elastic modulus of C/LAS-SC
glass-ceramics reach optimal values around 1000 C
(Figs. 10(a, ¢)).

Notably, C¢/LAS-SC3 achieves a remarkable bending
strength of 407.3 MPa at 1100 C. However, this
performance is accompanied by excessive maximum
displacement and deformation. As depicted in Fig. 10(b),
higher temperatures increase the maximum displacement
of the samples, which helps to distribute internal stress
and improves high-temperature stability. For instance,
C¢/LAS-SC2 exhibited a relatively small maximum
1000 C,
concentration and deformation at higher temperatures,
similar to other samples. In contrast, C¢yLAS-SCI
low

displacement below resulting in stress

exhibits a large maximum displacement at

temperatures, effectively relieving internal stress and
preventing deformation at elevated temperatures.

Tablel Propertiesof C/C and Ci/LAS ablative composites?>3U

Ablation at high heat flux

ol 7

Composition _: e i i Ref.
P (g'em 3) (W:m MK 1) Ablatlonirlate/ Test environments Al?latlon
(mm-s) time/s
Cy/C 1.85 45-68 - Oxyacetylene torch with a heat flux of 3.9 MW/m? 60
(25-800 °C) [28]
1.80 - 1.2-1.4 Stagnation ablation by high temperature air ionization jet 3 [29]
- 0.114 Nitrogen plasma jet with a heat flux of ~25 MW/m? 20 [30]
1.80 0.699 Stagnation ablation by air plasma flame with a heat flux 3 31
- of 22.1 MW/m’ [31]
- - 0.245 Liquid oxygen-kerosene, and the heat flux at 30 MW/m? 10 This work
C¢/LAS-SiC1 2.03 22-34 0.35 Liquid oxygen-kerosene, and the heat flux at 20 MW/m? 10 Thi .
(25-1000 C) 0.70 Liquid oxygen-kerosene, and the heat flux at 30 MW/m? 10 18 wor
450
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Fig. 10 Mechanical properties of C/LAS-SC
(a) Curves of temperature-bending strength relationship; (b) Curves of temperature-maximum displacement relationship;
(c) Curve of temperature-elastic modulus relationship for C/LAS-SC1
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3 Conclusions

In the extreme high heat flux ablation environment,
the internal and external temperatures of the aircraft sharply
rise, making conventional high thermal conductivity
materials inadequate for protecting internal metal components.
This study investigates the influences of crystallinity on
the ablation resistance of carbon fiber-reinforced glass
ceramic matrix composites, known for their low thermal
conductivity. Integrating 10% (in mass) SiC, into the C/LAS
glass-ceramic matrix composite enhances its crystallinity.
The diffusion of O* ions during the oxidation reduces the
average linear ablation rate by ~27%. SiC efficiently repairs
the antioxidant film, preventing direct exposure of the
internal structure to the ablative environment. Simultaneously,
the crystallization transition relieves internal stress,
reduces lattice distortion and defect concentration, and
enhances system’s stability and compactness, thereby
improving ablation resistance. However, excessive addition
of SiC, lowers the density of the C/LAS glass composite and
elevates its amorphous phase. The CO, produced by SiC
undermines the anti-oxidation film, exacerbating material
ablation. The crystallization of the C/LAS glass reduces
voids, strengthening its mechanical properties at elevated
temperatures. Consequently, 10% (in  mass)
SiC-reinforced C¢LAS glass exhibit
compelling properties of ablation resistance, low thermal
conductivity, and high-temperature strength, making them
suitable candidates for hypersonic vehicles.

composites
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