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Abstract: With the continuous development of hypersonic
vehicles, higher demands are being placed on all aspects of
the performance of thermal protection materials. Carbon
fiber reinforced ultra-high temperature ceramics compo-
sites (Cf/UHTCMC) have an extremely bright prospect as
thermal structures and anti-ablation components of hyper-
sonic vehicles and rockets, by reason of their superior
thermal shock, oxidation and ablation properties, high
fracture toughness, and damage tolerance. However, due
to the complicated fabrication process and harsh service
environment of C/UHTCMC, there are still some pivotal
scientific issues that need to be clarified on structural evo-
lution and performance mechanisms. The aim of this work
is to review the latest research progress in processing
methods, matrix modification, oxidation ablation mechanism,
structure, and property regulation as well as elevated tem-
perature mechanical properties of C/UHTCMC, summary,
and prospect of the future research trend of C/UHTCMC, to
provide reference for further promoting the improvement
and development of CfUHTCMC.
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1 Introduction

Since the middle of the twentieth century, aerospace tech-
nology has developed rapidly around the world, and the
competition in the international aerospace field has become
increasingly fierce. Among them, the hypersonic vehicle is a
collective term for missiles, trans-atmospheric vehicles,
hypersonic aircraft and other equipment that travel at
speeds in excess of Mach 5 [1-3]. Its technical characteristics
such as large lift-drag ratio, high mobility and reliability, fast
flight speed, strong real-time strike capability, strong pene-
tration and counter-defense capabilities, impel it to become
the strategic development direction of future dual-use mili-
tary and civilian aircraft, which is of great significance in
promoting the development and implementation of low-cost
reusable civil space launch vehicles [4-7].

Advanced thermal protection system is one of the
pivotal technologies for the development of hypersonic
vehicle. The hypersonic vehicle generates violent friction
with the air during flight, which makes its sharp leading
edge, leading edge of wing, and other components expose
to extremely harsh service environments, resulting in a
sharp increase in pressure and temperature [8—11]. When
the flight speed reaches Mach 10, the stationary point tem-
perature of the nose cone and sharp leading edge can
reach 2,500°C. During re-entry process, the flight speed is
greater than Mach 24, while the nose cone and leading
edge of the wing will be subject to a harsh thermal envir-
onment with higher instantaneous ultra-high temperature
and high heat flux density. Due to the high temperature
corrosive gases containing metal ions above 2,000°C pro-
duced by solid propellant combustion, the hot end of the
engine requires to simultaneously withstand a sequence of
extreme environmental tests, such as high heat flux den-
sity, high thermal load, high temperature/stress gradient,
high-pressure airflow, high-energy particle erosion, and
high-temperature oxidation and erosion [12—14]. Therefore,
in order to maintain the intact aerodynamic shape of the
vehicle and protect the power system from burning, while
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taking into account the weight reduction, the desired
thermal protection material should possess low density,
high strength and toughness, thermal shock resistance,
oxidation and ablation resistance, mechanical erosion resis-
tance [15-17], etc.

Ultra-high temperature structural materials are a new
subfield with superior high temperature mechanical prop-
erties and oxidation ablation resistance that offer applica-
tions in aircraft sharp leading edges, engine combustion
chambers, and nozzles [18,19]. Ultra-high temperature cera-
mics (UHTCs) are generally considered to be carbides (ZrC,
HfC, TaC), nitrides (ZrN, HfN), and borides (ZrB,, HfB,, TiB,)
of refractory transition metals of elements table IVg and Vg
group of periodic table [20-22], which have the ability to
maintain chemical stability in non-inert atmosphere above
2,000°C. Many efforts have been done to investigate the
fracture, structure, toughness, electrical resistivity, thermal
conductivity, thermal expansion, oxidation behaviors, and
ablation properties of UHTCs [23-25]. The results have indi-
cated that the UHTCs are severely restricted as thermal pro-
tection system for aerospace application because of their
inherent brittleness and poor damage tolerance. Thus, main
focus of recent study is to introduce toughening phases
into UHTCs to enhance the fracture toughness, thermal
shock, and reliability.

The carbon fiber reinforced ultra-high temperature
ceramic composites (CfUHTCMC) are composed of elevated
temperature resistant carbon fiber as reinforcement and
UHTC as matrix, which combines the high-temperature
resistance and ablation resistance of the ceramic matrix
with the low density, and high toughness and strength
brought by carbon fibers [26-28]. Carbon fibers are exten-
sively utilized for the reinforcement of UHTC composites
due to their excellent high temperature performance and
no significant loss of strength within 2,000°C under inert
atmosphere [29-32]. Through the design of the interphase,
the carbon fiber and the matrix have a moderate bond, the
interphase can effectively transfer the load and enhance
the strength. Moreover, by means of the fiber/interphase
debonding, fiber pull-out, bridging, crack deflection, and
other toughening mechanisms during the fracture failure
to achieve effective energy dissipation, thereby enhancing
the toughness and thermal shock resistance [33-35]. In
terms of high temperature oxidation and ablation resis-
tance, the oxide melt produced by the oxidation of UHTC
can effectively cover the surface of the composite, heal the
pores and cracks, prevent oxygen from diffusing into the
composite, thus protecting the matrix and fibers inside
the composite, endowing the composite with superior
high temperature oxidation and ablation resistance up
to 3,000°C, and still boasting a high strength retention
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after ablation [36-40]. As mentioned above, C/UHTCMC
are typically considered to be the main focus of research
in thermal protection system.

This review will cover the latest research progress and
future development directions in C/UHTCMC over the last
decade, with the greatest emphasis on continuous carbon
fiber reinforced UHTC composites since these are expected
to provide the best toughening effect. The interphase struc-
ture, matrix composition, preform configuration, fabrica-
tion technique, mechanical properties, oxidation, and abla-
tion properties of CyUHTCMC were presented.

2 Material fabrication

C/UHTCMC are composed of UHTC matrix, continuous
fiber fabric, or chopped fibers, as well as the interphase
between fiber and matrix. The preparation process directly
determines the fiber strength retention, distribution uni-
formity, matrix density, pore distribution, microstructure,
fracture strength, toughness, oxidation and ablation proper-
ties, etc. Currently, the preparation methods of C/UHTCMC
primarily include: precursor infiltration and pyrolysis (PIP)
[41-43], slurry infiltration (SI) [44-46], reactive melt infiltra-
tion (RMI) [47-49], chemical vapor infiltration (CVI) [50-52],
hot pressing (HP) [53-55], pressureless sintering [56,57],
in-situ reaction [58-60], and others.

2.1 PIP

PIP is a universal process to introduce UHTCs precursor
into fiber preforms under vacuum or external pressure,
and then pyrolyze at elevated temperature to yield UHTCs
matrices, an overview of which is depicted in Figure 1. In
general, the PIP process requires several infiltration and
pyrolysis cycles to fabricate a denser composite due to
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Figure 1: Brief illustration of C/UHTCMC prepared by PIP process [61].
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mass loss and volume shrinkage caused by precursors
curing and pyrolysis.

Improvements of PIP process are to achieve a higher
composite density while reducing the number of impreg-
nation-pyrolysis cycles. Consequently, the precursor synth-
esis, ceramic yield, ceramic transformation mechanism,
rheological properties, and wettability of the precursor
are critical. Presently, many examples with respect to pre-
cursors for ZrC, HfC, SiC, ZrB,, and HfB, ceramics have
been reported. Jiang et al. [62] developed a facile and pro-
mising aqueous solution-derived precursor approach for
the synthesis of HfC nanoparticles by using hafnium tetra-
chloride and sucrose as raw materials. In Yao et al.’s report
[63], pitch resin was added directly to the mixture of
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organic polymeric precursor of zirconium carbide (PZC)
and polycarbosilane (PCS) to provide an additional carbon
source, limiting the reaction of ZrO, intermediates with
pyrocarbon (PyC) and carbon fibers during the carbothermal
reduction process. When the PZC/PCS/resin mass ratio was
20:1:5 and the number of PIP process was ten, the fracture
strength of the C/C-SiC-ZrC composites was 247.4 MPa,
which was 52.2% higher than that of the composites without
resin. Jiao et al [64] produced 3D C/C-HfC-SiC composites
from a combination of polyhafniumcarboxane and PCS. Cai
et al. [65] reported a facile and scalable polymeric precursor
approach for fabricating HfC-SiC ceramic nanocomposites,
and the ceramic transformation process is presented in
Figure 2. Zhao et al [66] decomposed the mixed solution
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Figure 2: Ceramic transformation mechanism of HfC-SiC ceramic nanocomposites [65].



4 — Tanglong Zhu and Zhen Wang

of ZrB, precursor (ceramic yield was about 30 wt%) and PCS
(ceramic yield was about 55 wt%) for 2h at 1,400-1,600°C to
obtain C/SiC-ZrB, composites. High entropy ceramic phases
can be generated from some precursors, which may be ideal
choice for more extreme service environment applications
[67]. Cai et al. [68] prepared C¢/(Tig,Zrq,Hfy,Nbg,Tag,)C-SiC
composites with excellent mechanical and ablation resistance
properties by successively impregnating (Tig,Zro,Hfq2Nbg,
Tag,)C precursor and PCS (Figure 3), the flexural strength
and fracture toughness were 322MPa and 824 MPam'?
respectively. Accordingly, the ablation behavior and mechanism
of C¢/(TigoZr ,Hf 2Nbg ,Ta,2)C—SiC were revealed [69]. Ziegler
et al. [70] also found that the composites became embrittled
as PIP cycles increased due to residual stresses at the matrix/
fiber interphase caused by volume shrinkage during pyr-
olysis. Heat treatment of precursors to remove the more
volatile oligomeric precursors can increase the ceramic
yields [71]. King et al. [72] enhanced the ceramic yield of
the commercially available PCS (SMP-10) from 77 to 83% via
heat treatment of the precursor before curing, while
improving the rheological properties of the precursor.
PIP method has the following advantages: (1) lower the
temperature required for precursor pyrolysis, less the
mechanical and thermal damage to fiber/matrix inter-
phase; (2) simpler equipment, allowing for near net shape;
(3) the composition, structure, and properties of matrix can
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be controlled by designing the molecular structure of the
precursor; and (4) the design of the fiber preform allows
the preparation of composites with complex geometry.
However, the following problems still exist: (1) long densi-
fication cycles, high porosity, difficulty in achieving com-
plete density, and many obturators in the matrix [73] and
(2) UHTC precursors are difficult to synthesis, costly, and
unstable. All these issues restrict the development of PIP
process in the fabrication of C/UHTCMC.

2.2 SI

The SI method is the most typical technique in which the
ceramic powders are uniformly dispersed in a solvent to
form a suspension slurry, which is introduced into the
fiber fabrics and then made into CyUHTCMC after drying,
high temperature sintering, and other densification pro-
cesses, the fabrication process is shown in Figure 4.
Vacuum and pressure-assisted impregnation are typi-
cally applied to introduce the UHTC slurry into the fiber
preform. Chen et al [75] utilized pressure impregnation
to infiltrate TaC slurry into the interior of the fiber pre-
form, repeated impregnation-drying followed by the intro-
duction of the SiC matrix using the CVI process, and finally
obtained C/SiC-TaC composites. Paul et al [45] and

Figure 3: (a) XRD pattern, (b) SEM images, and (c) EDS analysis of the C¢/(Tig »Zro2Hfo2Nbg 2Tag2)C-SiC composites [68].



DE GRUYTER

@ nano ZrB,

O sic

Ceramic

slurries preform

=[5

Carbon fiber
reinforced ceramics

Figure 4: Process flow of C/UHTCMC prepared by SI method [74].

Tang et al [46] fabricated a series of CfUHTCMC by
vacuum slurry impregnation and evaluated their ablation
properties. However, the ceramic powders tended to con-
centrate on the exterior of the preform, resulting in a lim-
ited depth of penetration. In order to solve the problem
that the traditional vacuum slurry impregnation is difficult
to fill the internal pores of the fiber preform, Baker [76,77]
developed the slurry injection technique. The principle is
based on vacuum slurry impregnation supplemented by the
injection process, the ceramic slurry is directly injected into
the pore space within the fiber fabrics, and the fluidity of
ceramic slurry is used to achieve the filling of the slurry
within and between the fiber bundles. Baker utilized this
technology to fabricate C/HfC composites with high density,
homogeneous ceramic phase distribution, high shear
strength and excellent oxidation ablation resistance. In
Tammana et al’s [78] study, C¢C-ZrC-SiC composites
were prepared using a combined injection and vacuum
infiltration of slurries technique followed by pyrolysis of
the phenolic resin used as a bonding agent. Although the
density is only 60% of theoretical, it was a relatively low-
cost strategy. Zhang et al. [74,79] introduced the ceramic
phase into the three-dimensional fiber weave via vibration-
assisted slurry impregnation and produced C¢/ZrB,-SiC com-
posites with a relative density of 934 % and a flexural
strength of 254 + 22MPa after heat treatment at 1,500°C
for 2h under 30 MPa. The fracture toughness of 6.72 +
0.21MPa'm"* and the fracture work of 2270]m™ were
improved by 14.8 and 36%, respectively compared to the

3D carbon fiber

Low-temperature
hot pressing
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C¢/ZrB,-SiC composites prepared by the conventional slurry
method due to the vibration assisted more uniform distribu-
tion of the ceramic phases.

Multiple authors have coated the slurry of UHTC pow-
ders onto fiber cloth, which was stacked, pressed, dried,
and sintered to produce C{/UHTCMC. In Chen et al’s work
[80], C¢ZrB,—SiC composites with 2D carbon fiber cloth as
reinforcement were prepared through the combined pro-
cessing of SI and HP. In addition, the influence of different
stacking orientation and the matrix layer thickness on the
thermal stress, fibers degradation, and cracks during HP
was studied by finite element simulation. The result revealed
that thermal stress distribution of composites was in good
agreement with the cracks formation and fibers broken in
the composites. Meanwhile, the thermal stress distribution in
the composites was closely related to the matrix layer thick-
ness and the relative position of fiber bundles. Thus, opti-
mizing the stacking direction of carbon fiber cloth and
matrix layer thickness is an effective method to reduce
thermal stress and alleviate fiber degradation and cracking
in the composites. Zoli et al. [81] utilized the hand lay-up to
infiltrate SiC-ZrB, slurry into the fiber preform and pre-
pared C/SiC-ZrB, composites using HP and spark plasma
sintering (SPS) for different sample sizes, respectively,
breaking through the system scaling technique from labora-
tory scale samples to industrial grade components, as shown
in Figure 5.

The SI method is characterized by simple process,
short preparation cycle, low cost, controllable matrix
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Figure 5: Fabrication process and amplification strategy of C/SiC-ZrB, composites [81].

component and content as well as few defects. However, the
poor permeation effect on fiber preforms with a volume
fraction of 20% or more results in low densification and
non-uniform distribution of the UHTC phase.

2.3 RMI

The basic principle of RMI is that the molten metal or alloy
penetrates the porous preform driven by capillary force
and reacts in situ with the carbon/boron matrix of the pre-
form to form ceramic phase, resulting in ceramic matrix
composites (CMCs), as shown in Figure 6. Chen et al. [82]
prepared C/ZrC composites via RMI using C/C preforms
with different PyC contents and studied the effects of PyC
content on microstructure, mechanical, and ablation prop-
erties. The mechanism of ZrC formation during the pre-
paration of C/ZrC composites by RMI was investigated in
depth by Zou et al [83]. During the holding and initial
cooling stages of the RMI, small ZrC particles nucleated

heterogeneously and grew coalesced to form larger island-
shaped ZrC particles. The growth of ZrC was diffusion-con-
trolled and determined by the diffusivity of carbon through
the growing ZrC product layer around the carbon source.
Wang et al. [84-86] fabricated C/C-ZrC, C/C-ZrC-SiC and
C/SiC-HfC composites from Zr, Sijg;Zr( 13, and HfSi,, respec-
tively, and systematically investigated their mechanical and
ablation resistance properties. Zeng et al. [87,88] prepared C/
C-TiC-ZrC and C/C-SiC-TiC-ZrC composites by RMI using
Zr-Ti alloy and Zr-Ti-Si hybrid powder, respectively. Chen
et al. [89,90] selected ZrSi, alloy to penetrate into porous
C/C-B,4C preform to manufacture C/SiC-ZrC-ZrB, compo-
sites, which exhibited excellent oxidation ablation resis-
tance under 2,100°C per 300s plasma ablation conditions.
The typical morphology of Zr aggregation (spore-shaped)
and SiC residuals were observed at the (PyC-SiC), inter-
phase, as shown in Figure 7. The characterization results
of the interphase revealed that the main reason for the
interphase degradation was due to the reaction of PyC
with Zr, while SiC layer of the interphase may melt under
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Figure 6: Schematic of RMI process for C/UHTCMC (a) before RMI and (b) after RMI [93].
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Figure 7: TEM images of the damaged (PyC-SiC), interphase: (a)-(d) TEM bright-field images and (e) and (f) high resolution images from D-1 marked

in (b) and D-2 marked in (d) [91].

the huge released heat from the in situ reactions according
to the thermodynamic and heat conduction calculations [91].
Guo et al. [92] first reported the rapid preparation of dense
carbon fiber reinforced (TiZrHfNbTa)C high-entropy ceramic
composites by RMI, which exhibited superior flexural
strength (612.6 MPa) and low ablation rates. Presently,
RMI has become one of the main processes for the pre-
paration of Cf/UHTCMC. This process has the merits of
short cycle time, low cost, high density, high matrix
bonding strength and is suitable for the preparation of

large-size components with complex shapes. However,
due to the higher reaction temperature, the elevated tem-
perature metal or alloy melt is extremely susceptible to
corrode the fiber and interphase, resulting in a severe
impact on the mechanical properties. Moreover, due to
the reactive infiltration kinetics control, the metal or alloy
melt is not easily consumed, and the large size residual
metal is prone to appear, which seriously deteriorates
the mechanical properties and stabilization at elevated
temperature.
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The RMI process is one of the most commercially
promising technologies for the large-scale, low-cost pre-
paration of CfUHTCMC. Therefore, to overcome the short-
comings of the process, such as fiber degradation and
residual metal, is a pivotal concern for many scholars. In
response to the drawbacks of the RMI process, relevant
researchers have carried out a great deal of improvement
research work in recent years, mainly focusing on two
aspects: one is to adjust the composition of reactive melt,
and the other is to optimize the pore and matrix structure
of the fiber preform. Vinci [94] and Kiitemeyer [95] fabri-
cated C/UHTCMC composites with lower fiber degradation
by infiltrating Zr,Cu alloys into C¢/ZrB,~B and C¢ZrB,—B-C
porous preforms at 1,200°C, respectively. The viscosity of
the elevated temperature melt and the wettability with the
substrate will influence the penetration process. Xu et al
[96,97] developed a molten salt assisted RMI process by
using K,MeFg (Me = Zr, Ti) molten salt mixed with Si and
Zr-Si powders to reduce the viscosity of the melt and
improve the wettability of the melt with the carbon in
the matrix, which allowed Zr and Si to dissolve in the
molten salt and infiltrate into preform together at tempera-
ture below 1,400°C, and react with pyrolytic carbon matrix
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to produce carbides, as shown in Figure 8. As mentioned
above, the means of adjusting the composition of reactive
melt can reduce the fiber etching and residual metal in the
preparation process, so as to enhance the comprehensive
properties of the resulting composite, but decreasing the
proportion of UHTCs matrix. Thus, only the adjustment
and improvement of melt composition cannot fundamen-
tally overcome the shortcomings of RMI process.
Numerous studies have shown that pore structure is
the hinge to RMI process, pore size and distribution deter-
mine the infiltration behavior of the melt, which in turn
affects the phase composition and distribution. Chen et al.
[98] fabricated C/B,C-C preforms with different pore struc-
tures by slurry impregnation and sol-gel, respectively, and
comparatively investigated the effect of pore structure on
the melt infiltration process of ZrSi, and the properties of
the resulting C/ZrC-ZrB,-SiC composites. The result showed
that the pore size distribution of C/B,C—C preform prepared
by sol-gel was more uniform, and the pore closure time
during the melt infiltration process was longer, resulting
in a more uniform distribution of the matrix phase and
better mechanical properties of the composite. Compared
to large and dense carbon/boron substrates, micron or

SiFZ
C
transport \/
pores
F(diss) \ )
ZrC
F SiC

Interior

c
Species transport

Through pores
F5(diss) \

E F

5(diss)
ZrC

Interior

Figure 8: Schematic diagram of infiltration mechanism of K,ZrFs-Si-NaCl system at low-temperature molten salt infiltration stage: (a) dissolution of Zr

and Si particles in salt and (b) complete loop of molten salt reactions [96].
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submicron porous substrates have the advantages of larger
specific surface area, smaller skeletal particles and higher
reactivity [99]. The introduction of porous substrates instead
of large dense substrates can facilitate the full reaction of
the preform substrate with melt to some extent. Zhao et al.
[100-102] utilized carbon fiber reinforced nanoporous
carbon matrix (C/NC) preforms which consisted of overlap-
ping nanoparticles and abundant nanopores to obtain high-
performance C/SiC composites after silicification. The effect
of C/NC on the composition and microstructure of C/SiC
composites was explored by comparing C/C preforms with
conventional PyC and resin carbon (ReC) matrices, Figure 9.
The nanoporous carbon matrix basically achieved complete
ceramic transformation, and the prepared C/SiC composites
had higher densification, low carbon fiber damage, almost
no unreacted carbon, and residual silicon in the matrix,
with the highest flexural strength (218.1 MPa). Nevertheless,
the ReC and PyC matrices had lower ceramic transforma-
tion, the corresponding C/SiC composites have lower densi-
fication and a large amount of unreacted carbon, residual
silicon, and etched carbon fibers, which exhibited lower
flexural strength of 170.5 and 128.0 MPa, respectively. In
summary, the ideal porous carbon/boron matrix should pos-
sess smaller pore size and skeleton particles, moderate por-
osity, and atomic orderliness.

2.4 CVI

The CVI process involves the decomposition of the reaction
gas at elevated temperature into radicals which nucleate

and grow on the surface of the preform to form a contin-
uous matrix [103], as shown in Figure 10. This process is
diffusely used for the preparation of C/C and C/SiC compo-
sites owing to the good continuity of the matrix prepared,
the high degree of crystallization, and excellent mechan-
ical and ablation properties. In addition to growing C and
SiC matrices, the CVI process can also be utilized to fabri-
cate UHTC matrices in Cf/UHTCMC. For example, HfC and
ZrB, can be prepared according to Egs. (1) and (2).

HfCl, + CH, + H, > HFC + 4HCl + Hy, 60

ZrCl, + 2BCly + H, 5 ZrB, + HCL. @

Sayir [105] prepared C/HfC, C/TaC, and C/HfC-TaC com-
posites by CVI process, but the composites had low density

7
Flowmeter

Precursor
and carrier

gas feed Heating

system

Pressure regulator

Figure 10: Schematic description of CVI process [104].
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and poor mechanical properties. Chen et al. [106] applied
CVI to deposit TaC on carbon fibers using TaCls—Ar—CsHg—
H, source, but there was also inability to densify. This is
because the infiltration of isothermal CVI tends to occur
near the outer surface of the preform, where the gas con-
centration and temperature are highest, resulting in the
crusting phenomenon [107]. Electromagnetic-coupling CVI
(E-CVI) applied electromagnetic field and thermal gradient
into carbon fiber preform, thus partially overcoming the
limitations of slow deposition rate and shallow penetration
depth. Hu et al. [108] designed and fabricated sandwich-

Exterior Transition

SiC matrix \
Micro-pore CF

PyC matrix
Debonding

* Off gas
Cold wall

()

Cold wall
Electrode
+ + + + + + + + +

Cold wall

@ Radical or polar molecule

> Radical or polar molecule Gas

Cold wall
I Electric current

B Magnetic field intensity @B Carbon fiber Fpq Net force
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structured C/C-SiC composite with a processing cycle of
only 20 h using two-step E-CVI process, and investigated
the related deposition mechanism [109], as shown in
Figure 11.

The CVI method, which deposited ceramic matrices
with high melting point at lower temperature, is suitable
for fabricating CMCs with complex geometric structures.
The lower pressure and temperature of CVI process results
in less mechanical and thermal damage to the fibers and
allows the composition and properties of the composite to
be regulated by designing the process conditions. The main

Interior

Carbon-Ka \

0

Cold wall

Electrode
Cold wall

End view

® Active site Fglorentzforce  F_ Outward force

F; Inward force

Figure 11: (a) Microstructure of the cross-section of C/C-SiC composite, microstructures pattern of (b) area 1, (c) area 2, and (d) area 3; (e) schematic

diagram of the composite and (f) schematic of the E-CVI process [108,109].
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disadvantages of the CVI method are slow reaction rate,
long preparation cycle, high-energy consumption, and high
cost. Moreover, this method suffers from shallow penetration
depth and different proportion of gas phase raw materials in
the preparation of UHTC phases for large components,
leading to inconsistent matrix composition at various loca-
tions in the product. As a result, there is rather limited
literature on the preparation of UHTC phases directly
from CVI method. Currently, the CVI method is commonly
utilized for density composites prepared by other methods,
fabricating UHTC interphase, or UHTC coating.

2.5 Others

The main preparation methods of CfUHTCMC, such as PIP,
SL, RMI, and CVI, have been discussed previously, each with
their advantages and disadvantages. Several other methods
have also been studied, including chemical liquid vapor
deposition (CLVD) [110-112], in situ reaction [113-115], sol-gel
[116-118], powder pre-infiltration (PPI) [119,120], HP, pres-
sureless sintering, additive manufacturing (AM), etc. Each
method has unique advantages in terms of controlling
microstructure, performance, and cost. However, these
methods have not yet been extensively used in CfUHTCMC.
The few available reports that cover these techniques are
briefly described below.

He et al [121] fabricated C/C-ZrC-SiC composites via
CLVD process using carbon fiber preforms with different
densities and investigated the effect of preform density on
the microstructure and ablation behavior of the composite.
Shen et al. [122] prepared C/C-ZrC composites via an in situ
synthesis by carbothermal reduction reaction of ZrO, and
carbon in which ZrO, was completely converted to ZrC.
With zirconium oxychloride octahydrate, tetraethoxysi-
lane, and phenolic resin as raw materials for gel precursor,
Zeng et al. [123] introduced ZrC-SiC matrix into the porous
C/C composites by impregnation of gel precursor under
negative pressure, followed by heat-treatment process for
carbonization and carbothermal reaction. The PPI process
involves pre-dispersing UHTC powders into carbon fiber
preforms during fabric preparation. Tang et al. [124] com-
bined this technique with a rapid CVI densification process
to manufacture C/ZrB,-SiC composites. HP is typically used
for the preparation of short carbon fiber reinforced UHTC
composites, which can achieve a high theoretical density
(>90%) [125]. However, carbon fibers are accessible to
degradation during the HP process, resulting in the reduc-
tion of mechanical properties [126], and it is difficult to
produce complex geometries. Cheng et al. [127] fabricated
C/ZrC-SiC composites with PyC interphase by HP using ZrC,
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SiC powders, and short carbon fibers. Kannan et al. [54]
reported a joint of reactive hot pressing (RHP) and PIP to
prepare Cy/SiC-ZrB,-Ta,C, composites using C; cloth, PCS,
ZrB, and Ta powders at 4 MPa and 1,200°C. Zoli et al. [128]
demonstrated that it is possible to replicate the microstruc-
ture and mechanical properties of continuous fiber rein-
forced ZrB,-SiC composites densified by HP, using the SPS
technique. The micromorphology of the specimens rein-
forced pitch-based carbon fibers sintered by SPS at
1,850°C and 40 MPa is shown in Figure 12. Pitch-based
carbon fibers remained intact even without coatings due
to their graphitic structure [129]; however, the lack of coat-
ings resulted in a stronger fiber/matrix interphase which
restricted the fiber pull-out. Pressureless sintering is one of
the simplest sintering techniques, suitable for components
with different geometries, with low preparation cost and
can be exploited for large-scale commercial production.
Zhou et al. [57] successfully manufactured PyC—Cgs/ZrB,—
SiC-ZrC composites through cold isostatic molding and
pressureless sintering using B,C as sintering additive,
and analyzed the effect of B,C on the sintering and abla-
tion mechanism for PyC—Cy/ZrB,—SiC-ZrC composites.
AM technologies offer novel approaches for fabri-
cating C/UHTCMC and their constructions. According to
the different technological routes, AM technologies can
be classified as stereolithography [130], digital light proces-
sing [131], selective laser sintering [131], extrusion free
forming [132], binder jetting [133], direct ink writing
(DIW) [134], and hybrid AM [135]. It is worth noting that
after AM forming, conventional matrix densification pro-
cesses such as CVI, PIP, RMI, HP, and other sintering
techniques are typically required to obtain C{/UHTCMC
components. The fabrication of CMCs using AM techniques
has attracted a great deal of interest [136,137] and many
efforts have been undertaken in C/SiC [138-143]; however,
there has not been significant success in C{/UHTCMC.
Figure 13 presents the preparation process and mechan-
ical properties of continuous carbon fiber reinforced
ZrB,-SiC composites via DIW and low temperature HP
sintering. It was found that the flexural strength, fracture
toughness, and the work of fracture were 388.3 MPa,
10.04 MPa-m™* and 2,380 ]'m% respectively, when the
thickness of the carbon interphase was about 110 nm [144].
In addition, a novel processing route that combined with
DIW and RMI was developed to prepare short carbon fiber
reinforced ZrB,—SiC composites [145]. AM technologies have
the advantages of small batch rapid prototyping, complex
geometry, lower cost, customizable composition and perfor-
mance, biomimetic structure design, etc., which offers an
important avenue for manufacturing C/UHTCMC. Nonethe-
less, the AM technologies in terms of CfUHTCMC are still in
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(a)
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Figure 12: SEM images of the specimens reinforced pitch-based carbon fibers: (a) cross section; (b) detail of the matrix, the light phases are ZrB,, grey
phases are SiC, and dark areas are pores; (c) single fiber section; (d) fracture surface; and (e) detail of fiber/matrix interphase [128].

the initial stage, and numerous problems and challenges
remain, limiting its development. First, some critical defects
may be introduced during the AM and densification process,
which greatly restrict the mechanical properties, reliability,
and repeatability of the resulting composites, including but
not limited to residual pore, cracks, stronger or weaker
interfacial bonding, and matrices and fibers inhomogeneity.
Second, developing a new AM technology and equipment
that combines this with continuous carbon fiber reinforce-
ment is one of the biggest challenges currently faced.

3 Ablation behaviors of C;/UHTCMC

For the extreme service environment of hypersonic vehicle,
the long-term resistance to oxidation, ablation, and corro-
sion are significant parameters of C/UHTCMC. The oxidation
and ablation mechanism of C{/UHTCMC is the formation of
a compact oxide layer with moderate viscosity and low
saturated vapor pressure on the surface [146], which is pro-
tective to ingress of oxygen and mechanical denudation.
Moderate viscosity means that the oxide layer is able to
heal the pores and cracks on the surface of the material,
while with the ability to resist mechanical scouring [147].
The low saturated vapor pressure can slow down the vola-
tilization loss of the oxide layer, thus effectively hindering
the spread of oxidation into the interior of material [148].

Single-phase CfUHTCMC (C/ZrC, C/HfC, C/TaC, etc.) form refrac-
tory metal oxides with high melting points on the surface after
oxidation, which generally exist in the form of oxide particles,
making it difficult to form compact oxide layers, thus single-
component C/UHTCMC have poor oxidation resistance [149].
The researchers introduced boron and silicon elements into
C{/UHTCMC to enable the composite to form oxides (B;03,
Si0,) that are more layer-forming at low and medium tem-
peratures when exposed to the oxygen-containing atmo-
sphere, forming low eutectic oxides with ZrO,/HfO, or filling
cracks and pores between particles [150-152]. While ZrO,/
HfO, skeleton also decreases the volatile consumption of the
oxide layer, leading to slow inward diffusion of oxygen.
Therefore, multi-phase UHTCs can make the oxides protec-
tive layer more stable and self-healing at elevated tempera-
ture, significantly enhancing the oxidation and ablation
performances. Commonly available methods for testing abla-
tion properties involve high-velocity oxy flame (HVOF), scram
jet, arc jet, oxyacetylene torch (OAT), and laser ablation [153].
Among these assays, HVOF and OAT are relatively fast and
inexpensive initial screening techniques. Scram jet and arc
jet are closest to the hostile environments of real aerospace
applications, but are extra expensive to test and not widely
available. In addition to the physical and chemical properties
of C/UHTCMC, the ablation properties are also related to
heat flux, gas flow rate, combustion gas chemistry, and dis-
tance and angle between the flame and the sample. Table 1
summarizes the thermal ablative methods used for testing
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Figure 13: (a) and (b) Optical image of the C¢/ZrB,-SiC composite fabricated by DIW; (c) Macroscopic morphology, and (d) microstructure of the
C¢/ZrB,-SiC green body; Physical photographs of (e) heat-treated sample and (f) final sintered C¢/ZrB,-SiC composite. Flexural stress (load)-strain
(displacement) curves of (g) three-point bending bars and (h) single-edge notched beam specimens for C¢/ZrB,-SiC composites [144].

C{/UHTCMC and their ablation behavior. It should be noted
that the investigations in connection with UHTCs coating are
not involved in this work.

Based on the results summarized in Table 1, the abla-
tion resistance of multiphase C{/UHTCMC is basically out-
standing. The borides oxidize rapidly to generate B,05 at
approximately 600°C, form a glassy B,05 phase on the sur-
face below 1,000°C, providing oxidation protection for the
underlying substrate [164,165]. Above 1,000°C, however,
this protection mechanism fails due to the evaporation of

B,03. The addition of SiC can significantly enhance the
oxidation resistance of CfUHTCMC by generating silicate
glasses at moderate temperature of 1,200-1,650°C [166].
Nevertheless, at higher temperatures, oxidation mechanism
of SiC changes from “passive oxidation” to “active oxida-
tion,” producing gaseous SiO rather than molten SiO, [167].
The oxidation behavior of ZrC-SiC and HfC-SiC has also
been reported in the literature, with the formation of Zr
(H)0,-Si0, solid solution fluid oxide layers and Zr(Hf)O,
solid skeleton as a barrier to oxygen diffusion at
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1,700-2,200°C [168-170]. Often, Zr(Hf)B,—-SiC composites pos-
sess better ablation resistance than Zr(Hf)C-SiC composites
in a wider temperature range due to the synergistic effect of
B,0s, borosilicate, SiO,, Zr(Hf)-Si—0 and Zr(Hf)O, skeleton
[171-174]. The C/C-SiC-ZrC-TiC composites exhibited near-
zero ablation behavior at 2,500°C for 60 s in an oxyacetylene
flame [87]. This is attributed to the high viscosity and low
volatility of the multiphase oxide layer consisting of Zr;_,Ti, 0,
dispersed in SiO,, which resisted the ultra-high-temperature
volatilization and high-speed airflow flushing. The ablation
behavior of C;/SiC-ZrB,-Ta,C, under oxyacetylene flame at
2,000°C for 600 s is also reported, the pores and cracks were
filled with the molten Ta,0,, and SiO, [54]. Makurunje et al.
[175] demonstrated the crack repair effect of a self-generating
oxidation protective glass-ceramic coating arising from
glassy SiO, as well as eutectics of TiO,—SiO; and Ti,05-SiO,
when the C¢/C-SiC-TiC-TaC composites were exposed to
oxidative/ablative high temperature environment. Thus,
multiphase UHTCs provide an effective pathway to improve
the ablation resistance of composites.

Multiple carbides typically refer to carbides containing
three or more transition metal elements, which generally

DE GRUYTER

still have a single-phase cubic crystal structure, while car-
bides of five or more elements are called high-entropy
carbides (HECs) [176-178]. HECs have attracted much atten-
tion in recent years due to their high hardness, high tem-
perature fracture strength, low thermal conductivity, high
melting point, and superior oxidation resistance compared
to multiphase UHTCs composites [179-181]. Zhang et al
[182] successfully developed Cg/(Tig2Zr¢2Hfy2Nbg2Tag )
C-SiC composites with flexural strength and flexural mod-
ulus of 269 + 25 MPa and 53.3 + 7.9 GPa, respectively, using
slurry coating and laminating combined with PIP at a low
temperature of 1,200°C. However, there are few reports on
the ablation resistance and mechanism of carbon fiber
reinforced HEC composites because of the complexity of
the composition which makes conventional exploration
more difficult. In Cai’s report [69], the ablation behavior
and mechanism of C¢/(Tig 5Zrg ,Hfy 2Nbg »Tag 2)C—SiC compo-
sites were investigated at length, as shown in Figure 14.
During the ablation process, high-entropy oxides (TiZrHfNbTa)
0, skeleton covered by highly viscous SiO, melt was generated
at the ablation center. As the temperature decreases,
(TiZrHfNbTa)O, precipitates as a spherical oxide from the
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Figure 14: (a) and (b) Optical images, (c) XRD patterns, and (d) SEM image and EDS analysis of the C¢/(Tig 2Zro 2Hfs 2Nbg »Tag 2)C-SiC composite before
and after ablation at 5 MW-m™ for 300s. (e) The phase evolution of (Tig >Zrq 2Hfo 2Nbg 2Tag 2)C during ablation and cooling. (f) Schematic diagram of

ablation mechanism for C¢/(Tig 2Zro 2Hfo 2Nbg »Tag 2)C-SiC composites [69].
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Si0O, melt in a gradual manner, and decomposes to form
plate-like (Hfj5Zr0¢50;)" surrounded by (TiNbTaO,_,)
nanocrystals. In contrast, (Tig,Zry,Hfy,Nbg,Tag,)C was
directly oxidized to (Hfy 5Zr0Oos02)’ and (TiNbTaO,_,) phases
at the ablation transition area and outer area with lower
temperature. Guo et al. [92] explained in detail the mechanism
by which a near equimolar ratio of (TiZrHfNbTa)C HECs
phase was formed by RMI in C¢/C preforms and indicated
the ablation behavior of (TiZrHfNbTa)C, the oxidized pro-
ducts were dominantly HfsTa;0,7, Ti51Ta 9029, NbyZrgOy7,
and TaZr, ,50g [183,184]. Arai et al. [163] successfully formed
a high-entropy matrix in situ by infiltrating the Zr-Ti alloy
into a composite preform containing carbon and carbide
powders via RML The results of the arc jet ablation experi-
ments showed the formation of a dense oxide zone consisting
of composite oxides such as (Zr, HH)O,, Ti(Nb, Ta),0,, (Zr, Hf)
TiO,4, and (Nb, Ta),(Zr, Hf)s0,; with an average thickness of
approximately 600 um. In general, HECs present a variety of
oxide morphologies during ablation influenced by entropy,
temperature, and composition, resulting in a more stable
oxide layer, which provides effective protection against
inward oxygen diffusion and mechanical scouring of sub-
strate materials. Carbon fiber reinforced HEC composites
offer entirely new ideas and solutions for tailoring the
ablation resistance of C/UHTCMC in the future.

The ablation properties of C/UHTCMC are also influ-
enced by introduction form, particle size, content and dis-
tribution of transition metal carbide, as well as its ratio to
SiC. Li et al. [185] selected ZrC particles/PCS xylene solution
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and PZC/PCS xylene solution as impregnators to fabricate
C/SiC-ZrC composites by PIP process. It is known from the
results that PZC can be mixed more uniformly with PCS
than ZrC particles and can generate nano-homogeneous
dispersed ZrC-SiC matrices after pyrolysis, thus exhibiting
better mechanical properties and ablation resistance, with
linear ablation and mass ablation rates of -3.0 um-s ™ and
9.0 mg-s ", respectively, after OAT test. Jia et al. [186] pre-
pared C/C-SiC-ZrC composites with different ZrC particle
sizes (0.2, 1, and 2 ym) via the PIP process combined with
additional heat treatment and evaluated their ablation
properties under an oxyacetylene flame with a heat flux
of 4.18 + 0.42 MW-m 2 (Figure 15). The results implied that
the oxide formed from small ZrC particles (0.2 pm) had a
low viscosity and poor resistance to scouring, while the
oxide from large ZrC particles (2 pm) was unable to seal
the large gaps between ZrC particles, leading to massive
ablation. Composites with ZrC particle size of approxi-
mately 1 um exhibited the best ablation resistance, forming
oxides with suitable viscosity and containing particles
during ablation, which possessed better ability to resist
scouring and seal cracks. The CyUHTCMC with different
contents and distribution of UHTCs phases can be prepared
by adjusting the concentration of precursors, impregnation
sequence and times, as well as technological process
[187-189]. He et al. [190] designed the C/C-SiC-ZrC compo-
sites with a gradient structure distribution of SiC-rich sur-
face layer and Zr-rich center using the CLVD process,
resulting in low thermal expansion coefficient and high

Figure 15: Cross-section microstructure of the C/C-ZrC-SiC composites with different ZrC particle sizes: (a) 200 nm, (b) 1 pm, and (c) 2 ym. Ablation
morphology of the C/C-ZrC-SiC composites with different ZrC particle sizes: (d) 200 nm, (e) 1 pm, and (f) 2 ym [186].
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thermal conductivity, which is of great benefit to restrict
the formation and expansion of defects as well as accel-
erate the heat transfer, thereby reducing the O, diffusion
into the interior of the matrices and the heat accumulation,
weakening the thermal erosion. The linear and mass abla-
tion rates of the gradient composites under oxyacetylene
ablation at 3,000°C and a heat flow density of 4.18 MW-m 2
for 90 s were 1.59 + 0.16 um-s ' and 1.57 + 0.20 mgs ™ respec-
tively, a reduction of 55.9 and 67.2% compared to the uni-
formed distribution composites. Variations in the Zr(Hf)/Si
ratio modulate the formation of glass and solid phase oxide
layers, which in turn affect the oxygen diffusivities and
ablation performance of C/UHTCMC [191-193]. Ouyang
et al. [194] fabricated C/C-SiC-ZrC composites by car-
bothermal reaction of hydrothermal deposited oxides, and
investigated the microstructure, mechanical properties,
ablation behavior, and ablation mechanism of composites
with different ZrC/SiC molar ratios, as shown in Figure 16.
The composites with a molar ratio of ZrC/SiC = 2:1 pre-
sented outstanding ablation resistance with a mass abla-
tion rate of 0.06 mg cm > s~* and a linear ablation rate of
0.13 pm-s after plasma ablation at 2,300°C for 120s.
Effects of SiC/HfC ratios on the ablation properties of 3D
C¢/HfC-SiC composites were also investigated systemati-
cally [195]. The C¢HfC-SiC composite with low SiC/HfC
ratio of 15.0/13.3 had the lowest weight loss of 0.245 +
0.012 g and erosion depth of 0.176 + 0.008 mm.

The research works on the influence of fiber distribu-
tion, type, and orientation on the mechanical and ablation
properties of C/UHTCMC are crucial for the rational selection
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of preform structures for specific components and the opti-
mization of thermomechanical structure for specific engi-
neering application [196-198]. Yang et al [199] explored
the effect of three typical preform structures, 3-dimensional
4-directional braided (3D4X), 3-dimensional 5-directional
braided (3D5X), and 3-dimensional needle-punched inte-
grated felt (3DZC) on the mechanical and ablation proper-
ties of C/SiC-ZrC composites. The mechanical properties
of the composites with different preform structures depend
on the fiber content in the load bearing direction and the
matrix compactness. According to Figure 17, the composite
with 3D5X preform structure possess the highest bending
strength (233.29 MPa) and bending modulus (36.05 GPa)
due to the highest fiber content (31.70%) in the load
bearing direction and relatively low open porosity (18.96%).
Meanwhile, it also has the best ablation performance, the
linear ablation and mass ablation rates were 17.5 pm-s
and 6.53 mg's'l, respectively, after 2,362°C oxyacetylene flame
for 20s. Xie et al [197] discussed the oxyacetylene ablation
behavior of different surface layer fiber structures of
C/C-SiC-ZrC composites produced from 2D needled carbon
fiber preforms as reinforcements. The results indicated
that the ablation properties rely on the fiber orientation
and the formation ability of surface protective layer. Due
to the sufficient content of UHTC phase, a compactly inte-
grated ZrO, protective layer formed on the ablated sur-
face of short carbon fiber web, which presented the best
anti-ablation performance after oxyacetylene ablation for
90s at 2,370°C with linear ablation and mass ablation
rates of 0.82 um-s™ and -0.30mgs ", respectively.
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Figure 16: (a) Typical stress-strain curves, (b) flexural stress and modulus, (c) mass ablation and linear ablation rates, (d) XRD patterns after ablation,
and (e) ablation mechanism of the composites with various ZrC/SiC molar ratios. (The samples with Zr/Si molar ratios of 1:2, 1:1, 2:1, and 3:1 were

labeled as CZ1S2, CZ1S1, CZ2S1, and CZ3S1, respectively) [194].
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Nonetheless, only scattered oxide particles produced on
the ablated surface of non-woven layer resulted in the
poorer ablation resistance. Furthermore, the non-woven
layer parallel to the flame exhibited the worst anti-abla-
tion properties, because the fiber/matrix interphase was
in preferential ablation promoting the oxidizing flame
and heat transfer into inter composites and eventually
accelerating the erosion. Inoue et al. [200] contrasted
the oxidation resistance of short and plain-woven contin-
uous carbon fiber reinforced ZrB,-SiC-ZrC (Cy/ZSZ and
Cow/ZSZ) composites fabricated by RMI process. Lateral
oxidation of Cp,/ZSZ composites appeared due to its low
thermal conductivity, higher fiber volume fraction and
continuity of the carbon fiber. In contrast, the addition of
pitch-based short carbon fiber achieves light weight and
increased reliability without degradation of the oxidation
behavior and thermal properties of ZrB,-SiC-ZrC. As
already discussed, the different types of preform structures
have a significant effect on both the mechanical and abla-
tion properties. Although three-dimensional braided struc-
tures have high strength and toughness, low tendency to
delamination, excellent energy absorption, and outstanding
fatigue properties [201], the complexity of their preparation
increases as the braided direction increases, leading to long
cycle time and high cost. Short carbon fiber preforms have
the characteristics of low cost, automatable production,
short cycle, and isotropy, but its strengthening and toughening

effects are poorer [202]. Needle-punched carbon fiber pre-
forms are the most commonly used reinforcement for
C¢/UHTCMC due to their excellent designability, easy pre-
paration, and low cost, as well as relatively high interla-
minar shear strength, and can be exploited to fabricate
components with various complex geometries, such as
nose cones, combustion chambers, nozzle expansion seg-
ments and brake discs [203-205]. Therefore, in practice,
the selection of a suitable preform structure is considered
from various aspects, including the size of the component
profile, service force, thermal state and operating condi-
tions for the specific application.

Through the modulation of the above composition,
structure, and fabrication process, the C/UHTCMC are
endowed with excellent mechanical properties, and oxida-
tion and ablation resistance. Nevertheless, the ablation
rate of C/UHTCMC will still substantially increase at higher
heat flow densities or during repeated service. Zhao et al.
[206] investigated the cyclic ablation behavior of the
C/C-ZrC-SiC-ZrB, composites with heat fluxes of 2.38 and
418 MW-m™ using OAT, Figure 18 shows the mass and
thickness loss in the cyclic ablation of 30 s x 4 was higher
than that in 60s x 2. First of all, the medium and low
temperature oxides will rapidly evaporate or undergo
mechanical erosion under the conditions of ultra-high tem-
perature or strong heat flow, resulting in the formation of
porous refractory transition metal oxides on the ablation
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4.18 MW-m™2 [206].

surface. The porous oxide layer cannot effectively prevent
the inward diffusion of oxygen, leading to losses in fiber
and hence enhance ablation rate [207-209]. Second, the
refractory transition metal oxides, especially ZrO, gener-
ated from the oxidation of ZrC, have three crystal struc-
tures: monoclinic phase (m), tetragonal phase (t), and cubic
phase (c). During the cooling from elevated temperature to
room temperature, ZrO, undergoes a martensitic transfor-
mation from t-phase to m-phase, accompanied by a volume
expansion of approximately 3.5%, which leads to the exfo-
liation of the oxide layer [210-212]. All of these limits the
reusability of C/UHTCMC at higher temperatures and for
longer periods.

It is known from the literature that low valance rare
earth (RE) element cations (e.g., Y**, Sc¢**, La**, Yb*', etc.)
can play a critical role in stabilizing the oxide layer and
decreasing the oxygen diffusion rate [213]. In the oxidation/
ablation process, Re*" will replace the position of Zr** and
generate oxygen vacancies, which reduces the repulsive
force between oxygen-oxygen, obtains room temperature

stable t-ZrO, or c-ZrO,, inhibits the phase transition from t-
phase to m-phase, and can reduce or eliminate the volume
mutation of ZrO, [214]. In both of Liu et al. [215] and Zhang
et al’s [216] works, the La,0;3 was found to effectively
improve the ablation resistance of ZrB,-SiC ceramics
through forming solid solution with ZrO, phase. The action
mechanism of La in Hf-based ceramics is similar to that in
Zr-based ceramics [217,218]. Moreover, the addition of RE
oxides can also restrain the volatilization of the glass layer.
Zhang et al [219] investigated the effect of La,0O3 on the
oxidation behavior of SiC ceramic at 1,700°C based on first-
principles calculations and oxidation experiments, which
result in the in situ formation of the La,Si,0; phase with
high melting point, low volatility, and low oxygen diffusion
to enhance the stability of the SiO, glass layer. The solution
energies of La** in La,Si,0; (2 0 1) and SiO, (0 1 1) were
negative values which meant that La*" could exist steadily
in both structures. Since the absolute value of the solution
energy for La®* in SiO, is larger, La®" was more inclined to
diffuse into SiO,. In addition, the solution energies of La®* at
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the interstitial site of pure SiO, lattice was negative, while
that at substitutional was positive, which indicated that SiO,
lattice with an interstitial La>* was more stable. La*
replaced some Si-O bonds and formed La-O and La-Si
bonds with stronger bonds [220], which was favorable for
the high temperature stability of SiO,. A survey of influ-
ence of the RE oxides of La, Nd, Y, Sm, Yb, and Lu at 1700°C
employing volatility test on the stability of SiO, glass,
revealed that the smaller the RE3* radius, the greater its
solution energy in SiO, and the better the stability [221].
The SiO, glass phase has low oxygen permeability and
volatility due to the presence of the high melting point
Re,Si,0; phase. Of these, Lu** has the smallest ionic
radius, owns the best stabilization effect. The effect of
Lu,0; on the oxidation resistance of SiC-ZrB, coating
was further carried out on this basis [222]. The result
indicated that ZrO,, ZrSiO,, and LuyZr30,, phases formed
by oxidation provided effective protection for C/C compo-
sites at 1500°C up to 836 h, and the oxidation weight loss
rate was 0.62 mg-cm %

The viscosity of the glass phase will affect the oxygen
diffusion rate in the composites, and its relationship can be
expressed in the Stokes—Einstein equation [223]:

kT

B 6mnr’ ®)

where D is the diffusion constant (m*s™), K is the
Boltzmann constant (J-)K™), T is the temperature (K), i is
the viscosity (m*s™), and r is the radius of the spherical
particles (m). The greater the viscosity of the oxide layer,
the smaller the O, diffusion rate.

The relationship between viscosity and oxide particles
can be described by the following equation [224]:
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where a, b, ¢, and d are constants, Vris the volume fraction
of unmelted oxide particles and s is the average particle
size of unmelted oxide particles. Therefore, the higher the
volume fraction of oxide particles, the higher the viscosity
of the oxide layer at the same temperature. Jia et al. [225]
investigated the long-time ablation protection of different-
La,03-content (5-30 vol.%) modified ZrC coating for
SiC-coated C/C composites, the linear ablation and mass
ablation rates of the coating with different La,03 contents
are shown in Figure 19. Results displayed that ZrC coating
with 15 vol.% La,0O5 exhibited the best ablation resistance
which was attributed to the formation of high-thermal-sta-
bility and low-oxygen-diffusivity oxide layer which was
composed of m-ZrO, particles and molten phases with
Lag1Zry 90195 and La,Zr,0,. Meanwhile, La diffused along
the grain boundaries of ZrO, by short-circuit diffusion,
refining and producing abundant nano ZrO, grains, which
increases the viscosity of the oxide layer and decreases O,
diffusion rate.

In recent years, many efforts have been carried out to
investigate the effects of different types of RE oxides on the
oxidation and ablation resistance of C/UHTCMC, mainly
including matrix modification and coating modification
[226-228], the latter of which is mostly reported. Reports
of the production of RE oxides as matrix composition for
modified C;/UHTCMC are fewer in number. Luo et al. [229]
fabricated La,03/Y,05-doped C/SiC-ZrC composites by RMI
process in order to enhance their multiple ablation proper-
ties. Ablation results indicated that the formation of La,Zr,0-
phase significantly improved the ablation properties of
C/SiC-ZrC-La,05 composites, which could withstand three
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Figure 19: (a) Linear ablation and mass ablation rates of the coatings as function of La,03 content and (b) linear ablation and mass ablation rates of

the coating with 15 vol.% La,03 as function of time [225].
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times ablation under the OAT flame. While the C/SiC-ZrC-
Y,05 composites were severely damaged after two times of
ablation, which is likely to be primarily due to the Y,05
neither reacted with silica to reduce its violation nor dis-
solved into zirconia to suppress its phase transformation.
As presented in Figure 20, XRD and SEM results supported
this view. Many authors [230,231] have reported that the
oxidation and ablation properties of the composites are
dependent on the Y,03 content. Excessive Y,03 can result
in either weakening the strengths of Si-O bonds and breaking
the SiO, network structure, or causing a reduction in the
resistance to high temperature oxidation. Moreover, the for-
mation of the Y,Si,0; phase, which has a positive effect on
the ablation resistance, may require a longer oxidation time
or more SiO, [232]. Shen et al. [233] studied the effect of YC,
on the ablation performance and behavior of C/C-ZrC com-
posites. The generated oxides (ZrO, and Y,03) reacted vio-
lently with carbon and formed a great deal of pits on the
carbon fibers and matrices, which provides more active sites
for the thermal chemical reactions, thus accelerating the
ablation. In addition, the oxygen vacancies generated by
Y,03-doped ZrO, provided access for oxygen into the internal
material, which also further accelerates the ablation.

(a)

(b)
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Therefore, the introduction of YC, reduced the ablation
resistance of C/C-ZrC composites. Fang et al. [234] studied
the ablation properties of La,0; modified C/C-SiC compo-
sites fabricated via PIP process. Experimental results show
that with the transformation of La-compounds to La,Si,0,
phase, the volatilization of SiO, was reduced, the viscosity
of the oxide film was increased, and the excellent ablation
resistance was obtained. Subsequently, Fang [235] pre-
pared dense and homogeneous C/C-SiC-ZrB,-LaBg compo-
sites using C¢/LaBg preforms by reactive sintering action of
LaBg with Zr-precursor. The participation of ternary ceramic
phase formed a dense liquid-solid oxide layer, which evolved
the layer from SiO, to Si0,-La,Si,0, and then to Si0,-La,Si,0-
Lag7Zro2901 65-LasZr,0-Zr0, layer, significantly improving
the long-time ablation resistance of the composites, as shown
in Figure 21. Especially, the mass and linear ablation rates
after plasma ablation for 360s were 0.38mg-s™ and 0.37
um-s~, respectively. In order to solve the LaBg segregation
problem, Fang et al [236] developed in situ growth of LaBg
modified C/C-SiC-ZrC composites. Doping with 22.12 wt%
LaBg, the composites exhibited the best ablation properties
with the mass and linear ablation rates after plasma ablation
for 120 s being 154 mg-s™ and 1.92 pm-s™, respectively. In
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Figure 20: Macrographic images of (a) C/SiC-ZrC-Y,03 and (b) C/SiC-ZrC-La,03 composites before and after ablation tests; SEM images of (c) and (d)
C/SiC-ZrC-Y,03 and (e) and (f) C/SiC-ZrC-La,05 composites after ablation tests; (g) XRD patterns of the both composites; Schematic of ablation
mechanism of (h) C/SiC-ZrC-Y,03 and (i) C/SiC-ZrC-La,03 composites [229].
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Figure 21: Optical images of C/C-SiC-ZrB,-LaBg composites after ablation for (a) 60's, (b) 120 s, (c) 240 s, and (d) 360 s; SEM images and EDS analyses
of the molten glass layers after ablation for (e) 60, (f) 120's, (g) 240 s, and (h) 360 s; (i) Functional curves of mass ablation and linear ablation rates to
ablation time of C/C-SiC-ZrB,-LaBs composites; (j)-(m) HRTEM images of the oxides after ablation for 360 s [235].

conclusion, moderate amount of Re,05 is beneficial for the
observed improvement in the oxidation and ablation resis-
tance of CyUHTCMC by the formation of an immiscible multi-
component glass surface layer, which can lower the oxygen
diffusion coefficient, increase the viscosity of the glass oxide
layer, and inhibit the ZrO, phase transition. Currently,
mainly two RE elements (La and Y) are explored for matrix
modification of CyUHTCMC, which can be expanded to other
RE elements, such as SC, Yb, etc. Moreover, in view of the
shortcomings of modifying CyUHTCMC with a single RE ele-
ment, two or more RE elements can be added to play a
synergistic role between different elements.

Since microstructural defects such as pores and cracks
are typically the prime channels for oxygen to rapidly enter
the interior of materials, porosity has a momentous impact
on the oxidation and ablation behaviors. Parthasarathy et al
[237] reported the effect of porosity on the oxidation kinetics
of ZrB, (Figure 22). Both the oxidation rate and the thickness
of the oxide layer increased significantly with the increase
in the porosity. So, the denser the composite, the better the
oxidation resistance, as expected.

Ablation properties also have a dependency on the
shape of Cf/UHTCMC components. The vast majority of
ablation tests have been proceeded on plane specimens,
whereas only a few researchers have studied the ablation
behavior of C/UHTCMC with sharp shape under high
heat flux [238]. Liu et al [239] fabricated wedge-shaped
C/C-SiC-ZrB, composites by RMI process, and investigated
their ablation performance under the oxyacetylene flame
with a heat flux of 2.38 MW-m™ Since the leading edge is
subjected to higher shear force and heat flux, its ablation
rate is higher than that of plane specimens, the linear
ablation and mass ablation rates were 13 um-s™ and
1.4 ug-s™, respectively. Compared to sharp leading edges,
blunt edges have less heating caused by friction of the
shock wave on the surface which are more compatible
with the design of thermal structural components [240].
The ablation behavior of nose-shaped C/C-HfB,-SiC compo-
sites prepared by PIP process exposed to OAT with different
heat fluxes (2.38 and 4.18 MW-m %) was reported by Zhang
et al. [171]. During ablation in 2.38 MW-m %, the C/C—HfB,~SiC
composites showed better ablation performance and
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Figure 22: Effect of pore fraction on (pore fraction from 0.025 to 0.2): (a) rate constant, (b) oxide thickness, and (c) recession [237].

structural stability, mainly due to the formation of borosili-
cate glass, HfO,-glass, and HfO, scale. As the heat flux
increased to 418 MW-m™2 the increased surface tempera-
ture and the enhanced denudation resulted in the absence
of the borosilicate glass, the C/C—HfB,—SiC composites under-
went more serious ablation, with linear ablation and mass
ablation rates of 22.9 ym-s and 3.6 ug:s™, respectively. In
parallel, similar observations of the C/SiC-HfC composites
with similar shape in plasma wind tunnel were reported
also by Duan et al. [241]. Sciti et al. [242] designed a ceramic
nozzle composed of a 50 vol.% carbon chopped fibers and 50
vol.% ZrB, and tested its ablation resistance in a HVOF in
conditions simulating typical exhaust engine flows, as shown
in Figure 23. A fluid dynamic numerical simulation allows to
predict the heat flux and temperatures in the nozzle.
Although a slight oxidation occurred on the frontal side
of the ceramic nozzle, it maintained original structural
integrity, and there was no significant ablation of the
inner throat diameter before and after the ablation test.
To better simulate the real working condition, Liu et al.
[243] specially designed a new ablation condition to inves-
tigate the effect of temperature gradient on the ablation

and flexural behavior of the C/C-ZrC composites. In general,
some components with specific shapes are ineluctable in
practical applications so as to meet the aerodynamic design
to reduce drag. A more accurate, valid, and realistic evalua-
tion of the ablation properties of C/UHTCMC is imperative
in extreme environments in combination with the realizable
testing conditions constructed by lab-scale methods and
the shape design of the composites [244].

In summary, the ablation property of Cf/UHTCMC is
first regulated by the rapid chemical reaction of carbon
and ceramic with oxygen on the surface, then governed
by the oxygen diffusion rate through the protective layer.
This section summarizes the latest research progress
of C/UHTCMC in multiple matrix modification, structure
and property regulation, oxidation ablation mechanism,
RE elements modification, etc., aiming to provide refer-
ence to further promote the research and development of
Ci/UHTCMC. To date, there is no unified standard for the
oxidation ablation test conditions and sample specifica-
tions of C{/UHTCMC, which makes it difficult to compare
the oxidation ablation properties reported in different lit-
eratures, and cannot provide guidance for the optimization
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Figure 23: (a) Macroscopic image of the nozzle after the HVOF test; (b) Optical microscopy image of the front part of the nozzle; (c) SEM image of the
boxed area in (b); (d) cross section of the oxidized layer; (e) microstructure detail of the oxidized layer in (d) with the corresponding EDS spectrum

inset [242].

and improvement of CfUHTCMC performance. Therefore,
there is also a need to establish a unified ablation evaluation
standard. Moreover, the volume content and distribution
pattern of each constituent of UHTCs matrix, heat flux den-
sity, oxygen partial pressure, etc., are the decisive factors for
the ablation behavior of CfUHTCMC, whereas there is lim-
ited information available on relatively systematic and in-
depth quantitative research reports.

4 Elevated temperature
mechanical properties of
Cs/UHTCMC

Understanding the elevated temperature mechanical prop-
erties of Cf/UHTCMC is crucial to comprehend their per-
formance in force/heat/oxygen extreme environment.
Although many results on the mechanical properties of
C/UHTCMC at room temperature have been reported to
date, which mainly reflects the influence of different pre-
paration process on the mechanical properties, Vinci et al.
[245] investigated the mechanical behavior of CgZrC-SiC
and C¢/TaC-SiC composites at elevated temperature in Ar
atmosphere, as shown in Figure 24(a) and (b). Compared to
room temperature, the flexural strengths of both compo-
sites at 1,500°C are substantially enhanced (approximately

450 MPa), which was attributed to the relaxation of resi-
dual stresses accumulated during HP. At 1,800°C, the flex-
ural strengths of both composites began to decrease, but
were still greater than the room temperature values. At
2,100°C, both C¢ZrC-SiC and CyTaC-SiC composites experi-
enced significant plastic deformation, with flexural strengths
of 440 MPa and 368 MPa, respectively. The micromorphology
after testing at 1,500-2,100°C revealed that no grain growth
or fiber degradation was observed, so it can be concluded
that most of the plastic deformation was caused by grain
boundary sliding (Figure 24(c)). Jia et al. [246] reported the
in situ tensile properties and flexural properties of C/C-
ZrC-SiC-ZrB, composites at 1,500-1,800°C. The flexural test
indicated that the C/C-ZrC-SiC-ZrB, composites exhibited
brittle fracture characteristics at ambient temperature, while
the flexural strength decreased at elevated temperatures,
showing a pseudo-ductile fracture behavior. Zoli et al. [247]
found that the flexural strength of homogeneously distrib-
uted unidirectional carbon fibers reinforced ZrB,—SiC-SizN,
composites increased from 360 MPa at room temperature to
550 MPa at 1,500°C, and up to 420 MPa after thermal shock of
1,175°C, which was owing to the trade-off between the resi-
dual stress release and the formation of new cracks. Ding
et al. [248,249] discussed the role of interphase (PyC and PyC/
SiC) between fiber and matrix in mechanical properties and
microstructure evolution of 3D C¢/SiBCN composites at ele-
vated temperatures in detail. According to Figure 25, the
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Figure 24: Load-displacement curves at room temperature, 1,500, 1,800, and 2,100°C for (a) C¢/ZrC-SiC and (b) C¢/TaC-SiC composites, (c) micro-
structure of C¢/ZrC-SiC composite after mechanical testing at room temperature, 1,500, 1,800, and 2,100°C [245].

fiber with PyC/SiC coating, which can effectively retard the
carbothermal reduction reaction (mainly by 2C + 2Si - N —
2SiC + Nyt, partly by 2C + Si - O — SiC + CO?) at elevated
temperatures, enhanced the load transfer between the fiber
and the matrix, thus flexural strength (330 + 7 MPa) of the 3D
C¢/SIBCN composites was maintained well at 1,600°C. The
significance of interphase on the mechanical properties of
Cy/UHTCMC has also been emphasized elsewhere [250].
Under the simultaneous action of mechanical and
thermal load, the UHTCs phase undergoing dislocation
slip, grain deflection, etc., exhibits plastic deformation
characteristics, therefore the high temperature mechanical
properties better reflect the mechanical characteristics of
Cy/UHTCMC. At higher temperatures, some of the gas-phase
products are generated and escape from the interior of the
material, the mechanical behavior of C;/UHTCMC will be
more complicated. However, in the existing literature, the
microscopic mechanism of plastic deformation of UHTCs is
not clear well. The slip of dislocations along (110) {111} has
long been recognized as the dominant microscopic mechanism
for plastic deformation of TaC [251,252]; however, it has been

postulated that Ta diffusion is the main creep mechanism
[253]. The pivotal reason why there are few high tempera-
ture mechanical studies of C/UHTCMC is the difficulty of
testing at elevated temperatures. Gangireddy et al. [254,255]
proposed a non-contact means of thermo-mechanical testing,
where electrical current is utilized to heat the sample and a
Lorentz force is applied to the sample through the applica-
tion of a magnetic field. Using this method, he ascertained
the activation energies, dislocation behavior, and deflection
behavior of TaC and HfC above 2,000°C [256]. No reports have
been found to date on the long-time service properties of
Cy/UHTCMC subjected to cyclic (fatigue) and constant (creep)
loading. This is likely to be primarily due to much of the
current research focuses on applications that require only
a short service life, usually seconds to a few minutes [257]. In
conclusion, the high temperature mechanical behavior of
Cy/UHTCMC is quite sensitive to the testing conditions, and
there is no consensus so far on the high temperature
mechanical mechanism of CfUHTCMC and the mechanism
of the high temperature plastic deformation of the UHTCs
phase, so further studies are still needed.
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5 Summary and outlook

As thermal protection materials with great potential for
hypersonic vehicles, CyUHTCMC have been the focus of
research on high temperature structural materials in
extreme environmental conditions in recent years. This
study presents the state of the art on CfyUHTCMC in terms
of preparation processes, matrix modification, structure
and property regulation, oxidation ablation mechanism,
and high temperature mechanical properties. The aim is
to enhance understanding of the critical scientific issues
related to the structural transformation and property
mechanisms of C/UHTCMC.

The physical and chemical properties of C/UHTCMC is
highly reliant upon bhoth the processing method and pro-
cess conditions at the fabricator’s disposal. The processing
approaches of Cf/UHTCMC mainly include PIP, CVI, RMI, SI,
HP, SPS, among others. Although the PIP method can better
solve the problem of inhomogeneous UHTC phase distribu-
tion, the difficulty in synthesizing UHTC precursors and
high price restrict its development. Moreover, the lower
ceramic yield of UHTC precursors leads to the larger

porosity of CfyUHTCMC, which is another important factor
limiting the wide application of PIP method. For CfUHTCMC
components serving in high temperature oxidation environ-
ments, high densification (i.e., low porosities) are essential to
ensure composites performance. The RMI method has the
unique advantages of short cycle and rapid densification,
which is a more economical and efficient preparation
approach for C/UHTCMC compared with other preparation
approaches such as PIP and CVI. In the RMI process, the pore
structure of the permeated preform has a decisive influence
on the melt seepage, in situ reaction as well as the mor-
phology and structure of UHTCs phase. Therefore, it is of
great significance to adjust and modify the pore structure of
the permeated preform based on the principle of pore reg-
ulation for eliminating residual metals and improving the
ablation resistance. The CVI process is very useful in that it
enables to produce the desired interphase and partial UHTC
matrix at low fabrication temperatures that do not cause the
fiber degradation. Due to the intrinsically long preparation
cycle, almost no C/UHTCMC prepared totally by CVI have
been reported. The SI method has the characteristics of easy
control of UHTC composition and content, simple equipment
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and process, low cost, and fewer defects. However, the
agglomeration of UHTC particles is expected to block the
pores of the preform outer layer, resulting in difficulties in
continuous densification and is not suitable for components
with complex geometry. HP and SPS are the most common
routes for sintering C/UHTCMC, which reduces processing
time and allows for high densification. Nevertheless, the
high temperature and pressure generated are pernicious to
the carbon fiber and interphase. Overall, to achieve the tar-
geted properties of C/UHTCMC, including microstructural
characterization, mechanical, oxidation, and ablation prop-
erties, a combination of two or more preparation approaches
is imperative.

The ablation resistance of CyUHTCMC can be obviously
improved by compositional design, resulting in an immis-
cible multicomponent oxide protective layer. The oxygen
consumption by carbide/boride during oxidation, the sta-
bility of the oxide protective layer, the viscosity of the
multicomponent glass phase, the dense oxygen diffusion
barrier as well as the heat absorbed by the melting or
evaporation of the oxide layer are considered responsible
for the observed improvement in ablation resistance of the
Cy/UHTCMC. Optimizing the type and quantity of transition
metal and RE elements in the oxide protective layer formed
in C/UHTCMC is conducive to obtaining superior oxidation
and ablation properties for extreme temperature applica-
tions. While the incorporation of multicomponent UHTCs
phases, HECs and RE elements probably enhance the abla-
tion resistance, there is also a need to supervise the type and
amount of transition metal and RE elements so as to balance
the physical, mechanical, and thermal properties of the com-
posites to best suit practical applications. It is worth noting
that the C/UHTCMC exhibit anisotropic mechanical and
ablation behavior due to the different braided structure of
carbon fiber preforms. Therefore, a suitable preform struc-
ture should be adopted according to the dimension of Cg
UHTCMC component, mechanical load, thermal load, and
operating conditions for the specific application.

Considering the advantages and disadvantages of var-
ious ablation testing methods, it is essential to establish a
rapid and low-cost assessment method for large C(/UHTCMC
with complex geometry under real or near-real service
environment conditions. Moreover, the uniform oxidation
ablation assessment standard can provide a more accurate
direction for CfUHTCMC to achieve performance optimiza-
tion and long-term service at elevated temperature.

C¢/UHTCMC as structural component for ultra-high
temperature extreme environment applications, the existing
research reports on their elevated temperature mechanical
properties are still scarce. Although it has been confirmed
that the UHTCs phase undergo dislocation slip, grain

DE GRUYTER

deflection, and plastic deformation at elevated tempera-
ture, the influence of dislocation slip mechanism, atomic
diffusion mechanism, and external conditions on the
plastic deformation of C/UHTCMC still need to be further
investigated.

Most of the research works remain on improving the
fabrication process and composition; however, there is
limited information available on the structural design
and regulation of CfyUHTCMC. According to the required
properties with respect to its intended operability window,
targeted multiscale structural design and regulation
can help to maximize the performance of C{/UHTCMC.
Meanwhile, advanced characterization techniques for C¢
UHTCMC with atomic scale resolution capabilities will be
further explored to gain insight into the mechanical and
ablation behavior of Cf/UHTCMC. Create hybrid processes
or develop new processes to avoid fiber and interphase
degradation while obtaining the desired combination of
properties.

C/UHTCMC is a rapidly developing and growing new
composite with extremely bright prospect as thermal struc-
tures and anti-ablation components of hypersonic vehicles
and rockets, especially in sharp noses, leading edges, and
engine components, as a result of their superior thermal
shock, oxidation ablation resistance and damage tolerance.
They can be further explored in various technical fields,
such as simulation studies and life prediction of ablation
process, new fiber/matrix interphase design, ablation and
mechanical behavior under the coupling of force, heat, and
oxygen, multiscale structural design and regulation in
order to optimize oxidation ablation properties and pro-
long the service life as well as thermal protection system
design. Simulation modelling, based on the accumulation
of a large amount of product inspection data, creates map-
ping relationships between matrix, fiber, interphase, micro-
structure, processing, and properties, thus reducing the
manufacturing and inspection costs. This offers consider-
able economic benefits in terms of improving the utilization
efficiency of resources and energy.
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