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Light-weight carbon fiber-reinforced silicon carbide (C/SiC) porous ceramics have been fabricated by optimized
grinding-mould pressing-sintering process, and the properties of the porous ceramics have been discussed sys-
tematically. The results demonstrate that fabricated porous ceramics used in the transpiration cooling exhibit low
densities (1.327-1.377 g/cm3), uniform pore-size distribution and excellent permeabilities (5.713-5.903 x 10~
mm?). Furthermore, the validity and reliability of the porous ceramics applied as coolant medium in the tran-
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spiration cooling system are successfully verified by using the oxyacetylene flame test. This work provides an
efficient method to prepare light-weight C/SiC porous ceramics with excellent permeability, which has a useful
reference for optimization of the transpiration cooling of the hypersonic vehicles.

1. Introduction

Thermal protection system is a key technology for development of
hypersonic vehicles [1,2]. As one of the thermal protection methods,
transpiration cooling system has a promising potential development for
protecting hypersonic vehicles from outside thermal loads due to
maintaining the aerodynamic shape of the vehicle [3,4]. Porous material
applied as coolant medium plays a key role in this thermal protection
system, in which the coolant is fed through this porous material [5-9].
The cooling mechanism mainly relies on the heat capacity of the coolant
and external film cooling, which decreases the heat flux of porous ma-
terial wall from searing gas.

Recently, sintered porous plate [10,11], porous C/C composites [12,
13] and sintered woven wire mesh [14,15] are used as coolant medium
to investigate the performances of transpiration cooling. However, these
porous materials for transpiration cooling are still limited in high den-
sity or low application temperature, these shortcomings are detrimental
to fuel economy and flight safety for the vehicle.

C/SiC porous ceramic has low density [16-18], prominent high
temperature oxidation resistance [19-22] and remarkable mechanical
property [23-26], so it is a prospective porous material in the transpi-
ration cooling system. Unfortunately, to the best of our knowledge, few
of specialized studies focus on the development of the silicon carbide
matrix porous ceramics applied in the transpiration cooling system [27].
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Besides, it still has great room for porous ceramic with low density used
in the transpiration cooling. In this study, an optimized fabrication
method is proposed for C/SiC porous ceramics in the pursuit of low
density and excellent permeability, the effects of different impregnation
materials on the performances of this porous ceramic are also discussed.
Besides, transpiration cooling tests for these porous ceramics prepared
in the work are successfully carried out using the oxyacetylene flame
test.

2. Experimental procedure

The preparation steps of C/SiC porous ceramics are shown in Fig. 1:
firstly, the SiC ceramic slurry is prepared. A percentage of dispersants
(Silok-7096, Silok®Chemical group co., Ltd, China; Anjeka 6041, Ezhou
anjieka technology co., Ltd, China) and polycarbosilane (PCS, melting
point of 200 °C, average molecular weight of 1234, Suzhou saifei group
co., Ltd, China) are dissolved in xylene. -SiC particles (5 pm in diam-
eter) are served as the starting particles in the slurry. Next, carbon fiber
powders (7 pm in diameter, 150 pm in diameter, the mass ratio between
silicon carbide particles and carbon fiber powders is 1:1) are added into
the prepared SiC ceramic slurry to obtain the dried mixture by stirring
and drying. After that, the dried mixture is grinded into hybrid powders,
and then the hybrid powders are molded at 100 MPa to form black
bodies. Subsequently, black bodies are sintered to form initial C/SiC
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Fig. 1. Preparation flow chart of porous ceramics.

porous ceramics (C/SiCg porous ceramics for short, these abbreviations
of porous ceramics are shown in Table 1) at 1300 °C for 2 h under the
protection of nitrogen after crosslinking in the air, followed by natural
cooling. Finally, the final C/SiC porous ceramics (C/SiCp porous ce-
ramics and C/SiCg porous ceramics, these abbreviations of porous ce-
ramics are shown in Table 1) are respectively prepared by impregnating
C/SiCg porous ceramics with PCS solution (mass fraction of 20%) or
silicasol solution (mass fraction of 20%) under vacuum conditions, and
sintering at 1300 °C under nitrogen atmosphere after dried. The
impregnation process is repeated 2 times. After each impregnation,
porous ceramics are dried and sintered.

The microstructures of polished C/SiC porous ceramic samples are
observed by scanning electron microscopy. Testing samples with di-
mensions of 1 cm x 1 cm x 1 cm are cut from the primary samples,
whereafter, mechanical strengths of the C/SiC porous ceramics are
determined under quasi-static states by using a microcomputer
controlled spring tension and compressive testing machine. Densities of
C/SiC porous ceramics are based upon mass-to-volume ratio of the
samples. Pore-size distributions are analyzed by a mercury intrusion
porosimetry. Permeabilities of the porous ceramics are obtained using
by a self-made apparatus, which has been detailedly described in
Ref. [6]. Transpiration cooling tests for C/SiC porous ceramics are car-
ried out using the oxyacetylene flame test, its schematic diagram is
shown in Fig. 2. Oxygen and acetylene are adjusted by the control sys-
tem to flow through flame gun and then they are ignited to spray to
specimen. The temperature sensor and water pipe are installed on the

Table 1
Abbreviations of porous ceramics.

Porous ceramic description Abbreviation

C/SiC porous ceramics before impregnation
C/SiC porous ceramics are impregnated with PCS
C/SiC porous ceramics are impregnated with silicasol

C/SiCg porous ceramics
C/SiCp porous ceramics
C/SiCs porous ceramics
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back-side of specimen. The experimental data are saved into the data
collection system. The oxyacetylene flame test details have been intro-
duced in Refs. [7].

3. Results and discussion

Light weight is a prerequisite for hypersonic vehicles, so light-weight
porous ceramics used in the transpiration cooling have been fabricated
by optimized grinding-mould pressing-sintering process and the prop-
erties of porous ceramics before and after impregnation have also been
investigated in this work. As shown in Fig. 3, the densities and appli-
cation temperatures of C/SiC porous ceramics in this study and other the
transpiration cooling materials have been compared. It is obvious that
porous ceramics in this work have higher application temperature and
lower density. Fig. 4 displays the micrographs of C/SiC porous ceramics
before and after impregnation. It can be obviously noticed that the
carbon fiber powders are uniformly dispersed inside the porous ce-
ramics, besides, the porous ceramics before and after impregnation have
fluffy structures, which can provide ample space for coolant in the
transpiration cooling. Characterizations of porous ceramics are shown in
Table 2. After impregnation, the porous ceramics have lower open po-
rosities, but the open porosity is still higher than that of porous ceramic
in Refs. [6], and the morphology of porous ceramic after impregnation
has no significant change as compared to that before impregnation.

Fig. 5 depicts the stress versus the displacement for C/SiC porous
ceramics before and after impregnation. It is clear that different
impregnation materials have important impacts on the mechanical
performance of this porous ceramic [34-37]. C/SiCp porous ceramic has
the highest mechanical strength, while the stress of untreated porous
ceramic is the lowest. As is known to all, the mechanical properties of
sintered powder porous ceramics primarily rely on the bonding state
among the powders [38,39]. As shown in Fig. 6(a), SiOz evenly dis-
tributes in the cavity of porous ceramic, but it contributes limited
bonding strength. Fig. 6(c) depicts that the carbon thermal reaction
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Fig. 2. Schematic diagram of oxyacetylene flame test.

between the C and SiO, has occurred, but this reaction cannot
completely happen at 1300 °C in Fig. 6(b). Thereby the main reasons for
improving mechanical property of C/SiCs porous ceramic probably
include increasing of the compactionness of porous ceramic and the joint
area among silicon carbide particles, carbon fibers and SiO;. As shown in
Fig. 6(d) and (e), as the product derived from PCS is same to substrate of
porous ceramic, the strength of joints among silicon carbide particles are
very strong, and the joints between carbon fiber and silicon carbide
particles can also be bonded. Thus, the bonding performance of C/SiCp

3000 | ‘
®  C/C material [29, 30]
R 2500 ® SiC/SiC material [31, 32]
L % C/SiC porous ceramic [This work]
e v Porous alumina ceramic [33]
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Fig. 3. The densities and application temperatures of the C/SiC porous ce-

ramics are comparable to other transpiration cooling materials [28-33].
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porous ceramic is higher than that of C/SiCs porous ceramic [40,41].
Notably, it is clear that the fracture mechanism of C/SiC porous ceramic
before impregnation is ductile failure, while brittle failure is dominant
for C/SiC porous ceramic after impregnating silicasol or PCS because of
improvement of brittle matrix content [42]. The impregnation-sintering
process has a great effect on the mechanical performance of porous
ceramic [43,44].

In the transpiration cooling process, pore sizes inside porous material
should be as uniform as possible to avoid irregular distribution of
coolant. Fig. 7 shows pore-size distributions of C/SiC porous ceramics
before and after impregnation. It is evident that all pore-size distribu-
tions respectively reveal a narrow peak in the range of 2-25 pm.
Meanwhile, there are some large-sized pores at 100-300 pm, which are
mainly composed of the gaps between the carbon fibers and SiC parti-
cles, as shown in Fig. 4(a). Porous ceramics after impregnation have a
higher proportion of smaller pores, because silicasol and PCS fill the
space of larger pores. These pores can be the channels for coolant, and
make the coolant uniformly distribute in the porous ceramics.

It is well known that permeability has always been a prerequisite for
coolant medium in the transpiration cooling [45,46]. As is shown in
Table 2, C/SiC porous ceramics before and after impregnation all have
excellent permeabilities, which are much faster than those of C/SiC
porous ceramics in Ref. [6]. The permeability of C/SiCp porous ceramics
has been improved by at least 45% as compared to that of C/SiC porous
ceramics fabricated in Ref. [6]. Apart from the driving force from the
metering pump in the permeability test (Fig. 2), the capillary force also
plays an important role in this porous ceramic, because complete wet-
ting of material is primarily dependent on the capillary driven imbibi-
tion of liquid water. The capillary driven imbibition and seepage flow
processes in the porous media under microgravity conditions have been
investigated experimentally and theoretically in Refs. [47,48], and the
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Fig. 4. Micrographs of porous ceramics: (a) C/SiCg porous ceramics, (b) C/SiCs porous ceramics, (c) C/SiCp porous ceramics.

Table 2

Comparison of characterizations of C/SiC porous ceramics before and after impregnation.

Samples porous ceramics Density (g/cm®)

Open porosity (%)

Compressive strength (MPa) Permeability rate ( x 10~% mm?)

10.36 + 0.56 7.951 + 1.102
15.70 £ 0.75 5.903 + 0.676
23.08 + 0.328 5.713 + 0.887

C/SiCg 1.229 + 0.055 13.2+1.3
C/SiCg 1.327 + 0.045 10.6 + 0.5
C/SiCp 1.377 + 0.092 11.2+ 0.9
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Fig. 5. Stress-displacement curves of porous ceramics before and after
impregnation..
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capillary force still has an effect on the seepage flow processes though
there is external pressure gradient in the porous media [49]. As shown in
Fig. 8, the liquid water has firstly wetted the surface and then evenly
seeped out from this porous ceramic under the metering pump and
capillary force, which indicates the porous ceramic is hydrophilic, these
two driving forces are simultaneous until the porous ceramic is
completely filled with water; then, there is no longer capillary force [50,
51].

Several experimental investigations on transpiration cooling of these
porous ceramics with water coolant are carried out using the oxyacet-
ylene flame test, and the surface and back-side temperatures of different
porous ceramics are shown in Fig. 9. It is apparent that the surface and
back-side temperatures have quickly achieved stable states at different
heat fluxes in Fig. 9(b), respectively. During about 600-s tests, the back-
side temperatures have been stayed at a low level, which indicates that
these porous ceramics can be successfully applied in the transpiration
cooling system. Fig. 9(a) displays that surface and back-side tempera-
tures of different porous ceramics at heat flux of 1.9 MW/m? and liquid
water flow rate of 0.06 g/s. The surface temperatures of porous ceramics
after impregnation are higher than those of porous ceramics before
impregnation, because C/SiC porous ceramics after impregnation have
lower porosities, there is less room inside porous ceramic to store water
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Fig. 6. Bonding state: (a) SEM picture of C/SiCs porous ceramics; (b) joint between SiO, and carbon fiber; (c) joint between SiO, and carbon fiber; (d) SEM picture of
C/SiCp porous ceramics; (e) joint between SiC particle and SiC particle of C/SiCp porous ceramics.
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Fig. 7. The pore-size distributions of C/SiC porous ceramics before and after
impregnation.

and pore skeletons have smaller heat-exchange area with liquid water.
Similarly, the same reason probably causes that surface temperatures of
C/SiCg porous ceramics are higher than those of C/SiCp porous ceramics.
In practical application, the mechanism of transpiration cooling still
needs to be systematically studied because the transpiration heat-
protection effect is still affected by various factors. As shown in Fig. 9
(b), with the increasing of heat flux, surface and back-side temperatures
all gradually increase but back-side temperatures increase more slowly
than surface temperatures. These porous ceramics all achieve good
cooling effects. After several tests, these porous ceramics perform well at
different testing conditions, as is shown in Fig. 10. These results indicate
that it is valid and reliable for these porous ceramics applied as coolant
medium in the transpiration cooling system of hypersonic vehicles.
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4. Conclusions

Light-weight carbon fiber-reinforced silicon carbide (C/SiC) porous
ceramics are fabricated by optimized grinding-mould pressing-sintering
process. The porous ceramics in this work have higher application
temperatures and lower densities as compared to other the transpiration
cooling materials. The properties of porous ceramics before and after
impregnation have been systematically compared and discussed. The
mechanical performance of porous ceramic has been reinforced after
impregnation, especially mechanical strength of C/SiC porous ceramic
after polycarbosilane impregnation. Additionally, the porous ceramic
after impregnation has a more uniform pore-size distribution. Moreover,
the C/SiC porous ceramic after several tests at high heat flux is per-
forming well and it can be re-used in the transpiration cooling experi-
ments. In summary, porous ceramic after polycarbosilane impregnation
has the most superior properties among these three porous ceramics in
this work. Therefore, C/SiC porous ceramic after polycarbosilane
impregnation in this work have a likely potential application in the
transpiration cooling thermal protection system.
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