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composites with good ablation
performance prepared via a two-step hydrothermal
method

Zhe Bai, Liyun Cao, Jianfeng Huang,* Haibo Ouyang, Jinbu Su, Cuiyan Li and Ao Fu

Cf/C–SiC–MoSi2 composites were prepared via a simple hydrothermal method. The kinetics of the

hydrothermal penetration process, the mechanical properties, and ablation behaviors of the composites

were investigated. Results showed that the penetration activation energy was only 51.3 kJ mol�1. The

flexural strength of the composites was 111.7 MPa. The Cf/C–SiC–MoSi2 composites exhibited good

ablation properties after being exposed to plasma flame at 2300 �C. During the ablation, molten SiO2

could prevent carbon from oxidation. Moreover, the transformation from MoO2 to gaseous MoO3

consumed considerable amounts of oxygen and absorbed a large amount of heat, which prevented the

composites from further ablation.
1. Introduction

For the development of aerospace technology, there are great
challenges for achieving advanced thermal protection mate-
rials, especially for materials with high temperature perfor-
mances over 2000 �C.1,2 Carbon/carbon (C/C) composites are
regarded as desirable candidates for thermal protection mate-
rials because of their excellent properties such as high strength-
to-weight ratio, excellent specic strength, and high thermal
conductivity.3–5 However, the C/C composites are vulnerable to
oxidation at elevated temperatures in aerobic environments,
which seriously limits their application in advanced space
systems.6

Introducing ultra-high temperature ceramics (UHTCs) into C/
C composites has been considered as an effective way to improve
the oxidation and ablation resistance.7,8 As is known, there have
been signicant advancement in refractory carbide and boride
ceramics (e.g. ZrC, HfC, TaC, and ZrB2)-modied C/C composites.
Composites, such as C/C–ZrC and C/C–ZrB2, show good ablation
properties at high temperatures. However, C/C–UHTCs compos-
ites ablated at moderate to high temperatures have attracted less
attention. MoSi2 is a type of intermetallic compound with a lower
melting point (2030 �C) compared to UNTCs; however, it
possesses excellent oxidation resistance, which is why it is widely
applied in the coatingmaterials for C/C composites.9,10 Therefore,
the introduction of MoSi2 into C/C composites might play an
important role in the low-temperature ablation area (around
2000 �C). Recently, research has proved that MoSi2 is an ideal
candidate for enhancing the ablation properties of the C/C
ing, Shaanxi University of Science and
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composites.11,12 Hao et al. developed Cf/MoSi2–SiC–C-based
composites by inltrating Mo–Si–Ti/Al mixed powder into
a porous C/C preform. There were SiC (43–76 wt%), MoSi2, and
ceramic phases containing Ti/Al in the composites. The Cf/C–
MoSi2–SiC composites showed excellent ablation properties. The
C/C–MoSi2 composites are benecial for improving the ablation
performance of C/C composites and broadening the ablation
materials system. That is very important for the development of
the aviation and space industry.

In previous studies, the C/C–UHTCs composites were fabri-
cated via many approaches such as precursor inltration and
pyrolysis,13–16 reactive melt inltration,17–20 chemical vapor inl-
tration,21–23 and slurry/powder inltration.8,24 However, these
methods usually require complicated experimental facilities,
high production costs, high temperatures or special shape of
preforms. Moreover, during the preparation, carbon bers may
be damaged due to chemical reactions, which reduce the
mechanical performance of the composites. Over the years,
hydrothermal treatment has attracted signicant attention
because of its characteristics such as being environment-friendly,
require mild reaction conditions, provide increased reaction
rates, and results in considerable productivity.25–27 Moreover,
hydrothermal process can provide a hyperbaric environment. It is
benecial for the particles and hydrothermal products to inl-
trate into cracks and pores of C/C composites. With the help of
microwave hydrothermal process, C/C–ZrC composites with
a ZrC rich surface layer were prepared by Li et al.28 ZrC particles
were homogeneously dispersed in the carbon matrix. The linear
and mass ablation rates of the composites were only about 3.2
mm s�1 and 1.5 mg cm�2 s�1 aer being exposed to an oxyacet-
ylene torch at 3000 �C for 60 s, respectively. Cao and Mi et al.29

introduced Al(PO3)3 into porous C/C composites via a microwave
hydrothermal method to improve the low-temperature oxidation
RSC Adv., 2017, 7, 11707–11718 | 11707
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resistance of the C/C composites. The results showed that aer
oxidation at 700 �C in air for 10 hours, the mass loss of the
modied composites was only 11 mg cm�2. Thus, the hydro-
thermal process should be an efficient way to fabricate C/C–
UHTCs composites.

In this study, Cf/C–SiC–MoSi2 composites were fabricated via
a two-step hydrothermal method. First, SiC and MoSi2 particles
were introduced into porous and low-density C/C composites
through the high pressure of hydrothermal treatment. Then,
the composites containing SiC and MoSi2 were densied via
hydrothermal carbonization. The penetration kinetics of SiC
and MoSi2, the microstructure, and ablation resistance of the
composites were investigated. The ablation mechanism of the
composites was also studied.

2. Experiments
2.1 Fabrication of the composites

The preforms (PAN-based carbon ber, T300) were cut into
small specimens (F35 � 10 mm) and densied to about 0.57 g
cm�3 via a hydrothermal treatment. The densication proce-
dure was executed at 200 �C for 24 h using 1.5 mol L�1 glucose
aqueous solutions as the media. Aer this, the porous and low
density C/C composites were ultrasonically cleaned with
distilled water, and then dried at 100 �C for 4 h.

SiC (2 g, particle size 0.5–0.7 mm, purity $ 99.9%) and MoSi2
(2 g, particle size 0.5–2 mm, purity $ 99%) were dispersed in 40
mL water–ethanol mixture (Vwater/Vethanol ¼ 3/1) via ultra-
sonication for 30 min (the ultrasonic power was set at 400 W),
and the mixture was magnetically stirred for 24 h. The
composites were placed into a 100 mL Teon autoclave and
immersed with the SiC and MoSi2 suspension. The Teon
autoclave was sealed and heated to the set temperatures for
denite times (Fig. 1). During this process, the Teon autoclave
was continuously rotated using an electrical machine. The
contents of SiC and MoSi2 in the composites were controlled by
the hydrothermal inltration times and cycles.

Aer inltrating SiC and MoSi2 particles into the C/C
composites, another typical cycle of the hydrothermal process
Fig. 1 Schematic of the hydrothermal penetration process.

11708 | RSC Adv., 2017, 7, 11707–11718
was carried out to improve the density of the composites and
reduce the defects among the carbon bers and ceramic matrix
of the composites. The composites containing ceramic particles
were soaked in a 1 mol L�1 glucose aqueous solution. They were
then hydrothermally treated at 200 �C for 12 h. This soaking
followed by a later hydrothermal treatment was repeated 12 times
to obtain dense composites. The composites were polished aer
every hydrothermal treatment. Finally, the composites were heat-
treated at 1200 �C for 2 h in an argon atmosphere to fully
carbonize. They were named as Cf/C–SiC–MoSi2 composites.

2.2 Ablation test

The ablation test of the specimens was carried out using
a plasma generator (Multiplaz, 3500). During the test, the
ablation angle was 90�. The distance between the specimen
surface and the gun tip was maintained at 10mm, and the inner
diameter of the plasma generator tip was about 2 mm. The work
current and voltage of the plasma generator were 6 A and 160
(�1) V, respectively. The maximum temperature of the ablation
center surface of the specimen reached 2300 �C, which was
measured by an optical pyrometer. Three specimens were
exposed to the plasma ame for 60 s. The average linear and
mass ablation rates of the composites were calculated using eqn
(1) and (2):

Rl ¼ Dd

t
(1)

Rm ¼ Dm

st
(2)

where Rl is the linear ablation rate, Dd is the change in the
sample thickness at the most serious ablated region before and
aer ablation, Rm is the mass ablation rate, Dm is the sample's
mass change before and aer ablation, s is the surface area of
the crater, and t is the ablation time.

2.3 Characterization

The open porosity and bulk density of the composites were
investigated using a mercury injection apparatus (micro-
meritics, Auto pore IV 9500). Twenty-ve points on the surface
and cross-section of the composites were randomly selected to
measure Si/Mo atomic ratio by an X-ray uorescent analyzer
(XRF, HORIBA XGT-7200). The phase compositions of the
composites before and aer ablation were characterized via X-
ray diffraction (XRD, Rigaku D/max-3C). The microstructure
and morphology of the materials were investigated via scanning
electron microscopy (SEM, FEI-Q45) combined with energy
dispersive spectroscopy (EDS). The exural strength was ob-
tained using a 3-point-bending xture (materials testing
machine, WDW-50H) with three bar specimens (35 � 10 � 5
mm), and the crosshead speed was set at 0.5 mm min�1.

3. Results and discussion
3.1 Penetration process

The SEM image of the Cf/C–SiC–MoSi2 composites aer the
hydrothermal penetration is shown in Fig. 2a. The bers were
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM image and EDS analysis of the Cf/C–SiC–MoSi2 composites after the hydrothermal penetration process ((a) SEM image; (b), (c), and
(d) EDS spectra of spots 1, 2, and 3 shown in (a)).
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wrapped by many small solids. As observed from the magnied
image, some microspheres and particles adhered to the surface
of the carbon bers. By EDS analysis (Fig. 2b), it was observed
that the microspheres are composed of C and O. This indicated
that these were carbonized glucose generated during the rst
hydrothermal carbonization process before the introduction of
ceramic particles. As for the particles on the bers, the small-
sized ones were SiC, whereas the larger ones were MoSi2
according to the corresponding EDS spectra (Fig. 2c and d).
These conclusions prove that the ceramics could be introduced
into porous C/C composites via a hydrothermal process.

To further account for the feasibility of hydrothermal pene-
tration, penetration kinetics of this method have been discussed.
Fig. 3a shows the variable relationship between the penetration
quantity of the ceramic particles and the hydrothermal time at
different temperatures. With the increasing temperature, the
penetration quantity grew at the same penetration time. This is
because an increase in temperature leads to a rapid increase in
the system pressure (Fig. 3b) and diffusion coefficient of the
ceramic particles. The ceramic particles were promptly inltrated
into the matrix of porous C/C composites. As shown in Fig. 3c,
there is a linear relationship between the penetration quantity
and the square root of time. This illustrates that the inltration of
This journal is © The Royal Society of Chemistry 2017
SiC and MoSi2 is controlled by their diffusion rate. The pene-
tration quantity of the ceramic particles (X) can be calculated
using eqn (3):

X ¼ Const
ffiffiffiffiffiffi

Dt
p

(3)

where D and t are the diffusion coefficient and penetration time,
respectively.

Based on the data shown in Fig. 3c, the relation curve of ln K
and 1/T was acquired (Fig. 3d) via calculation. K is a constant at
a certain temperature, and it can be calculated from the
following equation:

X ¼ Kt1/2 (4)

Thus, K can be also expressed by eqn (5) from the above-
mentioned equations.

K ¼ Const
ffiffiffiffi

D
p

(5)

Aer tting, it was observed that a linear relationship also
exists between ln K and 1/T. In addition, the relationship is well
represented by the Arrhenius model (relevant coefficient ¼
0.9826).
RSC Adv., 2017, 7, 11707–11718 | 11709
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Fig. 3 Kinetic models of the penetration process ((a) variable relationship between the penetration quantity and hydrothermal time; (b) curve of
the system pressure and temperature; (c) variable relationship between the penetration quantity and the square root of time; (d) curve of
ln K�1/T).
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Thus, the activation energy (Ea) of the penetration process
can be acquired using eqn (7), which was deduced from eqn (5)
and the Arrhenius equation (eqn (6)):

D ¼ D0 exp
�Ea

RT
(6)

ln K ¼ �Ea

2RT
þ ln K0 (7)

where T is the penetration temperature. D0, K0, and R are
constants.

Eventually, Ea was calculated to be 51.3 kJ mol�1, which is
much lower than that of some complex chemical reactions.
Therefore, the introduction of SiC and MoSi2 into porous C/C
composites via a hydrothermal treatment was quite possible.
Clearly, the preparation of the composites at 200 �C was most
efficient. The following Cf/C–SiC–MoSi2 composites mentioned
in this study were penetrated at 200 �C.
3.2 Composition and microstructure

Fig. 4a shows the macroscopic morphology of the sample aer
densication. No open pores and cracks are present on the
surface of the Cf/C–SiC–MoSi2 composites. The original defects
in the C/C composites were effectively lled via hydrothermal
carbonized glucose (inset in Fig. 4a). As can be seen from the
XRD result (Fig. 4b), the composites consisted of SiC, MoSi2,
11710 | RSC Adv., 2017, 7, 11707–11718
and C, which is in well accordance with the experimental
design.

The detailed composition and physical properties of the Cf/
C–SiC–MoSi2 composites are shown in Table 1. The whole bulk
density of these was about 1.6 g cm�3. The Si/Mo atomic ratio
was 5 : 1. According to the Si to Mo mole ratio, the SiC to MoSi2
mole ratio was 3 : 1. Therefore, the mass ratio of SiC/MoSi2 was
set at 4/5, whereas the total mass fraction of the SiC and MoSi2
particles was about 46.6% (eqn (8)). The volume percentage of
MoSi2 and SiC (VSiC/MoSi2) was 14.2%, which were calculated
using eqn (9).30

MSiC=MoSi2 ¼
MC=Filler �MFelt

MFinal

(8)

VSiC=MoSi2 ¼
DC=Filler �DFelt

DSiC=MoSi2

(9)

whereMC/Filler,MFelt, andMFinal are the mass of the carbon ber
felts aer the hydrothermal penetration, the carbon ber felts,
and the nal composites, respectively. DC/Filler and DFelt are
the densities of the carbon ber felts aer the hydrothermal
penetration process and carbon ber felts, respectively;
DSiC/MoSi2 is the mean density of the SiC and MoSi2 particles.

Fig. 5 displays themicrostructure and EDS spectra of the Cf/C–
SiC–MoSi2 composites. Compact and homogeneous surface
structure without any defects was achieved via a two-step hydro-
thermal process (Fig. 5a). There were no obvious micropores and
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Macroscopic image and surface XRD pattern of the as-prepared composites ((a) macro-image; inset shows the image of the carbon
preform (b) XRD pattern).

Table 1 Details of the as-prepared Cf/C–SiC–MoSi2 composites

Materials
Bulk density
(g cm�3)

Si/Mo atomic
ratio (mol%)

SiC/MoSi2
mass ratio

Porosity
(%)

SiC/MoSi2 mass
fraction (%)

SiC/MoSi2 volume
percentage (%)

Cf/C–SiC–MoSi2 1.6 5/1 4/5 12.8 46.6 14.2

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
3/

20
25

 2
:1

3:
28

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
cracks in the ceramic matrix. In addition, no gaps existed at the
interfaces between the carbon bers and matrixes according to
the cross-section SEM image (Fig. 5b). The structure was quite
different from that shown in Fig. 2a, which is attributed to the
second hydrothermal process. The carbonization of the glucose
solution occurred in the holes among carbon bers, carbon
matrix, and ceramic matrix. Therefore, the pyrolytic carbon
(PyC) would effectively decrease the gaps aer multiple hydro-
thermal carbonization and heat treatment processes. EDS anal-
ysis showed that the particles among the carbon bers are
composed of C, Si, andMo. Combined with the XRD result, it can
be conrmed that the defects were lled by SiC–MoSi2 hybrid
ceramic and plentiful carbon. In contrast to Fig. 2b, O was not
found. This is because that the oxygen-containing functional
groups (such as hydroxyl and carboxyl31) were removed via heat
treatment.

From the cross-section elemental distributions of line-
scanning, the variations of C, Si, and Mo are shown in
Fig. 5d. The distribution of Mo, representing MoSi2, in the Cf/C–
SiC–MoSi2 composites was quite deep because of the high
pressure of the hydrothermal penetration process. The deep
penetration depth of the SiC–MoSi2 hybrid ceramics was
essential for the good anti-ablation performance. They would
react with oxygen to form protective components during the
ablation, preventing the matrices from corrosion.

According to the XRF, XRD, SEM, and EDS results, it can
be demonstrated that the SiC–MoSi2 hybrid ceramics could
be penetrated into low-density C/C composites via hydro-
thermal penetration. The Cf/C–SiC–MoSi2 composites with
compact structure were obtained aer the densication
process.
This journal is © The Royal Society of Chemistry 2017
3.3 Mechanical properties

Fig. 6 shows the typical stress–displacement curve of the Cf/C–
SiC–MoSi2 composites aer a mechanical test. The exural
strength of the Cf/C–SiC–MoSi2 composites was 111.7 MPa. In
the early stages of the loading, elastic deformation occurred on
the composites, and a linear relationship between displacement
and stress was presented. Aer the fracture force reached the
maximum, the stress gradually decreased with the increasing
displacement, indicating that the Cf/C–SiC–MoSi2 composites
exhibit pseudo-plastic fracture behavior.

Morphological analysis of the fracture surfaces of the
composites are presented in Fig. 7. It can be seen that many
carbon ber bundles were pulled out from the matrix aer the
exural strength test (Fig. 7a), which may be caused by the
following reason. The great mechanical properties of the
composites largely depend on the ber-matrix and the ber-
matrix–ller interfacial adhesion because load transfer from the
matrix to the bers would require good bonding at the inter-
faces.32 In this study, the carbon bers were covered by hydro-
thermal carbon and SiC–MoSi2 hybrid ceramic. However, the
ceramic matrix did not bind well with the ber surfaces.
Moreover, the bonding between them was not chemical but
simple physical adherence aer the hydrothermal penetration.
Consequently, when the cracks spread to the ber/ceramic
interface during the test, carbon bers tended to be easily
pulled out from the matrix. Hence, a pseudo-plastic fracture
behavior of the Cf/C–SiC–MoSi2 was observed. Moreover, the
pullout of the carbon bers, crack propagation (Fig. 7b), and
ber debonding (Fig. 7c and d) absorbed a great amount of
energy, which was benecial for improving the mechanical
properties of the composites.
RSC Adv., 2017, 7, 11707–11718 | 11711
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Fig. 5 SEM image and EDS results of the Cf/C–SiC–MoSi2 composites ((a) surface image; (b) cross-section image; inset shows a SEM image at
high magnification; (c) the EDS spectrum of spot 1 in (b); (d) cross-section elemental distributions of line-scanning).

Fig. 6 Stress–displacement curve of the Cf/C–SiC–MoSi2 composites
during the flexural test.
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3.4 Ablation behavior of the composites

The ablation properties of the prepared Cf/C–SiC–MoSi2 and
pure C/C composites are listed in Table 2. The mass and linear
ablation rates of the Cf/C–SiC–MoSi2 composites were only
2.28 mg cm�2 s�1 and 4.62 mm s�1, respectively, aer the
ablation for 60 s. Compared to the pure C/C composites, the
11712 | RSC Adv., 2017, 7, 11707–11718
ablation resistance of the C/C–SiC–MoSi2 composites was
signicantly improved. Fig. 8 reveals the image and surface XRD
patterns in different areas of the Cf/C–SiC–MoSi2 composites
aer the ablation test. The surface was covered by a white layer.
During the ablation test, the penetrated SiC andMoSi2 ceramics
were oxidized to the other oxides of silicon and molybdenum.
According to the XRD analysis results (Fig. 8b), the layer was
a mixture of SiC, MoSi2, Mo5Si3, MoO2, and SiO2. In addition,
the discovery of the peaks for MoSi2 and SiC indicated that the
ceramics were not completely oxidized in a short ablation time.

To research the ablation behavior of the Cf/C–SiC–MoSi2
composites ablated by plasma ame, the morphologies of
different ablation regions were observed by SEM. Fig. 9a–c
shows the backscattered electron images and EDS results of the
ablation center area. Many particles were found around the
carbon bers. On the other hand, the bers were still ablated
into a needle-like shape (inset in Fig. 9b), indicating that the
particles had not protected the carbon bers, as expected.
Moreover, serious ablation occurred in the center area. The
number of particles shown in Fig. 9a was much less than that
shown in Fig. 9b. The heat ow could blow the particles in all
directions. When the ame direction was parallel to the axial
plane of the bers, the ablation temperature was relatively lower
and the scouring force was weaker.14 Therefore, the bers
parallel to the plasma ame suffered less damage than those
perpendicular to the plasma ame.
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 SEM images of the fracture surfaces of the composites after the flexural strength test ((a) fracture surface; (b) crack propagation; (c) fiber
pullout; and (d) fiber debonding).

Table 2 Ablation properties of the prepared Cf/C–SiC–MoSi2 and
pure C/C composites

Composites
Mass ablation
rate (mg cm�2 s�1)

Linear ablation
rate (mm s�1)

C/C 8.71 16.24
Cf/C–SiC–MoSi2 2.28 4.62
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By EDS analysis (Fig. 9c), it was observed that the particles
are composed of Si, Mo, O, and C. Combined with the XRD
result (Fig. 8b(A)), it was observed that they were unreacted
MoSi2, SiC, and some oxidative products. Both MoSi2 and SiC
can be oxidized to SiO2 liquids. The temperature in this area
was up to 2300 �C and the boiling point of SiO2 was 2230 �C;33
Fig. 8 Macro-image and surface XRD patterns of the as-prepared Cf/C–
macro-photograph; (b) XRD patterns in different areas).

This journal is © The Royal Society of Chemistry 2017
thus, the molten SiO2 layer could be blown away by the strong
plasma ame. This explains why SiO2 was not observed in the
ablation center.

Fig. 9d and e show the microstructure of the central
boundary area marked as B in Fig. 8a. The morphology of
this area was quite different from that of A. Although the
structure was also loose, the surface of the carbon bers was
covered with a molten glass layer. From the magnied image
(Fig. 9e), pores were found on the surface of the glass layer,
which was attributed to the escape of gases including CO2,
CO, SiO2, SiO, etc. EDS showed that the molten glass was
composed of Si and O, conrming that it was SiO2. The
temperature and scouring force of the central boundary area
was lower; hence, SiO2 played a positive role in enhancing the
ablation resistance.
SiC–MoSi2 composites after the ablation test at 2300 �C for 60 s ((a)

RSC Adv., 2017, 7, 11707–11718 | 11713
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Fig. 9 Backscattered electron images and EDS spectra in different ablation areas ((a) and (b) images in ablation center marked as A in Fig. 8a; (c)
EDS spectrum of spot 1 in (b); (d) and (e) SEM images in the central boundary area marked as B in Fig. 8a; (f) EDS spectrum of spot 2 in (d)).
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In the transition area, a new layer on the surface of the
composites was observed (Fig. 10a). No bare bers were found
in this area, and the layer protected the carbon bers and
matrix well. Fig. 10b shows the morphology of the layer at
higher magnication. As can be seen, the layer is made up of
platy grains on the surface and small particles in the depth.
The EDS spectrum (inset in Fig. 10b) of these platy grains
demonstrated that they are composed of Mo, O, and very small
amounts of Si. Combined with XRD (Fig. 8b(C)), it could be
determined that the formed platy grains are MoO2. MoO2 was
generated from the slight oxidation of MoSi2.34 As is known,
the anti-oxidation property of MoO2 was not good. However,
MoO2 can be easily oxidized to MoO3.35 This process consumes
parts of oxygen gas and decreases the erosion of plasma ame
to carbon. Moreover, the volatilization of MoO3 would take the
heat away, which was benecial for the ablation performance
of the Cf/C–SiC–MoSi2 composites. The EDS map of Fig. 10b
displays a layer containing abundant Si in addition to Mo and
O. According to chemical reaction mechanism (eqn (9)), Si
came from the SiO2 phase. SiO2 and other silicide in this area
were absolutely good for ablation.

Fig. 11 presents the SEM images of the brim area. As can be
seen, the structure of the composites in this area was compact
as a whole. However, there were some cracks on the surface of
this area (Fig. 11b), which may be caused by the mismatch of
the CTE between the ceramics and carbon materials. Beyond
this, molten glass existed in small quantities (Fig. 11c). It can
be speculated that the erosion and oxidation of the matrix was
not serious, mainly, because of the temperature gradient on
the surface of the composites during the ablation. The
temperature and ow in this area were the lowest compared to
11714 | RSC Adv., 2017, 7, 11707–11718
those in others, such that the corrosion attack from the
plasma ame was slight.

3.5 Ablation mechanism

Ablation is an erosive phenomenon, which is the removal of
material by the combination of thermomechanical, thermo-
chemical, and thermophysical processes. This was caused by
the high temperature, pressure, and velocity of the hot gases
resulting from combustion.36 The ablation of the Cf/C–SiC–
MoSi2 composites is a complex process involving chemical
erosion and mechanical denudation. Through the above-
mentioned analysis, the possible reactions occurring during the
plasma ablation process are shown as follows:

5MoSi2(s) + 7O2(g) / Mo5Si3(s) + 7SiO2(l) (10)

MoSi2(s) + 3O2(g) / MoO2(s) + 2SiO2(s) (11)

2MoO2(s) + O2(g) / 2MoO3(g) (12)

SiC(s) + O2(g) / SiO(g) + CO(g) (13)

2SiC(s) + 3O2(g) / 2SiO2(l) + 2CO(g) (14)

SiC(s) + 2O2(g) / SiO2(l) + CO2(g) (15)

SiO2(l) / SiO2(g) (16)

C(s) + O2(g) / CO2(g) (17)

2C(s) + O2(g) / 2CO(g) (18)

C(s) + CO2(g) / 2CO(g) (19)
This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Backscattered electron images and EDS analysis in the transition area ((a) SEM image; (b) SEM image at high magnification; inset shows
the EDS spectrum of spot 1 in (b); (c), (d) and (e) EDS mapping of Mo, Si and O corresponding to (b), respectively).

Fig. 11 Backscattered electron images in the brim area ((a) SEM image; (b), (c), and (d) SEM images at high magnification).
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The schematic of the ablation mechanism of the Cf/C–SiC–
MoSi2 composites is shown in Fig. 12. When the ablation test was
carried out, the oxidative gases reacted with the composites. In
particular, in the ablation center, thermochemical erosion
This journal is © The Royal Society of Chemistry 2017
occurred according to eqn (10)–(19). MoSi2 and SiC rapidly
transformed intoMo5Si3, SiO2, MoO2, etc. via oxidation reactions.
However, the oxidative products were blown away by the ther-
momechanical denudation, whereas the gases (SiO2, SiO, and
RSC Adv., 2017, 7, 11707–11718 | 11715
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Fig. 12 Schematic of the ablation mechanism of the Cf/C–SiC–MoSi2 composites.
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MoO2) evaporated due to high temperature. The carbon bers
and matrix did not receive enough protection from the ceramics,
and they were heavily corroded. The linear and mass ablation
rates of the Cf/C–SiC–MoSi2 composites were mostly obtained
from this area. The molten SiO2 was blown out of the ablation
center by strong scouring force. In the central boundary and
transition areas, SiO2 could cover the bers to prevent them from
ablation. Large amounts of MoO2 were discovered in the transi-
tion area due to the oxidation of MoSi2 (eqn (11)) in a short time.
Partial MoO2 would turn into gaseous MoO3 (reaction (12)). This
process absorbed a signicant amount of heat, which was
benecial for the ablation performance. The temperature and
mechanical force in the brim area were weaker; thus, the struc-
tural damage was not serious.

Based on the abovementioned analysis, the ablation mecha-
nism of the composites was mainly controlled by the oxidation
reactions and mechanical denudation. The good ablation resis-
tance can be explained by the following reasons. (I) Cf/C–SiC–
MoSi2 composites prepared via the two-step hydrothermal
method had a compact structure and offered few active sites for
the oxidation reactions at the interfaces. Moreover, the bers
were not damaged under the mild preparation conditions. (II)
MoSi2 is a promising intermetallic material for high temperature
applications. It possesses a high elastic modulus of 384 GPa and
a hardness of 13 GPa.37 The introduction of MoSi2 into the C/C
composites improved the strength of the composites and
decreased the mechanical denudation during the ablation. (III)
The oxidative products were blown away by the high-velocity
plasma ame. The protection from the antioxidant materials
was insufficient. However, with the ablation time extension, the
ceramics matrix could provide enough MoSi2 and SiC to prevent
carbon from ablation. (IV) The oxidation of MoSi2 and SiC could
generate molten SiO2 glass continuously at high temperatures.
The SiO2 lled the defects on the surface of the composites and
acted as a barrier between carbon and oxidizing atmosphere.
SiO2 greatly reduced the oxidized loss of the C/C composites due
to its low oxygen diffusivity. (V) The oxidation of MoO2 would
consume large amounts of oxygen. Consequently, MoO2 was
regarded as an oxygen consumption additive to protect the
composites from further ablation. (VI) The generation of large
11716 | RSC Adv., 2017, 7, 11707–11718
amounts of gases (CO2, CO, SiO, and MoO3) during the ablation
absorbed heat from the ame and reduced the erosive attack
on carbon bers, which was also benecial for the ablation
resistance.
4. Conclusions

To improve the ablation resistance of the C/C composites, Cf/C–
SiC–MoSi2 composites, with a density of 1.6 g cm�3, were
prepared via a simple two-step hydrothermal method. The
penetration activation energy was 51.3 kJ mol�1, which indi-
cated that the introduction of ceramics into C/C composites via
the hydrothermal treatment was possible. The exural strength
of the composites was 111.7 MPa. The ber pull out and cracks
deection led to good mechanical performance. The mass and
linear ablation rates of the Cf/C–SiC–MoSi2 composites were
2.28 mg cm�2 s�1 and 4.62 mm s�1, respectively, aer being
exposed to the plasma ame for 60 s. The good ablation resis-
tance of the composites was attributed to the formation of
molten SiO2 on the ber surface, and SiO2 acted as a barrier to
prevent carbon from oxidation. In addition, MoO2 was detected,
and its oxidization to gaseous MoO3 absorbed a large amount of
heat, which was good for ablation properties.
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