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Abstract

A double layer nanostructure SiC coating was prepared by chemical vapor reaction and chemical vapor deposition to protect carbon/

carbon composites from oxidation. The obtained dense coating reveals a typical crystalline structure and combines well with the

substrate. The outer layer of the coating consists of SiC nanocrystals and nanowires, whereas the inner layer is mainly composed of SiC

microcrystals, nanocrystals and nanowires. The oxidation and cyclic thermal shock test performed at 1400 1C in air demonstrates that

the prepared dense nanostructure coating has excellent anti-oxidation behavior and thermal shock resistance at high temperature. After

400 h oxidation and 34 cycles of thermal shock from 1400 1C to room temperature, the weight loss of the coated sample is only 1.67%.

In the oxidation process, the amorphous silica formed at the beginning of the oxidation crystallizes to cristobalite as oxidation time

increased. The formation of cristobalite resulted in micro-cracks formed along grain boundaries in the cyclic thermal shock test. As only

cracks are formed on the coating surface, it can be concluded that the formation of the penetration cracks may be the reason for the

weight loss of the SiC coated composite.

Crown Copyright & 2012 Published by Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Carbon/carbon (C/C) composites have attracted much
attention for high temperature structural applications due
to their excellent properties of lightweight, high strength, high
thermal stability and resistance to ablation [1]. However,
their susceptibility to oxidation above 500 1C limits their
extensive applications as high temperature structural materi-
als [2]. Therefore, the technology of reliable oxidation
protection is crucial to exert their full potential. To solve
this problem, much effort has been carried out to explore
new coating technologies and anti-oxidation coating systems,
and it is generally acknowledged that SiC is one of the most
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ideal coating materials for C/C composites due to its good
mechanical properties, excellent anti-oxidation property and
good physical–chemical compatibility with carbon materials
[3,4]. Up to now, SiC coating can be formed on C/C
composites by several methods such as pack cementation
[5], chemical vapor deposition (CVD) [6,7], laser-induced
chemical decomposition (LICD) [8], reactive infiltration [9],
slurry-sintering [10] and plasma spraying technology [11].
However, it is difficult to obtain a dense structure from a
single layer coating using these methods. Usually, the defects
such as pores and cracks formed in the coating during
preparation or cooling stage will inevitably affect their anti-
oxidation property. To further improve their anti-oxidation
property, SiC dense coatings with multi-layers or multi-
phase composition are proposed and achieve partial success
[1–3,12–18]. Though the oxidation resistance of these dense
SiC coatings are greatly improved, however, as the coating
and carbon substrate are two different materials, the mismatch
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of the thermal expansion coefficient (CTE) will induce internal
stress between them. Therefore, when they serve in the severe
environment with cyclic thermal shock load, the cracking or
debonding of the coating will result in the protection failure.
In this conditon, the design of functionally graded coatings
[19–21] and nanowire (or whisker) toughened coatings [22–25]
are feasible ways to extend their service life. As the composi-
tion of the functionally graded coatings changes gradually
from inner substrate to outer coating surface, the continuous
distribution of the Young’s modulus and the CTE of the
coating materials can effectively relax the thermal mismatch
between them, consequently, the thermal shock resistance of
this coating can be improved greatly. However, the accurate
control of the composition and microstructure of the graded
coatings is a significant challenge. Recent studies demonstrate
that addition of nanowires into SiC coating is also an effective
way to improve their thermal shock resistance [26,27], and the
reported research has shown that the nanowire toughened SiC
coatings exhibited excellent oxidation and thermal shock
resistance at high temperature. In the previous work, Chu
Fig. 1. Surface morphology, EDS and XRD analyses of
et al. [26] prepared an oxidation protective Si–SiC coating with
SiC nanowires by a two-step technique. First, a SiC inner
coating was coated on C/C composites by pack cementation,
and then SiC nanowires were produced on the inner coating
by exposure to the vapors from heating a powder of mixed
SiþSiO2. Finally, the obtained nanowire coating was infil-
trated by pack cementation. However, the further infiltration
process of the nanowire coating at high temperature may
damage SiC nanowires and results in degradation of their
mechanical properties. In addition, another method by Qiang
et al. [27] introduced SiC nanowires on SiC inner layer by pack
cementation with ferrocene as catalyst. Afterwards, a CVD
SiC outer layer was deposited on the prepared coating surface.
In the coating process, Fe was inevitably formed due to the
decomposition of ferrocene catalyst, which is unfavorable for
the anti-oxidation property of the coating.
As is well known, CVD is a mature technology that can

provide highly pure materials with structural control at
atomic or nanometer scale level. Moreover, it can produce
single layer, multilayer, composite, nanostructured, and
the CVR SiC coating prepared on C/C composites.
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functionally graded coating materials with well controlled
dimension and unique structure at low processing tem-
peratures [28]. According to the reported research, SiC
nanowires (or whiskers) are successfully synthesized by this
method [29–31]. Compared with the above two methods to
prepare SiC nanowires, this method is high reliable, well
repeatable and less damage to nanowires due to the
relative low deposition temperature. In the present study,
we report a double layer nanostructure SiC coating
toughened with SiC nanowires produced by chemical
vapor reaction (CVR) and CVD. Firstly, the SiC inner
coating was prepared by CVR, and then the CVD SiC
coating was deposited as outer layer. In the CVD process,
SiC nanowires and nanoparticles were successfully intro-
duced into CVR inner layer and CVD outer layer. The
microstructure of this special dense coating was examined
and also the oxidation behavior and thermal shock
resistance of the coated sample were investigated. It is
believed that the report of our new work may offer an
effective way to improve the oxidation property and
thermal shock resistance of the SiC coated C/C composites
that applied in severe condition.
Fig. 2. SEM images, EDS and XRD analys
2. Experimental

The double layer nanostructure SiC coating toughened with
SiC nanowires were prepared by the following steps: firstly, the
pre-coated C/C composites with density of 1.81 g/cm3 were cut
into small specimens and then hand-polished with 600 grit SiC
paper. After a clean and thorough drying process, the samples
were placed in a graphite crucible. Si sheets (industrial reagent,
499.4%) and SiO2 powders (industrial reagent, 499.2%)
were used as starting materials for CVR. Before the CVR, the
mixed Si sheets and SiO2 powders were put at the bottom of
the graphite crucible. When heated at high temperature
(41600 1C), SiO vapor generated via the reaction of Si and
SiO2 will react with carbon substrate to form the SiC coating
[32,33]. The whole CVR process was conducted at the
temperature within the range of 1800–2100 1C for 1–3 h,
followed by a natural cooling course. Secondly, a CVD SiC
coating was deposited on the CVR SiC coated samples by
using methyltrichlorosilance (MTS). H2 was used as the carrier
gas and Ar was used as the diluent gas. The deposition of SiC
outer layer was performed at temperature of 1100 1C with a
total pressure of 5 kPa. The flow rates of H2, MTS and Ar
es of the outer layer CVD SiC coating.
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were 300 mLmin�1, 300 mL min�1, and 200 mLmin�1,
respectively; and the deposition time was 30 h.

The isothermal oxidation and thermal shock test of the
coated sample was carried out at 1400 1C in an electrical
furnace. The furnace was first heated to 1400 1C in air.
After the temperature was steady, the coated sample was
placed into the furnace and maintained at that temperature
for a specified time. Meanwhile, the coated specimen was
also subjected to thermal shock from 1400 1C to room
temperature when it was taken out of the furnace directly
to air. Cumulative weight changes of the coated sample
after every thermal cycle were measured by the precision
balance and reported as a function of time. The surface
and cross-section morphologies of the coating were
observed with scanning electron microscopy (SEM).
X-ray diffraction (XRD) and energy dispersive spectroscopy
(EDS) were also used to identify crystalline structures and
analyze element distribution in the coating, respectively.

3. Results and discussion

Fig. 1 shows the surface morphology, EDS and XRD
analyses of the CVR SiC coating obtained on C/C
composites. Fig. 1a is the typical surface morphology of
Fig. 3. Cross-section morphologies of the double layer na
the prepared SiC coating, obviously, the coating is com-
posed of many crystals together with large grains which are
homogenously distributed and randomly oriented. Though
the piled up crystals form a ‘‘relatively dense structure’’,
however, cracks and holes are visible on the coating
surface, which is unfavorable for the anti-oxidation prop-
erty of the coating. Meanwhile, it should be noted that
most of these formed crystals are revealed as well-
developed hexagonal morphology, and the size of them is
in the range from a few microns to one hundred microns.
By EDS analysis (Fig. 1b), it can be verified that these
crystals are composed of Si and C and the molar ratio of Si
to C is close to one, indicating that the phase composition
of the crystal is SiC. Fig. 1c shows an XRD scan of the as-
prepared coating and it can be seen that there are only
diffraction peaks for b-SiC, which further confirms that
the phase composition of the inner coating is b-SiC.
Fig. 2 shows SEM images, EDS and XRD analyses of

the outer layer CVD SiC coating. It is clear that the CVD
outer coating displayed in Fig. 2a shows a smooth and
dense surface morphology, and like the SiC inner coating,
the CVD outer coating also consists of many piled up
spherical particles in micron size. However, at high
magnification, it is very interesting to find that the
nostructure SiC coating prepared by CVR and CVD.



Fig. 4. Isothermal oxidation curves of the double layer nanostructure SiC

coating in air at 1400 1C: (a) original isothermal oxidation curve of the

coated sample in air at 1400 1C; (b) the fitting results of weight gain curve

in the oxidation process; (c) the fitting results of weight loss curve in the

oxidation process.
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spherical particles in Fig. 2a are composed of the smaller
polygonal particles which are stacked closely with each
other. Fig. 2b shows the surface morphology of the
polygonal particles with higher magnification. As shown
in Fig. 2b, it is obvious that the coating is composed of
many nanocrystals, meanwhile, the EDS analyses demon-
strate that these crystals are SiC (Fig. 2c). Fig. 2d presents
the XRD pattern of the CVD outer layer, the phase
analysis result indicates that all the strong intensity peaks
of the coating (2y¼35.81, 59.91, 71.81, 75.21) can be
indexed as SiC (111), (220), (311) and (222) planes
according to the JCPDS card No. 65–0360. Furthermore,
compared with XRD pattern of the CVR SiC coating
(Fig. 1c), the spectrum of the CVD SiC coating reveals an
obvious broadening of the XRD peaks, and by using
Scherrer formula, the average crystallite size of the SiC
phase is calculated to be 14.5 nm, which is consistent with
the SEM observation (Fig. 2b).

Fig. 3 shows the cross-section morphologies of the
double layer nanostructure SiC coating prepared by
CVR and CVD. Fig. 3a is the typical cross-section
morphology of the double layer coating, as observed in
Fig. 3a, the coating reveals a uniform thickness distribu-
tion and the thickness of the coating is over 120 mm.
Compared with SiC coatings prepared by other methods,
this coating shows a special crystalline structure with
limited porosity and also no distinct interface between
the coating and the substrate, indicating the good compat-
ibility and adherence between them. Further observation
demonstrates that the CVD outer layer is rather dense, as
the higher magnification micrograph showed in Fig. 3b.
Interestingly, the outer dense CVD layer is composed
primarily of SiC nanocrystals and nanowires. Further-
more, it should be mentioned that there are also many
nanowires formed in the CVR inner layer (Fig. 3c), the
formation of this dense inner layer with many nanowires
may be explained as follows: because the inner CVR
coating is not totally dense, and the pores or gaps existed
in the coating are easy to absorb the deposition groups in
the CVD process, after the deposition process, many SiC
nanocrystals and nanowires are formed in the inner layer.
Fig. 3d displays the typical surface morphology of the
inner layer, from Fig. 3d, it’s evident that the inner layer
consists of many SiC microcrystals, nanocrystals and
nanowires. As expected, SiC nanocrystals and nanowires
are found around the large SiC crystals and together they
formed a nearly dense structure.

Fig. 4 presents the isothermal oxidation curve of the
double layer nanostructure SiC coating in air at 1400 1C.
For a comparison, the oxidation behavior of the CVR SiC
coated sample was also tested and the result shows that:
just with 1 h oxidation, the weight loss of the coated
sample is up to 1.72%. Compared with the single layer
CVR SiC coating, the anti-oxidation property of the
double layer nanostructure coating was improved signifi-
cantly. After 400 h oxidation and 34 thermal cycles from
1400 1C to room temperature, the weight loss of the coated
sample is only 1.67%, which confirms that the prepared
coating has excellent anti-oxidation property and thermal
shock resistance at high temperature and it can provide
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long-term protection for C/C composites. Meanwhile, as
shown in Fig. 4a, it can be seen that the whole oxidation
curve of the coated sample can be divided into four stages:
the self-healing stage (Fig. 4a–I), the weight gain stage
(Fig. 4a–II), the transition stage (Fig. 4a–III) and the
weight loss stage (Fig. 4a–IV). In the self-healing stage, the
coated sample shows an unstable weight loss and weight
gain course. While in the following stage, the coated
sample gains weight continuously. As the oxidation and
cyclic thermal shock test persisted, the coated sample
begins to lose weight gradually. Moreover, the fitting
results displayed in Fig. 4b and c show that the weight
gain curve and weight loss curve in the oxidation process
follow a typical parabolic and linear law, respectively,
which are consistent with the reported oxidation kinetics of
SiC coatings or ceramics [5,34–37].

Fig. 5 shows the surface morphologies of the double
layer nanostructure SiC coating after oxidation in air at
1400 1C for different hours. From Fig. 5, it can be seen
that the oxidized coating reveals a smooth and dense
surface morphology. As oxidation time increased, the
original spherical particles on the coating surface gradually
vanished, and after 400 h oxidation, a smooth glass layer
uniformly covered on the coating surface. Because the
Fig. 5. SEM images of the double layer nanostructure SiC coating after oxidation
formed SiO2 glass has very low oxygen permeability and it
can effectively flow and seal the defects on the coating
surface, which enables the coating to have excellent anti-
oxidation property and thermal shock resistance. Com-
pared with other studies [3,5,21–23], it should be noted
that no bubbles are formed on the coating surface as the
surface morphologies showed in Fig. 5. Meanwhile, surface
images with higher magnification further demonstrate that
no bubbles are observed on the formed SiO2 glass in the
whole oxidation process (Fig. 6). According to the pre-
vious study [38], the bubble formation of the SiC coating
in the oxidation process depends not only on oxidation
temperature and pressure, but also on structural character
such as the remaining defects in the coating or thickness of
the layer. In the previous studies [3,5,21–23], the bubbles
mainly formed as oxidation temperature exceeds 1500 1C.
Consequently, it is reasonable to conclude that the relative
low oxidation temperature and the dense structure of the
coating may be the reason for no bubble formation in the
oxidation process.
Moreover, according to the SEM images showed in

Fig. 6, it is evident that the formed SiO2 glass on the
coating surface contains not only amorphous silica, but
also some crystalline silica. It is well known that in passive
in air at 1400 1C for different hours: (a) 76 h; (b) 160 h; (c) 300 h; (d) 400 h.



Fig. 6. Surface morphologies of the formed SiO2 glass on the SiC coating after oxidation in air at 1400 1C for different hours: (a) 76 h; (b) 160 h;

(c) 300 h; (d) clear grain boundaries are formed on SiO2 glass surface after 400 h oxidation.

Fig. 7. XRD patterns of the double layer nanostructure SiC coating after

oxidation in air at 1400 1C for different hours: (a) 76 h; (b) 160 h; (c) 300 h;

(d) 400 h.
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oxidation, different kinds of silica such as amorphous silica
and cristobalite may generate on SiC coating surface.
However, as the oxidation time extended, amorphous silica
formed at the beginning of the oxidation may crystallize to
cristobalite at longer times and at high temperature [39,40].
As shown in Fig. 6, it is very interesting to find that clear
grain boundary was formed on the SiO2 glass surface. To
further understand the phase composition of the oxidized
coating, the XRD analysis of the coating after different
oxidation time was investigated and the results are dis-
played in Fig. 7. From Fig. 7, it is obvious that strong
peaks corresponding to SiC and some weak peaks corre-
sponding to cristobalite were detected in all spectra,
indicating that the observed crystalline silica in Fig. 6 is
cristobalite. The diffraction peaks at 21.81, 28.31, 31.31,
44.71, 46.91, 48.51 and 54.01 can be indexed as cristobalite
(101), (111), (102), (202), (113), (212) and (203) planes,
respectively, according to the JCPDS cards No. 39–1425.
Particularly, it is noteworthy that the intensity peak of
cristobalite (101) in the XRD patterns became stronger as
oxidation time increased, which is consistent with previous
studies [39,40]. Because the cristobalite has a larger CTE
than the amorphous silica [41], the formation of the
cristobalite on the coating surface will increase the CTE
mismatch and result in crack formation in the cyclic
thermal shock test. Fig. 8 is the SEM images of the



Fig. 8. SEM images of the micro-cracks formed along grain boundaries

after oxidation and cyclic thermal shock test: (a) 160 h; (b) 400 h.

Fig. 9. Typical surface morphology of the cracks formed on the coating

surface after 400 h oxidation and 34 cycles of thermal shock from 1400 1C

to room temperature.
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micro-cracks formed along grain boundaries after oxida-
tion and cyclic thermal shock test. As shown in Fig. 8, it is
clear that some micro-cracks were formed at or along the
grain boundaries with increasing of oxidation time and
thermal shock cycles, the formation of these cracks
damages the stability of the SiO2 glass, which is unfavor-
able for the anti-oxidation property of the coating.
Actually, with increasing of the thermal shock cycles and
oxidation time, two types of cracks are formed. The first
type of the crack presented in the silica layer is mainly
correlated to formation of grain boundaries in thermal
shock test, while the second type of the crack formed in the
coating is associated with the thermal expansion mismatch
between the coating and the substrate. Obviously, the
formation of cracks in the silica layer damages the self-
healing property of the silica glass at high temperature. In
the following cyclic thermal shock test, the above two
types of cracks may connect with each other and develop
as penetration cracks. The formation of the penetration
cracks offers the diffusion channel for oxygen to attack the
substrate and results in weight loss of the coating. Fig. 9
shows the typical surface morphology of the cracks formed
on the coating surface after 400 h oxidation and 34 cycles
of thermal shock from 1400 1C to room temperature.
From the above analysis, we can know that only cracks
are formed on the coating surface, while other defects such
as pores, bubbles or holes are not detected in the whole
oxidation process, which may be attributed to the dense
structure of the coating. Therefore, it can be concluded
that the formation of the penetration cracks may be the
reason for the weight loss of the SiC coated composite,
though this aspect deserves further investigation. As is well
known, the self-healing silica glass formed on the coating
surface plays an important role in protecting C/C compo-
sites from oxidation. More specifically, the anti-oxidation
property of the SiC coating is closely related to the stability
of the formed silica glass. Therefore, to fully understand
the correlation of the glass structure with the long-term
anti-oxidation property of the SiC coating, systematic
studies that focus on the phase transformation of the silica
glass in long-term oxidation under a wide range of
temperatures are our future work. Meanwhile, the defects
evolution (cracks, bubbles and holes), especially the evolu-
tion of penetration defects accompanied in the above
process should be investigated in detail.
4. Conclusions

In summary, this paper reports a new double layer
nanostructure SiC coating for anti-oxidation protection of
C/C composites. This is the first time nanowires have been
utilized in a double layer SiC coating for anti-oxidation
purpose. The obtained dense coating reveals a typical
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crystalline structure and combines well with the substrate.
The inner layer of the coating was composed of SiC
microcrystals, nanocrystals and nanowires, whereas the
outer CVD layer mainly consists of SiC nanocrystals and
nanowires. The obtained dense nanostructure coating
shows excellent anti-oxidation behavior and thermal shock
resistance at 1400 1C, after 400 h oxidation and 34 cycles
of thermal shock from 1400 1C to room temperature, the
weight loss of the coated sample is only 1.67%. As
oxidation time and thermal shock cycles increased, the
amorphous silica formed at the beginning of the oxidation
crystallizes to cristobalite. Because the cristobalite has a
larger CTE than the amorphous silica, the generation of
the cristobalite resulted in micro-cracks formed along grain
boundaries in the cyclic thermal shock test, which is
unfavorable for the anti-oxidation property of the coating.
In all, the accomplishment of this study may offer a new
way to realize long-term protection for C/C composites
applied in severe condition. Furthermore, as the CVR and
CVD technology can both coated large complex compo-
nents uniformly, the development of CVR and CVD
method shows a potential advantage to extend C/C
composites application in engineering and aerospace fields.
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