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Abstract: To protect carbon materials from oxidation, SiC coatings were prepared on carbon/carbon(C/C) composites and graphite 
by chemical vapor reaction. SEM and XRD analyses show that the coatings obtained are composed of SiC grains and micro-crystals. 
The influence of different carbon substrates on oxidation behavior of coated samples was investigated, and then their oxidation 
mechanisms were studied. Oxidation test shows that the SiC coated graphite has a better oxidation resistance than SiC coated C/C 
composites at high temperatures (1 623 K and 1 823 K). In the oxidation process, the oxidation curves of SiC coated C/C composites 
are linear, while those of SiC coated graphite follow a quasi-parabolic manner. The oxidation mechanism of the former is controlled 
by chemical reaction while the latter is controlled by oxygen diffusion based on the experimental results. The variation of oxidation 
behavior and mechanism of SiC coatings on two kinds of carbon substrates are primarily contributed to their structure differences. 
Key words: carbon/carbon composites; graphite; coating; SiC 
                                                                                                             
 
 
1 Introduction 
 

Carbon/carbon(C/C) composites are well- 
established materials with lightweight, high strength, 
high stiffness, excellent thermal shock and thermal 
erosion resistance[1−2]. For these unique properties, they 
become important high-temperature structural materials 
widely used in fusion reactors, space shuttle, rocket 
nozzles, hypersonic vehicles and propulsion systems 
[3−5]. However, the main factor that restricts the C/C 
composites in high-temperature structural applications is 
their easy oxidation in an oxygen-containing atmosphere 
above 723 K[6−7]. Without protection, carbon fibers 
may react easily with oxygen and rapidly burn away. As 
a result, erosion of structure and degradation of material 
properties take place simultaneously. 

As one promising material with high melting point 
(2 873 K) and excellent oxidation resistance, SiC is 
usually considered as the ideal coating material because 
it not only has the good compatibility with C/C 

substrates, but also can form self-healed silica glass with 
low oxygen permeability, which can effectively prevent 
oxygen diffusing into the substrates[8−9]. 

For applying SiC coating to the surface of C/C 
composites, many methods such as pack cementation 
[10], chemical vapor deposition(CVD)[11], laser- 
induced chemical decomposition(LICD)[12], plasma 
spraying[13] and slurry-sintering[14] have been 
developed and achieved partial success. Of these 
reported techniques, CVD, LICD and plasma spraying 
techniques are complicate to operate because they need 
to coat each surface of the sample separately[15]. 
Though the pack cementation technique can coat all 
layers of surface in one process, it still needs an extra 
procedure to remove the loose material embedded. 
Compared with the methods mentioned above, the slurry 
method is more suitable to prepare SiC coatings on 
carbon materials for its advantages of low cost, easy 
operation, and no special requirements to the shape of 
sample[8, 16]. But unfortunately, this method needs 
vacuum and high temperature to anneal the sample, and 
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also its reliability of obtaining a uniform coating still 
needs further verification. Therefore, it is essential and 
urgent to develop better methods that can prepare dense 
coatings with excellent oxidation resistance for carbon 
materials. 

In the present study, a novel method of chemical 
vapor reaction(CVR) was used to prepare dense SiC 
coatings on C/C composites and graphite. The influence 
of carbon substrates on oxidation behavior of coated 
samples was studied. The reasons behind this variation 
were presented. Also, the oxidation mechanisms of the 
coated samples at high temperature were investigated. 
 
2 Experimental 
 

Two kinds of carbon materials including C/C 
composites and graphite were used as substrates in this 
study. The C/C composites were produced by chemical 
vapor infiltration in our laboratory, which were 2.5 
dimensional materials with a density of 1.72 g/cm3. The 
graphite with the density of 1.76 g/cm3 and the 
as-prepared C/C composites were cut into small 
specimens with a size of 12 mm×10 mm×10 mm. 
Before the CVR, the specimens were hand-polished 
using 600 grit SiC paper, then cleaned ultrasonically with 
ethanol and dried at 393 K for 2 h. The materials used in 
the CVR were Si sheets (industrial reagent, ＞99.4%) 
and SiO2 powders (industrial reagent, ＞99.2%). After 
being washed by dilute hydrochloric acid to remove the 
impurities, the Si sheets and SiO2 powders were placed 
in a graphite crucible and heated to generate vapor at 
temperature above their melting points. Meanwhile, the 
as-prepared specimens were exposed to the mixed vapor 
to form the coatings. The whole process was conducted 
in the temperature range of 1 923−2 273 K for 1−3 h, 
followed by a natural cooling course. Details for 
preparing the CVR SiC coatings were reported in 
Ref.[17]. 

The isothermal oxidation tests of the coated samples 
were carried out at 1 623 K and 1 823 K in an electrical 
furnace in air. The effectiveness of the SiC coatings on 
the oxidation behavior of different carbon substrates was 
expressed by mass change percentage of the oxidized 
samples. The morphologies and crystalline structures of 
the coatings were analyzed by scanning electron 
microscopy(SEM) and X-ray diffractometry(XRD), 
respectively. 
 
3 Results and discussion 
 
3.1 Microstructure of coatings 

Fig.1 shows the XRD patterns of the SiC coatings 

on different carbon substrates prepared with CVR. As 
shown in Fig.1, besides those strong peaks corresponding 
to SiC, there is no detectable peaks of Si or SiO2. It is 
therefore concluded that the phase composition of the 
coating is SiC.. Moreover, no diffraction peaks 
corresponding to carbon are present in the XRD spectra, 
which demonstrates that pure SiC coating can be 
obtained by CVR. 
 

 

Fig.1 XRD patterns of as-prepared SiC coatings on different 
carbon substrates: (a) C/C composites; (b) graphite 
 

Typical surface morphologies of the obtained SiC 
coatings on different carbon substrates are shown in 
Fig.2. From Fig.2, it can be seen that large SiC grains 
together with micro-crystals are both present on the 
coating surfaces, indicating that a similar structure is 
formed. In spite of this similar surface morphology, the 
obtained coatings also reveal structural differences to 
some extent. Compared with the coatings on C/C 
composites, the SiC coating on graphite is denser and the 
crystals on the surface are bigger, which is advantageous 
to improving the oxidation resistance of the coating. 
While as for the coating that was prepared on C/C 
composites, visible cracks and holes are formed due to 
the strong anisotropic nature of the composites. As C/C 
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Fig.2 SEM images of SiC coatings on different carbon 
substrates: (a) C/C composites; (b) Graphite 
 
composites are of porous structure with multiphase 
composition, the different expansion coefficients 
between carbon fiber and the pyrolytic carbon, and the 
anisotropic expansion coefficients of carbon fibers in 
different directions are responsible for the formation of 
these defects. 
 
3.2 Anti-oxidation property of coatings 

Fig.3 presents the isothermal oxidation curves of the 
SiC coated samples in air at 1 623 K. As shown in Fig.3, 
it is obvious that two kinds of coated samples exhibit a 
totally different anti-oxidation behavior. In the whole 
oxidation course, the mass loss of SiC coated C/C 
increases linearly with oxidation time. After 15 h of 
oxidation, the mass loss of the coated C/C is up to 8.36%, 
which suggests that the coating is not dense and the 
oxygen can directly attack the carbon substrate. In 
contrast, the SiC coated graphite exhibits excellent 
oxidation resistance in air at 1 623 K, and gains mass 
continuously in the whole oxidation process. After 42 h 
of oxidation, the mass gain of the coated sample is 
0.39%, indicating a better oxidation protection of the 
coating. 

Additional oxidation test was also carried out in air 
at 1 823 K (see Fig.4). Combined with the result in Fig.3, 
it is noteworthy that similar result is obtained at different 

 

 
Fig.3 Isothermal oxidation curves of SiC coated samples in air 
at 1 623 K 
 

 
Fig.4 Isothermal oxidation curves of SiC coated samples in air 
at 1 823 K 
 
oxidation temperatures. For the SiC coated C/C oxidized 
at 1 823 K, the mass loss as a function of time is still 
linear, and after 6 h oxidation, the mass loss exceeds 
5.60%, which further confirms that the protection ability 
of the coating is unsatisfactory. With respect to the SiC 
coated graphite, the mass gain in the oxidation process 
recurs and no obvious mass loss is observed. After the 
oxidation at 1 823 K for 60 h, the mass gain of the coated 
sample is 0.074%, indicating that the as-prepared coating 
has excellent anti-oxidation resistance at high 
temperatures. Therefore, based on the above results, it 
can be concluded that the SiC coated graphite has better 
oxidation resistance than SiC coated C/C. 

To investigate the different oxidation behaviors of 
the coated samples, the microstructure of the samples 
after oxidation was observed by SEM. Fig.5 displays the 
surface morphologies of the coated samples after 
oxidation test at 1 623 K. As shown in Fig.5, it can be 
seen that SiO2 glass together with micro-cracks are both 
formed on the coating surfaces. The formation of SiO2 
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Fig.5 Surface morphologies of coated samples after isothermal 
oxidation test in air at 1 623 K: (a) C/C composites;         
(b) Graphite 
 
glass can reduce the oxidation rate and act as a sealant to 
fill the defects in the coating, which is beneficial to 
improving the oxidation resistance of the coating. 
Furthermore, it should be noted that some open holes are 
also formed on the coating layer on C/C, which is not 
good for the anti-oxidation purpose of the coating. In 
addition, it must be pointed out that these defects formed 
(including cracks and holes) in the coating can develop 
as diffusion path for oxygen to attack the substrate when 
they are not fully sealed at high temperature. 
Theoretically speaking, the less the formed defects, the 
better the oxidation resistance of the coating will be. 

Representative cross-section morphologies of the 
SiC coating on C/C after oxidation test at 1 623 K are 
shown in Fig.6. From Fig.6(a), it can be seen that the 
coating after oxidation is still continuous and uniform, 
though evident oxidation of substrate is observed. This 
detectable oxidation sign implies that penetrating defects 
are formed in the coating, which may be responsible for 
the mass loss of the coated sample. Meanwhile, the SEM 
micrograph in higher magnification (Fig.6(b)) reveals 
that the coating is still integrate and adheres well with 
the substrate even after long time oxidation, indicating 
the good bonding ability of the coating prepared with 
CVR. 

Fig.7 shows the surface micrographs of the SiC 

 

 
Fig.6 Cross-section morphologies of SiC coating on C/C 
composites after isothermal oxidation test in air at 1 623 K 
 

 
Fig.7 SEM images of SiC coatings on different carbon 
substrates after isothermal oxidation test in air at 1 823 K:    
(a) C/C composites; (b) Graphite 
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coatings on different carbon substrates after oxidation 
test at 1 823 K. Compared with the coating on graphite, 
the coating on C/C contains more cracks and holes, 
which is consistent with the results shown in Fig.5. To 
better understand the oxidation behavior of the two 
coatings, the cross-section of the coated samples was 
also examined and their images are shown in Fig.8. As 
shown in Fig.8(a), it is clear that the SiC coating on C/C 
composites is not totally dense, and penetrating defects 
formed in the thinner area of the coating can be verified. 
The formation of these defects provides the diffusion 
channels for oxygen to attack the substrate, and thus 
results in the mass loss of the coated sample. 
Interestingly and as apparent from Fig.8(a), a big cavity 
formed under the coating layer is also observed, which 
further confirms that the limited oxidation protection of 
the coating is ascribed to the formation of these 
penetrating defects. Meanwhile, the cross-section image 
of the SiC coated graphite reveals that no penetrating 
defects are formed in the coating layer (Fig.8(b)), which 
suggests that the coating after the oxidation is still dense 
and the excellent oxidation resistance of the coated 
sample is mainly contributed to the dense structure of the 
coating. 
 

 
Fig.8 Cross-section morphologies of SiC coatings on different 
carbon substrates after isothermal oxidation test in air at 1 823 
K: (a) C/C composites; (b) Graphite 
 
3.3 Anti-oxidation mechanism of coatings 

According to the oxidation results shown in Figs.3 

and 4, it is evident that the relationships between mass 
change and time of these two kinds of coated samples are 
different. For the SiC coated C/C, the oxidation curves at 
1 623 K and 1 823 K are linear, which indicates that the 
oxidation mechanism of the coated sample is the 
chemical reaction of oxygen with the carbon substrate. 
On the other hand, the SiC coated graphite shows 
quasi-parabolic oxidation curves at 1 623 K and 1 823 K, 
indicating that the oxidation is mainly controlled by 
diffusion and the coating exhibits excellent oxidation 
resistance at high temperatures. 

As reported in previous studies [10, 18−21], the 
oxidation mechanisms of the SiC coatings at different 
temperatures (below 2 001 K) were proposed and they 
can be summarized as: the chemical reaction controlled 
mechanism, the diffusion controlled mechanism and the 
reaction-diffusion controlled mechanism. However, the 
oxidation of the coating is a complicated process and it 
can be influenced by many factors such as temperature, 
oxidation environment, microstructure and composition 
of the coating. So, SiC coatings prepared with various 
methods under different oxidation conditions usually 
exhibit different oxidation behaviors and mechanisms. In 
the oxidation process, the chemical reaction in the 
coating and the oxygen diffusion inside the coating will 
occur simultaneously, and thus the oxidation process is 
controlled by both oxygen diffusion and reaction kinetics 
at high temperature. This means that the oxidation rate is 
mainly determined by the competition process between 
the chemical reaction and oxygen diffusion. Much 
specifically, when the chemical reaction rate is lower 
than the diffusion rate, the rate of oxygen diffused 
inward is higher than that of reaction, and in this case, 
the oxidation process is controlled by chemical reaction. 
On the other hand, if the chemical reaction rate is higher 
than the diffusion rate, the oxygen diffused inside the 
coating is insufficient for reaction consumed, thus the 
oxidation process is controlled by oxygen diffusion. 
Finally, when the diffusion rate approximates to the 
chemical reaction rate, the oxidation process is 
influenced by both of them, and thus controlled by them 
together. 

For SiC coated graphite, the coating is dense and 
the oxygen permeability of the formed SiO2 glass is very 
low. So, when the cracks on the coating surface are 
sealed, oxygen can hardly diffuse into the substrate. In 
this case, the oxidation can only occur in the superficial 
area of the coating and consequently the oxidation 
process is controlled by oxygen diffusion. However, for 
SiC coatings used in oxidizing environment, this 
oxidation mode is favorable for long time anti-oxidation 
protection because the substrate can be effectively 
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isolated from oxygen. As concerned with the SiC coated 
C/C composites, because the penetrating defects such as 
cracks and holes are formed in the coating, oxygen 
diffusing through these defects is much easy. 
Correspondingly, the oxygen diffusion rate in SiC coated 
C/C is much higher than that of SiC coated graphite. 
Meanwhile, when the carbon surface is covered with SiC 
coating, the amount of active carbon atom exposed to air 
is small, thus the reaction rate is very low and then the 
oxidation is determined by chemical reaction. For this 
reason, it is believed that the oxidation rate of the SiC 
coated C/C at different temperatures is mainly concerned 
with reaction rate. According to Arrhenius equation: 
k=Aexp(−E/RT), the oxidation rate at 1 823 K is higher 
than that at 1 623 K, thus the coated sample shows a 
higher mass loss rate at 1 823 K. 

Based on the above analysis, it can be inferred that 
the oxidation behavior and mechanism variations of the 
SiC coatings on two kinds of carbon substrates are 
primarily contributed to their structure differences. The 
reasons for the structure differences can be explained as 
follows. Firstly, the coefficients of thermal 
expansion(CTE) of C/C composites, graphite and SiC are 
1.2×10−6, 3.2×10−6 and 4.6×10−6 K−1, respectively 
[22−23]. Compared with graphite, the mismatch of CTE 
between C/C composites and SiC is larger. This means 
that cracks are more easier to form due to the tensile 
stress induced by this mismatch. On the other hand, it is 
well known that C/C composites are of porous structure 
that consists of carbon fiber and pyrolytic carbon. Thus, 
during CVR, holes and cracks in the substrate are not 
fully filled, and defects in the coating are always formed 
due to the hereditary structure characteristics of the 
substrate. Finally, in comparison with pyrolytic carbon, 
the siliconization of carbon fiber is more difficult[17] 
and thus it can be hardly coated to obtain a continuous 
coating. For the reasons above, it is reasonable to believe 
that the formation of defects in the single-layer SiC 
coating is inevitable, and to improve the oxidation 
resistance of CVR SiC coating on C/C composites, 
additional researches that focus on eliminating of these 
defects are necessary. 
 
4 Conclusions 
 

1) Oxidation protective SiC coatings can be 
prepared on both graphite and C/C composites by CVR. 
The coatings obtained are pure SiC and reveal good 
adherence with the substrates. 

2) Oxidation tests performed at 1 623 and 1 823 K 
show that the SiC coated graphite gains mass 
continuously, while the SiC coated C/C composites lose 

mass gradually. The results indicate that the SiC coated 
graphite has better oxidation resistance than the SiC 
coated C/C composites. The limited oxidation resistance 
of the SiC coated C/C composites is mainly contributed 
to the penetrating defects formed in the coating. 

3) In the oxidation process, the oxidation curves of 
the SiC coated graphite at 1 623 K and 1 823 K are linear, 
while those of SiC coated graphite follow a quasi- 
parabolic manner. The oxidation mechanism of the 
former is controlled by the chemical reaction and the 
latter is controlled by oxygen diffusion. The different 
oxidation mechanisms of SiC coatings are also 
contributed to their structure differences. 
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