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Microstructure and oxidation resistance of SiC 
coated carbon-carbon composites via pressureless 
reaction sintering 
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The effects of processing parameters on the microstructure and oxidation resistance of 
silicon carbide (SIC) coated carbon-carbon (C-C) composites were investigated. C-C 
composites were made from plain woven carbon cloths and phenolic derived carbon 
matrices in the laboratory. Pressureless reaction sintering has been used to apply SiC 
coating to C-C composites using epoxy resin and silicon powder as the precursor. Results 
showed that the oxidation resistance of C-C composites was enhanced by coating with SiC. 
The pressureless reaction sintering process exhibits good processability. I3-SiC was formed 
after heat treatment at 1800 ~ and the m-SiC formed after heat treatment at 2200 ~ The SiC 
coated C-C composites exhibit good oxidation resistance at 1000 ~ for 100 h under the test 
conditions. 

1. Introduction 
Carbon fibre reinforced carbon matrix material (car- 
bon-carbon composite, C-C) has been a leading can- 
didate material for high temperature applications due 
to its outstanding characteristics, including high 
strength at elevated temperature, low density, high 
vaporization temperature, multiformity and thermal 
shock resistance [1-9]. However, a serious drawback, 
which restricts the application of C-C composites in 
non-oxidation environments, is the poor oxidation 
resistance of carbon that will react with oxygen and 
burn away rapidly above 500~ [2,4,9-11]. The 
fundamental requirements for protecting C-C com- 
posites from oxidation include: 
1. providing an effective barrier to inward diffusion of 
oxygen and outward diffusion of carbon, 
2. possessing low volatility to prevent excessive ero- 
sion in high velocity gas stream, 
3. achieving good adherence to the substrate, and 
4. exhibiting chemical and mechanical compatibility 
[9"-13]. 

Several approaches [11-39] have been considered 
to prevent carbon materials from oxidation. Two con- 
ventional methods to improve the oxidation resistance 
of the C-C composites are (a) adding inhibitors into 
the carbon matrix to slow down the carbon oxidation 
rate [14-20], and (b) coating protective ceramic mate- 
rials on the surface of C-C composites to encapsulate 
the composites and to prevent oxygen from reacting 
with underlying carbon materials [11, 13, 21-39]. Al- 
though there have been lots of efforts for oxidation 

protection on C-C composites, their achievements are 
far from requirement. Silicon carbide has been widely 
selected as a protective coating layer for anti-oxida- 
tion applications [26-38] for its good chemical com- 
patibility with underlying carbon substrate, low ther- 
mal expansion coefficient and can survive under an 
oxidation environment at about 1650 ~ 

The silicon carbide layer could be formed via the 
chemical vapour deposition method [26-35], silicon 
carbide powder coating [40] and reaction sintering 
methods [37, 39, 41, 42], etc. SiC coating layer by the 
reaction sintering method is one of the more suitable 
processes to achieve good interracial adhesion with 
C-C composite substrates. The sintering aids, sinter- 
ing time and temperature may affect the sintering 
efficiency and the thickness of coating layer [42-45]. 
The objective of this paper is to study the processabi- 
lity Of SiC coated C-C composite via pressureless 
reaction sintering. The microstructure of the coating 
layer and oxidation resistance of the coated C-C com- 
posite are also investigated, respectively. 

2. Experimental procedure 
2.1. Material preparation 
The unidirectional C-C composites used in this 
study were made from PAN based carbon fibres 
and a carbonized phenolic matrix by a wet drum 
winding method. After carbonization, the density of 
the C-C composite was about 1.5 g c m -  3. C-C com- 
posites were cut into 20 x 10 x 3 mm blocks. Before 
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the coating process, the samples were cleaned in 
acetone by ultrasonication. 

2.2. Coating processes 
The coating solution, including 40-60 wt % silicon 
powder (325 mesh), 2-3 w t% boron powder (400 
mesh), 30-50 wt % epoxy resin (DER331), 3-5 wt % 
diethyltoluenediamine (DETDA) and solvents, were 
applied on the C - C  substrates by an air spraying 
method. In the coating process, silicon powder was 
used as the raw material, boron was used as a sintering 
aid, epoxy resin was a binder and carbon source, and 
DETDA was utilized as a curing agent. 

The coated specimens were placed in a hood for 
12 h; then, the curing of epoxy resin was performed in 
an oven at 130~ for 2 h  and at 150~ for 2h,  with 
a heating rate of 10 ~ h - 1. 

2.3. Sinter ing process 
Pressureless reaction sintering processes were carried 
out at 1800, 2200 and 2600 ~ in an inert gas environ- 
ment at atmospheric pressure. During the sintering 
process the specimens were placed in a graphite cru- 
cible with a graphite lid on it. 
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Figure 1 Schematic diagram of the instrument for measuring the 
sample weight loss at high temperature. 

2.4. Coating characterization 
Formation of the silicon carbide layer converted from 
a silicon powder-epoxy resin mixture was investigated 
by X-ray diffraction (XRD Shimadzn XD-3A, with 
CuK= radiation at 30 kV and 20 mA). The morpholo- 
gies of the surface and cross-sectional specimens were 
observed by scanning electron microscopy (Joel, 
840A). The electron probe X-ray microanalyser (Joel, 
JXA-8800M) was used to inspect the distribution of 
the silicon atom. 
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Figure 2 XRD pattern of uncoated CC composite. 

2.5. Oxidat ion resistance_evaluation 
In this study, isothermal and dynamic oxidation 
methods were adopted for the evaluation of oxidation 
behaviour of the coated and uncoated C-C compo- 
sites. A diagram of the thermogravimetric measure- 
ment apparatus is shown in Fig. 1. The isothermal 
oxidation tests were performed at 1000 ~ in flowing 
air. Relationships between weight loss and oxidation 
time were obtained from the isothermal oxidation 
tests. The dynamic oxidation tests were carried out at 
a heating rate of 5 ~ min-  1 from room temperature 
to 1100 ~ Weight-time data collected from the com- 
puter were converted to an oxidation rate-oxidation 
temperature relationship after suitable processes. 

3. Results and discussion 
3.1. X-ray pattern of surface coatings 
The peak of the (0 0 2) plane of the C-C composites 
substrate is shown in Fig. 2. After coating, sharp peaks 
which appeared around 28,47 and 56 ~ reflect peaks 
diffracted from the silicon structure (1 1 1), (2 2 0) and 
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(3 1 1) planes, respectively (as shown in Fig. 3). Since 
the silicon-epoxy coatings encapsulate the C-C com- 
posite, the diffraction peaks of the carbon structure 
cannot be detected clearly after the coating process by 
XRD. 

After sintering at 1800 ~ the peaks around 28, 47 
and 56 ~ disappeared. New peaks shifted to 35, 41 and 
60 ~ respectively (as shown in Fig. 4). These peaks are 
the typical diffraction peaks of the (1 1 0), (200) and 
(2 2 0) planes of the silicon carbide structure. Based 
upon the result of the XRD pattern, no silicon powder 
diffraction pattern is observed. Thus, it might be con- 
cluded that the silicon powders reacted with the car- 
bon atom resulting in the formation of silicon carbide. 
Furthermore, the sharper and narrower diffraction 
peak of the (0 0 2) plane of the carbon structure implies 
that the structure of the C-C composite became more 
perfect after heat treatment at 1800 ~ 

Once the sintering temperature increased, the sili- 
con carbide transformed to a different crystalline 
structure. Fig. 5 is the XRD pattern of coated C-C 
composites sintered at 2200 ~ There is a discrepancy 
between the diffraction peaks of the C-C composites 
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Figure 3 XRD pattern ofC C composite coated with epoxy-silicon 
coating. 
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Figure 5 XRD pattern of C-C composite coated with SiC following 
2200 ~ sintering. 
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Figure 4 XRD pattern o f~C  composite coated with SiC following 
1800 ~ sintering. 

sintered at 1800 and 2200~ The significant differ- 
ence is the peak around 35 ~ Only a single strong peak 
around 35 o is observed for the coated C-C composite 
sintered at 1800~ However, the diffraction peak 
splits into three peaks for the coated C-C composite 
sintered at 2200 ~ The difference is due to the change 

of the crystalline silicon carbide structure after heat 
treatment at 2200~ There are two main crystal 
forms for silicon carbide [46] : one is the cubic form 
([3-SiC); the other is the hexagonal form (s-SiC). The 
hexagonal form of silicon carbide would result in the 
splitting of diffraction peaks around 35 ~ Based upon 
the XRD pattern, it shows that the ~3-SiC structure 
could be formed on the C-C composite surface at 
1800 ~ by the pressureless reaction sintering method; 
on the other hand, the a-SiC structure can be formed 
at 2200 ~ by the same process. 

3.2. Morphology and atom distribution 
of silicon and carbon atoms on coated 
C-C composites 

The cross-sectional morphologies of the uncoated 
C-C composite and of the C-C composite coated with 
silicon carbide are shown in Figs 6 and 7, respectively. 
The thickness of the silicon carbide coating is about 
8 gm, as measured from Fig. 7. The surface morpho- 
logy of the C-C composite coated with silicon-epoxy 
is shown in Fig. 8. A rougher coated C ~  composite 
surface was observed when the siliconmpoxy coating 
was treated at 1800 ~ The C-C composite with a sili- 
con-epoxy coating shows a smoother surface, and the 
coating encapsulates the C-C substrate uniformly. 
Silicon powders (white region) are distributed in the 
epoxy resin (dark region) over the C-C composites, as 
can be seen in Fig. 8. 

After heat treatment at 1800 ~ the silicon-epoxy 
coating converts to a relatively rough silicon carbide 
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Figure 6 The cross-sectional morphology of uncoated C-C 
composite. 

Figure 9 The surface morphology of C-C composite coated with 
SiC after 1800 ~ sintering. 

Figure 7 The cross-sectional morphology of C C composite coated 
with SiC. Figure 10 The surface morphology of C-C composite coated with 

SiC after 2200 ~ sintering. 

Figure 8 The surface morphology of C-C composite with sili- 
con-epoxy coating. 

layer (as shown in Fig. 9). The rough surface may be 
caused by any of the following: evolution of a gas 
by-product during pyrolysis of epoxy resin; the origi- 
nal rough surface of the C-C composites; and the 
silicon carbide granulation process. Based upon the 
XRD pattern, no carbon peak is detected, implying 
that the silicon carbide structure has been built up on 
the ~ C  composite surface. A dense silicon carbide 
structure can be obtained after a proper sintering 
process. A dense coated layer possesses high strength 
at elevated temperature, high resistance to thermal 
shock and good thermal conductivity. The higher heat 
treatment temperatures at 2200 and 2600 ~ were ap- 
plied in this study to obtain an SiC coated layer with 
better properties. The surface morphologies of the 
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Figure 11 The surface morphology of C-C composite coated with 
SiC after 2600 ~ sintering. 

silicon carbide coatings after sintering at 2200 and 
2600 ~ are illustrated in Figs 10 and 11, respectively. 
Obvious grain growth is detected on the SiC layer as 
the temperature increased from 2200 to 2600~ 
A denser surface morphology was obtained at higher 
sintering temperatures. The grain size of SiC increases 
with increasing sintering temperature, reducing the 
voids between small grain boundaries. 

From the examination of the distribution of silicon 
atoms on the C-C composite substrate, the formation 
of silicon carbide from silicon powder can be seen. 
Fig. 12 shows the silicon atom distribution on the 
C-C composite coated with silicon powder and epoxy 



Figure 12 Silicon atom distribution on C-C  composites with sili- 
con-epoxy coating. 
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Figure 14 The weight loss of C-C composites in the non-isothermal 
oxidation test with a heating rate of 5 ~  1. (__) uncoated C-C 
composite, (- - -) C-C composite coated with epoxy and Si, (--.)  
C -C  composite coated converted SiC. 

Figure 13 Silicon atom distribution on C C composites coated 
with SiC following 1800~ sintering. 

resin (corresponding to the SEM photograph illus- 
trated in Fig. 8). The strong aggregation of silicon 
atoms in the silicon~epoxy coatings are indicated as 
white dots in Fig. 12. Fig. 13 explains the distribution 
of silicon atoms on C-C composites coated with a sili- 
con carbide layer. The distribution of silicon atoms is 
more uniform after sintering. The sintering tempe- 
rature (above 1800 ~ is higher than the melting point 
of silicon (around 1410 ~ The molten silicon may 
flow freely and react with carbon to form a uniform 
silicon carbide layer during the sintering process. The 
SiC layer formed wraps the C-C composite, forming 
an oxygen insulation layer. 

3.3. Evaluation of oxidation resistance 
In this research, an investigation of oxidation resist- 
ance on various C-C composites was performed 
through isothermal and non-isothermal methods. The 
profiles of weight loss of uncoated C-C composite, of 
C-C composite coated with silicon-epoxy, and of C-C 
composite coated with converted silicon carbide are 
shown in Fig. 14. Drastic oxidation reaction of the 
uncoated ~ C  composite at temperatures over 550 ~ 
is observed; however, no significant weight loss below 
550 ~ was detected. The slight weight loss is derived 
from the oxidation reaction of the defect carbon struc- 
ture on the surface of the C-C composite. The oxida- 
tion rate increased with temperature up to 700~ 
Two controlling mechanisms for carbon oxidation 
reactions were proposed: surface reaction and gaseous 

diffusion. The surface reaction controlling step occurs 
at the temperature range 550-700~ for uncoated 
C-C composites. A constant rate of weight loss is 
maintained above 700 ~ This implies that oxidation 
reactions above 700 ~ are controlled by gaseous dif- 
fusion. The oxidation rate of the specimen could be 
measured by differentiating the weight loss. The act- 
ivation energy of the oxidation reaction for uncoated 
C-C composites measured was 50 kcalmol-1, which 
is comparable to the data published [473. 

No significant weight loss is observed for the C-C 
composite Coated with silicon-epoxy until 400 ~ The 
weight loss between 400 and 550 ~ is due to epoxy 
burn out. The tendencies of weight loss profiles for 
C-C composites without coating and with silicon-epo- 
xy coating above 700 ~ are almost the same. 

There is almost no weight loss for the C-C com- 
posite coated with converted silicon carbide up to 
900 ~ This implies that the silicon carbide coatings 
can protect the ~ C  composites up to 900 ~ The 
constant weight loss above 1000~ might be at- 
tributed to the oxidation reaction of non-perfect sili- 
con carbide surface structures. 

An oxidation resistance test at 1000~ was per- 
formed in this study. The weight loss profiles of the 
uncoated C-C composite and the C-C composite 
coated with converted silicon carbide are shown in 
Fig. 15. The uncoated C-C composite was totally oxi- 
dized and converted to gaseous species (CO, CO2) 
within 1 h. A uniform weight loss was detected for 
the SiC coated C~2 composite during the first 8 h; 
however, no significant weight change of the specimen 
was observed in subsequent oxidation tests. The 
weight loss during the first 8 h test might be attributed 
to the oxidation of uncompleted surface structure. 
After 8 h oxidation, no weight change of the protected 
C-C composites was observed in further oxidation 
tests up to 100 h. Based upon these results, it may 
conclude that the oxidation resistance of the C-C 
composite with a converted silicon carbide protected 
layer is enhanced up to 1000 ~ 
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Figure 15 The weight loss of C - C  composites in 1000 ~ isothermal 
oxidation test. 

4. Conclusions 
SiC coated C-C composites made by pressureless re- 
action sintering processes are developed. The SiC 
coating is converted via pressuretess reaction sintering 
using epoxy resin and silicon powder as precursor. 
A I3-SiC structure was found by XRD after heat treat- 
ment at 1800~ meanwhile, an a-SiC structure was 
observed after heat treatment at 2200 ~ A smoother 
surface can be achieved after sintering at 2200 ~ The 
uncoated C-C composites begin to oxidize at 550 ~ 
and burn out within 60 min in the atmosphere. How- 
ever, the weight of the SiC coated C-C composite does 
not change until 900 ~ and only slight weight loss is 
observed at 1000 ~ In the isothermal oxidation test 
at 1000 ~ the SiC coated C-C composite shows 10% 
weight loss within the first 10 h and does not change 
any more within 100 h of the test. 
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