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Abstract: To improve the oxidation-resistance properties, SiC and TaC species were introduced in C/C composites by chemical 
vapor infiltration (CVI) methods. The oxidation-resistance properties of C-SiC-TaC-C composites were studied by X-Ray 
diffractometry (XRD), JEOL−6360LV scanning electronic microscopy (SEM) and AdventurerTM electronic balance with precision of 
0.1 mg. The results show that, 1) the oxidation rate of the composites increases continuously with time at all experimental 
temperatures; 2) The oxidation rate increases with temperature within 700−1 100 ℃, slowly in 700−800 ℃, acutely in 800−1 100 ℃; 
it reaches a maximum value at 1 100 , then decrease℃ s within 1 100−1 400 ℃; 3) The relationship curve of oxidation rate with 
temperature can be divided into three regions. The oxidation rate is controlled by reactivity in region Ⅰ, the mixed effects of 
reactivity and gas diffusion in region Ⅱ, gas phase diffusion in region Ⅲ; 4) The composites exhibit a higher oxidation onset 
temperature in low temperature region and a lower oxidation rate at high temperature due to the oxidation of TaC to (Ta, O) and the 
formation of the dense SiO2-Ta2O5 oxide layer respectively. With the addition of SiC/TaC species, the oxidation-resistant properties 
of C/C composites can be improved effectively. 
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1 Introduction 
 

As aerospace technology develops continuously, 
there is a rapidly increasing demand for advanced 
materials with temperature capability of over 1 700 ℃ 
for ultra high temperature and aerospace applications, 
such as rocket engines and thermal protection systems 
for space vehicles [1−2]. Carbon-carbon (C/C) 
composites are leading candidates for ultra high 
temperature structural applications due to dimensional 
stability, high strength and modulus at high temperature, 
low coefficient of thermal expansion (CTE), high 
thermal conductivity and shock resistance, ease of 
machining and low density [3]. However, the use of 
carbon materials for high temperature application is 
limited due to their susceptibility to oxidation in air at 
temperature as low as 400 ℃[4]. Efforts have been made 
to inhibit the oxidation of carbon materials by coating 
C/C with refractory oxides, carbides[5] or by doping 
with boron and phosphorous compounds[6−7]. The 

former method has disadvantage of cracks in the 
protective coating due to mismatch of CTE between 
substrate and the coating material, while the doping 
technique can provide protection from oxidation only up 
to 700 .℃  

According to the results in Refs.[8−10], the 
oxidation of C/C composites first takes place at the 
fiber/matrix interface. Therefore, some materials must be 
introduced as a fiber coating or inhibitors to protect the 
interface from oxidation. However, little work was done 
to fiber coatings as a method of internal oxidation 
protection. 

The characteristics of the fiber coating, which are 
necessary to protect C/C composites from internal 
oxidation efficiently, are as follows[8−10]: 1) be stable at   
1 100  under low pressures (chemical vapor infiltration ℃

conditions); 2) can resist reaction with carbon fibers; 3) 
can oxidize faster than carbon and 4) can oxidize with a 
volume gain to prevent oxygen access to the interfacial 
zones. Previous results show that SiC is very efficient as 
external coating to protect C/C composites below 1 600 
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[11], while refractory metal carbide℃ s are candidates for 
oxidation-resistant materials of C/C composites at ultra 
high temperature field[12−16]. To improve the 
oxidation-resistance properties of C/C composites, SiC 
and TaC species were introduced as interphases by 
chemical vapor infiltration (CVI) methods. And the 
oxidation behavior of C-SiC-TaC-C composites at 700− 
1 400  ℃ were studied. 
 
2 Experimental 
 

The preparation process of C-SiC-TaC-C 
composites is shown in Fig.1. 
 

 
Fig.1  Preparation process of C-SiC-TaC-C composites 
 

2.5 D PAN carbon fibers needle-punctured felt with 
original density of 0.56 g/cm3 was used as preforms. In 
order to reduce the damage of SiC or TaC ceramic 
coating to carbon fiber, a pyrolytic carbon layer was 
firstly deposited on carbon fiber as an interface material 
by CVI with N2-H2-C3H6 system. When the density of the 
preform reached 0.62 g/cm3, SiC and TaC interphases (or 
fiber coatings) were introduced in C/C composites 
successively by CVI methods with Ar-H2-CH3SiCl3 and 
Ar-C3H6-TaCl5 systems respectively. Then preforms were 
further densified with pyrocarbon (by CVI) and resin 
carbon (by impregnation and carbonization with 2−3 
circles)  to obtain composites finally. The densities of 
composites after each step of process and volume 
fraction of SiC and TaC are listed in Table 1. 

All oxidation experiments are performed in natural 
convection air in an Al2O3 corundum tube (heated by 
MoSi2). The C-SiC-TaC-C composites with size of 10 
mm×10 mm×4 mm were subjected to a series of five 
thermal cycles in air between oxidation temperature 
(700−1 400 ) and room temperature (25℃  ). The ℃

heating rates are about 300 ℃/s while cooling rates of 
sample are about 200 ℃/min. The oxidation time of each  

thermal cycle is 2, 3, 5, 10, 40 min. In these oxidation 
experiments, each sample was held at oxidation 
temperature for a total of 60 min. After oxidation, the 
macro shape of each sample was not destroyed and the 
composites were not noticeably affected by the thermal 
cycling.  

The mass change of sample during oxidation 
process was measured using an AdventurerTM electronic 
balance with a precision of 0.1 mg. Phase composition of 
sample before and after oxidation was examined by a 
D/max 2550VB+18 kW rotating target XRD 
spectroscopy. Microstructure was analyzed by a 
JEOL-6360LV scanning electron microscopy (SEM). 
 
3 Results and discussion 
 
3.1 Oxidation rate 

The oxidation rates were determined by calculating 
the mass loss per square centimeter of composites. The 
results are shown in Fig.2. The mass loss of the 
composites increases continuously with time at all 
temperatures. At relatively low temperature of 700  ℃

and 800 ℃ after 60 min, little mass losses of 4.7 mg/cm2 

and 7.3 mg/cm2 are observed; while at 900 , mass loss ℃

of 40.6 mg/cm2 was obtained. This suggests that the 
preliminary oxidation temperature of composites is 
improved to 900 . In addition, the rel℃ ationship between 
the mass loss and time is nearly linear under 700−800 , ℃

parabolic with positive constant between 900−1 200 ℃,  
 

 
Fig.2 Mass loss of composites as function of oxidation time at 
700−1 400 ℃: 1—700 ℃; 2—800 ℃; 3—900 ℃; 4—1 000 
℃; 5—1 100 ℃; 6—1 200 ℃; 7—1 300 ℃; 8—1 400 ℃ 

 
Table 1 Densities of composites after each step and volume fraction of SiC and TaC 

Sample 

Density of 
carbon 

fiber felt/ 
(g·cm−3) 

Density 
after CVI-C/ 

(g·cm−3) 

Density after 
CVI-SiC*/
(g·cm−3) 

Volume 
fraction of 

SiC/%* 

Density after 
CVI-TaC /
(g·cm−3) 

Volume 
fraction of 

TaC/% 

Density after 
CVI-C/ 
(g·cm−3) 

Final 
density/ 
(g·cm−3) 

C -SiC-TaC-C 
composites 

0.56 0.62 0.92 9.4 2.95 14.1 3.17 3.36 

* Density of SiC is 3.2 g/cm3 
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and finally parabolic with negative constant at 1 300−  
1 400 . The℃  shape change of relationship curve 
indicates that the oxidation mechanism is changed with 
temperature. 

The final mass loss of samples being oxidized for 
60 min is plotted as function of temperature, as shown in 
Fig.3. The oxidation rate increases with temperature 
within 700−1 100 ℃, slowly from 4.7 mg/cm2 to 7.3 
mg/cm2 in 700−800 ℃, acutely from 7.3 mg/cm2 to 
120.7 mg/cm2 in 800−1 100 ℃; it reaches a maximum 
value of 120.7 mg/cm2 at 1 100 , then decrease℃ s within 
1 100−1 400 ℃; at 1 400 ℃ it is 69.4 mg/cm2. 
 

 
Fig.3 Oxidation rate curve of composites as function of 
temperature 
 

As can be seen from Fig.3, the oxidation rates curve 
can be divided into three temperature regions. Region Ⅰ 
(low temperature zone at 700−800 ), Regi℃ on Ⅱ
(intermediate temperature zone at 800−1 100 ), and ℃

Region Ⅲ (high temperature zone above 1 100 ).℃  
 
3.2 Oxidation mechanism 

Compared with the oxidation of C/C 
composites[17], the composites exhibit a higher 
oxidation onset temperature in low temperature region 
and a lower oxidation rate at high temperature. In this 
case, the rate-limiting steps might involve diffusion 
across a boundary layer, diffusion through microcracks, 
diffusion through pores, diffusion through TaC, SiC 
interphases and chemical reactions. When reaction 
occurs, the step with the slowest rate will be the 
rate-limiting step. Based on this concept, detailed 
analyses of the oxidation mechanisms of C-SiC-TaC-C 
composites have been conducted with phase composition 
and microstructure of composites after oxidization. 

A representative phase composition of composites 
before and after oxidation is listed in Table 2. 

Phases enclosed by TaC, SiC interphase is not 
oxidized below 1 000 . However, TaC interphase come ℃

into being at 700 ℃ and form (Ta, O) phases. The 
oxidation of TaC to (Ta, O) phase is a mass gain process,  

Table 2 Phase constitution of composites before and after 
oxidation at different temperatures 

Phase composition State of 
oxidation Graphite TaC SiC (Ta,O) TaO2 Ta2O5 SiO2

Before √ √ −★
 − − − −

700− 
800℃ √ √ √ √ − − −

900℃ √ − √ √ − − −

1 000−
1 200 ℃ − − √ − √ √ √

1 300−
1 400 ℃ − − √ − − √ √

* Represents SiC coated by TaC in composites before oxidation 
and it is very difficult to characterized by XRD 
 
which can offset the mass loss of oxidation of C. This 
may be the main reason for the little mass loss of 
composites at low temperature. At 900 , TaC ℃

interphase is oxidized completely (no TaC phase is 
found), but the oxidation of C phase is so faster that the 
mass loss can not be offset anymore. Therefore, the 
composites show an obvious mass loss after oxidation. 
Within 1 000−1 200 , liquid SiO℃ 2 is formed, and TaC 
also turns to TaO2 and fluid Ta2O5 phases. TaO2 is not 
stabilized and can react with O2 to form Ta2O5 at 
increased temperature (1 300−1 400 ). The formation ℃

of liquid phases of SiO2 and Ta2O5 is contributed to the 
improvement of oxidation-resistance properties at high 
temperatures. 

Microstructures of composites after oxidation at 
different temperatures are shown in Fig.4. 

At 700−800 , although the oxidation of TaC can ℃

offset the mass loss of composites, the deposits are 
oxidized slower than carbon. Oxidation progresses along 
with the carbon fibers and carbon matrices. As can be 
seen from Fig.4 (a), holes are formed at carbon fibers 
and carbon matrix. This gives an easy access of oxygen 
to the center of the composites. SiC-TaC interphases can 
not protect C/C composites from oxidation at low 
temperature. 

At 900−1 100 , ℃ TaC interphase is oxidized 
rapidly and form a porous (Ta, O) phase, while SiC is not 
completely oxidized. The oxidation of ceramic coating 
can not protect carbon phase from oxidation at outer 
zones of composites (see Fig.4(b)), however, O2 is 
exhausted rapidly by the oxidation of ceramic coating 
and can not diffuse to the center of composites. In 
Fig.4(c), it can be seen that the SiC-TaC interphases in 
the composites keep intact and are not oxidized. 

Above 1 100 , the TaC and SiC ℃ interphases are 
both completely oxidized and form Ta2O5 and SiO2 glass 
phases. In Fig.4(d), it can be seen that the glass phases  



CHEN Zhao-ke, et al/Trans. Nonferrous Met. Soc. China 17(2007) 

 

s148 
 
 

 
Fig.4 Microstructures of composites after oxidation at different temperatures: (a) 700−800 ℃; (b) 900−1 100 ℃, outer part of 
composites; (c) 900−1 100 ℃, inner part of composites; (d) 1 200−1 400 ℃ 
 
enclose and seal the holes formed by the oxidation of 
carbon fiber. This layer effectively reduces the exposed 
surface and retards the oxidation of the composites. With 
the increase of temperature, more Ta2O5 and SiO2 are 
formed and less mass loss is obtained. However, the 
mass loss of composites with time is still observed up to 
1 400 ℃, which indicates that pores are narrowed, but 
does not close up completely by liquid phases. 

From the results of phase constitution and 
microstructure analyses of C-SiC-TaC-C composites 
oxidized at different temperatures, it can be concluded 
that the oxidation rate is controlled solely by the 
chemical reactivity of the solid in the low temperature 
region (Region Ⅰ), by the mixed effects of oxygen 
transported from the outer surface into the composites 
and the reaction of solids in the intermediate temperature 
region (Region II); by an obvious controlling mechanism 
of diffusion at temperatures up to 1 100 ℃ (Region Ⅲ). 
With the addition of SiC and TaC species, the 
oxidation-resistant properties of C/C composites can be 
improved effectively. 
 
4 Conclusions 
 

1) The oxidation rate of the composites increases 
continuously with time at all experimental temperatures. 

2) The oxidation rate increases with temperature 
within 700−1 100 ℃, slowly from 4.7 mg/cm2 to 7.3 

mg/cm2 in 700−800 ℃, acutely from 7.3 mg/cm2 to 
120.7 mg/cm2 in 800−1 100 ℃; it reaches a maximum 
value of 120.7 mg/cm2 at 1 100 ℃; then decreases within 
1 100−1 400 ℃; at 1 400 ℃ it is 69.4 mg/cm2. 

3) The relationship curve of oxidation rate with 
temperature can be divided into three regions. The 
oxidation rate is controlled by reactivity in region Ⅰ,  
the mixed effects of reactivity and gas diffusion in region 
Ⅱ, gas phase diffusion in region Ⅲ. 

4) The composites exhibit a higher oxidation onset 
temperature in low temperature region and a lower 
oxidation rate at high temperature due to the oxidation of 
TaC to (Ta, O) and the formation of the dense 
SiO2-Ta2O5 oxide layer respectively. With the addition of 
SiC and TaC species, the oxidation-resistant properties of 
C/C composites can be improved effectively. 
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