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Abstract
Carbon fiber reinforced Si–C–N matrix composite with a mullite interlayer (C/Mullite/Si–C–N) was fabri-
cated via CVI and PIP process. The oxidation behaviors of C/Mullite/Si–C–N were investigated in air by
comparison with that of C/PyC/Si–C–N using thermogravimetry and SEM technique. The results indicate
that the weight loss of the C/Mullite/Si–C–N increases with the increase of the temperature below 800◦C,
decreases in the range of 800–1000◦C, and increases again above 1000◦C. The increase of the weight loss
below 800◦C results from the increase of the oxidation temperature. The closure of the matrix microcracks
at 800–1000◦C leads to the decrease of the weight loss, and the reopening of microcracks results in the
increase above 1000◦C. The oxidation resistance of C/Mullite/Si–C–N was improved greatly as compared
to C/PyC/Si–C–N within the temperature range from 600◦C to 1200◦C. The mullite interphase changes the
oxidation mode of C/Si–C–N and leads to the non-uniform oxidation of carbon fibers in the composite. At
600◦C, the oxidation curve of C/Mullite/Si–C–N shows obvious non-linearity, which mainly results from
the non-uniform oxidation of carbon fibers.
© Koninklijke Brill NV, Leiden, 2011
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1. Introduction

The oxidation protection of carbon fiber reinforced ceramic matrix composites
(CFCMCs) has attracted increasing interest in recent years. There are many
ways to improve the oxidation resistance of the CFCMCs, including designing
a non-oxidizable coating [1–4], adding additives into the matrix [5–7], and so
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on. Choosing a suitable interphase for the composites was an important method.
S. Labruquère and his co-workers [8] had selected BC, Si–B–C and SiC as the in-
terphase to improve the oxidation resistance of CFCMCs. Their results proved that
the suitable interphase could protect the carbon fiber from oxidation and enhance
the oxidation resistance of the composite.

Mullite is a promising candidate material for the oxidation protection, owing to
its low thermal conductivity, excellent creep resistance, good chemical stability and
low oxygen diffusivity [9]. So far, the mullite had been used as an interlayer of
C/Si–C–N composite and can greatly improve the oxidation resistance of compos-
ites [10]; but the oxidation behaviors and mechanisms of C/Si–C–N with a mullite
interlayer are still unclear.

In the present work, the carbon fiber reinforced Si–C–N matrix composite with
a mullite interphase (C/Mullite/Si–C–N) was fabricated. The oxidation behaviors
of the C/Mullite/Si–C–N were investigated, and the oxidation mechanism was ana-
lyzed by the comparison between the oxidation behaviors of C/Mullite/Si–C–N and
that of C/Si–C–N with a pyrocarbon interlayer (C/PyC/Si–C–N).

2. Experimental

2.1. Sample Preparation

The needle-pricked long fiber felt with a density of 0.6 g/cm3, fabricated with T300
carbon fibers, was used as preform. In order to investigate the oxidation mecha-
nisms of composites, two kinds of materials, C/Mullite/Si–C–N and C/Si–C–N with
a pyrocarbon interlayer (C/PyC/Si–C–N), were fabricated. Mullite interphase was
prepared via a polymer impregnation and pyrolysis (PIP) process using the mix-
ture of aluminium sec-butoxide (A1(OBu)3) and tetraethoxysilicate (TEOS) as the
starting materials. The details about the preparation of the mullite interphase were
described elsewhere [10, 11]. The carbon interlayer was deposited at 900◦C for
2 h using propene as precursor. The average thicknesses of both mullite interlayer
and PyC interlayer are about 500 nm. Si–C–N matrix of C/Mullite/Si–C–N and
C/PyC/Si–C–N was prepared through a chemical vapor infiltration (CVI) process
at 900◦C for 10 h using hexamethyldisilazane (HMDS) as single precursor. HMDS
was bubbled at room temperature by Ar carrier gas and the mixed gases were intro-
duced into the chamber at a flow rate of 5 cm3/min through a stainless-steel tube.
The chamber pressure during deposition was maintained at atmospheric pressure.
An argon atmosphere was used during the preparation of the SiCN matrix. The den-
sity and porosity of the as-prepared C/Si–C–N composites were ∼1.82 g/cm3 and
about 8–10%, respectively, measured by Archimedes method.

2.2. Oxidation Tests

Specimens were machined from the as-prepared C/Si–C–N composites for the oxi-
dation test. The required specimen size was 3.5 mm × 3.5 mm × 20 mm. Oxidation
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tests were carried out in a tubular furnace. Firstly, the furnace was heated to the pre-
set temperature for 20–30 min, and then the samples were put into the center of the
furnace. At the given time, the samples were weighed by a photoelectric analytical
balance with a sensitivity of ±0.0001 g (Model AG135, Mettler Toledo).

3. Results and Discussion

3.1. Microstructure of C/Si–C–N

Figures 1 and 2 show the microstructure of C/Mullite/Si–C–N. Owing to the mis-
match of the thermal expansion coefficient between the fiber and the matrix, some
microcracks exist in the C/Mullite/Si–C–N. In addition, restrained by the prepara-
tion method of the preform and CVI process, there are a lot of residual pores in
C/Mullite/Si–C–N. The microcracks and the residual pores will act as the channels
for diffusion of oxiding gases during oxidation.

Figure 3 shows the mullite interlayer of the composite. Both matrix/mullite in-
terlayer bond and mullite interlayer/fiber bond are tight.

3.2. Weight Loss as a Function of Time

Figure 4 shows the isothermal oxidation curves of the C/Mullite/Si–C–N at dif-
ferent temperatures. The mass loss of the composite oxidized at 600◦C and 700◦C
increases with the duration of the time. The isothermal oxidation curves of the com-
posite oxidized at the temperature from 800◦C to 1200◦C can be divided into two
parts: the weight of samples rapidly decreases with the oxidation time before the

Figure 1. SEM fractograph of C/Mullite/Si–C–N.
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Figure 2. Microcracks in the composite.

Figure 3. SEM image of the mullite interlayer.

weight loss reaches the maximum value; and increases slowly after the weight loss
reaches the maximum value.

Figure 5 is an SEM fractograph of C/Mullite/Si–C–N before and after oxidation
at different temperature. With the increase of the time and temperature, the cor-
rosion on the carbon fiber became more and more serious. 6.5 hours’ oxidation at
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Figure 4. Isothermal oxidation curve of C/Si–C–N.

800◦C has resulted in the disappearance of carbon fiber in the composite (Fig. 5(d)),
and after oxidation at 800◦C for 2.5 h, carbon fibers cannot even be seen on frac-
ture of the composite (Fig. 5(e)), which indicates that the carbon fibers have been
completely consumed.

There are some oxygen-containing gases in air such as oxygen itself, water vapor,
carbon dioxide, etc. These gases will react with the carbon fiber and Si–C–N matrix
of the composite in a hot environment. The escape of CO2 and/or CO formed during
the oxidation of the carbon will result in the weight loss of the composite [12],
while the oxidation of the Si–C–N leads to the weight gain because oxygen atoms
substitute for the carbon atom and nitrogen atom in Si–C–N [13]. At 600◦C and
700◦C, the Si–C–N hardly is oxidized, so the weight loss of the composite can be
considered as the result of the oxidation of carbon fiber. As the oxidation of carbon
fiber continued, the weight loss of the composite increased. At the temperature from
800◦C to 1200◦C, only slight oxidation of Si–C–N has occurred and the weight gain
resulting from oxidation of Si–C–N is very small because of the excellent oxidation
resistance of Si–C–N, so the mass change of the composite can be considered as the
result of the oxidation of carbon fiber, approximately. Therefore, the weight loss of
the composite increased with time. When the weight loss reaches the maximum
value, the carbon fibers of the composites have been completely oxidized and only
the mullite interphase and Si–C–N matrix remained (Fig. 5(e)). As the oxidation of
the Si–C–N matrix is continued, the mass of the composite increased slowly.

3.3. Weight Loss as a Function of Temperature

Figure 6 shows the weight change with the oxidation temperature. It can be seen
that the weight loss of the C/Mullite/Si–C–N increases with the increase of the
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Figure 5. SEM fractograph of C/Mullite/Si–C–N before and after oxidation at different temperature:
(a) before oxidation; (b) oxidation at 600◦C for 6.5 h; (c) oxidation at 600◦C for 9 h; (d) oxidation at
700◦C for 6.5 h; (e) oxidation at 800◦C for 2.5 h.

temperature below 800◦C, decreases in the range of 800–1000◦C, and increases
again above 1000◦C, which is different from that of C/SiC and C/C. These results
indicate that the oxidation resistance of the composite is improved in the range from
800◦C to 1000◦C.

The above relationship between weight changes of the C/Mullite/Si–C–N and
oxidation temperature might be related with the oxidation kinetics of the carbon
fiber and evolution of the cracks in C/Mullite/Si–C–N with temperature. When the
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Figure 6. Relative mass variations as a function of temperature for C/Si–C–N.

samples without coating were exposed to the hot air, the carbon fibers and matrix
on the surface of composite would be firstly oxidized. With the oxidation of car-
bon fiber, a great many ducts opening to the surface of the sample were formed.
These ducts will permit the diffusion of the oxidizing gases Also, the oxidizing
gases can diffuse into the sample through the microcracks and the residual pores in
the composite shown in Figs 1 and 2. When the temperature is below 800◦C, the
oxidation of carbon fiber is controlled by the velocity of a chemical reaction be-
tween the carbon fiber and the oxidizing gases. The reaction velocity will increase
with the temperature, so the weight loss of the composite follows. If the tempera-
ture is above 800◦C, the oxidation of carbon fiber is controlled by the diffusion of
the oxide gases [14, 15]. The rate of diffusion is directly proportional to the dif-
fusion area, so the variation in the diffusion channels of the oxide gases will have
an immediate influence on the oxidation rate of the carbon fiber. During the oxi-
dation, although the channels formed by oxidation of carbon fiber and the residual
pores in the composite do not change with temperature, the width of matrix cracks
in composite will decrease with the increase of temperature, which will decrease
the rate of diffusion. Despite the fact that the diffusion rate will increase with the
increase of the temperature, which cannot offset the influence of the clogging of
the matrix cracks, the diffusion quantity of the oxide gases within unit time de-
creases. Previous results [16, 17] show that the matrix cracks of composites will
clog below the processing temperature of the matrix. However, it can be seen from
Fig. 6 that the weight loss of C/Mullite/Si–C–N still continues the trend of decline
above the processing temperature, which is 900◦C, until 1000◦C. This result indi-
cates that the matrix cracks of C/Mullite/Si–C–N maybe clog at about 1000◦C, that
is, 100◦C higher than the deposition temperature of Si–C–N. The increase of the
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Figure 7. XRD pattern of Si–C–N matrix.

clogging temperature possibly results from the amorphism of the Si–C–N matrix
(Fig. 7). It is well known that an amorphous substance will be gradually crystal-
lized at higher temperature. The theoretical density of crystalline Si–C–N is about
3.08 g/cm3, while the amorphous Si–C–N fabricated in this work only has a density
of 2.23 g/cm3, measured by Archimedes method. So an increase in density must ac-
company the crystallization of Si–C–N matrix. These densification processes result
in the volume shrinkage, which will decrease the expansion increment of the ma-
trix, and consequently make the matrix cracks unable to clog below the processing
temperature, so that the clogging temperature is increased. When the temperature
is above 1000◦C, the shrinkage resulting from the densification processes speeds
up and the rate of shrinkage becomes higher than the rate of thermal expansion;
therefore, the closed cracks will reopen, which can be confirmed by Fig. 8, and the
diffusion of oxidizing gases increases. In addition, the diffusion of oxide gases also
increases with the increase of temperature. So the weight loss of composite rapidly
increases with the increase of temperature.

3.4. Influence of Mullite Interphase on the Oxidation Behaviors of C/Si–C–N

From Fig. 6, it can be seen that the weight loss of C/Mullite/Si–C–N is obviously
less than that of C/PyC/Si–C–N within the whole temperature range, which con-
firms the higher oxidation resistance of C/Mullite/Si–C–N. Figure 9 shows the
isothermal oxidation curves of the C/Mullite/Si–C–N and C/PyC/Si–C–N at 600◦C.
It can be seen that the oxidation rate of C/Mullite/Si–C–N first increases and then
decreases with time. The oxidation curve of C/Mullite/Si–C–N shows obvious non-
linearity compared with that of C/PyC/Si–C–N.
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Figure 8. SEM fractograph of C/Mullite/Si–C–N after oxidation at 1100◦C for 4 h.

Figure 9. Comparison between isothermal oxidation curve of C/Mullite/Si–C–N and that of
C/PyC/Si–C–N at 600◦C.

Not only the higher oxidation resistance but also the non-linear oxidation curve
of C/Mullite/Si–C–N is related to the mullite interlayer. The matrix cracks in com-
posites result from the thermal stress (σm) in the matrix. The σm will decide the
width and the density of cracks. The σm can be calculated through the following
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Table 1.
The calculated value of σm and the physical parameters of
C/Mullite/Si–C–N and C/PyC/Si–C–N

C/Mullite/Si–C–N C/PyC/Si–C–N

TP (◦C) 900 900
TR (◦C) 25 25
αm (K−1) 1.9 × 10−6 1.9 × 10−6

αint (K−1) 4.4 × 10−6 [9] 4.7 × 10−6 [18]
αf (K−1) 1 × 10−6 1 × 10−6 [19]
Em (GPa) 190 190 [20]
Eint (GPa) 167 [21] 10 [22]
Ef (GPa) 230 230 [23]
Vm (%) 48 47
Vint (%) 10 10
Vf (%) 34 34
σm (MPa) 25.6 66.5

equation:

σm = Em�T (αm − αcom)

= Em(TP − TR)

(
αm − αmEmVm + αiEiVi + αfEfVf

EmVm + EiVi + EfVf

)
, (1)

where TP is the preparation temperature, TR is room temperature, the α,E and V are
the coefficient of thermal expansion (CTE), Young’s modulus and volume fraction
respectively. The subscripts m, i and f represent the matrix, interlayer and carbon
fiber, respectively. The calculated value of σm and the physical parameters of the in-
dividual components in C/Mullite/Si–C–N and C/PyC/Si–C–N are listed in Table 1.
It can be seen that σm of C/Mullite/Si–C–N, which is 25.6 MPa, is very much lower
than that of C/PyC/Si–C–N, which is 66.5 MPa. Therefore, the microcrack density
in C/Mullite/Si–C–N would be obviously lower than that of C/PyC/Si–C–N, which
is confirmed by Fig. 10. The lower density of matrix cracks suggests less active
points on the carbon fiber, which may be the reason why C/Mullite/Si–C–N has
higher oxidation resistance. In addition, the tight interfacial bond of C/Mullite/Si–
C–N will be another contribution to the enhancement of the oxidation resistance.
Figure 11 is an SEM image of C/PyC/Si–C–N, it can be seen that the gaps can be
observed at the interfaces both between the fiber and the interphase and between
the matrix and the interphase. According to Figs 11 and 3, it can be seen that the
interfacial bonding of C/Mullite/Si–C–N is tighter than that of C/PyC/Si–C–N. It is
more difficult for the oxidizing gases to diffuse along the tightly bonded interface
than along the weak interface. So, it is more difficult to oxidize the carbon fiber
in C/Mullite/Si–C–N compared to that in C/PyC/Si–C–N, so that this property was
beneficial to the improvement of oxidation resistance of C/Mullite/Si–C–N.
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Figure 10. SEM micrograph of as-prepared C/Si–C–N composites: (a) C/Mullite/Si–C–N;
(b) C/PyC/Si–C–N.

Figure 11. SEM fractograph of C/PyC/Si–C–N.

The strong interfacial bond also greatly influences the oxidation characteristics of
C/Mullite/Si–C–N. The strong interfacial bond does not easily allow the oxide gases
to diffuse along the interface, so the oxidation of carbon fiber will be limited around
the crossing point of cracks and carbon fiber (Fig. 12). Thus, some corrosion pits are
formed on the carbon fiber (Fig. 13), and each corrosion pit will extend along the
direction vertical to the oxidation surface with the increase of the oxidation time,
which leads to the non-uniform oxidation of carbon fibers (Fig. 14). The oxidation
process can be schematically described by Fig. 15. For C/PyC/Si–C–N, the weak
bond will allow the oxide gases to diffuse through the gaps between the fiber and
the interphase and between the matrix and the interphase, so the oxidation almost
simultaneously occurs on the entire fiber surface (Fig. 16), characterized by the
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Figure 12. The corrosion pits in the neighborhood of a microcrack.

Figure 13. SEM image of the corrosion pits on carbon fiber.

mode of uniform oxidation. This kind of oxidation mode will just result in the
decrease in fiber diameter (Fig. 17) and does not form the obvious corrosion pits on
the carbon fibers. Because the oxidation rate is directly related with the oxidation
area on the carbon fiber [13], the change of oxidation area with time will lead to the
variation of the oxidation rate. In the case of non-uniform oxidation, given that the
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Figure 14. SEM fractograph of C/Mullite/Si–C–N after oxidation at 600◦C for 6.5 h.

Figure 15. Schematic diagram for oxidation process of C/Mullite/Si–C–N: (a) oxidation at an early
stage; (b) after oxidation for a long time.

oxidation face is round with a corrosion point as center, the morphological model
of composite during oxidation can be described by Fig. 18. Based on this model,
the oxidation area (S) can be expressed as:

S = 2
ρV∑
i=1

li · arc cos

(
νt

2R

)
νt, (2)
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Figure 16. SEM fractograph of C/PyC/Si–C–N after oxidation at 600◦C for 0.5 h.

Figure 17. SEM fractograph of C/PyC/Si–C–N after oxidation at 600◦C for 2.5 h.

where ρ is the crack density of composite, V is the volume of a sample for oxidation
test, l is the length of a crack, R is the radius of carbon fibers, ν is the reaction
rate, and t is oxidation time. From equation (2), it can be seen that oxidation area
firstly increases and then decreases with time, so the oxidation rate also follows this
pattern. From the above discussion, we can think that the non-uniform oxidation of
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Figure 18. Morphological model of the carbon fiber in composite.

the carbon fibers leads to the non-linearity of the oxidation curve of C/Mullite/Si–
C–N. For C/PyC/Si–C–N, before the carbon interlayer was completely consumed,
the oxidation area hardly changes. So the weight loss changes linearly with time. It
must be pointed out that the non-linearity of the oxidation curve of C/Mullite/Si–
C–N only appears below 800◦C. At higher temperature, the oxidation of carbon
fiber is controlled by the diffusion of the oxide gases, and the oxidation of the
carbon fibers in the composite does not occur at the same time, so the oxidation
curve would be linear.

4. Conclusions

When the composites were oxidized at the temperature range from 600◦C to
1200◦C, all the samples show the decrease in weight with the oxidation time be-
fore the weight loss reaches the maximum value and a slight increase after the
weight loss reaches the maximum value. The weight loss of the C/Mullite/Si–C–N
linearly increases with the increase of the temperature below 800◦C, decreases in
the range of 800–1000◦C, and increases again above 1000◦C. The increase of the
weight loss below 800◦C results from the increase of the oxidation temperature.
The closure of the matrix microcracks at 800–1000◦C leads to the decrease of the
weight loss and the reopening of microcracks results in the increase above 1000◦C.
The Mullite interlayer can improve the oxidation resistance of C/Si–C–N. The low
density of cracks and the tight interfacial bond in C/Mullite/Si–C–N contribute to
the enhancement of the oxidation resistance. The mullite interlayer also changes
the oxidation mode of C/Si–C–N and leads to the non-uniform oxidation of carbon
fibers in the composite. At 600◦C, the oxidation curve of C/Mullite/Si–C–N shows
obvious non-linearity. The non-uniform oxidation of carbon fibers is the key reason
for the non-linearity of the oxidation curve of C/Mullite/Si–C–N.
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