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A new kind of oxidation protection coating of Si-MoSi2 was developed for three
dimensional carbon fiber reinforced silicon carbide composites which could be serviced
upto 1550 ◦C. The overall oxidation behavior could be divided into three stages: (i)
500 ◦C<T < 800 ◦C, the oxidation mechanism was considered to be controlled by the
chemical reaction between carbon and oxygen; (ii) 800 ◦C<T < 1100 ◦C, the oxidation of the
composite was controlled by the diffusion of oxygen through the micro-cracks, and; (iii)
T > 1100 ◦C, the oxidation of SiC became significant and was controlled by oxygen diffusion
through the SiC layer. Microstructural analysis revealed that the oxidation protection
coating had a three-layer structure: the out layer is oxidation layer of silica glass, the media
layer is Si+MoSi2 layer, and the inside layer is SiC layer. The coated C/SiC composites
exhibited excellent oxidation resistance and thermal shock resistance. After the composites
annealed at 1550 ◦C for 50 h in air and 1550 ◦C⇔ 100 ◦C thermal shock for 50 times, the
flexural strength was maintained by 85% and 80% respectively. The relationship between
oxidation weight change and flexural strength revealed the criteria for protection coating
was that the maximum point of oxidation weight gain was the failure starting point for
oxidation protection coating. C© 1999 Kluwer Academic Publishers

1. Introduction
Carbon fiber reinforced silicon carbide composite
(C/SiC) is a kind of promising thermal structure com-
posites for use in applications requiring high strength,
low density, and high fracture toughness at elevated
temperatures in aero-engines and aerospace [1]. How-
ever, a severe problem is that the carbon fiber and in-
terfacial layer of the composite are easy to be attacked
by oxygen in air at the temperatures as low as 370◦C
[2, 3]. The main reason is that there are many micro-
cracks on the silicon carbide matrix resulted from the
mis-match of thermal expansion coefficients between
carbon fiber and silicon carbide matrix. The oxidation
has a significant effect on the weakening and mechan-
ical properties of the materials. It has been reported
that the oxidation weight loss of 2 wt % resulted in
the tensile strength decrease of almost 40% at medium
temperature of 900◦C by oxidation treatment [4]. So
far, two kinds of approaches have been developed to
protect the carbon fiber and interfacial layer. The first
approach is oxidation protection of interfacial layer,
such composition-graded C(B) interface and BN in-
terfacial layer [5–10]. Obviously, the effect of this ap-
proach is limited because the interfacial layer is usually
very thin (∼102 nm). The second approach is oxidation
protection coating for composite, and is considered as
a promising method.

There are many issues which must be considered in
the development of a successful oxidation protection
system for carbon-based composite materials [2, 3].
The critical factors for oxidation protection system of
carbon-based composite materials are: (i) oxygen dif-
fusion through the coating micro-cracks; (ii) volatility
of coating materials at high temperature; (iii) oxidation
of coating by diffusion of oxygen through the coating
layer, and; (iv) the chemical and mechanical compat-
ibility between coating and substrate. The oxidation
protection coating for composites is usually prepared
by chemical vapor deposition (CVD) method which has
been described elsewhere [11]. The coating has a sand-
wich structure which could be divided into three layers.
The inner layer is CVD SiC layer, the medium layer is
boron-containing layer (BN or B4C), and the outer is
CVD SiC layer. At high temperatures, B2O3-SiO2 glass
is formed from the oxidation of boron-containing layer
and SiC and seals easily the micro-cracks to protect
the composites [2, 12]. The service temperature of this
kind coating is lower than 1200◦C because the borate
glasses exhibit high vapor pressure at high temperature.
In order to improve the service temperature of oxidation
protection coating, it is necessary to develop new kind
of coating materials system. This paper is a continua-
tion of an articles published previously [12–14], and the
aims are (i) develop a new kind of oxidation protection
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coating for C/SiC composites which could be utilized
above 1200◦C; (ii) investigate the oxidation behavior of
coated C/SiC composites, and; (iii) examine the effects
of oxidation on the mechanical properties and failure
behavior of the composites.

2. Experimental procedure
2.1. Preparation of three dimensional

carbon/silicon carbide composites
PAN-based carbon fiber was employed and each yarn
contained 3000 filaments. The fabric preform was pre-
pared by three dimensional braided method, and sup-
plied by Nanjing Institute of Glass Fiber (People’s
Republic of China). The fiber volume fraction was 40%.
In the present experiment, isothermal/isobaric chemi-
cal vapor infiltration (ICVI) was employed to prepare
C/SiC composite which has been described elsewhere
in details [13–15]. In ICVI process, a thin layer of py-
rolytic carbon was pre-deposited on the surface of car-
bon fiber as interfacial layer with butane at 850◦C prior
to densification. Methytrichosilane (MTS, CH3SiCl3)
was used for deposition of SiC and was carried by bub-
bling hydrogen into the reaction chamber. Typical con-
ditions being used for deposition are 1100◦C, a hydro-
gen to MTS ratio of 10, and a pressure of a few kPa.
Argon was used as dilute gas to slow down the chemical
reaction rate of deposition. After the densification of the
composites was finished, the C/SiC composites were
coated with silicon-molybdenum alloy (Si-Mo) melt at
temperature of 1500–1600◦C in vacuum for 0.5 h.

2.2. Oxidation tests
The oxidation tests were conducted at 400–1500◦C in
air. The thermal shock experiments were conducted as
follows: the samples were placed into the furnace at
1550◦C for 15 min, then drawn out from the furnace
placed into the boiling water of 100◦C immediately.
The oxidation weight change of the samples were mea-
sured with an analytical balance (sensitivity: 0.1 mg).

2.3. Mechanical properties measurement
Flexural strength was measured with three-point-bend-
ing method with samples 3× 4× 40 mm in size and
the curves of loading stress vs. displacement were
recorded. The loading rate for flexural strength was 0.5
mm·min−1. The mechanical properties was conducted
on an Instron-1195 machine at room temperature.

2.4. Microstructure observation and surface
analysis

The morphology of the specimens was characterized
by a scanning electron microscope (SEM, JEOL 840).
The microstructure of the texture was studied with a
transmission electron microscope (TEM, Philips EM
400).

3. Results and Discussion
3.1. Oxidation behavior of C/SiC composite
The carbon fiber has a substantially lower thermal ex-
pansion coefficient than any of ceramic materials. The

occurrence of residual mechanical stress generated by
thermal expansion mis-match and the lack of plasticity
of SiC matrix at the medium temperature (∼900◦C) are
such that the matrix micro-cracks can not be avoided.
The cracking temperature (Tc) is defined as the forma-
tion temperature of micro-cracks in SiC matrix, and
is lower than the deposition temperature (Td) of SiC
matrix. The oxidation threshold temperature (Tt) for
carbon-carbon composite materials is 370◦C [2, 3, 16].
This temperature can be improved by the incorpora-
tion of refractory particles as inhibitors. The instinctive
protection range of the coating is defined by the micro-
cracking temperature and the coating limiting-use tem-
perature. In this temperature range, the micro-cracks
can be mechanically closed and sealed by oxidation
products. The range between oxidation threshold and
cracking temperature is very dangerous and sealant
must be employed. Fig. 1 shows the oxidation be-
havior of the coated C/SiC composite. The oxidation
profile could be classified into three parts. The first
part is located at the temperature range from 500 to
800◦C. The oxidation weight loss was increased with
the increase of temperature. For the coated C/SiC com-
posite, the oxidation threshold temperature was im-
proved to 500◦C because the SiC matrix was incorpo-
rated into the composite as inhibitor. The second part
is within the temperature range of 800–1100◦C. The
weight loss is decreased with the increase of tempera-
ture. The third part is located in the temperature above
1100◦C. The oxidation weight gain rather than oxida-
tion weight loss was observed, and the oxidation weight
gain loss was increased with the increase of oxidation
temperature.

The oxidation behaviors of 3D C/SiC composites
were similar to those of 2D C/SiC composites and could
be illustrated by the model proposed by Lamouroux
[4]. The carbon fiber and CVI SiC matrix are known
to exhibit coefficients of thermal expansion that are
significantly different. The T300 carbon fiber is an
an-isotropic material and characterized by two CTEs:
a radial CTE (−0.1–1.1× 10−6 ◦C−1) and a longitu-
dinal CTE (7.0× 10−6 ◦C−1). The CTE of CVI SiC
matrix is 4.8× 10−6 ◦C−1 [17]. Hence, there are many

Figure 1 Oxidation curve of the coated C/SiC composite (annealing
time 1 h).
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Figure 2 Micro-cracks in SiC substrate of C/SiC composite.

micro-cracks on the SiC matrix formed perpendicular
to the carbon fiber axis resulted from thermal stress
(Fig. 2). During the oxidation process at the tempera-
ture of 500–800◦C, these micro-cracks play a role of
transporting tunnel for oxygen diffusion inside. At this
stage, the oxidation mechanism was considered to be
controlled by the chemical reaction between carbon and
oxygen, and oxidation rate should be obeyed Arrehnius
equation. Obviously, the increase of temperature led to
accelerating the rate of oxidation.

As the temperature was increased to 800–1100◦C,
the width of the micro-cracks (e(T)) became narrow
which was defined as a function of the temperature:

e(T) = e0(1− T/T0) (1)

Wheree0 is the width of micro-crack at room tempera-
ture,T is the test temperature, andT0 is the temperature
at which the micro-crack width is zero.

The decrease of width of micro-cracks resulted in
the varying of oxidation mechanism under a Fick and
a Knudsen regime [18, 19]. Therefore, the oxidation
mechanism of the composite was controlled by the
diffusion of oxygen in the micro-cracks. The oxygen
diffusion control implies a crack geometry effect es-
pecially regarding the width and depth of the micro-
cracks. At the temperature above 1100◦C, the width
of micro-cracks became very narrow due to the ther-
mal expansion of SiC matrix, and the oxidation of SiC
became significant and was controlled by oxygen dif-
fusion through the SiC layer. Furthermore, the volume
expansion of oxidation scale of SiC would eventually
enclose the micro-cracks. Consequently, the oxidation
mechanism was controlled by the diffusion of oxygen
in silicon carbide layer. The oxidation model of the
composite was demonstrated by the oxidation behavior
of CVI SiC matrix in Fig. 3. At the temperature below
800◦C, the oxidation weight change of SiC matrix was
not observed. At the temperature range of 800–1400◦C,
the oxidation rate was increased rapidly as the increase
of temperature.

3.2. Structure characterization of oxidation
protection coating of C/SiC composite

An important issue concerns the selection of the pri-
mary oxygen barriers. It is usually emphasized that the

Figure 3 Oxidation of CVI SiC matrix.

adherentin-situoxide could be formed in order to get-
ter the oxygen at the free surface of the composites.
The silicon-based ceramics have the best thermal ex-
pansion comparability and exhibit the lowest oxidation
rates. Therefore, they are often selected for protection
of carbon-based composites. It is reported that the thin
amorphous SiO2 scale has low oxygen diffusion coef-
ficient and can be modified with other oxides to control
the viscosity of the glass. As shown in Fig. 4, the SEM
observation results indicated that oxidation protection
coating was consisted in three layers: (i) The out layer
is oxidation layer of silica glass; (ii) The media layer is
Si+MoSi2 layer, and; (iii) The inside layer is SiC layer.
The silica glass oxidation layer is very smooth because
it was resulted from the oxidation of Si+MoSi2 layer.
In the Si+MoSi2 layer, the MoSi2 particles was dis-
persed in the matrix of Si. Fig. 5b, c, d show the TEM
morphology and diffraction patters of media layer. The
further observation of TEM on the silica glass scale re-
vealed that this layer is mainly consisted in SiO2, with
little amount of Mo element (Fig. 5). The oxidation re-
actions of Si and MoSi2 can be expressed as follows
[20, 21]:

Si+O2 = SiO2 (2)

2MoSi2+ 7O2 = 2MoO3+ 4SiO2 (3)

MoO3 has relatively low melting point (800◦C) and
good fluidity, as a result, it could seal the micro-cracks
of oxidation coating and enhance the oxidation resis-
tance of the composite. Usually, Mo is a kind of adjust-
ing element of network in the glass, and has no ability
to form glass. But at the condition of presence of SiO2,
Mo and SiO2 could form a kind of glass with high resis-
tance of both crystallization and oxygen diffusion. In
the glass system, Mo exists in the form of [MoO3] [22].

3.3. Effect of oxidation on the mechanical
properties of coated composite

It was observed that the coated C/SiC composites exhib-
ited oxidation weight gain during the whole oxidation.
At the initial stage of oxidation, the lineal relation-
ship is observed between oxidation weight gain and
temperature. The increase rate was decreased when
the oxidation time was more than 20 h. The oxidation
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Figure 4 Structure analysis of oxidation protection coating of coated C/SiC composite.

Figure 5 Structure and chemical compositions of silica sealant.
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Figure 6 Relationship between oxidation and flexural strength of coated
C/SiC composite.

weight gain reached the maximum value when the oxi-
dation time was equal to 50 h, and then decreased with
the increase of oxidation time. Correspondingly, the
flexural strength was slightly decreased with the oxida-
tion time within 50 h. Then, the flexural strength was
dramatically decreased after 50 h, and equaled to zero
when the oxidation time is 70 h (Fig. 6). Obviously, the
maximum point of oxidation weight gain curve is the
starting point of mechanical properties degradation for
coated C/SiC composites.

The oxidation weight gain at the initial stage is at-
tributed to the oxidation reactions of silicon and MoSi2
presented by chemical reaction 2 and 3.

However, the product of MoO3 is easily to escape
from the oxidation coating because of its high vapor
pressure at high temperatures. Accordingly, the oxida-
tion weight gain rate is decreased with the temperatures.
As the oxidation of silicon processes, the contents of
both Si and MoSi2 is decreased. If the contents of both
Si and MoSi2 exhausted at some localized area, the ox-
idation was shifted to SiC. Because the partial pressure
of oxygen at localized zone was very low, the active
oxidation of SiC would take place [23]:

SiC(s)+O2(g)= SiO(g)+ CO(g) (4)

If the partial pressure reached the critical value, the
gaseous product will escape out and damage the glass
layer of SiO2-MoO3. A hole was formed in the oxida-
tion coating and became the transport tunnel for oxygen
(Fig. 7). Hence, the oxidation process was enhanced
and resulted in the oxidation of C interfacial layer and
carbon fiber. Above all, it could be considered that the
time of hole formation is the failure point of oxidation
coating.

The effect of thermal shock (100◦C⇔ 1550◦C) on
the flexural strength was shown in Fig. 8. As the amount
of thermal shock increases, the flexural strength was
slightly decreased. The flexural strength was main-
tained to 420 MPa after 50 times of thermal shock,
but the failure behavior of the coated C/SiC composites
was similar to that of as-prepared composites (Fig. 9). It
was indicated that the coated C/SiC composite exhibits
excellent resistance of thermal shock.

4. Conclusions
1. A new kind of oxidation protection coating of Si-
MoSi2 was developed for three dimensional carbon

Figure 7 Hole on the oxidation protection coating.

Figure 8 Relationship between thermal shock and flexural strength.

Figure 9 Failure behavior of coated C/SiC composite.

fiber reinforced silicon carbide composites which could
be serviced upto 1550◦C. The oxidation protection
coating had a three-layer structure: the out layer is
oxidation layer of silica glass, the media layer is
Si+MoSi2 layer, and the inside layer is SiC layer.

2. The oxidation behaviors were investigated for the
coated C/SiC composite at the temperature ranged from
500–1400◦C. The overall oxidation behavior could be
divided into three stages: (i) 500◦C< T < 800◦C, the
oxidation mechanism was considered to be controlled
by the chemical reaction between carbon and oxy-
gen; (ii) 800◦C< T < 1100◦C, the oxidation of the
composite was controlled by the diffusion of oxygen
through the micro-cracks, and; (iii)T > 1100◦C, the
oxidation of SiC became significant and was controlled
by oxygen diffusion through the SiC layer.
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3. The coated C/SiC composites exhibited excellent
oxidation resistance and thermal shock resistance. After
the composites annealed at 1550◦C for 50 h in air and
1550◦C⇔ 100◦C thermal shock for 50 times, the flex-
ural strength was maintained by 85% and 80% respec-
tively.

4. The relationship between oxidation weight
change and flexural strength revealed the criteria for
protection coating was that the maximum point of
oxidation weight gain was the failure starting point for
oxidation protection coating.
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