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Abstract
Y2Si2O7–MoSi2/SiC multi-composition coatings were deposited on the surface of SiC pre-coated car-
bon/carbon (C/C) composites using a hydrothermal electrophoretic process. The prepared coatings were
characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM). Influences of Y2Si2O7

whisker on the morphologies and anti-oxidation properties of coatings were particularly investigated. Re-
sults show that Y2Si2O7 whisker has a strong influence on the microstructure and oxidation resistant perfor-
mance of the coated composites. Compared with MoSi2/SiC coating, Y2Si2O7–MoSi2/SiC coating exhibits
dense, uniform, and homogeneous morphologies without any microcracks. Y2Si2O7 whisker can effectively
decrease the thermal expansion coefficient of MoSi2 and prevent coatings from cracking, which results in
improved oxidation resistant performance of the coated composites. The as-prepared multi-layer coating
can protect C/C composites from oxidation for 100 h at 1773 K with a weight loss of 1.22 × 10−3 g/cm2.
© Koninklijke Brill NV, Leiden, 2011
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1. Introduction

The excellent ultrahigh strength of carbon/carbon (C/C) composites at temperatures
above 2273 K make them the most promising candidate materials for high tem-
perature structural applications with advanced thermal protection. However, their
oxidation above 673 K limits their applications in oxygen containing atmosphere
at high temperature [1, 2], which has led to research to try to improve their oxida-
tion resistance. A multi-layer protective coating, using SiC as an internal bonding
layer, has been proposed [3–5]. In the multi-layer coating, MoSi2 can be a useful
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outer-layer material because it has a high melting point and excellent high tem-
perature oxidation resistance. However, the coefficient of thermal expansion (CTE)
mismatch between MoSi2 (8.5×10−6/K) outer-layer and SiC (4.5×10−6/K) bond-
ing layer causes cracks in the protection layer, and provides channels for oxygen to
attach to the carbon matrix.

Therefore, pure MoSi2 cannot be used as the outer layer, and a multi-composition
coating might be better. The CTE of MoSi2 can be decreased with enhanced tough-
ness by adding Y2Si2O7 whisker, which has low thermal expansion coefficient
and equivalent physical and chemical adaptability to SiC [6]. To date, there are
no reports of the use of Y2Si2O7 whisker toughened MoSi2 coating. In order to
obtain a dense Y2Si2O7–MoSi2/SiC multi-layer coating, a novel hydrothermal elec-
trophoretic deposition technique was used. Influences of Y2Si2O7 whisker on the
microstructure and oxidation resistance of the coated C/C composites were investi-
gated.

2. Experimental

Small specimens (10 × 10 × 10 mm3) cut from bulk 2D-C/C composites with
a density of 1.72 g/cm3 were used as cathode substrates. The specimens were hand-
polished using SiC paper with 200, 500 and 800 grit, and were cleaned in acetone
for 10 min and then dried at 333 K for 1 h in an oven. After the preparation of the
SiC bonding layer by a two-step pack cementation process [7], hydrothermal elec-
trophoretic deposition was conducted, as shown in Fig. 1. Firstly, 50 wt% Y2Si2O7
whiskers and 50 wt% MoSi2 powders were mixed and dispersed in isopropanol with
sonication for 30 min and magnetic stirring for 24 h. Then, iodine (0.06 g/l) as a
charging agent was added into the above suspension, and the mixture was subjected
to sonication and magnetic stirring for 12 h. The as-prepared suspension solution
was put into a hydrothermal autoclave. During the deposition process, the auto-
clave temperature and the voltage were kept at 393 K and 210 V, respectively. After

Figure 1. Schematic illustration of hydrothermal electrophoretic equipment. (1 — DC power supply,
2 — voltmeter, 3 — ammeter, 4 — anode (graphite), 5 — cathode (C/C), 6 — hydrothermal autoclave,
7 — oven.)
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20 min deposition, the specimens were taken out from the autoclave and cooled
naturally to room temperature. Subsequently, the samples were dried at 333 K in
air for 4 h. Multi-layers were coated on the C/C–SiC substrates. The crystallite
structures of the coatings were measured with Rigaku D/max-3C X-ray diffraction
(XRD) equipment. The morphologies of the multi-coating were analyzed using a
JSM-6400 scanning electronic microscope (SEM). The isothermal oxidation test
was carried out from 773 K to 1773 K in air in an electrical furnace. The sam-
ples were weighed at room temperature by electronic balance with a sensitivity of
±0.1 mg. The �W% mass loss was calculated using equation (1):

�W% = (m0 − m1)/m0 × 100%, (1)

where m0 is the original mass of the coated C/C composites; m1 is the mass of the
coated C/C composites after oxidation at high temperature for a certain time. An
Instron 1186 electron universal testing machine was used to determine the bonding
strength between the multi-coating and C/C–SiC substrates.

3. Results and Discussion

Figure 2 shows the surface XRD spectrum of the as-prepared coating. It indicates
that a strong peak of MoSi2 and Y2Si2O7 at 30◦–50◦ can be observed, which is in
good agreement with what would be expected from the original composition of the
multi-composition coating.

Figure 3(a) shows the surface SEM image of the MoSi2/SiC coating. It indi-
cates that some propagation of microcracks in the surface of coating has occurred,
which may have resulted from the thermal stress caused by the CTE mismatch be-
tween the MoSi2 outer layer and the SiC inner layer [8]. By adding 50% Y2Si2O7

Figure 2. XRD pattern of Y2Si2O7–MoSi2/SiC coating obtained by hydrothermal electrophoretic
deposition process.
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Figure 3. Surface and cross-section SEM images of the coatings: (a, c) MoSi2/SiC coating and
(b, d) Y2Si2O7–MoSi2/SiC coating.

Table 1.
Results of the bonding strength test of MoSi2/SiC coating and Y2Si2O7–MoSi2/SiC coating

Test material Bonding strength (MPa) Average bonding
strength (MPa)

MoSi2/SiC coating 15.6; 17.4; 13.9; 16.0 15.7
Y2Si2O7–MoSi2/SiC coating 30.8; 30.3; 27.9; 29.5 27.1

whiskers into the coating, crack deflection and a decreased number of cracks around
the Y2Si2O7 whisker is observed, and a dense and crack-free coating is achieved
(Fig. 3(b)). Compared with the MoSi2/SiC coating (Fig. 3(c)), not only do the
cracks between the internal and external coating disappear (Fig. 3(d)) but also the
bonding strength between the inner and outer layers of Y2Si2O7–MoSi2/SiC coat-
ing has been notably enhanced, as shown in Table 1; this may be related to the
decrease in CTE of the multi-composition coating. According to Hwang and Fer-
gus’s theories [9], the matching of CTE is one of the main influences that affect the
state of thermal stress between the coating and matrix in ceramic fiber reinforced
composite silicon–silicon–oxygen composite materials. The CTE of the outer layer
should be as close as possible to that of the matrix, which may reduce cracking of
coatings caused by thermal stress.
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Figure 4. XRD pattern of Y2Si2O7–MoSi2/SiC coating after oxidation in air for 100 h.

The bonding strength test results between the outer layer coatings and C/C–SiC
substrate are shown in Table 1. The Y2Si2O7–MoSi2/SiC coating’s average bonding
strength reaches 27.1 MPa compared with that of MoSi2/SiC coating which is only
15.7 MPa. The bonding strength between the inner and outer layer is improved as
a result of the decrease in CTE of multi-composition coating by adding Y2Si2O7
whisker.

Figure 4 shows the XRD patterns of the coating after oxidation at 1773 K in air
for 100 h. It can be seen that two new phases of Mo5Si3 and SiO2 are detected in
the coating, which may due to the oxidation reactions shown in equations (2)–(4):

SiC + 2O2 −→ CO2 + SiO2 (2)

2MoSi2 + 7O2 −→ 2MoO3 + 4SiO2 (3)

5MoSi2 + 7O2 −→ Mo5Si3 + 7SiO2 (4)

The results of the isothermal oxidation test in air from 773 K to 1773 K are shown
in Figs 5 and 6. Compared with the MoSi2/SiC coated C/C composites (Fig. 5), the
Y2Si2O7–MoSi2/SiC coated C/C composites show better anti-oxidation properties
(Fig. 6). There is hardly any weight loss of Y2Si2O7–MoSi2/SiC coated sample in
air at 1373 K after 100 h. However, the weight loss of MoSi2/SiC coated sample
reaches 0.75 × 10−3 g/cm2 under the same conditions. Moreover, the Y2Si2O7–
MoSi2/SiC multi-layer coatings can protect C/C composites from oxidation in air
with only 1.22 × 10−3 g/cm2 weight loss at 1773 K for 100 h. It is also bet-
ter than that of the SiC whisker-toughened SiC oxidation protective coating [10],
whose weight loss is 2.83 × 10−3 g/cm2 after oxidation at 1773 K for 48 h. The
as-prepared Y2Si2O7–MoSi2/SiC coating displays better oxidation protection abil-
ity.

Figure 7 shows the surface and cross-section SEM images of the prepared coat-
ings after oxidation in air at 1773 K for 100 h. Figure 7(a) and 7(b) illustrates that
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Figure 5. Isothermal oxidation curves of MoSi2/SiC coated C/C samples from 773 K to 1773 K in air
for 100 h.

Figure 6. Isothermal oxidation curves of Y2Si2O7–MoSi2/SiC coated C/C samples from 773 K to
1773 K in air for 100 h.

smooth glass layers are formed on the samples’ surface. According to XRD analy-
sis shown in Fig. 4, the glass phase is SiO2, which may come from the oxidation
of MoSi2 and SiC during the extended oxidation period. This SiO2 glass layer can
prevent the direct attack of oxygen on the C/C substrates, because the diffusion co-
efficient of oxygen through the SiO2 glass layer is very low [11]. Some holes are
also observed on the surface of the coating (Fig. 7(a) and 7(b)), which may have
been generated by the escape of the oxidation gases. In addition, some penetrating
cross-cracks can be found on the coating surface from Fig. 7(a). This may be the
result of the mismatch of CTE between the MoSi2 outer-layer and the SiC bonding
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Figure 7. Surface and cross-section SEM images of the prepared coatings after oxidation at 1773 K
in air for 100 h: (a, c) MoSi2/SiC coating and (b, d) Y2Si2O7–MoSi2/SiC coating.

layer [12]. These cracks might not be self-sealed because the fluidity of the SiO2
glass is poor at 1673 K. Compared with Fig. 7(a), the crack size in the coating is
obviously reduced because Y2Si2O7 whiskers decrease the CTE of MoSi2 coating
and effectively enhance the bonding strength between the outer layer coating and
C/C–SiC substrate. The results are also verified by the cross-section SEM images
observation of coatings shown in Fig. 7(c) and 7(d). Therefore, it can be deduced
that oxidation protection ability of the Y2Si2O7–MoSi2/SiC coating is better than
that of MoSi2 coating as a result of the smaller microcracks in the former case
(Fig. 6).

4. Conclusions

Based on the above research, a dense and homogeneous Y2Si2O7 whisker rein-
forced MoSi2 multi-composition coating was prepared on SiC–C/C composites sur-
face by a hydrothermal electrophoretic deposition process. Compared with MoSi2
coating, Y2Si2O7–MoSi2/SiC multi-layer coating possessed better oxidation pro-
tection ability for C/C composites because Y2Si2O7 whiskers played an obvious
role in decreasing the thermal expansion of MoSi2 coating and increasing the tough-
ness between the outer layer and the inner layer more effectively. The as-prepared
multi-composition coating can protect C/C composites from oxidation for 100 h at
1773 K with a weight loss of 1.22 × 10−3 g/cm2.
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