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Abstract: To protect carbon materials from oxidation, mullite/SiC coatings were prepared on graphite by chemical vapor reaction
(CVR) and slurry sintering. The XRD analyses show that the phase of the outer-layer coating is composed of SiO, and mullite, and
the inner-layer coating is mainly composed of S-SiC. The anti-oxidation behavior of the coating and the Rockwell hardness (HRB) of
the coating after oxidation were investigated. The oxidation test shows that the as-prepared multi-layer coating exhibits excellent
anti- oxidation and thermal shock resistance at high temperature. After oxidation at 1150 °C for 109 h and thermal shock cycling
between 1150 °C and room temperature for 12 times, the mass gain of the coated sample is 0.085%. Meanwhile, the indentation tests

also demonstrate that the as-prepared coating has good bonding ability between the layers.
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1 Introduction

Carbon materials are ideal high-temperature
structurals material for engineering and aerospace
applications, due to their advantages of lightweight, high
strength, excellent thermal shock and thermal erosion
resistance, they are widely used in electrical contact,
heating unit, fusion reactors, space shuttle, rocket
nozzles, hypersonic vehicles and propulsion systems
[1-3]. However, their defect of easy oxidation above 450
°C in an oxidizing environment limits their broad
applications. To solve this problem, much effort has been
conducted and it is widely acknowledged that coating
method is an effective way that can extend their service
life at high temperatures [4].

To apply coatings on the carbon materials,
silicon-based ceramics such as SiC and Si;N, are usually
used as coating materials due to their good mechanical
properties, excellent anti-oxidation property, and good
physical-chemical compatibility with carbon materials
[5]. However, the SiC coatings prepared by the reported

methods [6—9] are difficult to obtain a dense structure.
Moreover, these prepared coatings are prone to crack
when they endure the severe environment with rapid
heating and cooling. Therefore, multi-layer coating with
different ceramic phases has been proposed. It is well
known that mullite is the prime candidate for the coating
of SiC and SiC/SiC composites due to its close
coefficients of thermal expansion (CTEs) match (the
CTEs of mullite and silicon carbide are 5.3x107°°C™"
and 4.7x107°°C™", respectively) with SiC and chemical
compatibility [10]. In addition, as a potential coating
material, mullite also has the advantages of excellent
anti-oxidation and corrosion resistance, stability at
elevated temperatures, low thermal conductivity and so
on [11-13].

The previous work reported that SiC—Al,O;—
mullite multi-coatings prepared by the pack cementation
technique had excellent oxidation resistance from 1300
to 1600 °C [14—17]. However, few literatures have been
published about this anti-oxidation coating for long-term
application at 1150 °C. Though pack cementation
method is a simple and low cost technique that can be
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conducted in laboratory. However, the SiC—Al,Os—
mullite multi-coatings obtained by this method
represents disadvantages that will hinder their potential
applications, such as the non-uniform coating thickness
due to the gravity influence in the preparation process,
the requirement of an extra procedure to remove the
loose embedded pack material, and the difficulty of
treating parts with complex shape and large size [18,19].
Compared with the pack cementation method, the slurry
method is more suitable to prepare ceramic coatings for
its advantages of low cost, easy operation, and no special
requirements to the shape of sample [20]. Meanwhile,
the chemical vapor reaction (CVR) has also been
demonstrated to be a potential technology that can coat
large complex components uniformly with low cost
[21-23]. The combination of these two methods may
offer a new way to prepare SiC/mullite coating for
carbon material anti-oxidation application.

In the present work, the SiC inner coating was
prepared by CVR, and then the mullite outer-layer
coating was formed via the slurry sintering. The
anti-oxidation property of the mullite/SiC coating was
tested and the hardness (HRB) of the multi-layer coating
after oxidation was investigated.

2 Experimental

The graphite with a density of 1.76 g/cm® was used
as the substrate for coating and then cut into small
specimens. Before the CVR, the specimens were
hand-polished using 600 grit SiC paper, then cleaned
ultrasonically with ethanol and dried at 120 °C for 2 h.
The materials used in the CVR were Si sheets (industrial
reagent, >99.4%) and SiO, powders (industrial reagent,
>99.2%). After being washed by dilute hydrochloric acid
to remove the impurities, the Si sheets and SiO, powders
were placed in a graphite crucible and heated to generate
vapor at temperature above their melting points.
Meanwhile, the as-prepared specimens were exposed to
the mixed vapor to form the coatings. The whole process
was conducted at the temperatures within the range of
1650—2100 °C for 1-3 h, followed by a natural cooling
course.

The outer-layer mullite coating was prepared by
slurry sintering. The staring materials used for slurry
were Al,O3 and SiO, powders, with the mass ratio of 3:1.
The powders were blended with silica sol and then mixed
thoroughly to produce a viscosity for brushing slurry on
the specimen. After drying, the as-coated sample was
sintered at 1600—1800 °C for 2—6 h to form the mullite
coating.

The isothermal oxidation test of the coated sample
was carried out at 1150 °C in an electrical furnace. The
furnace was first heated up to 1150 °C in air, then the

coated sample was placed into the furnace and
maintained at that temperature for a specified time.
Meanwhile, the coated specimen also endured the
thermal shock cycling from high temperature to room
temperature when taken out of the furnace directly to air.
Cumulative mass changes of the coated sample after
every thermal cycle were measured by the precision
balance and reported as a function of time. The hardness
(HRB) of the mullite/SiC coating after oxidation test was
measured by Rockwell’s indentation with 980 N an as
applied load for 10 s on the oxidized coating surface
(500MRA Electric Rockwell Apparatus). Steel sphere
with a diameter of 1.588 mm was used in the
measurement, and the reported value was an average of
five measurements. The surface morphologies of the
coatings were observed with scanning electron
microscopy (SEM). X-ray diffraction (XRD) and energy
dispersive spectroscopy (EDS) were also used to identify
crystalline structures and analyze element distribution in
the coating, respectively.

3 Results and discussion

Figure 1(a) shows the XRD pattern of the
as-prepared inner coating after the CVR. The phase
analysis demonstrates that the observed strong peaks are

(a) [ A—SiC b a—SiC
T — L4
35 40 45 50 55 60
* 26/(%)
L
L D
20 30 40 50 60 70 80
20/(%)
b
© o — Mullite

"—Si0,

L 1

40 50 60 70 80
20/(%)

Fig. 1 XRD patterns of as-prepared coatings on graphite:
(a) SiC inner layer; (b) Mullite outer layer
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corresponding to f-SiC, indicating that the phase
composition of the inner coating is S-SiC. Figure 1(b)
displays the XRD pattern of the mullite outer layer, and
it is obvious that the outer layer mainly consists of SiO,
and mullite phases.

Typical macro-morphology of the SiC inner layer
and mullite outer layer is displayed in Fig. 2. From
Fig. 2(a), it can be seen that the as-prepared SiC inner
coating is composed of many bright crystals and it
reveals as a gray outer layer. After slurry sintering, a
smooth and white mullite outer layer is covered
uniformly on the inner SiC coating (Fig. 2(b)).

(a)

Fig. 2 Macro-morphology of SiC coating and mullite/SiC
coating on graphite: (a) SiC inner layer; (b) Mullite outer layer

Figure 3 shows the surface and cross-section
morphologies of the SiC inner coating. It is clear that the
coating surface is composed of SiC micro-crystals
together with large SiC grains which are homogenously
distributed and randomly oriented (Fig. 3(a)). The cross-
section morphology of the SiC inner coating is shown in
Fig. 3(b). It can be seen that the obtained coating has an
uneven thickness distribution (about 100 pm), and there
is no obvious interface between the coating and the
substrate, which reveals the good compatibility and
adherence between them.

The SEM surface morphologies of the as-prepared
mullite outer coating after slurry sintering are shown in
Fig. 4. It is observed that the coating is dense and there
are no visible cracks or holes formed on the coating
surface (Fig. 4(a)), indicating the formation of a dense

structure for mullite outer coating. Further observation
shows that the formed mullite particles distribute
randomly around the SiO, galss (Fig. 4(b)).

Fig. 3 SEM images of CVR SiC coating on graphite:
(a) Surface; (b) Cross-section

Fig. 4 Surface morphologies of as-prepared mullite outer
coating
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Figure 5 presents the isothermal oxidation curve of
the mullite/SiC coated sample in air at 1150 °C. As
shown in Fig. 5, it is obvious that the coated sample
exhibits excellent oxidation resistance in air at 1150 °C,
and it gains mass continuously in the whole oxidation
process. After 109 h oxidation, the mass gain of the
coated sample is 0.085%, which confirms that the
as-prepared coating has excellent anti-oxidation property
at high temperature and it can provide long-term
protection for carbon materials. Meanwhile, the thermal
shock resistance of the coated sample was also
investigated in the oxidation test. After enduring 12
thermal cycles from 1150 °C to room temperature, no
spallation or peeling was found. Therefore, it can be
inferred that the multi-layer coating has an excellent
thermal shock resistance, which may be attributed to the
good bonding ability among the carbon substrate, the SiC
inner layer and mullite outer layer.
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Fig. 5 Isothermal oxidation curve of mullite/SiC coated sample
in air at 1150 °C

The XRD analysis of the coated sample after
oxidation verifies that the oxidized coating is composed
of mullite and SiO, (Fig. 6). It can be seen from Fig. 6
that the SiO, peaks become stronger compared with Fig.
1(b), this may be attributed to the oxidation of the inner
SiC coating. Figure 7 displays the surface image of the
coated sample after oxidation at 1150 °C. It can be seen
that a smooth glass-like layer is formed on the coating
surface, and the EDS analyses reveal that the component
of this glass-like layer is mainly composed of O, Al and
Si elements, which is consistent with the XRD result
(Fig. 6).

In addition, the hardness of the multi-layer coating
after oxidation was also investigated. After the
indentation tests for five times, the average Rockwell
hardness of the oxidized coating is HRB 51.7, and the
typical SEM images of the coating after isothermal
oxidation and indentation tests are shown in Fig. 8. As

shown in Fig. 8(a), sphere indentation shape and cracks
formed around the edge of the indenter can be clearly
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Fig. 6 XRD pattern of mullite/SiC coating after oxidation
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Fig. 7 SEM images (a,b) and EDS result of mullite/SiC coating
after oxidation in air at 1150 °C
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Fig. 8 SEM images of mullite/SiC coating after isothermal

oxidation and indentation test

seen. Meanwhile, it should be noted that the surface
cracks formed during the indentation are very short (Fig.
8(b)), and no peeling off or delamination of the
multi-layers is observed, indicating the good bonding
ability between them. To further understand the bonding
ability between the multi-coating layers, the cross-
section of the mullite/SiC coating after isothermal
oxidation and indentation test was investigated and the
results are displayed in Fig. 9. From Fig. 9(a), it is
evident that the multi-coating reveals a typical double
layer structure. By EDS analysis, the inner SiC layer and
outer mullite layer can be distinguished easily (Figs. 9(b)
and (c)). Meanwhile, it can be seen that there are no
penetrating cracks or holes formed in the coating and the
graphite substrate does not show any sign of oxidation,
which suggests that the coating is dense and the excellent
anti-oxidation and thermal shock resistance of the coated
sample is mainly contributed to the dense structure of the
multi-layer coating. More importantly, the cross-section
micrograph (Fig. 9(a)) clearly shows that the coating is
still integrate and adheres well with each other even after
long time isothermal oxidation, thermal shock cycling
and indentation tests, indicating the good bonding ability
between the layers.

4 Conclusions

1) Oxidation protective mullite/SiC coating can be
prepared on graphite by CVR and slurry sintering.
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Fig. 9 Cross-section morphology (a) and EDS analyses (b,c) of
mullite/SiC coating after isothermal oxidation and indentation
test

2) Oxidation test carried out at 1150 °C shows that
the coated graphite gains mass continuously in the whole
oxidation process. After 109 h oxidation, the mass gain
of the coated sample is 0.085%, which confirms that the
as-prepared coating has excellent anti-oxidation property
at high temperature and it can provide long-term
protection for carbon materials.

3) Rockwell indentation tests were performed on the
oxidized coating surface, and the average hardness of the
oxidized coating is HRB 51.7. After the indentation test,
no peeling off or delamination of the multi layers are
found, indicating the good bonding ability between them.
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