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Abstract
SiC/SiO2 nanocomposite coating was deposited by electron beam-physical vapor deposition (EB-PVD) through depositing SiC target on preoxidized 316 stainless steel (SS) substrate. High melting point component C remained and covered on the surface of ingot after evaporation. When
SiC ingot was reused, remaining C had an effect on the composition, hardness and emissivity of SiC/SiO2 nanocomposite coating. The composition
of ingot and coating was studied by X-ray photoelectron spectroscopy (XPS). The influence of remaining C on hardness and spectral normal
emissivity of SiC/SiO2 nanocomposite coating was investigated by nanoindentation and Fourier transform infrared spectrum (FTIR), respectively.
The results show that remaining C has a large effect on hardness and a minor effect on spectral normal emissivity of SiC/SiO2 nanocomposite
coating.
# 2007 Elsevier B.V. All rights reserved.
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1. Introduction
SiC is a promising multi-function protective coating
material for metal thermal protection systems (MTPS) because
of their combination of unique physicochemical and mechanical properties in rigid condition, such as ultra high velocity and
temperature condition [1–4]. Besides the excellent resistance to
elevated temperature, oxidation, corrosion and ray radiation,
SiC also possess the properties of high hardness, low friction
coefficient and high emissivity. Furthermore, because of low
thermal conductivity and high oxidation resistance, SiO2 can
act as an additive oxidation insulator layer between SiC
nanocomposite coating and MTPS to increase oxidation
resistance of MTPS [5–7]. When reusable space vehicle flies
with hypervelocity, surface temperature of the section using
SiC/SiO2 composite coating mainly comes from the friction
between air and vehicle surface. One hand, SiC/SiO2 composite
coating of low friction factor reduces surface friction heat. On
the other hand, high emissivity of SiC/SiO2 composite coating

can make it radiating a quantity of thermal energy to
atmosphere, and reduce surface temperature of space vehicle
and inward heat transfer.
EB-physical vapor deposition (PVD) method is usually used
for fabricating nanocomposite films and coatings. The principle
of this operation is to heat a ingot to evaporation point by
electron beam (EB) in a vacuum chamber [8,9]. However, when
vapor balance time is not sufficient during evaporation, high
melting point component will remain and cover on the surface
of ingot after evaporation, which has an effect on the
composition, hardness and emissivity of coating in next
evaporation for reused ingot. During EB-PVD preparing SiC/
SiO2 composite coating, high melting point component C
remains and covers on the surface of reuse SiC ingot, and has an
effect on the composition, hardness and emissivity of coating.
In this paper, it is researched that the influence of remaining C
covering on the surface of ingot on the composition, hardness
and emissivity of SiC/SiO2 nanocomposite coating.
2. Experimental
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SiC/SiO2 nanocomposite coatings were deposited on preoxidized 316 SS substrate by EB-PVD. SiC ingot of 98.5 mm in

J. Yi et al. / Applied Surface Science 253 (2007) 7100–7103

diameter and 150 mm in length is placed into a water-cooled
copper crucible of 100 mm in diameter. Due to a large volume,
SiC ingot is repetitively used many times. Ahead every
evaporation, SS substrate and molten pool both had been hold
10 min at evaporation temperature. The substrate temperature
was kept around 1000 8C, the distance between ingot and
substrate was 150 mm and the pressure of vacuum chamber was
maintained at about 9.0  10 3 Pa during deposition. In this
paper, preparing one SiC/SiO2 nanocomposite coating sample
is defined as evaporation one time. The surface area of all
substrates was almost same, and all data were transformed to
the same experimental condition.
The surface chemistry analysis of ingot and nanocomposite
coating was carried out by XPS (PHI 5700, USA) using AlKa
radiation at 1486.6 eV. The hardness of coating was
characterized using a Nano Indenter XP instrument (MTS,
Oak Ridge) with a diamond Berkovich indenter at a load of
2 mN. And nanohardness of every sample was tested for six times
at different point and the nanohardness value of every sample was
an average result. The spectral normal emissivity of nanocomposite coating was investigated by FTIR (IFS66, Bruker).
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surface of ingot is also improved, which affect the time
reaching evaporation equilibrium among the vapor mixture of
Si, SiC and C at the top of SiC ingot. Subsequently, the increase
of remaining C covering on the surface of ingot will affect the
composition of SiC/SiO2 nanocomposite coating.
3.2. Surface composition analysis of SiC/SiO2
nanocomposite coating

After evaporation, one layer of black mater covered on the
surface of molten pool zone in ingot. XPS analysis shows that
there is only C element and no Si element existing in this layer.
The peak at 284.8 eV represents graphite, which identified that
SiC occurred decomposition and formed graphite during EB
heat (shown in Fig. 1). As to each evaporation, it is quite
difficult to evaporate the analytical C remaining in SiC ingot at
the earlier stage of evaporation, since the saturated vapor
pressure of C is much less than that of Si and SiC. At the same
time, C is lighter than Si and SiC. As a result, remaining C will
float on the outer surface of ingot in the progress of evaporation,
and cover the surface of molten zone after evaporation. With the
increase of evaporation times, the amount of C remaining at the

Before evaporation, molten SiC ingot has been hold 10 min
at evaporation temperature to improve the balance among the
Si, SiC and C vapor. However, due to the increase of C
amount, 10 min holding time is not suitable for every SiC
evaporating. Fig. 2 is the relation between evaporation order
and the C content at the surface of nanocomposite coating.
The C content gradually increases to 0.5 with evaporation
order, which results in the increase of evaporation balance
time among Si, SiC and C vapor (shown in Fig. 2). However,
when C potential in vapor mixture increases to a certain value,
a new balance can be achieved in vapor mixture, and C
potential does not sequentially increase and gradually reaches
a stable value with the increase of evaporation order. Then the
C content at the surface of composite coating reaches a
maximum of 0.5.
Fig. 3 is the relation between evaporation order and the Si
content at the surface of coating. When the amount of Si vapor
is sufficient to meet the vapor balance among Si, SiC and C, Si
content decreases by conic with the increase of C potential.
After several evaporations, C potential sequentially increases.
However, the amount of Si vapor is more and more insufficient
to meet the vapor balance in 10 min holding time, the vapor
mixture trends to achieve another balance, and Si vapor directly
reaches substrate under the deviation of vapor balance. Then
the Si content at the surface of coating increases with the
increase of evaporation order until next vapor balance. This
phenomenon sustains to the vapor mixture reaching a new
balance. As shown in Fig. 3.
The relation between evaporation order and SiC content at
the surface of coating is shown in Fig. 4. Different with that of

Fig. 1. XPS spectrum of the outer surface of molten pool zone in SiC ingot.

Fig. 2. C content in SiC/SiO2 nanocomposite coating as a function of evaporation order.

3. Results and discussion
3.1. Surface composition analysis of SiC ingot
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Fig. 3. Si content in SiC/SiO2 nanocomposite coating as a function of evaporation order.

Fig. 5. . XPS depth profile analysis of SiC/SiO2 nanocomposite coating of first
evaporation.

Si and C, SiC content changes with evaporation order by cubic
curve. The minimum of SiC content is not corresponding with
the minimum of Si content. With the increase of remaining C,
Si content at the surface of coating gradually decreases, and the
SiC content also decreases. Before Si content decreasing to
minimum, the vapor mixture at the top of ingot has trended to
achieve new balance. Then SiC content reaches a minimum.
When vapor mixture achieves a new balance, SiC content also
reaches a new maximum. However, due to the increase of C
potential in vapor mixture, the new maximum of SiC content is
a little less than previous maximum. With the increase of
evaporation times, the vapor mixture continuously achieves a
new balance and the maximum content of SiC finally trends to
be equal with the minimum content of it in SiC/SiO2
nanocomposite coating. As shown in Fig. 4.

tively. The ratio of C/Si is closed to 1 except that at the surface
of coating, and C at the surface of coating is partially due to the
absorption of impurity carbon (shown in Fig. 5). Although the
content of C is larger than that of Si in 40 min sputtering time,
the contents of C and Si still trend to be equal (shown in Fig. 6).
The results from Figs. 5 and 6 are consistent with the results of
Figs. 2 and 3. Moreover, although the reuse of SiC ingot has an
effect on the composition of SiC/SiO2 nanocomposite coating,
the effect is not large and acceptable.
3.4. Nanoindentation analysis of SiC/SiO2 nanocomposite
coating

Figs. 5 and 6 are XPS depth profiles of SiC/SiO2
nanocomposite coating of first and last evaporation, respec-

The hardness of SiC/SiO2 nanocomposite coating is
measured by nanoindentation (shown in Fig. 7). The hardness
of SiC/SiO2 nanocomposite coating decreases with the
increases of evaporation order, which is due to the increases
of graphite C in composite film. Moreover, the hardness of the
first evaporation is closed to the results of Kulikovsky et al.
[10]. The reason is that nanocrystal in coating improves the
hardness of SiC/SiO2 nanocomposite coating.

Fig. 4. SiC content in SiC/SiO2 nanocomposite coating as a function of
evaporation order.

Fig. 6. XPS depth profile analysis of SiC/SiO2 nanocomposite coating of last
evaporation.

3.3. XPS depth profile analysis of SiC/SiO2 nanocomposite
coating

J. Yi et al. / Applied Surface Science 253 (2007) 7100–7103

7103

the same, so the average spectral normal emissivity of all five
films is similar. As shown in Fig. 8.
4. Conclusions

Fig. 7. Nanohardness of SiC/SiO2 nanocomposite coating as a function of
evaporation order.

During EB-PVD preparing SiC/SiO2 nanocomposite coating
through depositing SiC target on pre-oxidized SS substrate, a
quantity of analytical C remained and covered on the surface of
SiC ingot, which had an effect on the composition, hardness and
emissivity of coating. With the increase of evaporation times, C
concentration gradually increased to a maximum value of 0.5.
However, Si concentration gradually decreased to a minimum
value and then increases to a new maximum value. SiC
concentration changes with the increase of evaporation times
by cubic curve. Moreover, SiC concentration in different SiC/
SiO2 nanocomposite coating finally trends to be equal with the
increase of evaporation times.
Although the hardness of SiC/SiO2 nanocomposite coating
gradually decreases and trends to be stable with the increases of
evaporation times, spectral normal emissivity of composite
coating scarcely fluctuate. It is suitable to prepare SiC/SiO2
high emissivity nanocomposite coating using reused ingot by
EB-PVD.
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Fig. 8. Average spectral normal emissivity SiC/SiO2 nanocomposite coating as
a function of evaporation order.

3.5. The emissivity of SiC/SiO2 nanocomposite coating
The relation between the average spectral normal emissivity
and evaporation order is shown in Fig. 8. The average spectral
normal emissivity of these five coatings sample hardly changes.
Among the bonds of C–C, C–Si (Si–C) and Si–Si, the C–C bond
has the highest emissivity of 0.95 and C–Si has the second
highest emissivity of 0.90. In addition, the total content of C–C
and C–Si is larger than 0.9 in the SiC/SiO2 composite coating.
As a result, the influence of surface components on the
emissivity of SiC/SiO2 nanocomposite coating mainly depends
on the total content of C–C (C–C %) and C–Si (C–Si %) bonds.
Because the total contents of C–C and C–Si bonds are almost
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