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Abstract: Using the methylsilane (MS) as a gas precursor, SiC coatings were prepared on the surface of graphite by the
chemical vapor deposition (CVD) method at different deposition temperatures. The effects of temperature on the
deposition rate, microstructures and ablative properties of SiC coatings were investigated systematically. The results
showed that the SiC deposition rate of SiC coating using MS at 1000 °C was 50—120 um/h, which was much higher
than that using methyltrichlorosilane (5—10 um/h). The SiC coatings deposited at lower temperatures (900—1000 °C)
exhibited smooth and spherical compact packing morphology, while the SiC coatings deposited at higher temperatures
(1100—1200 °C) appeared to possess an irregular cauliflower morphology with an significantly increased size of SiC
particles. Therefore, the SiC coating prepared at deposition temperature of 1000 °C had suitable density, roughness, and
uniform size of coating microstructure. Meanwhile, the mass ablation rate and linear ablation rate of the obtained SiC
coating were respectively 0.0096 mg/s and 0.3750 pm/s after plasma ablation at 2300 °C for 80 s, exhibiting excellent
ablative resistance. This study provided a theoretical and technical foundation for the preparation of SiC coating using
the MS as the gas precursor by the CVD method.

Key words: methylsilane; chemical vapor deposition; SiC coating; deposition temperature; microstructure; ablative
properties

1 Introduction

SiC has excellent high-temperature mechanical
properties and stability, relatively high thermal
conductivity, low thermal expansion coefficient, as
well as anti-radiation properties, which can prevent
the oxidation and ablation functionalities for C/C
composites below 1700 °C [1-5]. Therefore, SiC
coatings have been extensively studied in aerospace,
microelectronics, nuclear energy and other
fields [6—9]. Especially, the SiC coating on the
carbon materials would be beneficial to obtaining
the high thermal conductivity and suitable electrical

insulation, which has become the focus of
semiconductor research about using as thermal
conductive fillers for electronic packaging
materials [10]. Among various SiC coating methods,
chemical vapor deposition (CVD) is a fabrication
strategy of great importance [11—-13]. The SiC
coatings prepared by CVD may possess different
crystal structures, morphologies and orientations,
depending on various processing parameters [14,15].

As a new type of raw material, methylsilane
(MS) has significant advantages such as low
deposition temperature, fast deposition rate, good
diffusivity, and no chemical corrosion. On the one
hand, the SiC coating with good performance can
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be obtained at lower temperatures (650—800 °C)
using MS as raw material, and the deposition rate is
10—20 times that of methyltrichlorosilane (MTS) as
a raw material under the same conditions (MTS
isothermal deposition rate is 5—10 um/h). On the
other hand, the preparation process of SiC coatings
by CVD from MS is a safe and environmentally
friendly process, with no corrosive chlorine-
containing by-products (HCl and silicon—chlorine
compounds) formed [16,17]. Previous research
showed that the process parameters such as
temperature, pressure, flow rate and carrier gas/
precursor ratio, significantly affect the quality of
SiC coating [18,19], and the deposition temperature
has a greater effect on the microstructure of SiC
coatings. In addition, the deposition temperature
has a significant effect on the deposition rate of SiC
coatings, and the deposition rate has an impact on
the coating quality [20]. Generally, the excessive
deposition rate will prevent complete fusion or
annexation of SiC grains, affecting the oxidation
and ablation resistances of the SiC coatings. So, it is
of great significance to investigate the effect of
deposition temperature, deposition rate on the
microstructure and ablative properties of SiC
coating prepared by CVD from MS.

In this work, the deposition temperatures of
SiC coatings prepared by CVD from MS were set in
the range of 900—1200 °C. Firstly, the deposition
mechanism and pyrolysis process of MS were
analyzed. Secondly, the ablation behavior of CVD-
SiC coatings from MS was evaluated by plasma
flame for 80 and 120s, respectively. Micro-
structures of SiC coatings before and after ablation
were comparatively investigated. Finally, the
ablation resistance mechanism of CVD-SiC
coatings from MS was discussed. Therefore, this
study presents a reliable way to fabricate high
quality of SiC coating and provides the mechanism
model to understand ablation resistance for CVD-
SiC coatings.

2 Experimental

2.1 CVD-SIC coatings from MS

A hot-wall vertical vacuum reactor, with an
effective cylindrical deposition space of 4300 mm X
500 mm was employed. The substrates, i.e., high-
purity graphite sheets with the size of 40 mm x
40 mm x 3 mm (length x width x thickness), were

suspended at a certain height (the graphite substrate
was 30 mm away from the gas distribution plate at
the bottom of the furnace) by molybdenum wire.
MS (CHs;SiH;) was used as SiC precursor. The
flow rate ratio of MS to H, was 1.2:8. Deposition
temperatures were from 900 to 1200 °C, deposition
pressure was 120 Pa, and reaction time was 1 or 2 h.
The SiC coatings deposited at 900—1200 °C for 1 h
were labeled as SiC-900-1, SiC-1000-1, SiC-1100-1
and SiC-1200-1, respectively. The SiC coatings
deposited at 900—1200 °C for 2h were labeled
as SiC-900-2, SiC-1000-2, SiC-1100-2 and
SiC-1200-2, respectively. SiC with a Si/C molar
ratio of 1:1 could be obtained with no aggressive
chlorine-containing compounds formed.

2.2 Ablation test

Multiplaz 3500 water-stable plasma ablation
equipment was used to test the ablation properties
of CVD-SiC coatings. During ablation process, the
distance between the muzzle and the center of the
sample was 20 mm, the ablation direction of the
flame was perpendicular to the coating surface, and
the temperature at the center of the sample was
about 2300 °C.

The ablation performance of the sample was
evaluated by the mass and linear ablation rates
before and after ablation. And the formulas for
calculating the mass and linear ablation rates of the
coating are as follows:

Ru=(mo—m)/t (1)
R=(lo—1)/t (2)

where Ry and R; are the mass and linear ablation
rates, respectively; mo and m; are the mass of the
sample before and after ablation, respectively; /o
and /; are the thickness at ablation center of the
sample before and after ablation, respectively; ¢ is
the test time.

2.3 Characterization

The as-prepared and ablated coatings were
analyzed by X-ray diffraction (XRD, Rigaku,
Japan), with Cu K, (1=1.54056 A) light source and
scanning range of 20°-80°. The microstructure and
cross-section microstructure of the coating were
characterized by scanning electron microscopy
(SEM, JSM-7610FPlus, Japan) equipped with
energy dispersive spectrometer (EDS).
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3 Results and discussion

3.1 Pyrolysis process of MS and deposition
mechanism
Experimental and theoretical studies show that
the main reaction paths and surface activity

components play an important role in the deposition.

The overall reaction of MS pyrolysis process is as
follows:

CH3SiH3(g)—SiC(s)+3Hx(g) (3)

During CVD process, the pyrolysis of MS and
formation of SiC coating are a complex gas—solid
chemical reaction course. The decomposition of MS
and the generation of intermediate gaseous products
can significantly affect the CVD process. The gas
phase reactions in the CVD process of MS—H,
system can be mainly summarized as follows [21-24]:

(1) Splitting of C—H or Si—H bond causes
the decomposition of MS and generates the
intermediate methylsilyl radical HSiCHs (or
H,Si=CH>) and hydrogen.

(2) Splitting of Si—C bond can generate
gaseous CHy and SiH,.

(3) The formed intermediate hydrocarbon
(HSiCH; or H,Si=—CH,) with other gaseous
products generate SiC crystals and by-products.

The main reactions concerned in the CVD
process are listed as follows:

CH3SiH3(g)—>

HSiCH3(g) (or HoSi=CH(g))+Ha(g) 4)
CH;SiH3(g)—CHa(g)+SiHa(g) (5)
CH;SiH3(g)+SiHa(g)—

HSiCHi(g) (or HSi=CHa(g))+SiHi(g)  (6)
HSiCHs(g) (or HaSi=CH,(g))—SiC(s)+2Ha(g) (7)

CHa(g)—C(s)+2Hz(g) (3
SiHa(g)—Si(s)+2Hx(g) 9)
C(s)+Si(s)—SiC(s) (10)

JOHNSON et al [25] studied the decomposition
process of MS and conformed that Reaction (4) has
the lowest activation energy and the reaction
leading to HSiCH3 has the largest pre-exponential
factor. Therefore, Reaction (4) is the dominant
decomposition path for MS, which is also
consistent with the formation of the isomeric
intermediates HSiCH3 or H,Si=CH,. Meanwhile,
the detection of dominant H, in the mass

spectrometry results can be mainly attributed to the
occurrence of Reaction (4). Moreover, SANCHEZ
and SIBENER [26] and OHSHITA [27] demonstrated
that participation of different species of isomeric
HSiCH; and H,Si=CH, is important for SiC
crystal growth, and reactions of these molecules
determine the CVD growth rate. Meanwhile,
previous studies [28,29] reported that the yield of
HSiCH3 as the primary product was about 98% in
the homogeneous gas phase decomposition of MS
at 700 °C. However, as the temperature was elevated
to 900 °C, the formed HSiCHj3 was reduced to 70%.
The above results were in accordance with the partial
pressure analyses of mass spectrometry [25,29-31],
which verified that the isomeric intermediates
HSiCH; and H,Si=CHj; are the primary products of
MS decomposition and the dominant decomposition
path for MS at 650—1000 °C is Reaction (4).
Therefore, HSiCH; and H,Si=—CH, are the
dominant molecules that participate in growth of
SiC coating, and the reactions of these molecules
determine the growth rate, microstructure and phase
composition of the coating.

The physical changes and chemical reactions
involved in the CVD process are complex. However,
the deposition process based on the pyrolysis and
decomposition results of MS can be summarized as
follows [21-31]: (1) MS flows into the deposition
chamber with hydrogen for decomposition reaction;
(2) The hydrocarbon intermediate gaseous products
formed by the reaction diffuse to the surface of the
substrate; (3) The intermediate gaseous active
molecules (atoms) are adsorbed on the surface of
the substrate; (4) The gaseous products adsorbed on
the substrate surface react further and form initial
crystal nuclei; (5) The grains generated by
nucleation constantly merge and grow to form a
continuous coating skeleton; (6) Residual gaseous
reaction by-products are separated from the
deposition surface and discharged from the
deposition chamber; (7) The deposited SiC grains
continue to fill in the skeleton pores, further
forming a continuous dense coating, and with the
extension of deposition time, the dense SiC coating
gradually thickens.

3.2 Effect of deposition temperature on micro-
structure and phase composition of CVD-SiC
coatings prepared from MS

Figure 1 shows the phase analysis results of
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Fig.1 XRD patterns of SiC coatings deposited at
different temperatures for 1 h (a) and 2 h (b)

the SiC coatings deposited at different temperatures
for different time. The phase composition of
SiC coatings prepared at different temperatures
differs significantly. At low temperatures (900 and
1000 °C), the coatings are mainly composed of a
single SiC phase. The diffraction peaks at 26 of
35.7°, 60.0° and 71.5° correspond to the (111),
(220), (311) crystal planes of SiC, respectively.
Among them, the diffraction peak at 35.7° is the
strongest, indicating that SiC grows along the most
densely packed (111) crystal plane during the
deposition process, and the (111) plane has a strong
preferred orientation. However, as the deposition
temperature rises to 1100 °C, a relatively weak free
Si peak appears in the coating. When the deposition
temperature rises to 1200 °C, the free Si diffraction
peak becomes stronger. In addition, with the
increase of deposition temperature, the full width at
the half maxima (FWHM) of SiC diffraction peak
gradually decreases, indicating that the crystallinity
of SiC coating gradually increases. When the

deposition time is extended to 2 h, the prepared
coating also shows the same phase change trend,
which further indicates that the deposition
temperature has an important influence on the phase
composition of the prepared coating. The formation
of free Si in the deposition process is mainly related
to the high temperature pyrolysis behavior of MS.
Relevant studies showed that when the temperature
is higher than 600 °C, MS begins to decompose to
produce H>[29-31]. When the temperature rises to
700 °C, a small amount of hydrocarbon (C;H,, and
CH,) is formed in the pyrolysis products. When the
temperature increases to 1000 °C, C3;Hs and SiHs
appear in pyrolysis products, and the partial
pressures of hydrocarbon (C.H,, and CHy) increase.
As the cracking temperature is higher than 1060 °C,
the partial pressure of SiHs decreases significantly.
At the same time, the partial pressures of
hydrocarbon (C,H,,, CH4 and C3Hs) further increase
with the increase of temperature. As the deposition
temperature increases (=1100 °C), except for
forming SiC, part of the MS cracking intermediates
are further cracked to form Si atoms and
hydrocarbon (C:H,,, CHs and C3Hs) [27]. With the
progress of the deposition process, the nucleated
SiC and Si grains will gradually grow to form a
continuous dense coating.

Figures 2 and 3 show the surface morphologies
of SiC-900-1, SiC-1000-1, SiC-1100-1 and
SiC-1200-1 coatings. The size of the SiC grains
increases gradually with the increase of deposition
temperature. At deposition temperature of 900, the
SiC coatings are mainly cellular structure with
smooth coating surface and the particle size is
15-19 um (Fig. 3(e)). At 1000 °C, the size of
SiC-1000-1 increases to 20—27 um, and the surface
roughness increases as well (Fig. 3(a)). SiC-1100-1
is dominated by large particles of 23—37 um, with
smaller particles of several microns packed between
the large grains Figs. 2(e) and (f). The SiC-1200-1
is composed of irregular grains of several microns,
forming irregular crystal structure (40 pm) with
greatly increased surface roughness (Fig. 2(a)).

The surface morphologies of SiC-900-2,
SiC-1000-2, SiC-1100-2 and SiC-1200-2 coatings
are shown in Figs.4 and 5, which are roughly
consistent with the law obtained for 1 h deposition
(Figs. 2 and 3). With the increase of deposition
temperature, the size of SiC particles and the
surface roughness of the coating gradually increase.
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Fig. 2 Surface morphologies by SEM (a, b, d, ¢, f, h) and EDS data (c, g) of SiC coatings: (a—d) SiC-1200-1;
(e—h) SiC-1100-1
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Fig. 3 Surface morphologies by SEM (a, b, d, ¢, f, h) and EDS data (c, g) of SiC coatings: (a—d) SiC-1000-1;
(e—h) SiC-900-1
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In the temperature range of 900—1200 °C, the
deposition process is controlled by chemical
reactions and the deposition rate is accelerated as
temperature increases. When the deposition
temperature is 900 or 1000 °C, the deposition rate
of the coating is relatively slow, the critical
nucleation size is small, and the coating surface is
dominated by small-sized particles and the coating
growth uniformity. As the deposition temperature
increases to 1100 and 1200 °C, the deposition rate
increases gradually, the growth and fusion of
coating particles are enhanced, and the growth rate
of the coating is accelerated. The particle size of the
coating, the variance of this size and the roughness
of the coating increase, while the uniformity of the
coating decreases. The morphology of SiC-1200-2
is significantly different from those obtained at
lower temperatures (900—1100 °C), which may be
due to the high activity of free radicals formed by
MS during pyrolysis. With the acceleration of the
deposition rate, free Si cannot capture C to form
SiC in time, thus Si existing on the surface of the
SiC coating forms small particles stacked together.
SiC coatings prepared at different temperatures
show different surface morphologies. When the
deposition temperature is low (900 and 1000 °C),
the coating is smooth, and the SiC exhibits
spherical and compact morphology. As deposition
temperature increases to 1100 and 1200 °C, the size
of SiC crystallites increases significantly, and the
SiC particles show an irregular cauliflower-like
stacking morphology, which leads to the appearance
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Fig. 5 Surface morphologies by SEM (a, b, d, e, f, h) and EDS data (c, g) of SiC coatings: (a—d) SiC-1000-2;
(e—h) SiC-900-2

of defects such as pores.

During the CVD process, the deposition
temperature directly affects the critical nucleation
radius and critical nucleation free energy. This has
an important impact on the morphology change of
SiC grains and the microstructure of the coating.
ZHANG et al [32] calculated the critical nucleation
radius and critical nucleation free energy in the
deposition process, and obtained the following
results.

Critical nucleation radius:

Y
=2 11
=g (i1
Critical nucleation free energy:
kT AH , AT
AG, = In| 1+exp| ——— (12)
Q RT;
Rate of critical nucleus formation:
AG”
[=z-exp| —— 13
p( T j (13)

where r. is critical nucleation radius, AGy is critical
nucleation free energy, y is interface energy per
unit area, € is atomic volume, 7 is deposition
temperature, 7, is temperature at which the coating
core is in equilibrium with its gas phase, AT(=T,—T)
is under-cooling during coating deposition, AHT,
is heat of evaporation at vapor phase equilibrium
temperature, I is nucleation rate, AG" is system
free energy variation, and £, R, and z are constants.
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The results show that with the decrease of the
deposition temperature, the critical nucleation
radius of SiC new phase decreases, the critical
nucleation free energy decreases, and rate of critical
nucleus formation increases, which is conducive to
the formation of uniform fine SiC grains. Thus, the
coating deposited at low temperatures presents
smooth, flat and compact morphology. However,
with the increase of deposition temperature, the
critical nucleation radius of SiC new phase
gradually increases, and the critical nucleation free
energy is also higher. Therefore, when the deposition
temperature is high, the SiC grains formed are
larger, resulting in rough surface morphology and
obvious pore defects between particles.

Figure 6 presents comparison of the thickness

Fig. 6 Fracture microstructures obtained by SEM (a—d)
(b, ) SiC-1000-1; (c, g) SiC-1100-1; (d, h) SiC-1200-1

.

e
Fig. 7 Fracture microstructures obtained by SEM (a—d)
(b, ) SiC-1000-2; (c, g) SiC-1100-2; (d, h) SiC-1200-2

3803
of SiC-900-1, SiC-1000-1, SiC-1100-1 and
SiC-1200-1 coatings. SiC-900-1 is relatively thin
with a thickness of 98 um. The thickness of the
coatings obtained at higher temperatures increases,
and the coating growth rate also increases. In
the process of SiC deposition, the deposition
temperature has positive or negative effects on the
deposition rate. Only when the homogeneous
reaction of gas phase is too intense, the deposition
temperature has negative effects. In the deposition
temperature range of 900—1200 °C, the deposition
rate increases with the increase of temperature, the
positive effect of temperature is greater than the
negative effect, and the deposition process is
controlled by chemical reaction. Figure 7 shows
the SEM—EDS results of SiC-900-2, SiC-1000-2,
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SiC-1100-2 and SiC-1200-2 coatings. As the
deposition time increases, the thickness of the
coating does not increase significantly.

The average deposition rate of the coatings at
different deposition temperatures is shown in Fig. 8,
indicating that the deposition rate remains an
upward trend as temperature increases. Although
the increase of the deposition temperature can
effectively increase the deposition rate of the
coating, the coarsening of the SiC grain size is also
conducive to the formation of a SiC coating with
high crystallinity. However, as SiC grains grow,
the roughness of the coating increases. The
accumulation gap between the particles also
becomes larger. This can lead to the formation of
defects, such as pores, and reduce the density of the
coating. Therefore, considering the roughness and
compactness of SiC coating, the size and
crystallinity of the coating, temperature too high or
too low is not conducive to the preparation of a
coating with excellent comprehensive properties.
When the deposition temperature is too low
(900 and 1000 °C), the SiC coating with fine grains
and compact structure can be obtained. However,
the low deposition temperature affects the growth
and crystallization process of SiC grain, and
reduces the crystallinity of SiC coating. In contrast,
excessively high deposition temperatures (1100 and
1200 °C) will reduce the nucleation rate. As a
result, the size of the formed grains increases
significantly. And a rough and porous coating
structure is easily formed after the accumulation
of coarse-grained SiC. Therefore, an appropriate
deposition temperature must be selected to obtain a
specific microstructure.

2.5
20t Deposition time 1 h
1.5r

Deposition time 2 h

or e

Average deposition rate/(umemin™")

0.5

900 1000 1100 1200
Temperature/°C

Fig. 8 Average deposition rates of SiC coatings at
different deposition temperatures

3.3 Effect of deposition temperature on ablative
properties of CVD-SiC coatings prepared
from MS

Figure 9 shows the photos of SiC-900-1,
SiC-1000-1, SiC-1100-1 and SiC-1200-1 coatings
after plasma ablation of 80 s. The oxidation of the
ablation center is slight with the remained coating
layer. Table 1 shows the ablation resistance of SiC
coatings on graphite after 80 s ablation. SiC-1000-1
shows good ablation performance, with mass
ablation rate and linear ablation rate of 0.0096 mg/s
and 0.3750 pum/s, respectively. Meanwhile, SiC-900-1
shows poor ablation performance, whose mass
ablation rate and linear ablation rate are
0.0926 mg/s and 0.9166 um/s, respectively. The
ablation resistance of SiC-1100-1 is better than that
of SiC-1200-1. Deposition at too low temperatures
retards the diffusion of SiC molecules, thus
increasing the preparation difficulty of a SiC
coating with better compactness. And the low
deposition rate of SiC will cause the decrease
of the preparation efficiency. However, when the
deposition temperature is too high, MS decomposes
too fast, which easily leads to the agglomeration of
the SiC molecules. The free radicals formed during
the thermal decomposition of MS are highly active,
and free Si aggregates with SiC molecules during
the diffusion process, the formed SiC coating has
high roughness and many small pores between
SiC particles (Fig. 2(d)). When the deposition
temperature is too high (1100 and 1200 °C),
although the crystallinity of SiC coating is
increased, there is a certain amount of free Si in the
coating. There is about 128% volume expansion
when Si totally converts to SiO,. The stress
generated by excessive volume expansion will lead
to the cracking of SiC coating, thus providing a
channel for oxygen molecules to diffuse to the
substrate surface, and the coating protection will
fail. Compared with that at 1100 °C, more free Si in
SiC coating at 1200 °C leads to poor ablation
resistance. Therefore, SiC prepared at 1000 °C has
high crystallinity and single phase composition, and
its ablation resistance is the best.

Figures 10 and 11 show the morphologies of
the ablation center and the corresponding EDS
data of SiC coatings after 80 s plasma ablation.
The ablation center of SiC-1200-1 is composed of
discontinuous molten SiO, particles (Area 4 in
Fig. 10(b)) and Si—C—O (Area B in Fig. 10(b)). The
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Fig. 9 Photos of SiC coatings deposited for 1 h after plasma ablation for 80 s

Table 1 Ablation rates of SiC coatings deposited for
1 and 2 h at different temperatures

Sample  Ablation time/s Rn/(mg's™') R/(um-s™")
SiC-1200-1 80 0.0513 1.0416
SiC-1100-1 80 0.0125 0.8750
SiC-1000-1 80 0.0096 0.3750
SiC-900-1 80 0.0926 0.9166
SiC-1200-2 120 0.0789 1.1911
SiC-1100-2 120 0.0250 0.9333
SiC-1000-2 120 0.0129 0.4617
SiC-900-2 120 0.1177 1.2213

ablated surface consists of a certain number of
micropores. The ablation center of SiC-1100-1 is
mainly composed of white granular molten SiO,
(Area C in Fig. 10(d)) and gray Si—C—O molten
film (Area D in Fig. 10(d)). The oxidized particles
in Areas 4 and C (Fig. 10) tend to connect to form
films, while some white SiO, small particles are
included in Areas B and D (Fig. 10). Continuous
molten SiO; in small areas (Fig. 11(a)) exist on the

ablated center of SiC-1000-1. The oxide film has
good ability to fill surface defects, which can
prevent the erosion and denudation of the coating.
The ablation results of SiC-900-1 are shown in
Figs. 11(e) and (f). Under the oxidation and erosion
of the plasma flame, significant amount of
consumption and loss of molten SiO, occur on the
surface. The micropores on the ablated surface
caused by the gaseous substances leaving are
transformed into larger pores that cannot be healed,
resulting in further accelerated failure of the SiC
coating and poor ablation resistance.

Figure 12 shows the photos of SiC-900-2,
SiC-1000-2, SiC-1100-2 and SiC-1200-2 coatings
after 120 s plasma ablation. The ablation trace in
the ablation center is not obvious without evident
holes and damage, indicating that the SiC coating
does not fail after 120 s ablation. Table 1 shows the
ablation resistance of SiC coating on graphite. The
results of ablation resistance of SiC coatings are
consistent with those of Table 1. SiC-1000-2 shows
good ablation performance, with mass ablation
rate and linear ablation rate of 0.0129 mg/s and
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Fig. 10 SEM images (a—d) and EDS data (e—h) of ablated SiC coatings at ablation centers: (a, b, e, f) SiC-1200-1 after
plasma ablation for 80 s; (c, d, g, h) SiC-1100-1 after plasma ablation for 80 s
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Fig. 11 SEM images (a, b, d, ¢, f, h) and EDS data (c, g) of ablated SiC coatings at ablation centers: (a—d) SiC-1000-1
after plasma ablation for 80 s; (e—h) SiC-900-1 after plasma ablation for 80 s

0.4617 pm/s, respectively, while SiC-900-2 still
shows poor ablation performance whose mass
ablation rate and linear ablation rate
0.1177 mg/s and 1.2213 pum/s, respectively.
Figures 13 and 14 show the morphologies of
the ablation center and the corresponding EDS data
of SiC coatings after 120 s plasma ablation. After
ablation, the surface of SiC-1200-2 is composed of
discontinuous massive molten SiO, (Area A4 in
Fig. 13(b)) and Si—-C-O (Area B in Fig. 13(b)).
Most molten SiO, particles are denudated on the
ablated SiC-1100-2, and the ablated surface is
Si—C—0O molten state embedded with molten SiO»

arc

particles. The SiC-1000-2 with good ablation
performance still has continuous molten SiO, oxide
film (small area) on the surface. Figure 14(d) shows
the local magnification of molten SiO oxide film.
The dense molten SiO, oxide film can effectively
prevent the diffusion of oxygen into the coating and
weaken the erosion and denudation of the coating
by plasma flame. However, SiC-900-2 with poor
ablation performance exhibits many micropores left
on the ablated surface, which are transformed into
larger pores that cannot be healed due to the
departure of gaseous substances. These pores
accelerate the failure of the coating.
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Fig. 13 SEM images (a—d) and EDS data (e—h) of ablated SiC coatings at ablation centers: (a, b, e, f) SiC-1200-2 after
plasma ablation for 120 s; (c, d, g, h) SiC-1100-2 after plasma ablation for 120 s

3.4 Ablation mechanism of CVD-SiC coatings coatings in high temperature atmosphere, and

prepared from MS mechanical denudation refers to the physical
The ablation of SiC coatings under plasma peeling of particles and blocks of coatings and
ablation environment is mainly thermochemical oxides under the continuous scouring of plasma
ablation and mechanical denudation. Thermo- flame. The reactions during the ablation of SiC

chemical ablation mainly refers to the oxidation of  coating are proposed as follows:
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Fig. 14 SEM images (a, b, d, e, f, h) and EDS data (c, g) of ablated SiC coatings at ablation centers: (a—d) SiC-1000-2
after plasma ablation for 120 s; (e—h) SiC-900-2 after plasma ablation for 120 s

SiC(s)+20x(g)—Si0a(1)+COx(g) (14)
Si0,(1)—Si0x(g) (15)
SiC(s)+2Si04(1)—3Si0(g)+CO(g) (16)
SiC(s)+COx(g)—SiO(g)+CO(g) (17)
SiC(s)+CO(g)—SiO(g)*+2C(s) (18)
25i0(g)+0x(g)—2Si0x(g) (19)

In the process of plasma ablation, the
temperature of plasma flame in the ablation center
is about 2300 °C, which is lower than the
sublimation temperature of SiC (2700 °C), thus the
SiC coating in the central area is mainly dominated
by oxidation reaction (Reaction (14)). The part
of molten SiO, formed during the oxidation process
will vaporize (Reaction (15)) and leave the ablated
surface together with other gaseous products (CO
and CO,), leaving micropores on the ablated
surface, which provide channels for oxygen to
erode the interior of the coating. At the same time,
the molten SiO, generated by oxidation of SiC
coating has good surface healing ability below
2300 °C. The molten SiO; remaining on the surface
of the coating fills part of the micropores and
effectively prevents the diffusion of oxygen into the
inner part of the coating.

At the deposition temperature of 900 °C, the
diffusion of SiC molecules is difficult due to the
low deposition temperature, which affects the
growth and crystallization of SiC grains and reduce

the crystallinity of SiC coating, so the SiC-900-1
has a dense structure but low crystallinity (Figs. 3(e)
and 5(e)). Under the continuous scouring of plasma
flame, the molten SiO, could not heal the
micropores left on the surface due to gaseous
departure, but was consumed in large quantities,
resulting in a significant increase in the size and
number of micropores on the ablated surface
(Figs. 11(e) and (f)), thus exhibiting poor ablation
resistance (Table 1).

At high deposition temperature of 1200 °C, the
decomposition rate of MS is higher than the
diffusion rate of SiC, which can easily lead to the
agglomeration of SiC molecules. Meanwhile, the
activity of free radicals formed in the process of MS
thermal decomposition is too high, and the Si free
radicals cannot capture the C source, so they are
taken together by SiC molecules in the diffusion
process, further leading to irregular cauliflower
morphology of the SiC and Si particles in
SiC-1200-1 (Figs.2(a) and (b)) and SiC-1200-2
(Figs. 4(a) and (b)). In addition, high deposition
temperature can decrease the rate of nucleation,
resulting in significantly larger grains and a rough
and porous coating structure.

The coating structure is affected by plasma
flame oxidation and erosion. The agglomerated SiC
molecules and Si molecules partially form molten
Si0O; remaining on the ablated surface, and a small
part of the agglomerated particles are denuded due
to the lack of sufficient support for the gasification
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of molten SiO,, and the denuded particles also take
most of the energy out of the plasma flame. Although
the coating shows poor ablation resistance, the
interior of the coating is not severely oxidated. The
presence of Si, whose melting point is much lower
than that of SiC, reduces the high temperature
ablation resistance and erosion resistance of the
coating during the ablation process.

As the deposition temperature increases from
1100 to 1200 °C, the content of free Si in the
coating increases significantly, the ablation
resistance of SiC-1200-1 is weaker than that of
SiC-1100-1. The SiC coating obtained at 1000 °C
is more suitable in terms of density, roughness,
coating structure and uniformity. Therefore, during
the plasma ablation process, the molten SiO,
formed on the coating surface will form a small
area of continuous molten SiO, oxide film
(Figs. 11(d) and 14(d)). The oxide film has a
good ability to heal surface defects, effectively
preventing the diffusion of oxygen into the coating
and reducing the ecrosion and ablation of the
coating. Therefore, the coating shows good ablation
resistance (Table 1).

4 Conclusions

(1) The SiC coating obtained from the MS
precursors at the deposition temperature of 1000 °C
had suitable density, roughness, and uniform size of
coating microstructure.

(2) The mass ablation rate and linear ablation
rate of the obtained SiC coating at the deposition
temperature of 1000 °C were 0.0096 mg/s and
0.3750 um/s, respectively after plasma ablation at
2300 °C for 80 s.

(3) The SiC coatings deposited at relatively
low temperatures (900—1000 °C) exhibited smooth
and spherical compact packing morphology, while
the SiC coatings deposited at high temperatures
(1100—1200 °C) possessed an irregular cauliflower
morphology with significantly increasing the size of
the SiC particles.

(4) A small area of continuous molten SiO,
oxide film could help to fill the ablative surface
defects and prevent further diffusion of oxygen and
ablative airflow into the coating during the ablation
process.

(5) The reliable processing parameters to
fabricate high quality of SiC coating were obtained
and the mechanism model to understand ablation
resistance for CVD SiC coating was provided,
which would be beneficial to the preparation and
application of SiC coatings on carbon materials for
the highly focused semiconductor research filed.
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