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Abstract: TaB2–SiC coating modified by different content of MoSi2 was fabricated on graphite
substrate with SiC inner coating by liquid phase sintering to elevate the anti-oxidation capability of
the TaB2–SiC coatings. As compared to the sample with the TaB2–40wt%SiC coating, the coating
sample modified with MoSi2 exhibited a weight gain trend at lower temperatures, the fastest weight
loss rate went down by 76%, and the relative oxygen permeability value reduced from about 1% to
near 0. More importantly, the large amount of SiO2 glass phase produced over the coating during
oxidation was in contact with the modification of MoSi2, which was proved to be beneficial to the
dispersion of Ta-oxides. A concomitantly formed continuous Ta–Si–O–B compound glass layer
showed excellent capacity to prevent oxygen penetration. However, when the TaB2 content was
sacrificed to increase the MoSi2 content, the relative oxygen permeability of the coating increased
instead of decreased. Thus, on the basis of ample TaB2 content, increasing the MoSi2 content of the
coating is conducive to reducing the relative oxygen permeability of the coatings in a broad
temperature region.
Keywords: MoSi2; TaB2–SiC; coating; liquid phase sintering; compound glass layer; relative oxygen
permeability

1

Introduction

Carbon materials, especially carbon/carbon composites
are deemed to be the most potential materials in the field
of aerospace and aeronautical owing to their superior
high-temperature mechanical properties, for instance,
low coefficient of thermal expansion, outstanding thermal
shock resistance, high strength at extreme temperature
* Corresponding authors.
E-mail: X. Ren, XuanruRen@163.com;
L. Xu, xuleihua@cumt.edu.cn;
P. Feng, fengroad@163.com

and so on [1–4]. Unfortunately, the defect that carbon
materials easily fail above 500 ℃ due to the oxidation
of carbon is unable to be ignored [5], which causes the
applications of carbon materials are severely hampered
in an oxygen-containing environment. At present, in
order to cope with this imperative problem, ceramic
coating technology is widely applied to avoid the
oxidation of carbon materials in a wide temperature
range as much as possible.
It has been commonly accepted that ultra-high
temperature ceramics (UHTCS) with high hardness,
high melting point, and outstanding thermal conductivity
are extensively utilized as structure materials in rocket
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nozzles and other components that work in extreme
high temperature environments [6–9]. Moreover, UHTCS
have attracted the attention of many scholars in the
field of anti-oxidation coatings, because the refractory
oxide formed during the oxidation process will effectively
enhance the stability of the compound oxide layer
[10,11].
As one of UHTCS, TaB2 possesses a great deal of
outstanding properties including extremely high melting
point (3200 ℃), high hardness (24.5 GPa), and excellent
chemical stability [12,13]. Up till now, numerous
TaB2-added coatings have been fabricated to protect
carbon substrates from oxidation. For example, Jiang
et al. [14] fabricated a single-layer TaB2–SiC–Si coating
on graphite surface by in-situ reaction and impregnation
method to defend graphite materials against oxidation.
The results of the oxidation test at 1550 ℃ for 168 h
showed that the SiO2 and Ta2O5 layers formed on the
outer layer caused 2% mass gain. In view of this,
oxidation products played a key role in excellent
protection of the coating. Qu et al. [15] prepared a
dense TaB2–SiC coating by pack cementation method
to protect C/C composites from oxidation, and the
ablation behavior of the samples was investigated. The
results that the linear ablation rate for 30 s was 4.2 μm/s
illustrated the unique oxidation-inhibition capability of
the coating, which was associated with the generation
of a Ta–Si–O compound glass layer. Therefore, TaB2 is
an ideal candidate for protecting carbon materials in
high-temperature aerobic atmosphere. This is not only
because the B2O3 layer formed provided fine protection
below 1100 ℃, but also because the Ta–Si–O compound
glass layer with strong stability in higher temperatures
was generated when TaB2 was introduced into the
Si-based coatings [16–18]. But frankly speaking, the
oxidation protective capacity of the fabricated TaB2–SiC
coating still needs to be improved.
It is common knowledge that Si-based coatings are
broadly exploited to the oxidation protection for carbon
materials because of the generation of abundant SiO2
glass phase on the coating surface at high temperatures.
The SiO2 glass phase created an impactful barrier to
oxygen and filled the gap between refractory oxide
skeletons [19–21]. Thus, adding sorts of silicide into
ultra-high temperature ceramics to construct compound
coatings is considered as an effective route. SiC has a
similar thermal expansion coefficient as carbon
materials, so it is commonly used in the construction of
anti-oxidation coatings [22]. However, since a large

amount of gas products, such as CO2 and CO, are
released during the oxidation of SiC, large bubbles
formed will expose a fresh surface after bursting, and
channels for oxygen diffusion will also be formed,
which will reduce the protective effect of the glass film
[23]. As one of multitudinous silicides, MoSi2 is a kind
of material with dual characteristics of metal and
ceramic, and it is able to produce a continuous SiO2
glass layer to protect its substrate from oxidation at
temperatures as high as 1700 ℃ [24]. As a result, it has
already been used in the preparation of electric heating
elements. Conceivably, MoSi2 is regarded as a high
temperature anti-oxidation coating material [25]. At
present, a number of coatings based on MoSi2 have
been prepared to protect carbon materials from oxidation.
Huang et al. [26] prepared an outer MoSi2 layer on SiC
inner layer by hydrothermal electrophoretic deposition
to protect C/C composites. After undergoing isothermal
oxidation tests at 1500 ℃ for 346 h, the sample
possessed a weight loss of 2.49 mg·cm–2. Wu et al. [27]
fabricated a MoSi2-based coating composed of MoSi2,
Mo5Si3, and SiO2 on the surface of SiC inner coating
by supersonic plasma spraying to defend C/C composites
against oxidation. After oxidation tests for more than
400 h at 1500 ℃, the result showed that the weight loss
of the specimen was only 1.14%. Briefly, the excellent
oxidation protective performance shown by these
coatings is ascribed to the generation of a continuous
SiO2 glass layer on the coating surface. In addition,
MoSi2 as a sintering aid can effectively increase the
density of the coatings [28,29], which can decelerate
further corrosion of the coating by oxygen.
At the moment, because of the fact that MoSi2
possesses superior anti-oxidation performance, MoSi2added UHTC coatings, such as the ZrB2–MoSi2–SiC
coating [30–32] and the HfB2–MoSi2–SiC coating [33],
have attracted lots of attention. Yet, until now, few
studies have been able to elaborate the unique role of
MoSi2 in multiphase coating. Consequently, in this
paper, MoSi2 was used as the second silicon source,
and a TaB2–MoSi2–SiC coating was fabricated. In
detail, the influence of MoSi2 modification on the
oxidation protective capacity of the coatings in an
oxygen-containing atmosphere within a wide temperature
region and the generation mechanisms of the compound
glass layer were studied.
In addition, in order to synthesis the coatings that
can provide long-term protection for carbon materials,
the liquid phase sintering method has been widely
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applied in our previous work [34], which is an ideal
method because the content of various components in
the coatings can be adjusted so that a coating with better
oxidation resistance is available. Likewise, in this paper,
the coatings were synthesized by the combination of
liquid phase sintering and in-situ reaction between Si
and C to form SiC, and the in-situ reaction was
introduced to promote the mass transfer process and
increase the adhesion of the coating to the substrate.

2

Materials and method

The TaB2–MoSi2–SiC coatings were fabricated by liquid
phase sintering on the SiC buffer layer that was prepared
by pack cementation to protect graphite substrates
(3 mm × 3 mm × 3 mm). The raw materials consisted
of TaB2 powders, MoSi2 powders, and SiC powders
(Licheng Innovation Metal Materials Technology Co.,
Ltd., Beijing, China), graphite powders (Hongtu Burden
Co., Ltd., Liaoyang, China), silicon powders (Yuancheng
New Material Industry Group Co., Ltd., Yinchuan,
China) (Mgraphite:Msilicon = 1:5), and silica sol (SiO2·nH2O)
(Mother raw materials:Vsilica sol = 0.6–1.7 g/mL) (City Fire
Crystal Glass Co., Ltd., Dezhou, China). By controlling
the amount of Si, the SiC obtained by in-situ reaction
is 20 wt% of the total amount of SiC. It also should be
noted that the composite coating consists of an outer
layer and an inner SiC buffer layer. Therefore, as
schematically represented in Fig. 1, the preparation
process of the coatings consists of three steps. First, in
order to alleviate the mismatch of the thermal expansion
coefficients of the substrate and the outer layer, the
inner SiC layer was fabricated by pack cementation
which is in widespread use [35]. Second, the raw
materials were weighed in different proportions, and
then they were mixed as slurries for the preparation of
the coatings. Next, brush the prefabricated slurry onto
the surface of SiC covered graphite substrate, and dry

the specimens at 100 ℃ for half an hour later, repeating
the above operation three times. Ultimately, the coatings
were sintered at 2100 ℃ for 2 h in argon atmosphere.
In addition, partial SiC was formed by in-situ reaction
between Si and C.
The phase composition of the coatings before and after
oxidation were studied by X-ray diffractometer (Bruker
D8 ADVANCE XRD, BRUKER AXS, Germany). Field
emission scanning electron microscopy (JSM-6700F
FE-SEM, JEOL, Japan) was used to observe the
micro-morphology of the prepared coatings before and
after oxidation, and the energy dispersive spectroscopy
was applied to analyze the elemental composition of
the compound glass layer. To research the dynamic
oxidation behavior of the coatings in oxygenated
atmosphere from 25 to 1500 ℃, thermogravimetric
analyzer (STA 449 F3, TGA, Netzsch, Germany) with
a heating rate of 5 ℃/min was employed.

3

Results and discussion

The surface XRD patterns of the TaB2–MoSi2–SiC
coatings synthesized by liquid phase sintering are
displayed in Fig. 2. As shown in Fig. 2, the composite
coating contains MoSi2, SiC, and TaB2 phases, illustrating
successful preparation of the multiphase coating. In
addition, note that there is no other impurity phase in
the coating because Si powders, silica sol, and carbon
powders both participated in the generation of SiC
through R1 and R2.
Si(s)+C(s)=SiC(s)

(R1)

SiO2(s)+3C(s)=SiC(s)+2CO(g)

(R2)

The BSE image for observing the surface microstructure of the fabricated coating is presented in Fig. 3.
According to the results of EDS analysis, the white and
grey particles are TaB2, MoSi2 phases, respectively.
What is more, it is evident that these fine particles

Fig. 1 Fabricating process of the TaB2–SiC–MoSi2 coatings.
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Fig. 2 Surface XRD patterns of the TaB2–MoSi2–SiC
coating fabricated by liquid phase sintering with different
mass ratio.

were distributed evenly over the black SiC layer and
embedded in loose SiC inner layer, which is favorable
to elevate the oxidation resistance of the fabricated
coating. This is because it is desirable that the refractory
oxidation products will be uniformly distributed in the
SiO2 glass after the oxidation process.
The cross-sectional backscatter image of the fabricated
coating is demonstrated in Fig. 4. Obviously, the
fabricated coating consists of two layers and bonds
tightly with the graphite substrate, which is attribute to

the exceptional preparation method. Specifically, the
inner SiC was fabricated by pack cementation with an
average thickness of about 30 μm. During the preparation
process, melting Si carried SiC into the graphite matrix,
and it can also react with the graphite to form SiC in
situ. In this way, the adhesion of the coating has been
strengthened. The multiphase coating including TaB2,
MoSi2, and SiC phases was prepared by liquid phase
sintering, and its average thickness is about 50 μm.
Frankly, it is difficult to distinguish the TaB2 and the
MoSi2 from Fig. 4(a), but there is a phenomenon that
MoSi2 and TaB2 are clustered together from the results
of the line scan shown in Fig. 4(b). In addition, there is
no distinct gap or void in the interface, which is a
prerequisite for the coating providing protection against
oxidation to the graphite matrix. Consequently, liquid
phase sintering is considered to be an extraordinary
method to fabricate the coating with outstanding
oxidation protective performance.
The TGA tests of pure graphite substrate and the
samples coated by two different coatings were performed
in air within a wide temperature range to demonstrate
the superior behavior of MoSi2 compared with SiC in
the application of anti-oxidation coatings. As shown in
Fig. 5(a), the pure graphite suffered fearful destruction

(b)

Fig. 3 (a) Surface backscatter SEM micrograph of the TaB2–MoSi2–SiC coating and (b) conresponding point EDS analysis.

Fig. 4 Cross-sectional morphology of the fabricated 40wt%TaB2–40wt%MoSi2–20wt%SiC coating.
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Significantly, the weight loss of the sample with the
SiC–MoSi2/SiC coating was lower than that of the
sample with the SiC/SiC coating in a wide temperature
range, indicating that MoSi2 performed better than SiC
when it was applied to the anti-oxidation coating.
The weight change rate calculated via Eq. (1) was
analyzed to elucidate the anti-oxidation process over a
wide temperature range in detail.

Rweight change

 m 
d

S 
 
dt

(1)

where t is oxidation duration, m and S are weight
change of the sample and superficial area of the sample,
respectively. Clearly, it can be found that the sample
possesses a fastest weight loss area among a wide
temperature range, which to a certain extent indicates
that the coating has a protective loophole in this
temperature range. Shrinking this area or reducing the
weight loss rate in this temperature range is constructive
to reduce the loss of carbon matrix. More importantly,
understanding the cause of this area by analyzing the
reaction during the oxidation of the coating is a
prerequisite for improving the protective ability of the
coating. There is a fastest weight loss range that is
from 1000 to 1300 ℃ as displayed in Fig. 5(c).
Interestingly, the weight loss rate decreases rapidly as
the temperature rises above 1300 ℃, which is due to
the generation of SiO2 oxide scale via R3 and R4. The
modification of MoSi2 reduced the fastest weight loss
rate although it failed to narrow the fastest weight loss
region.

Fig. 5 (a) TGA curves of the samples from room
temperature to 1500 ℃; (b) TGA curves of the samples
from 500 to 900 ℃; (c) weight loss rate curves of the
samples from room temperature to 1500 ℃.

from 700 ℃, but the weight loss of the other samples
both presented a marked decrease under the protection of
fabricated coatings. With the aim of visually observing the
initial oxidation characteristic of the samples, Fig. 5(b)
displays the TGA curves from 500 to 900 ℃. The pure
graphite possessed a visible weight loss when the
temperature reached about 650 ℃, whereas the initial
weight loss temperatures of the specimen with the SiC/
SiC coating and the specimen with the SiC–MoSi2/SiC
coating were around 700 ℃, 900 ℃, respectively.

2
2
2
SiC  O 2 (g )  SiO 2  CO(g)
3
3
3

(R3)

2
2
4
MoSi 2  O 2 (g)  MoO3 (g )  SiO 2
7
7
7

(R4)

Since the oxidation of carbon is the main cause of
sample weight loss, the weight loss of the sample to
some extent reflects the degree of oxygen penetration
into the carbon matrix. Thus, a concept called relative
oxygen permeability was proposed to describe the
ability of the coating to prevent oxygen penetration in
our previous work [36]. Relative oxygen permeability
was defined via Eq. (2).
RPO2 

m1  S2
 100%
m2  S1

(2)

∆m1: weight change of the sample covered by fabricated
coating;
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∆m2: weight change of the pure carbon sample;
S1: superficial area of the sample covered by fabricated
coating;
S2: superficial area of the pure carbon sample.
The weight loss of the substrate was primarily
concentrated in the fastest weight loss region. For
purpose of clarifying the capability of MoSi2 to prevent
the oxygen delivery from outside to substrate, Fig. 6
shows the relative oxygen permeability of the SiC/SiC
coating and the SiC–40wt%MoSi2/SiC coating. Owing
to the modification of MoSi2, the relative oxygen
permeability value of the SiC/SiC coating reduced from
about 5% to 3% in the fastest weight loss region, which
further demonstrates that MoSi2 plays a noteworthy
role in enhancing the oxidation protective ability of the
coatings.
Previously, the protective capability of the TaB2–SiC
coating has been investigated [36]. To verify the
improvement in the oxidation resistance of the coating
modified with MoSi2, TGA tests were performed in an
air atmosphere from indoor temperature to 1500 ℃. As
shown in Fig. 7(a), the two dynamic oxidation curves
did not display an increasing trend until the temperature
reached about 700 ℃. It should be noted, however, that
the sample with the TaB2–20wt%MoSi2–20wt%SiC/SiC
coating manifested an earlier trend of weight gain due
to the occurrence of R5. And in general, sample weight
gain means the formation of passive oxidation products
with protective capabilities. Therefore, the formation
of an oxide layer at lower temperatures contributes to
extend the protective temperature range of the coating.
Moreover, B2O3 formed by R6 provides low temperature
protection. The curve representing the sample with the
TaB2–40wt%SiC/SiC coating showed two different
declining tendencies, comprising a relatively rapid

Fig. 6 Relative oxygen permeability curves of the
SiC/SiC coating and the 40wt%MoSi2–SiC/SiC coating.

Fig. 7 (a) TGA curves of the samples from room
temperature to 1500 ℃; (b) weight change rate curves of
the samples from 25 to 1500 ℃.

decline from 850 to 1200 ℃ and a gentle decrease
from 1200 to 1500 ℃. It can be speculated that the
former is related to the rapid volatilization of B2O3 that
provides low temperature protection. The latter is
related to the SiO2 layer formed, because R3 is more
dominant at high temperatures. In the other hand, the
weight of the sample with the MoSi2 modified coating
only decreased slightly after a rapid increase.
5
1
MoSi 2  O 2 ( g )  Mo5Si3  SiO 2
7
7

(R5)

4
2
4
TaB2  O 2 (g )  Ta 2 O5  B2 O3 (l)
11
11
11

(R6)

Different from Fig. 5(c), the fastest weight loss zone of
the MoSi2 modified sample is narrower than that of the
sample with the TaB2–40wt%SiC/SiC coating as presented
in Fig. 7(b). At the same time, the fastest weight loss
rate of the MoSi2 modified sample was descending,
compared with that of the sample with the TaB2–
40wt%SiC/SiC coating. That is to say, the modification
effect of MoSi2 on the TaB2–SiC coating is more
evident than that on the SiC coating, which is attribute
to the occurrence of R7 and R8.
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4
8
TaB2 + MoSi2 +O2 (g) 
21
21
2
8
16
Ta 2 O5 + MoB+ SiO2
21
21
21

4
2
MoSi2 + B2 O3 (l)+O2 (g) 
5
5
4
8
MoB+ SiO2
5
5
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(R7)

(R8)

Production of relatively stable product MoB and
reduction of gas product release reduced the opportunity
for oxygen to be transferred internally. In light of this,
coatings with wider protection temperature range and
stronger protection capability can be available through
MoSi2 modification.
The relative oxygen permeability curve reflects the
ability of the coatings to prevent oxygen diffusion. As
shown in Fig. 8, it should be emphasized the negative
portion of the curve means that the specimen increased
in weight relative to the initial state. In the fastest weight
loss region, the relative oxygen permeability of the
MoSi2 modified coating was lower than that of the
TaB2–40wt%SiC/SiC coating. Besides, the value of the
MoSi2 modified coating approached zero earlier, which
means that the coating modified with MoSi2 established
a defense against oxygen at a lower temperature.
Accordingly, MoSi2 presents superior performance in
fending off the oxygen penetration when it is applied
to the anti-oxidation coatings.
The surface XRD pattern of the TaB2–MoSi2–SiC
coating after oxidation is displayed in Fig. 9. The
diffraction peaks of several refractory Ta-oxides
comprising TaO, TaO2, and Ta2O5 were detected. These
Ta-oxides remained stable even at elevated environments.

Fig. 8 Relative oxygen permeability curves of the
coatings from 900 to 1200 ℃.

Fig. 9 Surface XRD pattern of the TaB2–MoSi2–SiC
coating after oxidation.

Moreover, the formation of SiO2 filling cracks and
voids was due not only to the oxidation of SiC but also
to the oxidation of MoSi2. The SiC peaks remained
visible, indicating that the oxide layer was thin, which
further illustrated the good protective ability of the
coating. The formation of Mo5Si3 is because of the
occurrence of R5 in the initial oxidation stage. Moreover,
Mo5SiB2 that is a promising high temperature structure
material with superb oxidation and creep resistance
was detected after oxidation [37], and hence it aids in
enhancing the stability of the oxide layer in ultra-high
temperature environments. Its formation is due to the
combination of MoB and Mo3Si that is the oxidation
product of MoSi2, which is consistent with our analysis
above. In addition, the existence of B2SiO5 is attributed
to the reaction between SiO2 and B2O3, and MoO3
phase were not detected because of evaporation at low
temperatures.
As shown in Fig. 10, there are many pores in the
oxidized coating, which is related to the release of gas
oxidation products. It should be noted that the substrate
is not subject to obvious oxidative corrosion, and the
coating and the substrate still combine well. White
refractory oxides and black glass exist on the surface
of the coating. The oxide film composed of the two
provided the most important oxygen barrier. Therefore,
it is particularly important to analyze the morphology
of the surface oxide film.
In the interest of clarifying the mechanism of
improving the oxidation resistance of the coating by
MoSi2 modification, the surface microstructure of the
TaB2–40wt%SiC/SiC coating and the TaB2–20wt%MoSi2–
20wt%SiC/SiC coating after TGA tests are displayed
in Fig. 11. As presented in Fig. 11(a), it is evident that
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Fig. 10 (a) Cross-sectional SEM micrograph of the
TaB2–20wt%MoSi2–20wt%SiC/SiC coating after TGA
tests; (b) magnification of (a).

the Ta-oxides, the grey particles, were uniformly
distributed on the coating surface at a low magnification.
However, Fig. 11(b), the magnification of Fig. 11(a),
shows the existence of the Ta-oxide aggregate structure
which is incapable of greatly improving the stability of
the glass layer [38]. In contrast, a novel phenomenon
that more SiO2 glass phase was generated on the coating
with MoSi2 modified can be observed from Fig. 11(c).
Moreover, it should be noted that the traces of liquid

flow and Ta-oxide dispersion can be found distinctly
from Fig. 11(d). Numerous tiny Ta-oxides were able to
be dispersed in the glass layer on account of the
excellent fluidity provided by a large quantity of SiO2
glass phase. In this case, the outermost glass layer
became viscous and stable, providing a more efficient
barrier against oxygen than the pure SiO2 glass layer.
Thus, the addition of MoSi2 significantly elevated the
oxidation protective property of the coatings. What’s
more, what the SEM micrographs show is coincident
with the results of the TGA tests.
To study the influence of the MoSi2 content of the
coatings on the anti-oxidation performance in a dynamic
aerobic environment, the TGA tests of the coatings
with different component ratios were carried out. As
can be seen in Fig. 12(a), for curves 2, 3, 4, the weight
loss manifested a distinct decrease as a whole in a
broad temperature range with the increasing of MoSi2
content in the coatings, indicating that the partial
substitution of MoSi2 for SiC significantly improved
the oxidation protective performance of the coatings in
aerobic environments. On the contrary, the weight loss
of the sample with the TaB2–60wt%MoSi2–20wt%SiC/SiC
coating is higher than that of the sample with the
TaB2–40wt%MoSi2–20wt%SiC/SiC coating, indicating
that increasing the amount of MoSi2 excessively at the
expense of the TaB2 content in the construction of
anti-oxidation coating cannot lead to a better result.
The critical role of TaB2 in Si-based coatings was
illustrated from the other hand.

Fig. 11 (a) SEM micrograph of the TaB2–40wt%SiC/SiC coating after TGA tests; (c) SEM micrograph of the
TaB2–20wt%MoSi2–20wt%SiC/SiC coating after TGA tests; (b, d) magnification of (a, c).
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Fig. 13 Relative oxygen permeability curves of the
fabricated different coatings.

Fig. 12 (a) TGA curves of the samples with different
MoSi2 contents or TaB2 contents; (b) weight change rate
curves of the samples with different MoSi2 contents or
TaB2 contents.

The weight change rate curves of the coatings are
displayed in Fig. 12(b). As shown in curves 2, 3, 4, the
effect of MoSi2 modification on narrowing the fastest
weight loss region was visible, and the reduction of the
fastest weight loss rate was obvious. Also, the more
MoSi2 was added, the more obvious the reducing effect
was. In consequence, the damage of the carbon matrix
in the fastest weight loss zone was decreasing due to
the addition of MoSi2, illustrating that MoSi2 improved
the oxidation resistance of the coatings especially in
the fastest weight loss zone. In line with Fig. 12(a), the
coating with the highest MoSi2 content failed to exhibit
the best protection performance. This could be caused
by the lack of refractory oxide during the oxidation
process. The stability of the glass layer was decreased,
although the amount of SiO2 formed was increased.
In order to describe the effect of MoSi2 content on
the capacity of the coating to block oxygen infiltration,
Fig. 13 shows the relative oxygen permeability curves
of the TaB2–MoSi2–SiC/SiC coatings with dissimilar
MoSi2 or TaB2 contents. As can be seen in Fig. 13, for
curves 2, 3, 4, the relative oxygen permeability of the
samples gradually declined with the increasing of MoSi2

content, indicating that the adding of MoSi2 improved
the ability of the coating to prevent oxygen infiltration
in the fastest weight loss region. In addition, due to the
generation of the oxide layer, all the curves tended to
gentle in the end, which is consistent with that shown
in Fig. 12(a). Nevertheless, as seen in Fig. 13, the
relative oxygen permeability of the coatings with high
MoSi2 content tended to 0.5% at about 1050 ℃, while
other coatings with low MoSi2 content did not reach
the same level until 1400 ℃, suggesting that the
modification of MoSi2 effectively boosted the formation
of the ability to prevent oxygen penetration during the
initial stage of oxidation.
After isothermal oxidation tests at 1500 ℃ in an
aerobic environment, the SEM micrographs of the
coating surface are displayed in Fig. 14. Clearly, there
are a large quantity of bulk Ta-oxides on the coating
without the addition of MoSi2, which is shown in Fig.
14(a). On the other hand, surprisingly, due to the
modification of MoSi2, the aggregation phenomenon of
Ta-oxides is negligible as shown in the other figures.
Since MoSi2 provided abundant SiO2 glass phase with
wonder quality and high fluidity after its oxidation at
high temperature, the bulk aggregated Ta-oxides were
separated into nanocrystals under the action of liquid
flow. Hereafter, the tiny particles were evenly dispersed
in the SiO2 glass phase. In the end, a compound glass
layer, the gray area shown in Fig. 14, was formed. It is
the dominant coating protection mechanism that the
compound glass layer is responsible for preventing
oxygen penetration. As shown in Fig. 14(a), obviously,
the compound glass layer failed to completely cover
the black glass layer, because the lack of liquid flow
during oxidation resulted in the local aggregation of
the Ta-oxides. In this case, although the bulk Ta-oxides
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Fig. 14 SEM micrographs of the 40wt%TaB2–MoSi2–SiC/SiC coatings with different MoSi2 contents after oxidation at 1500 ℃
for 100 h: (a) 0 wt% MoSi2, (b) 20 wt% MoSi2, (c) 40 wt% MoSi2; (d) SEM micrograph of the 20wt%TaB2–60wt%MoSi2–
SiC/SiC coating after oxidation at 1500 ℃ for 100 h.

which were defined as a pinning phase enabled to oblige
the cracks to deflect or terminate, numerous cracks
were distributed in the black glass region. Clearly, as
the MoSi2 content in the coating increased, the area
covered by the compound glass layer enlarged. This
proves that the modification of MoSi2 significantly
improved the oxidation resistance of the coatings. In
addition, as can be seen in Fig. 14(c), there are a
number of micron-scale Ta-oxide particles distributed
at the growth interface. These particles provided nuclei
for dendrite growth so that the part area of the coating
surface was covered by the dendrites. It is beyond
disputed that the dendrite structure contributes to the
deflection of the cracks and the relaxation of the stress
[39]. Furthermore, as show in Fig. 14(d), the compound
glass layer covered most of the coating surface because
of the addition of 60 wt% MoSi2. But at the same time,
lots of gas products such as MoO3 were released,
resulting in the formation of holes as the paths for
oxygen transport. Also, the drop in TaB2 content caused
the increasing instability of the compound glass layer.
Therefore, excessively increasing the amount of MoSi2
while decreasing the amount of TaB2 reduced the
protective effect of the coating. Thus, on the premise
that the amount of TaB2 is sufficient, the TaB2–MoSi2–
SiC/SiC coating possesses more outstanding oxidation

protective property than the TaB2–SiC/SiC coating.
Based on the discussion above, the compound glass
layer consists of the SiO2 glass phase and particulate
refractory oxides dispersed therein. To further illustrate
this conclusion, the specific elemental composition of
the oxidized coating surface was disclosed by the
surface EDS analysis spectrum, which is presented in
Fig. 15. As can be seen, the area of the orange circle,
the black region, is rich in Si and O elements, illustrating
that this area is SiO2 glass layer that was not covered
by the compound glass layer. Even more importantly,
most areas were covered by the continuous compound
glass layer that is constituted by Ta, Si, O, and B
elements. Besides, the presence of B element was not
unexpected because B2SiO5 phase was detected in the
XRD pattern displayed in Fig. 9. Thus, the results of
EDS analysis further demonstrated the generation of
the Ta–Si–B–O compound glass layer.
In order to further verify our reasoning about the
reaction process, HSC chemistry was employed for the
thermodynamic calculations presented in Fig. 16.
Especially, for R3 and R6, R6 predominates at the
lower temperature, while R3 mainly occurs at higher
temperatures, which is consistent with the analysis to
the TaB2–SiC coating above. Nevertheless, loophole still
exists in the temperature range from 900 to 1100 ℃.
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Fig. 15 Surface EDS spectrum of the 40wt%TaB2–
40wt%MoSi2–SiC/SiC coating surface after isothermal
oxidation test at 1500 ℃ for 100 h.

fabricating the TaB2–MoSi2–SiC outer coating with no
crack or void to enhance protective ability of the
TaB2–SiC coating. The sample with the coating modified
by MoSi2 exhibited a weight gain trend at lower
temperatures and the fastest weight loss rate of this
sample in the fastest weight loss zone goes down by
76%. After the modification of MoSi2, it was found
that more SiO2 glass phase was generated during the
oxidation process. For this reason, bulk Ta-oxides were
stripped into tiny nanocrystals more easily, and then
the Ta-oxide nanocrystals were diffusely distributed in
the SiO2 glass layer. The Ta–Si–B–O compound glass
layer was formed in this way, and it is the key to
blocking oxygen infiltration. The addition of MoSi2
availably improved the anti-oxidation performance of
the TaB2–SiC coating when the content of TaB2 is
fixed. Nevertheless, the coating with the highest MoSi2
content but low TaB2 content failed to present the best
anti-oxidation performance because the instability of
the compound glass layer increased.
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