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Abstract

MoSi,, MoSi,—10 vol.% Al,O3, MoSi,—30 vol.% Al,O5 (denoted as MAO, MA1, MA3, respectively) coatings were fabricated by vacuum
plasma spraying (VPS), and their oxidation behavior was examined at low temperature (500 °C) and high temperature (1500 °C). The test at 500 °C
showed that the addition of Al,Oj; effectively restrained the pest oxidation of MoSi,. The MA1 coating had satisfactory fluid surface and presented
good oxidation resistance at 1500 °C. However, the MA3 coating showed worse oxidation resistant behavior compared with the MAO coating

because of mullite formation.
Published by Elsevier Ltd and Techna Group S.r.l.
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1. Introduction

MoSi, has been extensively researched during the last 30
years for its rather low density, high electrical conductivity and
very good oxidation resistance at high temperature, even in
aggressive environments [1]. It has been widely used as heating
elements operating at high temperatures, and in gas turbine
engines, missile nozzles, diesel engine grow plugs and so on
[2]. One of its important applications was as oxidation resistant
aerospace coating. Via the formation of a thin protective SiO,
layer, MoSi, can protect materials from further oxidation [3].

Many coating techniques have been suggested to fabricate
MoSi,, such as pack siliconizing, plasma spraying and
chemical vapor deposition [4-6]. Among the various coating
methods, plasma spraying is the most flexible thermal spray
process with respect to the sprayed materials. The high
temperature of plasma spray processes permits the deposition
of coatings for applications in areas of liquid and high
temperature corrosion and oxidation protection and also for
thermal, electrical and biomedical purposes [7].
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Unfortunately some engineering drawbacks for MoSi,
coatings, such as “pest” oxidation at low temperature (400-
600 °C), relatively high porosity and amorphous SiO, crystal-
lization, limited their applications [8]. Catastrophic nature of
the pest oxidation was proposed to occur through transport of
oxygen into the interior of MoSi, along pre-existing cracks,
grain boundaries, and/or pores, which was accomplished with
volume expansion of about 250% [9-11]. Therefore, coating
systems to bestow adequate oxidation resistance are required.
Among the various methods, the fabrication of composite
coatings was potentially useful [12]. The introduction of Al,O3
into the MoSi, matrix as second phase is focused in our
research. The network microstructure of oxides was supposed
to block the paths of oxygen diffusion that caused pest
oxidation at the low-temperature (around 500 °C) [13].
Besides, Al,O3; has proved to be effective for adjusting
viscosity and improving the crystallization temperature of SiO,
[14]. Furthermore, the excellent match of the coefficients of
thermal expansion of the two oxides and related absence of
residual thermal stresses during sintering and cooling ensured
the MoSi,—Al,O3 system to be stable up to 1600 °C [15].
However, there are limited data on the effect of Al,O5 addition
on the oxidation resistance of MoSi, coatings. The purpose of
this work was to investigate the oxidation behavior of MoSi,
coating with different amounts of Al,O; additions. MoSi,
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coating without Al,O3 reinforcement was prepared as well for
comparison.

2. Experimental procedures

Commercial MoSi, (Zhengzhou Chida Tungsten & Molyb-
denum Products Co., Ltd., China) and Al,0O; (Anyan
Tianchuang Hot spray Products Co., Ltd., China) powders
were chosen in the range of 1040 pm. MoSi, with 10 vol.%
and 30 vol.% Al,0O3 powders were mixed in a ball mill for 12 h,
then dried at 110 °C for 2 h. The deposition of coatings was
carried out with a vacuum plasma spraying equipment (F4-VB,
Sulzer Metco AG, Switzerland). Optimized deposition para-
meters of coatings are summarized in Table 1. Free-standing
coatings of thickness about 0.5-1.0 mm were fabricated for the
oxidation studies.

The crystalline phases of the powders and coatings were
analyzed by X-ray diffraction (XRD, RAX-10, Rigaku, Japan).
The surface and cross-section morphologies of the as-sprayed
and heat-treated coatings were investigated by field emission
scanning electron microscopy (FE-SEM, JSM-6700F, JEOL,
Japan).

3. Results and discussion

3.1. Characterization of powders and coatings before
oxidation

Fig. 1 shows the surface (a, ¢ and e) and cross-section (b, d
and f) morphologies of the as-sprayed coatings. The surfaces of
the MAO (0% Al,03) and MA3 (30% Al,O5 addition) coatings
constituted of insufficiently flattened protuberances and
unmelted particles. However, the MA1 (10% Al,O5 addition)
coating presented a comparatively different surface. Lamellar
structure, which is a common character of plasma sprayed
coatings was also observed from the cross-section morphol-
ogies. It was worth noticing that the MA1 coating had a finer
structure compared with the MAO and MA3 coatings.

Table 1

Spraying parameters of MoSi,—Al,O5 coatings.

Parameters Values
Power (kw) 35
Gas Ar (slpm) 42
Gas H, (slpm) 10
Spraying distance (mm) 300
Carrier gas Ar (slpm) 4
Pressure (mbar) 100

The XRD patterns of the powders and of the as-sprayed
coatings are compared in Fig. 2. Tetragonal MoSi, and small
amount of MosSi3 could be found in all the three kinds of
powders. A small reflection of Al,05 was detected in the MA1
and MA3 powders. The XRD patterns of the MAO, MA1 and
MA3 coatings showed: (i) MoSi, with a hexagonal lattice as the
main phase, (ii) more MosSi; as compared with the starting
powders, and (iii) the reflections of Al,O5 appeared in the MA1
and MA3 coatings too. Due to ultrahigh temperature of the
plasma plume and high cooling rate of the molten particles in
spraying process, the high temperature hexagonal MoSi, was
found to exist as the main phase in the coatings. The chemical
reaction between MoSi, and residual O, in the vacuum chamber
may contribute to the increase of the content of MosSi; (Eq. (1))
[16].

5MOSi2(5> + 702(g) - MOSSi3(s) + 78102(8) (1)

3.2. Oxidation behavior of coatings at low temperature
(500 °C)

The oxidation behavior at 500 °C was tested on the three
kinds of coatings. Fig. 3 presents the surface morphologies of
the oxidized coatings. The MAO coating (Fig. 3a) disintegrated
into a green powder with small rests of the original coating, oui
volume increasing dramatically after 16 h oxidation. A higher
magnification of Fig. 3a (Fig. 3d) shows MoOj-whiskers or

Fig. 1. Surface (a, c and e) and cross-section (b, d and f) morphologies of the as-sprayed coatings: (a and b) MAO (0% Al,0O3), (c and d) MA1 (10% Al,03), (e and f)

MA3 (30% Al,O3).
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Fig. 2. XRD patterns of (a) the powders and (b) the corresponding coatings.

platelets and amorphous SiO,-clusters, which are typical
products of pest oxidation [10]. This phenomenon of pest
oxidation well known for monolithic MoSi, didn’t happen in
the MA1 and MA3 coatings until 48 h, which meant that the
addition of Al,O; in the MoSi, coating could effectively
restrain its pest oxidation. Fig. 4 compares the XRD patterns of
the three kinds of coatings after the oxidation test. MoO5; was
detected as the main phase in the MAO coating, and a small
amount of MosSi; and residual tetragonal MoSi, were also
found. However, MoSi, and MoOj3; were found as main phases
in the MA1 and MA3 coatings whose intensity in MAO coating
was much lower than the MA1 and MA3 coatings. However, no
diffraction peak of Al,O5 was detected. No reflections of Al,O3
appeared in Al,O3-SiO, thin films deposited by E-beam
evaporation too [14]. But the reason for the absence of Al,O3
peaks need to be further investigated.

3.3. Oxidation behavior of coatings at high temperature
(1500 °C)

The oxidation behavior of the coatings at 1500 °C was also
studied. Mass change curve of MAO, MA 1 and MA3 coatings at
1500 °C is shown in Fig. 5. After oxidation for 30 h, the mass
gains of the MAO, MA1 and MA3 coatings were 1.45, 1.41 and
1.70 mg/cm?, respectively. The oxidation rate of the MAI
coating was lower than the MAO and MA3 coatings.

The surface (a, ¢ and e) and cross-section (b, d and f)
morphologies of the coatings which were oxidized at 1500 °C
for 7 h are illustrated in Fig. 6. The MA1 coatings had a much
smoother and denser surface compared to the MAO and MA3
coatings. However, the MA3 coating presented a porous
surface. The cross-section micrographs of the three coatings
show that a thicker oxide layer was formed on the surface of the

Fig. 3. Surface morphologies of coatings heated at 500 °C for 16 h: (a) MAO, (b) MALI, (c) MA3 and (d) higher magnification of (a).
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Fig. 4. XRD Patterns of MAO, MA1 and MA3 coatings heated at 500 °C for 16 h.

Fig. 5. Mass change curve of MAO, MA1 and MA3 coatings at 1500 °C.

MA3 coating compared with the MAO and MA1 coatings,
indicating that the MA3 coating had the worst oxidation
resistance among the three coatings. MosSis, tetragonal MoSi,
and SiO, were detected by XRD in all the three coatings

Fig. 7. XRD patterns of MAO, MA1 and MA3 coatings heated at 1500 °C for 7 h.

(Fig. 7). At the same time, mullite was found in the MA3
coating because of the reaction between Al,O5; and thermally
grown SiO, [17].

It is suggested that minor amounts of Al,O; may have
important effects on the glass forming ability of the batch, its
crystallization behavior and the tendency to phase separation
during casting or reheating of the glass, which may alter the
type and amount of the crystallized phases and consequently
affect the properties of the product [18]. An investigation [19]
of the effect of Al,O3; in the matrix of molybdenum and
tungsten disilicides on modifying the structure and oxidation
resistance of the coatings at high temperatures showed that
SiO, film alloyed with Al,O; formed over the modified
coatings at the beginning of the oxidation. Higher thermal
stability, higher crystallization temperature and better protec-
tive properties were got compared to the pure SiO, film formed
on the surface of the unmodified silicide coatings. However,
mullite was formed with increased amount of Al,O5 (30 vol.%),
which resulted in a porous surface of the oxide layer. The
integrality of SiO, protective film was destroyed and the
oxidation resistant capacity of MoSi, was reduced.

Fig. 6. Surface (a, ¢ and e) and cross-section (b, d and f) morphologies of coatings heated at 1500 °C for 7 h: (a) MAO, (b) MA1 and (c) MA3.
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4. Conclusions

MoSi,—Al,O3 composite coatings were fabricated by
vacuum plasma spraying. The addition of Al,O; could
effectively restrain the pest oxidation of MoSi, at low
temperature (500 °C). The addition of 10vol.% Al,O;
dispersed in thermally grown SiO, enhanced the fluidity of
glass, which guaranteed a good oxidation resistance at 1500 °C.
However, excess addition of Al,Oz (30 vol.%) into MoSi,
severely affected its oxidation resistance at high temperature
because of mullite formation.
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