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In this work, MoSi,, MoSi,-20 vol.% ZrO,, MoSi,-40 vol.% ZrO, (denoted, respectively, as MZ0, MZ2,
and MZ4) coatings were fabricated by vacuum plasma spraying technology. The oxidation behavior of
the coatings was examined at 500, 1200, and 1500 °C, respectively. Some basic properties of the coatings,
including microhardness, porosity, and surface roughness were characterized. The tests at 500 °C showed
that the pest oxidation phenomenon of MoSi, coatings was restrained by the addition of ZrQO,. The MZ2
coating exhibited excellent oxidation-resistant behavior both at 1200 and 1500 °C. However, the MZ4
coating presented the impaired oxidation-resistant behavior at 1500 °C, though the comparable oxida-

tion property at 1200 °C was still obtained.

Keywords microstructure, MoSi,, oxidation resistance, vac-
uum plasma spraying, ZrO,

1. Introduction

Intermetallics like silicides have been extensively
evaluated for high-temperature structural applications and
considerable attention has been directed toward refrac-
tory metal silicides (Ref 1). Molybdenum disilicide
(MoSi,) is a leading candidate for high-temperature
application due to its good oxidation resistance at elevated
temperature, relatively low density and coefficient of
thermal expansion, high-thermal conductivity and ther-
modynamic compatibility with a wide variety of potential
ceramic reinforcements (Ref 2). The excellent oxidation
resistance of MoSi, comes from the formation of a con-
tinuous SiO, film on its surface, which protects the
materials from further oxidation (Ref 3).

Many studies have revealed that MoSi, could be used
as protective coating material on various substrates and
many methods have been applied to fabricate MoSi,
coatings. Several surface treatment processes, such as
chemical vapor deposition, pack siliconizing, and vacuum
sintering, have been applied to deposit MoSi, onto Mo
substrate for protecting the substrate from oxidation at
high temperature (Ref 4).
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Unfortunately, there are some disadvantages of
monolithic MoSi, coatings, such as pest oxidation under
low temperature (around 500 °C). Catastrophic nature of
the pest oxidation was proposed to occur through trans-
port 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%
(Ref 5). Another problem is the high porosity (Ref 6).
Several methods have been developed to solve the draw-
backs of MoSi, coatings, among which the fabrication of
composite coatings is potentially useful (Ref 7).

ZrO, is a very attractive alternative reinforcing species
for MoSi,. The addition of ZrO, into MoSi, may block the
path of oxygen diffusion, therefore restrain the pest oxi-
dation (Ref 8). Besides, the addition of appropriate amount
of ZrO, progressively refined the grain size of MoSi, by
retarding its grain growth during the crystallization, which
improved the density of MoSi, (Ref 9). Furthermore, the
thermal expansion coefficient of ZrO, (9.6 x 107 ® K1) is
close to that of MoSi, (7.8 x 107® K1), suggesting thermo-
compatibility of the two materials, consequently, ZrO; has
been used to reinforce bulk MoSi, (Ref 10).

In this work, MoSi,-ZrO, composite coatings as well as
monolithic MoSi, coatings were fabricated by vacuum
plasma spraying (VPS) technology. The microstructures of
the coatings were characterized by scanning electron
microscopy (SEM) and X-ray diffraction (XRD). Microh-
ardness, porosity, and surface roughness of the coatings
were evaluated. The oxidation behavior of the coatings was
checked at 500, 1200, and 1500 °C, respectively.

2. Experimental Procedure

2.1 Materials and Preparation

Commercial MoSi, (Zhengzhou Chida Tungsten &
Molybdenum Products Co., Ltd., Zhengzhou, China) and
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ZrO, (with 7-8 wt% Y,03) (Anyan Tianchuang Hot
Spray Products Co., Ltd., Anyan, China) powders were
chosen in the size range of 10-60 pm. MoSi, powders with
20 and 40 vol.% ZrO, were, respectively, mechanically
mixed in a ball mill machine for 12 h, then dried at 110 °C
for 2 h.

The deposition of coatings was carried out with a
VPS equipment (F4-VB, Sulzer Metco AG, Wohlen,
Switzerland). The optimized parameters are summarized
in Table 1. Free-standing coatings of thickness about
0.5-1.0 mm were fabricated for the following examinations.

2.2 Composition and Microstructure
Characterization

The crystalline phases of the starting powders and
as-received coatings were analyzed by XRD (RAX-10,
Rigaku, Japan) operating with Cu Ko (A=1.5406 nm)
radiation. The surface and cross section morphologies of
the as-sprayed and heat-treated coatings were investigated
by field emission scanning electron microscopy (FESEM,
JSM-6700F, JEOL, Tokyo, Japan). The chemical compo-
sition of coatings was identified by energy dispersive spec-
trometer (EDS, PN-5502, INCA ENERGY, Oxford, UK).

The microhardness measurements were conducted on
the cross section of the as-sprayed coatings using a micro-
hardness instrument (HX-100, Shanghai Second Optical
Instrument Factory, Shanghai, China) under loading weight
4.9 N and duration time 15 s. The value obtained repre-
sented an average of 20 point measurements. The porosity
of the coatings was measured by an image analysis system
on the polished cross sections using a software (IMAGE,
National Institute of Health, Bethesda, USA). Three
duplicate measurements were carried out for each sample.
Surface roughness was measured by HOMMEL WERKE
(T8000, Wave, Villingen-Schwenningen, Germany). Twenty
measurements were carried out for each sample.

2.3 Oxidation Behavior Characterization

The free-standing coatings were, respectively, tested at
500, 1200, and 1500 °C to investigate their oxidation
behavior. For the oxidation tests at 500 and 1200 °C, the
specimens were placed in an alumina crucible in a tube
type furnace, the samples were put inside or taken out of
the furnace directly to air within several seconds. For the
oxidation tests at 1500 °C, the specimens were placed in
an alumina crucible in a box-type furnace, the samples
were furnace-heated and cooled by 5 K/min.

Table 1 Vacuum plasma spray parameters
of MoSi,-ZrO, coatings

Parameters Values
Power, kW 35
Gas Ar, slpm 42
Gas Hy, slpm 10
Spraying distance, mm 300
Carrier gas Ar, slpm

Pressure, mbar 100

Journal of Thermal Spray Technology

é

3. Results and Discussion

3.1 Microstructure Characterization
of the As-Sprayed Coatings

The XRD patterns of the starting powders and as-
sprayed coatings are shown in Fig. 1. Tetragonal MoSi,
could be found in all of the three kinds of powders. At the
same time, additional tetragonal and cubic ZrO, phases
were detected in the MZ2 and MZ4 powders (Fig. 1a). The
XRD patterns of the MZ0, MZ2, and MZ4 coatings show
that tetragonal MoSi, has been converted to hexagonal
MoSi, after the spraying process. Further, a small amount
of MosSi; was detected in all of the three kinds of coatings.
It was thought that due to the ultrahigh temperature of
plasma plume and high-cooling rate of the molten particles
during the spraying process, the high-temperature hexag-
onal MoSi, was kept as the main phase in the coatings.
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Fig. 1 XRD patterns of (a) MoSi,-ZrO, powders and (b) cor-
responding plasma sprayed coatings
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According to Eq 1, it was supposed that the existence of
MosSi; phase was caused by the chemical reaction between
the melted MoSi, powders and residual oxygen in the
vacuum chamber (pressure of the chamber: 100 mbar).
Tetragonal and cubic ZrO, were still found in the XRD
patterns of the MZ2 and MZ4 coatings, which revealed
good chemical compatibility between MoSi, and ZrO,.

SMOSiz(S) + 702(g) — M058i3(s) + 7Si02(s) (Eq 1)

The surface morphologies of the as-sprayed MoSi, and
MoSi,-ZrO, composite coatings are shown in Fig. 2(a, c,
and e). It can be seen that the surfaces of the MZ0
(Fig. 2a) and MZ2 (Fig. 2c) coatings were mostly com-
posed of well-flattened splats. However, the MZ4 (Fig. 2e)
coating presented a rougher surface which was constituted
of insufficiently flattened protuberance and unmelted
particles. The cross section SEM pictures of the as-sprayed
coatings are given in Fig. 2(b, d, and f). Lamellar structure,

10 pym

which was a common character of plasma sprayed coat-
ings, was observed in the MZ0 and MZ2 coatings. It was
worth noticing that the MZ2 coating has a finer structure
compared with that of the MZ0 coating. However, similar
lamellar structure was not found for the MZ4 coating. It
was supposed that the ZrO, powders were not easy to be
fully molten due to its higher melting point compared with
that of MoSi, (ZrO,: 2700 °C, MoSi,: 2030 °C), which led
to the heterogeneity of the coating.

Some basic properties of the coatings, including
porosity, microhardness, surface roughness, are summa-
rized in Table 2. It can be seen that the MZ4 coating has
the maximum surface roughness. The porosities of the
MZ0, MZ2, and MZ4 coatings are 5%, 2%, and 4%,
respectively. Microhardness of the as-sprayed MZ0, MZ2,
and MZ4 coatings are 6.85 + 0.80, 8.16 £ 0.94, and
6.63 + 1.52 GPa, respectively. The results showed that
the addition of 20 vol.% ZrO, reduced the porosity and

10 ym

Agelomeration

Fig. 2 Surface (a, c, e) and cross section (b, d, f) morphologies of the as-sprayed coatings: (a, b) MZ0, (c, d) MZ2, and (e, f) MZ4
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Table 2 Properties of the as-sprayed coatings enhanced the microhardness of MoSi, coatings.
- - Bhattacharya (Ref 9) prepared MoSi,-ZrO, composites ;E
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oatings ° a um erty. They found that the addition of appropriate ZrO, oy
MZ0 5 6.85 £ 0.80 371 £035 progressively refined the grain size of MoSi, by retarding ‘<°
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MZ4 4 6.63 £ 1.52 5.48 £ 0.56 ; : S
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Fig. 3 XRD patterns of the MZ0, MZ2, and MZ4 coatings Fig. 5 XRD patterns of the MZ0, MZ2, and MZ4 coatings
heated at 500 °C for 16 h heated at 1200 °C for 50 h

nagnification

Fig. 4 Surface morphologies of the coatings heated at 500 °C for 16 h: (a) MZ0, (b) MZ2, (c) MZ4, and (d) higher magnification of (a)
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ZrO, was found to be unevenly distributed in the MoSi,
matrix and agglomeration phenomenon happened, which
caused the heterogeneity of the mechanical properties.

3.2 Oxidation Behavior of the Coatings at 500 °C

The monolithic MoSi, is prone to oxidize through
pores, cracks, and grain boundaries around 500 °C. It
disintegrates into a green powder and their volumes in-
creased extremely, which is known as the pest oxidation
(Ref 11). At this temperature, MoSi, was oxidized by the
reaction expressed as Eq 2. Solid MoO; impedes the for-
mation of a dense protective SiO, scale and the molar

volume increases by 250%.
2MOSi2(S) + 702(g) — MOO3(S) + 4Si02(5) (Eq 2)

The XRD patterns of the coatings oxidized at 500 °C for
16 h are given in Fig. 3. MoOj; was detected as the main

phase in all the three coatings, a small amount of MosSi3
and residual tetragonal MoSi, were also found. However,
the intensities of MoSi, peaks in the MZ2 and MZ4
coatings were much higher than that of the MZO0 coating.
Figure 4 shows the surface morphologies of the MZO0,
MZ2, and MZ4 coatings after being oxidized at 500 °C for
16 h. It was found that pest oxidation phenomenon took
place in the MZ0 coating after 16 h oxidation as shown in
Fig. 4(a). But it did not happen in the MZ2 and MZ4
coatings until 40 h. A higher magnification picture of
Fig. 4(a) is given in Fig. 4(d) and many crystalline MoOj3-
whiskers or platelets and amorphous SiO,-clusters
appeared in the MZ0 coating after 16 h heat treatment at
500 °C in air, which were the main products of pest oxi-
dation (Ref 5). However, the surface pictures of MZ2 and
MZ4 coatings (as shown in Fig. 4b, c) presented intact and
dense microstructure, which indicated that the addition of
Zr0O, in MoSi, coating could restrain the pest oxidation of

resin

10 pm

ide layer . resin

resin

10 pm

Fig. 6 Surface (a, c, e) and cross section (b, d, f) morphologies of the coatings heated at 1200 °C for 50 h: (a, b) MZ0, (c, d) MZ2, and

(e, ) MZ4
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MoSi, to some extent. Though the oxidation behavior of
the coatings is related to the porosity at such low tem-
perature, it has been proved that the addition of oxides
could restrain the pest oxidation of MoSi, to some extent
(Ref 12).

In previous studies (Ref 5), grain boundaries, defects
such as pores and cracks have been considered important
factors influencing the pest oxidation of MoSi,. Wang
et al. (Ref 13) found that the network microstructure of
oxides was formed along the edges of grain boundaries
of the MoSi, matrix. As a result, the paths of oxygen
diffusion that caused pest oxidation were blocked and
the low-temperature oxidation resistance was greatly
improved. In the present study, the addition of ZrO,
into MoSi, retarded the diffusion of oxygen and
enhanced its low-temperature oxidation resistance.
Besides, the porosities of the MZ2 and MZ4 coatings
were lower than that of MZ0 coatings, which reduced
the defects and contributed the inhibition of pest oxi-
dation of the coatings.

3.3 Oxidation Behavior of the Coatings at 1200 °C

The coatings were oxidized at 1200 °C for 50 h to
investigate the application of MoSi, composite coatings in
the area of protecting high-temperature alloys. Figure 5
presents the XRD results of the oxidized coatings.
Tetragonal MoSi,, MosSis, and SiO, were identified to be
the main phases of all the three coatings, meanwhile,
Z1Si0,4 was detected in the MZ2 and MZ4 coatings.

Figure 6(a, c, and e) illustrates the surface morpholo-
gies of the oxidized coatings, from which it can be
observed that the surfaces of all the three kinds of coatings
were mostly composed of glassy SiO,. The polished cross
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Fig. 7 XRD patterns of the MZ0, MZ2, and MZ4 coatings
heated at 1500 °C for 7 h
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section pictures of the oxidized coatings are given in
Fig. 6(b, d, and f). The oxide layers with almost the same
thickness were visible on the surfaces of the three kinds of
coatings, indicating that the MZ2 and MZ4 coatings had
comparable oxidation behavior to the MoSi, coating at
1200 °C.

3.4 Oxidation Behavior of the Coatings at 1500 °C

To investigate the potential application of MoSi,
composite coatings at higher temperature, such as pro-
tective coatings for carbon/carbon composite, the oxida-
tion behavior of the coatings around 1500 °C was also
processed (Ref 4). The MZ0, MZ2, and MZ4 coatings
were oxidized at 1500 °C for 7 h. The XRD patterns of the
oxidized coatings are illustrated in Fig. 7. It was found that
the diffraction intensity of SiO, phase increased as com-
pared with those in the 1200 °C tests (Fig. 5). The ZrSiO,4
phase was also detected in the MoSi,-ZrO, composite
coatings. The surface morphologies of the oxidized coat-
ings are shown in Fig. 8(a, c, and e). Glassy SiO, were also
observed for all the three kinds of coatings. The cross
section morphologies of the oxidized coatings are given in
Fig. 8(b, d, and f), which revealed that both of the MZ0
and MZ2 coatings maintained dense surface oxidation film
with thicknesses less than 10 um which indicating the
excellent oxidation resistance of the coatings. However, a
thick-oxide layer of more than 30 um having a loose
structure with many pores formed on the surface of the
MZ4 coating. Most publications agreed that the formation
temperature of ZrSiO, varied between 1300 and 1700 °C,
resulting in different published phase diagrams (Ref 14).
Suzuki et al. (Ref 15) demonstrated that the formation of
Z1SiOy started from ZrO, and SiO, was accompanied with
a large volume change causing the formation of voids (up
to 10 vol.%) in the coatings. In the MZ4 coating, most of
ZrO, reacted with thermally grown SiO, of MoSi, to form
Z1SiOy by the heat treatment. This process consumed too
much protective glassy SiO, and also accompanied with a
large volume change (Ref 16). Thus the voids were formed
in the MZ4 coating heated at 1500 °C; however, they were
not found at 1200 °C.

4. Conclusions

MoSi,-ZrO, composite coatings were fabricated by
VPS method. It was found that the addition of 20 vol.%
ZrO, in MoSi, reduced the porosity and enhanced the
microhardness of MoSi, coatings. The addition of ZrO,
could restrain pestoxidation of plasma sprayed MoSi,
coatings to some extent at low temperature (around
500 °C). MoSi,-20 vol.% ZrO, composite coatings main-
tained excellent oxidation resistance both at 1200 and
1500 °C. However, ZrO, content (40 vol.%) in the MoSi,
coating could impair oxidation resistance of the coating at
1500 °C owing to the volume change caused by the
decomposition of ZrSiO,, though the comparable oxida-
tion property at 1200 °C was still obtained.
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Fig. 8 Surface (a, c, e) and cross section (b, d, f) morphologies of the coatings heated at 1500 °C for 7 h: (a, b) MZ0, (c, d) MZ2, and
(e, f) MZ4
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