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Improvement of the Adhesion Strength
of MoSi,-ZrB, Coating by Optimizing Particle
Spraying and Subsequent Heat Treatment
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A MoSi,-ZrB, coating was prepared on SiC-coated C/C composites by supersonic plasma spraying, and
the effects of particle diameter and subsequent heat treatment in argon at different temperatures on the
adhesion strength were studied. The results show that the MoSi,-ZrB, coating sprayed with an average
powder diameter of 29.2 pm could melt thoroughly and form a dense structure without micro-pore,
which results in a relatively good adhesion strength of 11.4 MPa compared with 9.2 and 8.6 MPa of the
coatings sprayed with the powder diameter of 58.2 and 35.5 pm. The coating presents a decreasing
porosity from 2.2 to 1.5% and an increasing adhesion strength from 11.6 to 16.9 MPa after heat treat-
ment at 800 °C, which is mainly caused by slight sintering of SiO, and B,0;

Keywords coating, heat treatment, particle diameter, plasma
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1. Introduction

Carbon/carbon (C/C) composites have attracted
numerous attentions in decades, owning to their low
density (<2.0 g/em®), high strength and modulus, low
coefficient of thermal expansion, good thermal impact
resistance and stable mechanical properties at elevated
temperature, which made them a logical choice as the
thermal structural materials in the field of aeronautics and
astronautics (Ref 1, 2). Unfortunately, these composites
are easy to be oxidized above 400 °C in oxygen-containing
environments. Coating is a feasible method to protect
them against oxidation. Among ultrahigh-temperature
ceramics, ZrB, and MoSi, are considered as the ideal
candidate coating materials in thermal protective systems
in aerospace applications, because of their excellent high-
temperature mechanical properties, and good thermal
shock and oxidation resistance between 700 and 1400 °C
(Ref 3). Many techniques have been applied to fabricate
the ZrB, or MoSi, based coatings, such as hot pressing
(Ref 4), in situ reaction method (Ref 5, 6), and atmo-
spheric plasma spraying (Ref 7-9).

Thermal spraying is a highly efficient method to deposit
coating. However, the sprayed coatings exhibit a porous
structure (Ref 10), which could not create an effective
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barrier for substrate from corrosive environment. Many
ways have been attempted to improve the coating homo-
geneity, release residual stress, reduce the porosity and
enhance the adhesion strength, such as optimizing the
spraying parameters (Ref 11, 12) and environment of
spraying process (Ref 13-15), and performing a treatment
of the coating to seal the holes (Ref 16).

In practical applications, the adhesion strength between
coating and substrate directly influences the reliability of
coatings. Numerous methods were proposed to evaluate the
adhesion strength between the coating and substrate, i.e.,
indentation tests, shear tests and adhesion strength (Ref 17).
The adhesion strength of plasma-sprayed coating lies on
spraying system, spraying parameters, morphology of feed
powder, roughness of substrate, residual stresses in coating
and type of bond coating. Once the adhesion strength of the
coating is not sufficient, the coating might be pulled out and
loss protection ability (Ref 18). It is still a big challenge to
improve the adhesion ability of the sprayed coatings.

Heat treatment is an effective and rapid technology to
obtain a desirable sprayed coating. Ghadami (Ref 18)
reported that some chemical reactions might happen be-
tween the coating materials and substrate after heat
treatment above 900 °C and the adhesion strength pre-
sented an obvious improvement. Particle diameter is an-
other significant parameter on the structure of coating,
which has a direct relation with the melting degree of the
particles and with the accumulation of lamellar droplets in
the process of spraying. Berndt (Ref 19) reported that the
adhesion strength of plasma-sprayed WC-Co coating
could be improved with increasing melting degree of
particle due to a better particle flattening. In addition, the
bond coating could increase the adhesion strength of the
resultant coating by reducing stresses in the coating. SiC
coating prepared using pack cementation method shows
dense structure, high combination strength with the
substrate and rough surface. These performances are
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beneficial for spraying the outer coating. Therefore, SiC
coating is generally prepared on C/C composites to act as
a bond coating.

In this work, a MoSi,-ZrB, coating was prepared on
SiC-coated C/C composites by supersonic plasma spray-
ing. The effects of spraying particle diameter and heat-
treatment temperature on the microstructures of MoSi,-
ZrB, coating were studied, and the interface de-bonding
behavior between coating and substrate was also dis-
cussed.

2. Experimental

2.1 Coating Preparation

As the substrate, bulk 2.5D C/C composites were pre-
pared via gradient chemical vapor infiltration method.
Then they were cut into small cubes with a dimension of
10 x 10 x 10 mm and cylinders with a dimension of ¢
25 x 5 mm, finally the specimens were cleaned with
absolutely ethyl alcohol in the ultrasonic bath and dried at
80 °C for 2 h.

The inner SiC coating was prepared as a transition
layer on 2.5D C/C specimens by pack cementation. De-
tails about the preparation process were reported in (Ref
20). The outer MoSi,-ZrB; coating was prepared by high-
efficient supersonic plasma spraying (HEPJ-100, Ar-
mored Corps Engineering College, China). The feed
powder of MoSi,-ZrB, was prepared using centrifugal
evaporation method (LGZ-5 centrifugal spray dryer,
Wuxi Dongsheng spray drying machinery factory, Chi-
na). MoSi, (mean diameter is 12.7 um, 99% purity,
Songshan tungsten and molybdenum materials Co. Ltd.,
China) and ZrB, (mean diameter is 13.5 um, 99.99%
purity, Dandong Chemical Co., Ltd., China) powders
were dry-milled together in zirconium oxide pot for 2 h.
First, polyvinyl alcohol (PVA) was dissolved into water
with the concentration of 2 wt.% to obtain the solution.
Then the same-mass solution and milled powders were
mixed and evaporated at about 120 °C using centrifugal
spray dryer.

The obtained powder was sieved by 200 and 400 grit
meshes, and then the sieved powder was collected,
respectively, and marked as follows: particle A (powder
over 200 grit mesh), particle B (powder between 200 and
400 grit mesh), particle C (powder below 400 grit mesh).
The coatings were prepared by supersonic plasma spray-
ing with particles A, B, C, respectively. In order to obtain
these coatings with the same thickness, the cross section of
the sprayed coatings was observed under microscopy and
the spray duration was adjusted accordingly. The spraying
parameters were shown in Table 1. All of the spray
parameters were the same for all the particle sizes. In
order to observe the microstructure evolution of the spray
particle, the sprayed particles were collected from the
flame flow exit. They were directly sprayed into water,
then the water vapored at 80 °C, and the dry particles were
obtained.
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2.2 Heat Treatment of the Coated Samples

The MoSi,-ZrB,-coated samples sprayed with particle
types A, B and C were placed in the furnace, filled with
flowing argon and heated at a rate of 5 °C/min. The
samples were heat-treated at 800, 1000 and 1200 °C,
respectively, for 1 h, and then cooled inside the furnace to
room temperature.

2.3 Characterization

Adhesion test was performed according to the standard
test ASTM C633 (Ref 21), which was dedicated to ther-
mal-sprayed coatings. The cylindrical SiC-coated C/C
specimens were sprayed with 40MoSi,-60ZrB, on one
side. Then the cylindrical samples were joined both sides
with two cylindrical counter parts using high-strength
epoxy, which was solidified at room temperature for 24 h.
The cylindrical counter parts have a dimension of ¢
25 mm x 173 mm. The adhesion load was applied with a
universal adhesion machine (CMT5304-30kN) on samples.
The velocity of tensile is 5 mm/min. The largest force
before failure, F, was recorded for each specimens. The
strength value was averaged from three tests under the
same condition and calculated according to Eq 1 (Ref 21).

o =F/A(MPa) (Eq 1)

where o is the adhesion strength value, F is the applied
load, and A is the section area of sample.

The microstructure and fracture surface of the coatings
were investigated by scanning electron microscope (SEM,
JSM-6460, JEOL Ltd, Mitaka, Japan). The crystalline
phases of as-sprayed and heat-treated coatings were
identified using x-ray diffraction (XRD, X Pert PRO,
PANalytical, Almelo, Netherlands). The particle diameter
distribution and porosity of the coatings were measured
using Image J software. First, at least five pictures of the
sprayed coating microstructure were taken to get an even
value. Then, binarization process of these pictures high-
lighted the pores, and the area of pores was calculated by
the software. The SEM pictures of spray particles were
taken to get the average particle diameter. The pictures
were threshold into binary images, and then the image was
scanned to find the edge of each particle. After statistical
analysis by the software, the results of the particle count
and average particle size were displayed.

3. Results and Discussion

3.1 Effect of Particle Diameter

Figure 1 shows the mean diameter of three original
particle types: A, B, C, and their corresponding particle
after spraying: a’, b, ¢/. The mean diameter of particles
A, B, C decreases from 58.2 to 29.2 um. The mean
diameter of their corresponding particles, a’, b’, ¢’ col-
lected after spraying also decreases from 45.6 to 13.1 um.
It can be found that the particle diameter after spraying
is smaller than that of the original one. Particle C has the
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Table 1 Parameters of thermal spraying process

H, (second gas) Ar (primary gas) Ar (carrier gas) Power Feed rate Distance
4 L/min 75 L/min 10L/min 50 kW 20 g/min 100 mm
60 interface between SiC and outer coating sprayed with

RN original particle
‘- particle after spraying

mean particle diameter (pnm)

A a' B b' c d

Fig. 1 ZrB,-MoSi, mean particle diameter of three types of
powder before and after spraying

maximum reduction of diameter, reaching nearly half of
originally average particle diameter. The volume
shrinkage of the particle is mainly attributed to the high-
temperature spray torch, which could melt the porous
feed powder and then form a denser structure. The
smaller particle has a bigger specific surface to absorb
more heat for melting.

Figure 2 shows surface and cross-sectional morpholo-
gies of the original ZrB,-MoSi, agglomeration powder
and different diameters of sprayed powder. Figure 2(a-d)
shows surface morphologies and Fig. 2(e-h) shows cross-
sectional morphologies of particles. The particle of origi-
nal powder contains thousands of little pieces, and these
pieces cohered together to form a porous spherical struc-
ture (Fig. 2a) with a rough surface and a hole inside
(Fig. 2e). After the process of spraying, some pieces were
fused by the torch. From Fig. 2(b and f), it can be seen
that only external thin layer of particle A was partly melt,
which is still rough with obvious pieces. In addition, the
particles were embedded at different horizontal planes in
resin. Different particles would expose different positions
when we polished the embedded samples. Therefore, the
molten outer layer of particles could be observed. For
particle B (Fig. 2c and g), they were mostly melted into a
smooth surface and contain some un-melted part. As for
particle C (Fig. 2d and h), they were totally melted, and
have dense cross-sectional morphology without un-melted
piece.

Figure 3 shows cross-sectional morphologies of SiC-
coated C/C composites sprayed with particle type A
(Fig. 3a), particle type B (Fig. 3b) and particle type C
(Fig. 3¢). The coating sprayed with particle types A, B and
C has a thickness of ~84 pm. There are some cracks at the
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particle A. Figure 3(b) shows that the coating is not dense
with many pores in it. Figure 3(c) shows that the coating is
dense without obvious pore. The formation reason of
these structures could be explained as follows. In the
process of spraying, particles impacted the substrate or
deposited lamellar particles to form coating. Melting de-
gree is a significant factor to determine the porosity of the
coating. Melted part made the greatest degree of distor-
tion to cater to the shape of the substrate and formed a
dense structure (Fig. 3c). Whereas un-melted part has
many pores in single particle, and the pores would distort
to survive in the coating during deposition. Particle size is
another important factor since spaces would form between
flatten particles. The bigger the particle diameter, the
greater the space is between them after flattening. Based
on the above analyses, the coating sprayed with type C
performed better property.

Figure 4 shows the adhesion strength of coatings
sprayed with different diameters. Coating sprayed with
particle C has the largest adhesion strength of 11.4 MPa.
The coating sprayed with particle A has the weakest
adhesion strength of 8.6 MPa. Particle C was fully melted
during spraying, so all of them impacted the substrate to
form a dense structure without un-melted part, which will
alleviate the stress concentration around the un-melted
part. This compact structure strengthened the interface
between the substrate and the coating. Particles A and B
could not melt fully, and stress concentration would be
formed in their coatings around un-melted part and
obvious gaps between droplets. Those resulting in a lower
adhesion strength. From Fig. 3, the coating sprayed with
particle C is denser than with particles A and B. The de-
fects existed in coating were benefit for crack propagation
and hence induced a weak adhesion strength of the coat-
ing.

Figure 5 shows the fracture surface morphologies of
the coatings sprayed with different particle diameters after
adhesion tests. Figure 5(a) presents a smoothly regular pit
at the fracture surface of the outer coating, which was
sprayed with particle A. The pit is the split-off mark of un-
melted particle. From Fig. 5(b), the fracture surface of
coating sprayed with particle B presents a lamellar struc-
ture. The fracture of coatings sprayed with particles A and
B mainly occurs in the outer layer, because the surfaces
were covered with large areas of outer coating. This
inferring a weak cohesive adhesion strength of the outer
coating. In Fig. 5(c), the most area of fracture surface was
SiC inner coating which has been peeled off partially, and
the rest outer coating is dense and jointed with SiC well.
The fracture position indicates a strong cohesive adhesion
strength of the outer coating. Figure 5(d) shows the
macro-fracture graphs of the coating sprayed with
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Fig. 2 Surface and cross-sectional morphologies of original agglomeration powder (a) (e) and different diameter of sprayed ZrB,-MoSi,
powder particle type A corresponding to (b, f); particle type B corresponding to (c, g); particle type C corresponding to (d, h)

particles A, B and C. With the increasing of the particle
diameter, the amount of peeled sprayed coating de-
creased. The fracture happened mainly at the interface
between the sprayed outer coating and SiC coating.

3.2 Effect of Heat Treatment

Figure 6 shows the XRD patterns of each ZrB,-MoSi,
coating before and after heat treatment for different
temperatures. The as-sprayed ZrB,-MoSi, coating was
composed of ZrB,, MoSi,, monoclinic ZrO,, MosSi; and
Si0,. The plasma spraying process was carried out in air,
and the original materials reacted with the oxygen to form
new phases under high-temperature environment. ZrQO, is
the product of ZrB, and O, during spraying process.
MosSi; and SiO, is the product of MoSi, and O,. After
heat-treated at 800 °C, the peak intensity of m-ZrO, phase
became stronger. When the heat treatment temperature
was 1000 °C, a new phase, tetragonal ZrO,, was detected
due to the monoclinic-tetragonal transition of crystalline
ZrO, at around 1000 °C, and the peak intensity of all
phases increased. For heat treatment at 1200 °C, the peak
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intensity became stronger, and the phase composition did
not change compared with 1000 °C. The reason why the
peak of MosSis and ZrO, become very strong after 1200
°C treatment should has two aspects. One is that the heat
treatment will increase the crystal size of Mo3Sis and
Zr0O,, and thus increase their crystalline. The other might
be that oxygen still exists in the argon atmosphere which
could react with MoSi, and ZrB, to form MosSis and ZrO,
during heat treatment. No new alloy phase was formed
during the heat treatment process.

Figure 7 shows the back-scatter scanning (BSE) cross-
sectional microstructures of ZrB,-MoSi, coatings sprayed
with particle B performed in the argon protecting envi-
ronment for 1 h at 25 °C (Fig. 7a), 800 °C (Fig. 7b), 1000
°C (Fig. 7c) and 1200 °C (Fig. 7d). The as-sprayed coating
(Fig. 7a) shows many interlayer pores and micro-cracks in
it. After heat-treated at 800 °C, the coating became den-
ser. With the further increase of the processing tempera-
ture, some obvious defects like pores and cracks were
formed again in the coating. From Fig. 7(b), there are two
phases in the coating, including the light gray phase
marked as 1 and the dark gray phase marked as 2. From
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Fig. 3 Cross-sectional morphologies of coatings prepared on
SiC-coated C/C composites with particle type A (a), particle type
B (b) and particle type C (c)

the energy dispersive analysis results of phase 1 and 2, it
can be seen that phase 1 consists of element O, Si, Mo with
atomic number ratio of 35:26:30, and phase 2 consists of
element O, B, Zr with atomic number ratio of 57:24:19.
Combined these results with XRD in Fig. 6, it can be
deduced that the phase 1 contains SiO, and MoO3, and
phase 2 contains B,O3 and ZrO, in ZrB,-MoSi, coating
after heat treatment at 800 °C. These phases were oxides
of ZrB, and MoSi, during coating preparation. ZrB, oxi-
dizes to form both ZrO, and B,0;. The B,0j; is liquid
above ~425 °C but volatilizes above ~1000 °C (Ref 22).
Si0, and MoO; form as the oxidation product of MoSi,.
The torch of spray has very high temperature to melt
particles, then these particles were impacted on the cold
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Fig. 4 Adhesion strengths of coatings sprayed with different
diameter of ZrB,-MoSi, powder

substrate to form coat in less than a second. This ultrafast
speed and great temperature variation are essential con-
ditions of glass formation. Hence, the MoOj; and B,0O;
could be hardly detected in the XRD. After heat-treated
at 1200 °C (Fig. 7d), the cross section of coating shows two
regions, the left part contains few white phase and the
right part still has some white phase, which confirms the
evaporation of low melting phases.

Figure 8 shows the porosity of each ZrB,-MoSi, coat-
ing after heat treatment for different temperatures. After
heat-treated at 800 °C, the porosity of ZrB,-MoSi, coating
decreased from 2.2 to 1.5%. With the increasing of the
heat treatment temperature, the porosity of the coating
increased to 3.0%. This porosity decreasing was mainly
caused by the fusion of SiO, and B,O5 (T, =445 °C) (Ref
20) (the oxides of raw materials acquired in the process of
spraying) at 800 °C, which could flow to fill interlayer
pores. Additionally, B,O3 benefits the fluidity of the SiO,
at the intended temperature which facilitate the filling of
cracks (Ref 23). When the temperature reached up to
1000 °C, with the further increase of the processing tem-
perature, low melting materials like MoO; (Ref 15) and
B,0; started to vapor, which could leave some pores.
Additionally, during the heat treatment, ZrO, was partly
transformed from monolithic phase into tetragonal phase,
which leads to volume reduction and thus leaves pores in
the coating.

Figure 9 shows the adhesion test result of ZrB,-MoSi,
coating sprayed with particles A, B and C after heat
treatment for different temperatures. The adhesion
strength of the coating sprayed with particle B increased
from 11.6 to 16.9 MPa after heat-treated at 800 °C,
whereas it decreased with the increasing of the heat
treatment temperature. Results indicated that a proper
heat treatment temperature could optimize the
microstructure of the coating and then increase the
adhesion strength for the ZrB,-MoSi, coating. The im-
proved adhesion strength has a significant relationship
with the fusion of SiO, and B,Os;, because they could

Journal of Thermal Spray Technology
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Fig. 5 Fracture surface morphologies of adhesion tests (a) coating sprayed with particle A, (b) coating sprayed with particle B, (c)
coating sprayed with particle, (d) macro-fracture surfaces of the coating sprayed with particle types A, B and C
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Fig. 6 XRD patterns of each ZrB,-MoSi, coating after heat
treatment for different temperatures

make the coating denser and possess stronger cohesion
ability. The adhesion strength of the coating sprayed with
particle A has a slight decrease after heat treatment, and
the heat treat temperature has little effect on the adhesion
strength of the coating. The reason might be that the space
of each droplet is too big to be filled with glass phases, and
hence the strength is almost unchanged. The adhesion
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strength of the coating sprayed with particle C increased
after heat treatment at 800 °C and then decreased dras-
tically at 1000 and 1200 °C. The reason should be that here
still existed tiny spaces between these droplets, and the
glass phases were easy to fill those spaces to form a denser
structure of the coating at 800 °C. While the diameter of
particle C is the smallest diameter, they have been totally
melted to produce the most amount of glass phases during
spraying process. This phenomenon is benefit for glass
phases melting to fill the spaces; nevertheless, it is unfa-
vorable for coating to be processed at above 1000 °C due
to the evaporation of MoOj and B,0Oj3;. The evaporation
left a lot of pores in coating and eventually led to the
decrease of the adhesion strength. Besides, during the
deposition process, ZrO, formed as tetragonal phase was
transformed into monolithic phase. After heat treatment,
residual stress produced during deposition was reduced,
which is also benefit for improvement of adhesion
strength.

Figure 10 shows the fracture surfaces of the coatings
for heat-treated at different temperatures after adhesion
tests. The fracture surface in this work includes three
kinds of components: C/C substrate (dark phase with
parallel fiber bundles), SiC inner coating (dark gray crys-
talline phase) and ZrB,-MoSi, outer coating (light gray
phase). Figure 10(a) shows a large area of ZrB,-MoSi,
coating attached at the SiC coating, companied with pores
and cracks between these two phases. The fracture hap-
pened between the outer ZrB,-MoSi, coating and inner
SiC coating with an adhesion strength of 11.6 MPa. This
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Fig. 7 BSE cross section images of ZrB,-MoSi, coatings sprayed with particle type B (a) as-sprayed, (b) heat-treated at 800 °C, (c) heat-
treated at 1000 °C, (d) heat-treated at 1200 °C; and element dispersive analysis of phase 1 and phase 2 presents in (b)
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Fig. 8 Porosity of each ZrB,-MoSi, coating sprayed with par-
ticle type B after heat treatment for different temperatures

demonstrated a weak adhesion strength of the outer
coating with SiC coating, and a weaker cohesive strength
of the outer coating itself. The weak adhesion strength was
resulted from a mechanical joint of SiC and sprayed ZrB,-
MoSi, coatings and a porous structure of the outer coat-
ing.
In Fig. 10(b), the fracture surface was composed of SiC
coating, C/C substrate and basically no outer coating. It is
obvious that the fracture mainly happened at the interface
between SiC coating and C/C substrate, which indicates a
stronger adhesion strength of SiC coating with C/C sub-
strate than with ZrB,-MoSi, coating after being treated at
800 °C. This is attributed to the compact outer coating
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Fig. 9 Adhesion test result of each ZrB,-MoSi, coating sprayed
with particles type A, B and C after heat treatment for different
temperatures

after heat treatment. The defects in the outer coating like
pores and cracks were healed by SiO, and B,O; phases
whose melting points were below 800 °C.

Figure 10(c, d) show the fracture surfaces of ZrB,-
MoSi, coatings heat-treated at 1000 and 1200 °C. Their
fracture happened within the outer coating, and it is clear
that the outer coating was full of micro-pores. Addition-
ally, the adhesion strengths of the coatings after heat-
treated at 1000 and 1200 °C were obviously lower than
that of the as-sprayed coating. This can be explained that
MoOj; and B,03 (the oxides of the coating raw materials)
began to evaporate at above 1000 °C, which produced
micro-pores and micro-cracks in the outer coating and

Journal of Thermal Spray Technology
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Fig. 10 Fracture surface morphologies of the coating sprayed with particle B after adhesion tests (a) as-sprayed, (b) heat-treated at 800
°C, (c) heat-treated at 1000 °C, (d) heat-treated at 1200 °C, (e) macro-fracture surfaces of the coating sprayed with particle type B after

heat-treated at different temperature

finally resulted in a weak adhesion strength of the outer
coating. Figure 10(e) shows macro-fracture surfaces of the
coating sprayed with particle type B after heat-treated at
800, 1000 and 1200 °C. After 800 °C heat treatment, the
fracture surface mainly formed in the C/C substrate. For
1000 °C, the fracture happened at the interface between
SiC and the sprayed coatings. For 1200 °C, the fracture
also happened in sprayed coatings, and lots of pores (black
points) could be observed. Those pores correspond to the
porous structure as shown in Fig. 7(d).

4. Conclusions

A MoSi,-ZrB,; coating was prepared on SiC-coated C/C
composites by supersonic plasma spraying. The fine
spraying particle with an average diameter of 29.2 pym
could form a dense structure without micro-pore and
alleviate the stress concentration around un-melted part,
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which leads to a better adhesion strength of 11.4 MPa
compared with 9.2 and 8.6 MPa of the coatings sprayed
with the powder diameter of 58.2 and 35.5 pm.

Heat treatment of ZrB,-MoSi, coating sprayed with
particle diameter of 35.5 um at 800 °C in argon atmo-
sphere could reduce the porosity from 2.2 to 1.5%, en-
hance the homogenous of the coating and hence improve
the adhesion strength of coating from 11.6 to 16.9 MPa,
which might be ascribed to the formation of glass phases
(SIOZ and B203).
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