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Abstract: Three kinds of Mo-B-Ni-Cr ball-milled mixture powders with different (Mo+B)/(Ni+Cr) mass ratios (1:1, 2:1, and 3:1)
were deposited by the high velocity oxygen-fuel (HVOF) spraying process to in situ synthesize MoB/NiCr coatings. The
microstructure and phase composition of MoB/NiCr coatings were analyzed by scanning electron microscope (SEM) and X-ray
diffraction (XRD). The effects of different (Mo+B)/(Ni+Cr) mass ratios on the microstructure, microhardness, bonding strength, and
corrosion resistance of MoB/NiCr coatings were discussed. The results show that MoB/NiCr coatings with (Mo+B)/(Ni+Cr) mass
ratio of 1:1 have the lowest porosity and the largest thickness. Mo,NiB, ternary boride was in situ synthesized in all three kinds of
MoB/NiCr coatings. The content of Mo,NiB, ternary boride is increased with increasing the (Mo+B)/(Ni+Cr) mass ratio. The
microhardness of MoB/NiCr coatings is increased with increasing the (Mo+B)/(Ni+Cr) mass ratio, while the bonding strength is
decreased. After immersion test in molten zinc for 360 h, no zinc or its intermetallic compound can be observed in the surface region
of MoB/NiCr coatings according to energy disperse spectrometer (EDS) and XRD analyses. The porosity of the coatings is increased
with increasing the (Mo+B)/(Ni+Cr) mass ratio, while the thickness is decreased. Compared with other coatings, the MoB/NiCr
coating with (Mo+B)/(Ni+Cr) mass ratio of 1:1 has better corrosion resistance in molten zinc.
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Due to the corrosion behavior of the metal in liquid zinc
bath, prolonging service life of metal components in hot-dip
galvanizing industry is an urgent problem"™. Currently, the
coating materials (WC-based cermets, intermetallic com-
pounds, ceramics) deposited on the surface of metal com-
ponents by thermal spraying processes are commonly used for
improving corrosion resistance in the industrial galvanizing
bath®™. Mizuno et al™ revealed that WC-12wt% Co coating
with lower carbon content shows higher durability in the
Al-45wt% Zn bath. However, the reaction layer composed of
Al, Zn, W, and Co was observed on the coating surface, and
cracks were easily generated in the reaction layer. Seong et
al"” reported that WC-12wt% Co coating is sprayed on the roll
surface to improve the corrosion resistance. However, the
molten zinc or aluminum penetrates the micro-cracks
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generated in the WC-12wt% Co coating, and Al-Fe-Zn layers
are formed on the coating surface. Zhang et al™ reported that
big cracks and more fragments are peeled off from the corners
of WC-12wt% Co coating after 300 times of thermal shock
cycle tests, and zinc atoms diffuse along the cracks into the
WC-12wt% Co coating after immersion for 360 h in molten
zinc. Xie et al” revealed that due to large difference in
coefficient of thermal expansion (CTE) between FeB-12wt%
Al,,sFeNiCoCr coating deposited by active combustion high
velocity air-fuel (AC-HVAF) process and the substrate, the
penetration of liquid zinc into the cracks caused by residual
stress leads to the failure of the coating. Dong et al"” reported
that due to the lower porosity and residual stress of
Zr0O,-Ni/Al gradient coatings sprayed by plasma spraying, the
average lifetime of gradient coatings is 4 times as long as that
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of general ZrO, coatings. However, due to the existence of
pseudo-connected pores in the ZrO, ceramic top layer, zinc
atoms could penetrate through the ZrO, coating and react with
Ni/Al bond layer. Yan et al''" also reported that compared with
Fe,Al; and FeAl, intermetallic compounds, FeAl has higher
corrosion resistance to liquid zinc. However, FeAl coating is
still corroded by molten zinc. Oxide ceramic materials (ALO,,
Zr0,, Y,0,) are usually used as corrosion-resistant coating
materials owing to their stable properties. Therefore, ALO,
and ZrO,-8wt% Y,0, coatings are prepared by plasma
spraying to protect the substrate in the molten Al-45wt% Zn'.
It is revealed that the lifetime of spray-coated specimens is
longer than that of the substrate. Since CTE of ZrO,-8wt%
Y,O, coating is closer to that of the substrate, the lifetime of
Zr0,-8wt% Y,0, coating is longer than that of ALO, coating.
However, the cracks are easily generated in the ceramic
coatings during heat-shock resistance tests, leading to the
decrease of durability of ceramic coating. Therefore, it is
urgent to find a novel coating material applied to galvanizing
industry.

Boride cermet coating material with excellent properties
(corrosion, wear, and oxidation resistance) has been applied in
galvanizing  industry™".  MoB-based cermet coating
composed of ternary borides (Mo,FeB,, Mo,CoB,, MoCoB,
and Mo,NiB,) as novel coating materials has been widely
studied. Wei et al™ reported that the microstructural
morphology of Mo,FeB,-based cermet coating deposited by
electrospark deposition (ESD) process is dense, and the
interface between the coating and substrate shows metallur-
gical bonding. However, the stress relief cracks can be
induced owing to the large temperature gradients and the poor
ductility of the coating. Mizuno et al’ reported that MoB/
CoCr coating composed of Mo,CoB, and MoCoB ternary
borides has much higher durability. However, due to the large
difference of CTE between MoB/CoCr coating (9.2x107° K™)
and AISI316L substrate (19.3x10° K™), the cracks are
obviously generated in the coating after immersion test, even
the undercoating is sprayed between MoB/CoCr coating and
the substrate. Dong et al'” reported that MoB/CoCr coating
has higher durability than WC-12wt% Co coating does.
However, the molten zinc can penetrate the vertical cracks
induced by residual stress to corrode the substrate. MoB-CoCr
alloy coating has strong interfacial bond strength and
excellent mechanical properties>'®, and the thickness of
MoB-based cermet coatings with NiCr bond coating after the
immersion test is similar to that of the as-sprayed coating!”.
Meanwhile, it also reveals that MoB-NiCr coating shows
better mechanical property and durability than MoB/CoCer,
NiCr, and CoMoCr coatings do™".

Although certain as-sprayed coatings were studied for
corrosion resistance in galvanizing industry, some main
deficiencies (large CTE difference between the coating and
substrate, stress cracks in the coating, high porosity, especially
the expensive cost of MoB/CoCr and MoB/NiCr raw
materials) restrict their industry application. Meanwhile, the
effects of (Mo+B)/(Ni+Cr) mass ratio on the microstructure

and properties of the coatings are rarely reported. Therefore,
in order to reduce the manufacturing cost and analyze the
effect of (Mo+B)/(Ni+Cr) mass ratio on the microstructure
and properties of the coatings, MoB/NiCr coatings composed
of Mo-Ni-B ternary boride were in situ synthesized by high
velocity oxygen-fuel (HVOF) spraying process in this study.

1 Experiment

316L stainless-steel with dimensions of 50 mmx25 mmx
3 mm was used as the substrate, which was cut into
rectangular plates for the microstructure observation, mecha-
nical property tests, and erosion evaluation of coatings. Prior
to thermal spraying, the plates were pre-cleaned by acetone
for 10 min in ultrasonic cleaner, and then grit blasted by
aluminum oxide of 700 pm to achieve a roughened surface for
improving the bonding strength between the coating and
substrate. Raw materials of top coating in this study were Mo,
B, Ni, and Cr. Co-based alloy spherical powder (29.0wt% Cer,
4.0wt% W, 3.0wt% Ni, 3.0wt% Fe, 1.1wt% Si, 1.0wt% Mo,
and balanced Co) was used as raw material of the bond
coating. The morphologies of the powders are shown in Fig.1.
The preparation process of Mo-B-Ni-Cr mixture powders is as
follows. Firstly, Mo, B, Ni, and Cr powders were wet-milled
by a planetary ball mill (QM-QX4). The rotation speed,
milling time, and ball-to-powder mass ratio were 200 r/min, 3
h, and 10: 1, respectively. Anhydrous ethanol was used as a
milling medium. Secondly, the milled powders were stirred by
a constant-temperature magnetic stirrer (SG-5411) at a
rotation speed of 150 r/min and water temperature of 95 °C,
and polyvinyl alcohol (PVA) binder was simultaneously added
to agglomerate the milled powders. Thirdly, the mixture
powders with PVA binder after stirring were put into general
electric blast drying oven (DHG-9055A) for 6 h. Finally, the
dried mixture powders were crushed in the mortar to obtain
thermal spraying Mo-B-Ni-Cr mixture particles. Three types
of specimens in Mo-B-Ni-Cr mixture powders were prepared
according to different mass ratios of (Mo+B)/(Ni+Cr) of 1:1,
2:1, and 3:1. Meanwhile, the atomic ratio of Mo to B was 1:1,
and that of Ni to Cr was also 1:1. A designed HVOF spray
system (CH-2000, developed at Xi’an Jiaotong University,
Xi’an, China) was used to deposit Mo-B-Ni-Cr mixture pow-
ders. The spraying parameters of MoB/NiCr and Co-based
alloy bond coatings are listed in Table 1.

Microhardness measurements of MoB/NiCr coatings, Co-
based bond coating, and 316L stainless-steel substrate were
performed using HXD-1000 microhardness tester under load
of 300 g for 20 s. The mean microhardness was obtained from
the polished cross-sections of random 10 indents. According
to ASTM C633-79 standard method, the bond strength testing
was conducted on a standard tensile tester (TY 8000). The
bond strength of MoB/NiCr coatings was obtained from the
average value of three testing results. The surface roughness
of Co-based alloy bond coating and the substrate was
measured using a TA620-A surface roughness instrument. The
average porosity, thickness, and ternary boride content of
MoB/NiCr coatings were calculated by the image analysis
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Fig.1 Morphologies of Mo (a), B (b), Ni (c¢), and Cr (d) powders and Co-based alloy (e)

Table 1 Spraying parameters of MoB/NiCr and Co-based alloy

coatings
Spray parameter MoB/NiCr Co-based
alloy
Oxygen flow rate/L-min™! 402 322
Fuel (propane) flow rate/L-min™' 36 24
Carrier gas (nitrogen) flow rate/L-min™' 45 45
Powder feed rate/r-min™' 50 30
Standoff distance/mm 200 160
Oxygen pressure/MPa 0.6 0.6
Fuel (propane) pressure/MPa 0.4 0.4
Carrier gas (nitrogen)/MPa 0.55 0.55

method (Software Image J) through scanning electron
microscope (SEM) images of cross-section morphologies in
back-scattered electron (BSE) mode. Immersion test was
conducted out in the box-type resistance furnace (SX-8-10).
The coated specimens were immersed in molten zinc at
temperatures of 460+5 °C, and graphite crucible was used as a
container for molten zinc. All the specimens were immersed
for 360 h for the corrosion mechanism analysis.

The morphologies of powders and the cross-sectional micro-
structure of the coatings before and after corrosion were
investigated using SEM (VEGA II-LSU, TESCAN, Czech
Republic) equipped with energy dispersive spectroscopy
(EDS) in BSE mode. The cross-sections of all specimens cold-
mounted by polyester resin were ground using SiC abrasive
paper of 800#, and then polished using diamond suspension of
0.25 pm. X-ray diffraction (XRD) analyses of the powders
and the coatings were conducted using a Bruker-D8 advance

diffractometer (Karlsruhe, Germany). The XRD analysis was
conducted using Cu Ka (4=0.154 18 nm) radiation with 20=
20°~90°.

2 Results and Discussion

2.1 Microstructure of Mo-B-Ni-Cr mixture powders

Fig. 2 shows the surface and cross-sectional morphologies
of Mo-B-Ni-Cr mixture powders with different (Mo+B)/(Ni+
Cr) mass ratios of 1:1, 2:1, and 3:1. As shown in Fig.2a~2c,
Mo, B, Ni, and Cr particles are combined with each other to
form the Mo-B-Ni-Cr mixture powders under the effect of
PVA binder. In addition, the morphologies of three kinds of
the mixture powders present nearly spherical shape, which is
beneficial to the fluidity of HVOF spraying process. Com-
pared with the original materials (Fig. 1), it can be obviously
seen that Mo, B, Ni, and Cr particles deform and form the
finer particles after ball milling (Fig. 2d~2f) owing to the
impacting effect. The size distribution (D,,) of three kinds of
Mo-B-Ni-Cr mixture powders is 30.5, 31.3, and 32.3 pm.
XRD patterns of Mo-B-Ni-Cr mixture powders (Fig.3) indi-
cate that the main phase composition of all coatings is Mo, Ni,
and Cr phases. It also reveals that due to the protection effect
of anhydrous ethanol and pure argon, no oxidation or phase
transformation occurs during ball milling. Besides, with
increasing the (Mo+B)/(Ni+Cr) mass ratio of Mo-B-Ni-Cr
mixture powders, the intensity of Mo phase is increased, while
that of Ni and Cr phases is decreased.

2.2 XRD patterns of MoB/NiCr coatings
Fig.4 shows XRD patterns of the in situ synthesized MoB/

NiCr coatings with different (Mo+B)/(Ni+Cr) mass ratios
(1:1, 2:1, and 3:1). It indicates that the main phases of all as-
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Fig.2  Surface (a~c) and cross-section (d~f) morphologies of Mo-B-Ni-Cr mixture powders with (Mo+B)/(Ni+Cr) mass ratios of 1:1 (a, d),

2:1 (b, e), and 3:1 (c, f)

sprayed MoB/NiCr coating consist of Mo,NiB, and Ni phases,
and other phases, such as Mo, Cr, Cr,0,, and NiO phases can
be detected as well. This result reveals that Mo,NiB, ternary
boride can be in situ synthesized in the coatings during
spraying owing to the elevated temperature effect, while some
original phases (Mo, Cr, and Ni) which do not react with other
phases remain. Some oxides (Cr,O, and NiO) are formed in all
the coatings. In addition, with increasing the (Mo+B)/(Ni+Cr)
mass ratio of Mo-B-Ni-Cr mixture powders, the intensity of
Mo, NiB, ternary boride is increased, while that of Ni and Cr is
decreased. This phenomenon illustrates that the increase in
(Mo+B)/(Ni+Cr) mass ratio is beneficial to improving the
reaction probability of spraying particles, thereby increasing
the content of Mo,NiB, ternary boride in the coating.

2.3 Microstructure of MoB/NiCr coatings

Fig. 5 shows the SEM-BSE images of cross-sectional
morphologies of MoB/NiCr coatings. Due to the melted
Mo-B-Ni-Cr particles impacting on the substrate at elevated
temperature and high velocity, the flattening of the particles
occurs. Thus, the typical lamellar structure of MoB/NiCr
coatings can be observed, as shown in Fig. 5b, 5d, and 5f.
Furthermore, there are no obvious micro-cracks among the
phases in the MoB/NiCr coatings or between the MoB/NiCr
coating and Co-based alloy coating, or between the Co-based
alloy coating and substrate, as shown in Fig.5a, Sc, and Se. In
order to analyze the composition of MoB/NiCr coatings after
HVOF spraying, the phase composition was analyzed by
EDS. The results of chemical composition analyses of points
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Fig.3 XRD patterns of Mo-B-Ni-Cr mixture powders with (Mo+B)/(Ni+Cr) mass ratios of 1:1 (a), 2:1 (b), and 3:1 (c)
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Fig.4 XRD patterns of MoB/NiCr coatings with different (Mo+B)/

(Ni+Cr) mass ratios

marked in Fig.5b, 5d, and 5f are listed in Tables 2, 3, and 4,
respectively. According to XRD patterns in Fig. 4, EDS
analysis reveals that Mo,NiB, ternary boride phase (point 1 in
Fig. 5b, 5d, and 5f) is generated in the MoB/NiCr coatings.
Meanwhile, the original pure Mo (point 2), Ni (point 4), and
Cr (point 6) remain, and Cr,O, (point 3) and NiO (point 5)
oxides are generated in the coatings, as shown in Fig.5b, 5d,
and 5f. This analysis result also further confirms that Mo,NiB,
ternary boride is in situ synthesized in the coatings.

The average porosities of MoB/NiCr coatings with different
(Mo+B)/(Ni+Cr) mass ratios of 1:1, 2:1, and 3:1 are 0.313%,
1.04%, and 1.25%, respectively, which illustrates that MoB/
NiCr coating with (Mo+B)/(Ni+Cr) mass ratio of 1:1 has the
densest structure among the coatings. The reason for this

phenomenon is that the content of Ni and Cr metal phases in
the coating with (Mo+B)/(Ni+Cr) mass ratio of 1:1 is more
than that of the other two coatings. Thus, the probability of
filling pores by melted metal phases is greater. Furthermore, it
is difficult for the subsequent impacting particles with lower
content of metal phase to completely fill the pores, because of
the cooling shrinkage and rebounding-off of Mo,NiB, ternary
boride. Therefore, it leads to the increase of porosity in the
coating. The average content of Mo,NiB, ternary boride in
MoB/NiCr coatings of different (Mo+B)/(Ni+Cr) mass ratios
of 1:1, 2:1, and 3:1 is 44.08vol% +1.60vol% , 51.39vol% +
0.72vol%, and 54.81vol%=0.76vol%, respectively, confirming
that with increasing the (Mo+B)/(Ni+Cr) mass ratio, the
content of Mo,NiB, ternary boride in the coating is increased.
This analysis result is completely consistent with XRD
analysis of the coatings. Therefore, due to the highest
Mo,NiB, ternary boride content in MoB/NiCr coating with
(Mo+B)/(Ni+Cr) mass ratio of 3: 1, the influence of cooling
shrinkage and rebounding-off of ternary boride for the coating
is more serious, which leads to the highest porosity for the
coating. Meanwhile, the rebounding-off of spraying particles
can reduce the thickness of the coating under the same
spraying conditions. Therefore, the average thickness of MoB/
NiCr coatings with different (Mo+B)/(Ni+Cr) mass ratios of
1:1, 2:1, and 3:1 is 282.10+20.33, 221.33+15.64, and 198.94+
29.71 pm, respectively.

2.4 Microhardness and bond strength of MoB/NiCr

coatings
The average microhardness (HV,) of MoB/NiCr coatings

MoB/NiCr coating

Co-based alloy coating

Substrate
100 pm

Substrate

Co-based alloy coating

100 um

Fig.5 SEM-BSE images (a, c, ¢) and magnified images (b, d, f) of cross-sectional morphologies of MoB/NiCr coating with (Mo+B)/(Ni+Cr)

mass ratios of 1:1 (a, b), 2:1 (c, d), and 3:1 (e, f)
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Table 2 EDS results of chemical composition of points 1~6 in

Fig.5b (at%)
Point Mo Ni Cr 0} Phase
1 65.31 34.69 0.00 0.00 Mo,NiB,
2 94.13 5.87 0.00 0.00 Mo
3 0.00 0.00 47.60 52.40 Cr,0,
4 0.00 100.00 0.00 0.00 Ni
5 0.00 50.49 0.00 49.51 NiO
6 0.00 0.00 100.00 0.00 Cr

Table 3 EDS results of chemical composition of points 1~6 in

Fig.5d (at%)
Point Mo Ni Cr (0] Phase
1 64.09 3591 0.00 0.00 Mo,NiB,
2 100.00 0.00 0.00 0.00 Mo
3 0.00 0.00 44.97 55.03 Cr,0,
4 0.00 100.00 0.00 0.00 Ni
5 0.00 49.53 0.00 50.47 NiO
6 0.00 0.00 100.00 0.00 Cr

Table4 EDS result of chemical composition of points 1~6 in

Fig.5f (at%)
Point Mo Ni Cr O Phase
1 68.32 31.68 0.00 0.00 Mo,NiB,
2 100.00 0.00 0.00 0.00 Mo
3 0.00 0.00 48.79 51.21 Cr,0,
4 0.00 100.00 0.00 0.00 Ni
5 0.00 48.58 0.00 51.42 NiO
6 0.00 0.00 100.00 0.00 Cr

with different (Mo+B)/(Ni+Cr) mass ratios of 1:1, 2:1, and
3: 1, Co-based coating, and 316L stainless-steel substrate is
6381+104, 67114+205, 7338+219, 4013+£311, and 2511£213
MPa, respectively. It can be seen that the microhardness of all
MoB/NiCr coatings is obviously higher than that of the
substrate, and the microhardness of MoB/NiCr coatings with
(Mo+B)/(Ni+Cr) mass ratio of 3:1 is about 3 times higher than
that of the substrate. Furthermore, with increasing the (Mo+B)/
(Ni+Cr) mass ratio, the microhardness of MoB/NiCr coatings
is gradually increased. Therefore, MoB/NiCr coating with
(Mo+B)/(Ni+Cr) mass ratio of 3:1 has the highest microhard-

1% and Yan” et al reported that according to

ness value. Guo
the mixture principle of composites, an addition of hard phase
in a soft matrix can increase the microhardness of the

materials. Hou et al®™

also reported that the microhardness of
the coatings is related to the content of boride ceramics, and
the addition of boride ceramics, as a particulate reinforcement,

I and

increases the microhardness of the coating. Mizuno
Moghaddam”" et al reported that the presence of ternary
boride phases in the coatings can increase the microhardness.
Therefore, the in situ synthesized Mo,NiB, ternary boride can

increase the microhardness of the coating, and the micro-

hardness is increased with increasing the ternary boride
content in this study.

Bond strength directly related to the coating durability is
one of the most important factors in thermal spray coa-
ting™?), In this study, the bond strength of MoB/NiCr coa-
tings with different (Mo+B)/(Ni+Cr) mass ratios of 1:1, 2:1,
and 3:1 is 63.93+1.95, 56.88+0.71, and 49.23+1.67 MPa,
respectively. The bond strength values of MoB/NiCr coatings
are decreased with increasing the (Mo+B)/(Ni+Cr) mass ratio.
Zhang et al”” revealed that although the microhardness of the
coating is improved by the increase in the content of ceramic-
reinforcing phase, incomplete contact between the ceramic
sheets may occur owing to the higher porosity of the coating,
which leads to reduction of the bond strength of the coating.
Therefore, due to the highest porosity of MoB/NiCr coating of
(Mo+B)/(Ni+Cr) mass ratio of 3:1, there are many pores in the
interface of Mo,NiB, ternary boride, which decreases the bond
strength of the coating in this study. The adhesive strength of
the coating is increased with increasing the roughness of the
substrate surface™”". In this study, the average surface
roughness of Co-based alloy bond coating (6.48+0.36 pum) is
higher than that of 316L stainless-steel substrate (2.41+0.57
pm). Therefore, due to the Co-based alloy bond coating, the
bond strength values of three kinds of coatings in this study
are higher than that of MoB/NiCr coating directly deposited
on the substrate surface (46.99+1.20 MPa).

2.5 Corrosion behavior of MoB/NiCr coatings

Fig.6~Fig.8 show SEM images and EDS analyses of MoB/
NiCr coatings with different (Mo+B)/(Ni+Cr) mass ratios of
1:1, 2:1, and 3:1 immersed in the molten zinc at 460 °C for
360 h, respectively. Fig. 6b, Fig. 7b, and Fig. 8b show SEM
images and EDS line scanning analyses of the black square in
Fig. 6a, Fig. 7a, and Fig. 8a, respectively. Meanwhile, the
related EDS line scanning results of element O, Cr, Ni, Mo are
shown in Fig. 6¢, Fig. 7c, and Fig. 8c. No obvious vertical
micro-cracks are generated between the MoB/NiCr coating
and Co-based alloy coating or between the Co-based alloy
coating and the substrate (as shown in Fig. 6a, Fig. 7a, and
Fig.8a). Furthermore, due to the Mo,NiB, ternary boride with
excellent durability and the hindrance effect of the lamellar
microstructure of MoB/NiCr coating™'*"”
its intermetallic compound can be observed in the surface
region of MoB/NiCr coatings (as indicated by Fig.6b, Fig.7b,
and Fig.8b) according to the results of EDS and XRD analyses
(as shown in Fig.9). Meanwhile, the phase composition of

, no zinc element or

MoB/NiCr coatings after immersion test is similar to that of
the coatings before immersion (as shown in Fig.4). However,
compared with MoB/NiCr coatings before corrosion, the
average porosity of three kinds of MoB/NiCr coatings is
increased after immersion test, especially that of the MoB/
NiCr coating of (Mo+B)/(Ni+Cr) mass ratio of 3: 1. The
average porosity of MoB/NiCr coatings with different (Mo+
B)/(Ni+Cr) mass ratios of 1:1, 2:1, and 3:1 after immersion
test is 1.15%, 1.86%, and 12.57%, respectively. Meanwhile,
the thickness of MoB/NiCr coatings with different (Mo+B)/
(Ni+Cr) mass ratios of 1:1, 2:1, and 3:1 after immersion test is
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Fig.6 SEM image (a); EDS line scanning result of corresponding black square (b); EDS line scanning of element O, Cr, Ni, Mo (c)
for MoB/NiCr coating with (Mo+B)/(Ni+Cr) mass ratio of 1:1 after immersion test in molten zinc at 460 °C for 360 h

Intensity/a.u.

10

ol

M
10 20 30 40

Distance/pum Distance/pum

Intensity/a.u.

Fig.7 SEM image (a); EDS line scanning result of corresponding black square (b); EDS line scanning of element O, Cr, Ni, Mo (c)
for MoB/NiCr coating with (Mo+B)/(Ni+Cr) mass ratio of 2:1 after immersion test in molten zinc at 460 °C for 360 h
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Fig.8 SEM image (a); EDS line scanning result of corresponding black square (b); EDS line scanning of element O, Cr, Ni, Mo (c) of
MoB/NiCr coating with (Mo+B)/(Ni+Cr) mass ratio of 3:1 after immersion test in molten zinc at 460 °C for 360 h

278.40421.43, 171.95+12.42, and 163.45423.59 um, respec- increase, and the peel-off phenomenon occurs, leading to the
tively. The reasons for these phenomena are that the cracks (as decrease of the thickness of the coating. Therefore, due to the
shown in Fig. 10) are generated between the weak interfacial highest porosity and the weakest interfacial bonding of MoB/
bonding phases in the coating. Hence, the pores in the coating NiCr coating with (Mo+B)/(Ni+Cr) mass ratio of 3:1 before
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Fig.9 XRD patterns of MoB/NiCr coatings with different (Mo+B)/
(Ni+Cr) mass ratios after immersion test in molten zinc at
460 °C for 360 h

Fig.10  Cross-sectional morphology of MoB/NiCr coating with
(Mo+B)/(Ni+Cr) mass ratio of 3:1 after immersion test in
molten zinc at 460 °C for 360 h

corrosion, the highest increment of the porosity and the fastest
decrease of the thickness appear in this coating during
immersion test.

3 Conclusions

1) The morphologies of Mo-B-Ni-Cr mixture powders with
different (Mo+B)/(Ni+Cr) mass ratios of 1: 1, 2:1, and 3:1
present nearly spherical shape. The size distribution (D) of
three kinds of Mo-B-Ni-Cr mixture powders is 30.5, 31.3, and
32.3 pm, respectively. The main phase composition of Mo-B-
Ni-Cr mixture powders are Mo, Ni, and Cr phases. With
increasing the (Mo+B)/(Ni+Cr) mass ratio of Mo-B-Ni-Cr
mixture powders, the intensity of Mo phase is increased, while
that of Ni and Cr phases is decreased.

2) The average porosities of MoB/NiCr coatings with
different (Mo+B)/(Ni+Cr) mass ratios of 1:1, 2:1, and 3:1 are
0.313%, 1.04%, and 1.25%, respectively. The average
thickness of MoB/NiCr coatings with different (Mo+B)/(Ni+
Cr) mass ratios of 1:1, 2:1, and 3:1 is 282.104+20.33, 221.33+
15.64, and 198.94+29.71 um, respectively. Based on XRD and
EDS results, Mo,NiB, ternary boride is in situ synthesized in

all MoB/NiCr coatings. The average ternary boride contents
of MoB/NiCr coatings with different (Mo+B)/(Ni+Cr) mass
ratios of 1:1, 2: 1, and 3: 1 are 44.08vol% +1.60vol% ,
51.39vol%=+0.72vo0l%, and 54.81v0l%=0.76vol%, respectively.

3) The microhardness (HV,,) of MoB/NiCr coating with
(Mo+B)/(Ni+Cr) mass ratio of 3:1 (73384219 MPa) is about 3
times higher than that of the substrate (2511£213 MPa). Due
to the influence of the porosity on the coating, the bond
strength of MoB/NiCr coatings is decreased with increasing
the (Mo+B)/(Ni+Cr) mass ratio. MoB/NiCr coating with (Mo+
B)/(Ni+Cr) mass ratio of 3:1 has the lowest bond strength.

4) Due to the highest porosity and the weakest interfacial
bonding, the highest increment of the porosity and the fastest
decrease of the thickness appear in MoB/NiCr coating with
(Mo+B)/(Ni+Cr) mass ratio of 3:1 during immersion test.
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A EI(Mo+B)/(Ni+Cr) R E EL B[R L & AL MoB/NiCr iR ZRIZR AL 51 &E

MR R, ARERD, ADSIL, R, A/
(1. BTG W AR TR BEHIE MR EAR SR E I8 =, VLI B 338004)
2. RERFRE WK LREERGREERRAH 0, LT KiE 116026)
(3. JUITPi TR R s o FiliE TARH A O, TP JUT 332005)

W OE: RS EJIABRBAR YIRS 3 FORHE(Mo+B)/(Ni+Cr) i it (1:1, 2:1/13:1) ) Mo-B-Ni-Cr BRBE & &K oA LLE AT S i) %
A MoB/NIiCrig 2. R 725 (SEM) FIX AT (XRD) Z3#1 T MoB/NiCr i JZ MR 5 M FWAR . RN HS T A
[F] (Mo+B)/(Ni+Cr) 5 & LE X iR R I A5 My . THEE . 454 SR BE RN B D PE RE IR 52 . TR T4 R, (Mo+BY(NI+C i LA 1: 1119
MOoB/NiCr i /2 FL IR A fe AR B 2 SR P e Ko 7E 3 ik 2 vh 389 S5 S AR T Mo, NiB, — 7ol 4, BLBE % (Mo+B)/(Ni+Cr) Jit & LG 1138
I, WEHR = oM E R G0, RE RSN, S5 A SRE RMBE L PR T IRE R = o I AL AR B, MoB/NiCr i
JE R FE A8 T 316L ANVRAN A& . SWEL RIS A XRD 70 M & B, 203 360 hiA RS iR G, RZERE P RAE LI TR AL &R
A6 &4, SATHIBE & (Mo+B)/(Ni+Cr) 5T & LU I HE N, ¥R 2 LB I & B BRI Im, S & T rl A4S, ML HARIRE, (Mo+B)/
(Ni+Cr) i &2 LA 1:1 ) MoB/NiCr 3 2 B A 50T (i 4 A 18 ok g

KHEIR: Mo, NiB, = ollitbdy; HEEIEmiR: A0 B, mjEmh
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