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Abstract: In this work, the effect of Mo on the microstructure and properties of Ni-Mo-Al2O3 coatings
by cold spraying was studied. The microstructure, composition, hardness, wear resistance and
chlorine salt corrosion resistance of the coatings were analyzed by a scanning electron microscope,
EDS, X-ray diffractometer, 3D profilometer, microhardness tester and friction wear tester. The results
show that the coatings have low porosity and a uniform structure. The addition of Mo can improve
the hardness, electrical conductivity, wear resistance and chlorine salt corrosion resistance of the
coating but reduce the deposition efficiency of the powder. In general, the 80Ni-10Mo-10Al2O3

coating has the best comprehensive performance, with a hardness of 270.17 HV, friction coefficient of
0.4171 and corrosion rate of 0.287 g/m2·h in molten chloride.

Keywords: Ni-Mo composite coating; cold spray technology; friction and wear performance; chlorine
salt corrosion resistance

1. Introduction

Compared with traditional metal additive manufacturing technology, cold spraying,
a new type of surface modification technology, can provide low-temperature conditions
for printed metal materials. Materials formed by cold spraying have high density and
fewer defects than materials formed by other methods. It has the characteristics of low
spraying temperature, no phase change, strong adhesion and wide application range, and
it is widely used in additive manufacturing, surface repair and surface modification [1–4].

In more and more industrial environments, molten chloride salts are actively or
passively appearing, such as in municipal waste incineration, waste liquid recycling from
aluminum smelting processes, and concentrated solar power technology [5–7]. With the
strong corrosiveness of the molten chloride salt, its corrosion phenomenon often happens
in essential equipment such as boilers for storing molten chloride salt, which decreases
the service life of the equipment and increases the industrial production cost. Therefore,
the corrosion research of chlorinated molten salts has always been a hot topic at home
and abroad. Due to its excellent mechanical properties and corrosion resistance, nickel-
based alloys are considered important structural materials for concentrating solar power
generation [8].

Nickel-based alloys have excellent mechanical properties and are thus widely used
in various fields [9,10]. Therefore, the corrosion behavior of nickel-based alloys in molten
chloride has been extensively studied in related fields. Liu [11] compared the corrosion
resistance of 304 stainless steel and the In625 alloy in molten salt NaCl-CaCl2-MgCl2 at
600 ◦C and analyzed the corrosion reasons. The corrosion results showed that compared
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with 304 stainless steel, the Ni-based alloy In625 has better corrosion resistance, and O2 and
H2O in the air are the key factors for inducing corrosion. Zhao [12] studied the corrosion
behavior of 304, 316L, 321 and 310S stainless steel in NaCl-KCl-MgCl2 ternary mixed
molten chloride. The results showed that the oxides MoO3, NiO and TiO2 were generated
on the alloy surface during the corrosion process, which improved the corrosion resistance
of 316L, 310S and 321 stainless steel in molten chloride. Chlorine salt produces Cl2 at high
temperatures, which is the main reason why Cl2 stainless steel is corroded. Ma [13] studied
the corrosion of the In625 alloy and 304 stainless steel in NaCl and KCl as well as CaCl2
and MgCl2, respectively, at 900 ◦C. The results showed that the corrosion of the alloy in
CaCl2 and MgCl2 was more serious than that in NaCl and KCl. In addition, In625 showed
better corrosion resistance because of the higher content of Ni and Cr in In625. Zhang [14]
also found that under the synergistic effect of sodium chloride and steam, the corrosion of
a Fe-Cr alloy was greatly accelerated. It is also speculated that sodium chloride can react
with oxides and matrix metals, thus destroying the protection of the Cr2O3 oxide scale and
accelerating the corrosion of chromium.

Ambrosek [15] found that in binary molten salt, the protective effect of Cr in nickel-
based alloys was limited. Le [16] found that the existence of two elements, Ni and Mo,
made 316L alloy have the best corrosion resistance. Chen [17,18] found that Ni is not
easily corroded by NaCl at 750 ◦C, but the addition of Cr will react with NaCl and water
vapor, and its products will, in turn, react with Ni to corrode it. Adding molybdenum to
Ni-Cr alloy can stabilize the NiO-NiCr2O4-Cr2O3 oxide scale formed by the alloy under
thermal corrosion and improve the thermal corrosion resistance of the material. Although
there is some controversy about whether Cr can effectively prevent the corrosion of molten
chloride, many studies above show that Ni and Mo can prevent the corrosion of molten
chloride to some extent.

In addition to corrosion resistance, long-distance transportation also puts forward
higher requirements for the wear resistance of the storage. At present, there is little research
on coatings that are both wear-resistant and resistant to molten salt corrosion. As a kind
of metal oxide, Al2O3 has a high hardness, low density, high melting point and strong
corrosion resistance, and it is a common production in the strengthening phase of coating
processes. Therefore, Ni-Mo-Al2O3 composite coating has good mechanical properties
and molten chloride corrosion resistance in theory, which may have great development
potential and application prospects.

This article focuses on the fabrication and characterization of Ni-Mo-Al2O3 composite
coatings with different Mo contents by cold spraying. And the microstructure, composition,
hardness, wear resistance and chlorine salt corrosion resistance of the coatings are analyzed
and studied in detail.

2. Materials and Experimental Procedure
2.1. Coating Preparation

The base metal of the test was 304 stainless steel, which is widely used in industrial
production. The surfacing materials were pure Ni, pure Mo and pure Al2O3 powder
supplied by (Huayi Alloy Welding Material Ltd., Beijing, China). The purity of all powders
was 99.9%, and the average particle size was 30 µm The specific appearance is shown in
Figure 1. The chemical composition (wt.%) is shown in Table 1. Samples with 0 wt.%,
10 wt.% and 20 wt.% Mo are denoted as CS1, CS2 and CS3 hereinafter, respectively. The
composite coatings were fabricated by cold spraying (LP-TCY-II, Beijing Tian Cheng Yu
New Material Technology Co., Ltd., Beijing, China) with compressed argon as the process
gas, and the cold spray process schematic is shown in Figure 2. The air pressure was
0.8 MPa, and a gas preheating temperature of 500 ◦C was used to increase the gas–solid
two-phase flow velocity and promote the plastic deformation of the powder particles. The
substrate selected was 304 stainless steel (100 × 100 × 5 mm3) and it was shot-peened
before cold spraying. The distance between the cold spray nozzle and the substrate was 10
mm, and the moving speed was 4 mm/s.
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Table 1. Powder composition of coating material (wt.%).

Sample Ni Mo Al2O3

CS1 Bal. 0 10
CS2 Bal. 10 10
CS3 Bal. 20 10
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Figure 2. Schematic of the CS additive manufacturing process.

2.2. Coating Characterization

Samples with dimensions of 10 mm × 10 mm × 12 mm were obtained by wire cutting.
The samples were ground and polished with metallographic sandpaper and diamond
polishing paste. The surface and cross-section morphologies of the three coatings were
examined by a 3D profilometer (New View 9000, ZYGO, CT, USA), SEM (MIRA3LMH,
Brno, Czech Republic) and EDS. The hardness was measured by a Vickers hardness indenter
(HXS-1000A, Shanghai milite Precise Instrument Co., Ltd., Shanghai, China) with a load of
200 g for 10 s. The sample was subjected to a sliding friction test using a ball disc friction
tester (MS-T3000, Lanzhou Huahui Instrument Technology Co., Ltd., Lanzhou, China) at
room temperature. A 6 mm diameter stainless steel ball was used with a load of 2 N and
a speed of 200 r/min. After the friction test, SEM and the 3D profilometer were used to
observe the surface of the worn sample.

2.3. Corrosion Resistance Test

Samples with dimensions of 10 mm × 10 mm × 2 mm were obtained by wire cutting
the coatings. The composition of molten chloride refers to the composition of molten
chloride waste liquid recycled by a titanium smelting process: 50 wt.% NaCl + 33.4 wt.%
MgCl2 + 16.6 wt.% AlCl3 in a mass ratio is 3:2:1. The pretreated samples were placed in
a corundum crucible containing molten chloride salt and kept in a constant-temperature
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furnace at 750 ◦C for 10–20 h until the sample showed obvious corrosion. During this
period, the samples were taken out every 1–2 h and weighed with their weight changes
recorded every time. The corrosion rate was characterized by the mass change per unit
time and unit area of the sample.

3. Results and Discussion
3.1. Microstructure and Composition

Figure 3 shows the microstructure and surface morphology of three different Mo-
containing cold-sprayed coatings. As can be seen in Figure 3a–c, Ni, Mo and Al2O3 are
clearly distinguished from each other, and EDS composition analysis was carried out on
three points A, B and C. The results are presented in Table 2. The white flat area is Mo, the
black area with sharp edges and corners is Al2O3 and the rest is Ni. The three components
are evenly distributed. Mo and Al2O3 are similar in size, while Ni’s distribution seems
different. That is because Ni has the characteristics of good plasticity and excellent viscosity,
and compared with the other two components, its melting point is lower. During the
deposition process, Ni is more prone to severe plastic deformation and adiabatic shear
instability. In addition, the excellent viscosity of Ni is also conducive to the deposition of
other components on Ni to form a multi-component composite coating based on Ni [19].
As can be seen in Figure 3d–f, the coating has good adhesion with the base material, and
the internal composition of the layer is uniform.
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Table 2. Chemical composition of cold-sprayed coating with 20 wt.% Mo (wt.%).

Element Ni Mo Al O

A 98.28 1.12 0.05 0.55
B 1.64 97.59 0.20 0.57
C 2.36 0.67 51.33 45.64
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It can be seen from Figure 3 that the microstructure of the three coatings is relatively
dense, and the flat Mo particles indicate that the spherical particles have severe plastic
deformation. During the deposition of cold-sprayed powder, high-speed particles impact
the substrate and produce severe plastic deformation. This drastic change forces dislo-
cations in the grains to intertwine, causing the dislocation density and the number of
grain boundaries to increase significantly. As the grains undergo dynamic recrystallization
and refinement, a considerable amount of fine Mo particles can be observed [20]. The
dynamic recrystallization of powder particles is conducive to improving the microstructure
and properties of the coating. The refined grains could extend the binding surface area
of the particles, thereby increasing the binding strength, improving the hardness of the
coating, increasing the uniformity of the coating microstructure and reducing defects. By
virtue of its high hardness and high relative critical velocity, Al2O3 has no obvious plas-
tic deformation. However, according to the shape of Al2O3 particles, this oxide will be
severely broken during high-speed impact, which makes its distribution in the coating
more uniform. Particles deposited by cold spraying undergo initial deformation during
impact, resulting in their adhesion to previously deposited particles, followed by further
deformation due to impact on particles, resulting in compaction. In this case, the Al2O3
particles with high hardness deposited on the previous Ni, resulting in greater plastic
deformation and increasing the compaction effect. The mechanism elaborated on above
explains the low porosity of the coating.

Comparing Figure 3a–c, it is found that the deposition rate of CS3 coating alumina
is the lowest; that is to say, it is significantly lower than that of CS1 and CS2, which is
on account of the hardness of Mo. The increase in Mo content affects the deposition
efficiency of hard-phase Al2O3. It can be found in Figure 3c that the three components
have obvious plastic deformation and mechanical occlusion, which greatly increase the
contact area between different elements, thereby enhancing the bonding force, which is
manifested as a decrease in porosity and an increase in hardness. An XRD test of the CS3
cold-sprayed coating was carried out, and the scanning results were analyzed by Jade
(version 6) software. As shown in Figure 4, it can be found that the cold-sprayed coating
did not lead to metallurgical bonding, and Ni, Mo and Al2O3 belonged to mechanical
mixing, with their own single-phase regions.
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3.2. Hardness

During the hardness test, five points are taken from each area at an interval of 0.5 mm
along the direction from the base metal to the coatings. Figure 5 shows the cold-sprayed
coating microhardness distribution. The microhardness of the coating has a similar behavior,
but the microhardness value fluctuates greatly. It may be that the hardness of Al2O3
and molybdenum is much greater than that of nickel, while Al2O3, Mo and Ni are not
metallurgically combined, inducing inhomogeneous microscopic composition; therefore,
the composition in the loading area of the microhardness probe significantly affects the test
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results. The area where the loading area happens to be Al2O3 or molybdenum exhibits a
higher test hardness, while the area where the loading area is nickel exhibits a lower test
hardness. The average hardness of the three coatings is higher than the base 304 stainless
steel with a hardness of about 190 HV. Among them, the average hardness of the CS2
coating is the largest, which is due to the high hardness and high melting point of Mo.
The addition of 20 wt.% Mo is not conducive to the deposition of alumina, resulting in
the lowest Al2O3 content of the CS3 coating. The CS2 coating contains a lot of Al2O3 and
harder Mo, its distribution is the most evenly dispersed, and its compaction effect is the
greatest; to sum up, this coating has the greatest hardness.
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3.3. Friction and Wear Performance

Figure 6 shows the friction curves of three cold-sprayed coatings. It can be seen that
the CS2 coating with a Mo content of 10 wt.% has the lowest coefficient of friction, namely
0.4171. At the same time, the volume loss of the CS2 coating is the least among the cold-
sprayed samples. Judging from the friction curve, the rising period of CS2 is the shortest,
which has the most stable curve and the longest friction coefficient numerical stability zone.
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Figure 7 shows the microstructure and surface profile of the cold-sprayed coatings
with different Mo contents. As shown in Figure 7a–c, the wear surface morphology of
the coatings with different Mo additions at room temperature mainly has defects such as
adhesion pits, oxide layers and scratches. The wear mechanism is mainly manifested as
adhesive wear. The coating heats up during the friction process, and as the temperature
rises, the surface is quickly oxidized by oxygen in the air, and an oxide layer is formed to
adhere to the surface of the coating. Since the oxide layer is relatively flat, it can play a
role in lubrication when worn and can reduce the friction coefficient. In addition, since
most metal oxides have higher hardness than pure metals, they could have an effect of



Coatings 2024, 14, 205 7 of 11

increasing the surface hardness, which can effectively hinder the grinding and extrusion of
the grinding ball on the substrate to improve the wear resistance of the sample. It should
be noted that the thickness of the oxide layer is limited and relatively brittle. Due to the
repeated friction and rolling shear force of the grinding ball, the surface of the oxide layer
in contact with the grinding ball will be fatigued and damaged, and part of it will fall off
and form adhesion pits. Most of the oxide layer that has fallen off will be crushed by the
grinding ball and converted into the form of wear debris, which causes scratches on the
worn surface. A small part of the oxide layer that has fallen off will be embedded in the
relatively soft matrix after repeated grinding and will play a certain role in wear resistance
in the subsequent wear process [21–23].
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From the wear surface, as shown in Figure 7d–f, the oxide layer of the CS1 coating
has a large shedding area. There are many small particles near the wear groove and a
great number of scratches in the groove. It indicates that the wear of the CS1 coating
includes abrasive wear and adhesive wear [14]. The CS2 coating has protrusions in the
grooves, exhibiting that there are components with higher hardness that have not fallen off.
The groove of the CS2 coating is relatively flat, the adhesion pit is smaller and shallower
and there is no visible small scratch. It shows that the wear of the CS2 coating is mainly
adhesive wear, so its quality loss is the smallest and the friction coefficient is the smallest as
well, but the wear resistance is the best. Obvious Al2O3 particle protrusions can be seen in
the CS3 coating. On account of its high hardness, the Al2O3 is embedded in the cladding
layer in the form of a hard phase. During the friction and wear process, the alumina acts as
a buffer and protection part for the other components of the coating. In addition, the outer
edge of the CS3 coating groove has the highest bulge and the oxide layer is the thickest.
The oxide layer hinders the grinding and extrusion of the grinding ball to the substrate and
improves the wear resistance of the CS3 coating. Since there are no small abrasive particles
around the groove and no other scratches, it can be inferred that the abrasive particles are
less worn, which leads to a relatively small friction coefficient of the CS3 coating.
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3.4. Corrosion Resistance Performance

Figure 8 shows the corrosion weight change curve of the cold-sprayed coating in
molten chloride salt. It can be seen that the weight of the specimens shows a slight increase
in the beginning, then a slight decrease emerges during the corrosion period. In the early
stage of corrosion, oxide films such as NiO and MoO3 are formed on the surface of the
coating, which makes the total mass of the coating slightly augmented. As the corrosion
progresses, the Cl2 generated by the reaction passes through the passivation layer on
the surface of the coating. Metal oxides react with Cl2 to generate corresponding metal
chlorides. Because the vapor pressure of metal chlorides is low at high temperatures, the
metal chlorides diffuse out of the coating under the drive of free energy, leaving pores,
making the total mass of the coating decrease slightly [22]. Meanwhile, these pores provide
a path for the chlorine gas to enter the deeper coating, so that the oxidation reaction
continues until the surface of the passivation layer sample leaves visible holes [24].
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Figure 9 shows the microscopic morphology and XRD phase analysis of the cold-
sprayed coating after corrosion. It can be seen that obvious corrosion marks appear on the
surface of the coating, and the surface becomes uneven and more pores appear. The CS1
coating has more holes and a smaller size, the CS2 coating has fewer holes but more gaps,
and the CS3 coating has fewer holes and gaps but a larger size. A partial area of the sample
surface is taken for EDS composition analysis, and the results are shown in Table 3. The Ni
content of the coating gradually decreases and the Mo content gradually increases, which
is consistent with the original content of the coating. There is a large amount of oxygen on
the surface, which indicates serious oxidation. The CS2 coating has the lowest O and Cl
composition and the highest Mg composition. From the XRD phase analysis after corrosion,
it can be seen that the main component of the surface of the CS1 coating is Ni, in addition
to a small amount of NiO. The surface of the CS2 coating is mainly composed of Ni, in
addition to a small amount of NiO and MoO3. The surface of the CS3 coating is mainly
composed of Ni, in addition to a small amount of NiO, MoO3 and Al2O3, which shows that
the surface of the cold-sprayed coating has not been significantly passivated, and only a
partial chemical reaction occurs on the surface of the coating to form a dense oxide film.

After the molten chloride salt corrosion, the presence of a small amount of NiO and
MoO3 can be detected, indicating that part of the surface has a protective effect on NiO and
MoO3. The small amount of NiO and MoO3 indicates that there is no dense passivation
layer that completely covers the coating. After corrosion, in the microscopic morphology,
the holes inside the materials can be seen in the sample, indicating pitting corrosion. Using
HSC Chemistry software (version 8) to perform thermodynamic calculations, it is found
that both Ni and Mo can undergo oxidation reactions at 750 ◦C. Except for the reaction
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of Mo and O2, which forms MoO3, the Gibbs free energy of other oxidation reactions is
close to zero. Although those reactions can occur spontaneously at 750 ◦C, their reaction
speed is relatively low. As Mo is oxidized in the first place, Ni oxidizes at a slower rate, and
there is no oxidation reaction on the coating surface in a short period of time. Therefore,
the corrosion rate of the cold-sprayed coating is much lower than that of the 304 stainless
steel substrate.
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Figure 9. Micro-corrosion morphology and XRD phase of cold-sprayed coatings with different Mo
contents: (a) 0 wt.%, (b) 10 wt.%, (c) 20 wt.%, (d) 0 wt.%, (e) 10 wt.% and (f) 20 wt.%.

Table 3. Chemical composition of micro-area after corrosion of cold-sprayed coatings (wt.%).

Element Ni Mo O Al Cl Mg Na

A 71.05 — 21.19 4.65 3.12 — —
B 68.79 4.46 16.61 4.03 1.96 3.19 1.05
C 52.81 13.26 27.61 1.32 2.97 2.02 —

4. Conclusions

In view of the fact that existing molten chloride corrosion-resistant coatings cannot give
consideration to both corrosion resistance and wear resistance, a new corrosion-resistant
coating is proposed in this study, and its actual effect is considerable, but the related in-
depth corrosion resistance and wear resistance mechanism still need to be studied. The
specific conclusions related to this work are as follows:

(1) The cold-sprayed coating is composed of Ni, Mo and Al2O3, and there is no
metallurgical bond among the components. From the microscopic morphology, both Ni and
Mo exhibit adiabatic shear instability. With the occurrence of obvious plastic deformation,
the contact area between the two extends, thereby increasing the bonding force. Due to its
poor plasticity, Al2O3 is crushed during the deposition process, is distributed evenly inside
the coating, and exerts a tamping effect.
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(2) Mo and Al2O3, due to their high hardness, significantly increase the hardness of
the coating. The average hardness of the three coatings (≥245 HV) is higher than that of the
base 304 stainless steel (190 HV). The content of Mo affects the deposition rate of alumina.
As the content of Mo increases, the overall hardness of the coating increases at first and
then decreases. The hardness of the 80Ni-10Mo-10Al2O3 coating with a Mo content of
10 wt.% is the largest.

(3) The wear surface morphology of the coatings with different Mo additions at room
temperature mainly shows defects such as adhesion pits, oxide layers and scratches, and
the wear mechanism is mainly manifested as adhesive wear. The 80Ni-10Mo-10Al2O3
coating with a Mo content of 10 wt.% has the smallest friction coefficient and the best
wear resistance.

(4) With an increase in Mo content, the corrosion resistance of the coating is improved.
On the one hand, Mo and alumina can increase the density of the coating; on the other
hand, the corrosion resistance of Mo is better than that of Ni, whereas an increase in Mo
can significantly improve the overall coating.

(5) The 80Ni-10Mo-10Al2O3 coating has the best resistance to molten chloride corrosion
and the best mechanical properties, with a hardness of 270.17 HV, friction coefficient of
0.4171 and corrosion rate of 0.287 g/m2·h in molten chloride.
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