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Abstract: Cold spray is a promising approach to repair all damages and defects in aluminum (Al)
constituent elements. The study aims to investigate the mechanical and tribological properties of
Al coatings deposited using high-pressure cold-spray (HPCS) and low-pressure cold-spray (LPCS)
techniques. Al powder was sprayed on a cold-rolled plate of aluminum 1100, which was used as
the substrate. The results showed that the micro-hardness of the LPCS Al coating reached up to
196.6 HV before the wear test compared to that of HPCS (174.3 HV). Moreover, more low friction
coefficients obtained by LPCS (0.798) than HPCS (0.807) indicated good tribological properties with a
high amount of oxide composition. Meanwhile, the wear studies reveal that the specific wear rate of
the Al coating of LPCS (0.008) was lower than the HPCS (0.009) as the load increased from 3 N to
5 N, thus providing excellent wear resistance. Therefore, the results exhibited greater mechanical and
tribological characteristics for Al coatings produced by the LPCS process than by the HPCS process.

Keywords: energy; friction coefficient; high-pressure cold spray; low-pressure cold spray; specific
wear rate

1. Introduction

Aluminum (Al) alloys are lightweight, non-ferrous metal with high corrosion resis-
tance [1,2] and ductility. The high st rength of Al provides reduces fuel consumption in
transportation systems such as aircraft, railcars, and light vehicles. Furthermore, it is known
as an excellent electric conductor [3]; Al wire is used for transmitting electrical power over
long distances. It also has the potential to be used in heat exchangers, refrigerators, and
air conditioners because of its good thermal-conductor properties. However, damages
may occur in Al components that cannot be repaired with conventional technologies [1].
For instance, bores in the Al castings are subject to damages such as corrosion and wear.
Corrosion takes place as Al components are readily oxidized, including when Al is present
either in solid solution or intermetallic particles. Welding Al components is difficult because
of its high specific thermal conductivity and high coefficient of thermal expansion [1,4].

Within the last decade, numerous studies have been carried out to investigate the
wear performance of metal coatings produced by thermal spray, including high-velocity
oxy-fuel, combustion flame, vacuum plasma, and two-wire electric arc [5]. Even though
these thermal-spray processes use strong and clean spraying methods, the heat dissipation
may change the microstructure of the coatings and their mechanical behavior, leading
to coating particle oxidation, decomposition, and grain growth, which is a major threat
in coating technology [6,7]. In order to overcome these damages, cold spray (CS) can be
utilized as a new approach in the coating technique. The main benefit of CS over thermal
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spray techniques is that the coating material is not thermally altered. This event minimizes
any possible phase transformation and sustains the particles in their unmodified solid state.

There are two types of CS methods: high-pressure cold spray (HPCS) and low-pressure
cold spray (LPCS). The HPCS process used helium or nitrogen as working gas, at high pres-
sure (2.0–4.0 MPa), and preheated it (up to 1000 ◦C) inside the de Laval type nozzle [8–11].
The particle velocities for this process range from 200 to 1200 m/s [12], which allows for the
deposition of various materials ranging from pure metal to alloys. A study on Al coatings
deposited using HPCS has been reported extensively by several researchers [9–15]. Efficient
bonding for Al coating occurs between 600 and 900 m/s, within which the highest deposi-
tion efficiency can be achieved [9–13]. However, the mechanical properties of Al coating
deposited using HPCS were unsatisfactory. Some particles did not severely deform, which
resulted in lower hardness and high coating porosity [16–18]. A similar outcome was also
reported for other light materials. The examination of these light-metal coatings revealed
a decrease in hardness with increasing distance from the substrate, despite displaying
excellent impact behaviors such as severe plastic deformation in the substrate, intimate
metallurgical (atomic) bond-forming along the interface, and an increase in hardness at
the interface region as a result of grain refinement [19–21]. Thus, HPCS is deemed as not
suitable for depositing soft and light materials [22].

The LPCS process used compressed gas as a working gas at relatively low pressure
(below 0.6 MPa) and preheated it (up to 550 ◦C) inside the de Laval type nozzle [8–10]. The
particle velocities for LPCS range from 350 to 700 m/s [23]. The velocity for depositing Al
using LPCS ranges from 300 to 500 ms−1 [11–14]. Due to the relatively lower velocity of
LPCS, it is believed that erosion on the Al substrate surface can be avoided. Despite the
potential exhibited by the LPCS method, the impact behavior of light metals, including Al,
has not been sufficiently investigated using this technique. In our previous work, computer
simulation was used to investigate Al particle impact on the Al substrate during HPCS and
LPCS coating processes [16]. It was found that Al deposited using LPCS resulted in lower
porosity than Al deposited using HPCS. Therefore, it is of great importance to extend the
study and investigate the coating properties as well as the tribological properties.

Moreover, there is no study comparing HPCS and LPCS methods with Al deposition
in a single work. Therefore, the present work aims to investigate the mechanical and tribo-
logical properties of Al coatings deposited using HPCS and LPCS. Several analyses were
conducted by evaluating the different coating spray processes’ microstructure, elemental
composition, hardness, wear rate, friction of coefficient, and wear resistance.

2. Materials and Methods
2.1. Cold-Spray Deposition Process

The HPCS and LPCS coatings were produced by PCS-203 (Plasma Giken Kogyo Co.,
Ltd., Saitama, Japan) and DYMET403J (Obninsk Center for Powder Spraying, Kaluga
Oblast, Russia), respectively. Figure 1 shows the schematic diagram of the HPCS and LPCS
system with the spraying parameters, as listed in Table 1. The spray material (pure Al
powder of AL G-AT; particle diameter: 25 µm) was purchased from Fukuda Metal Foil and
Powder Corporation (Kyoto, Japan). A cold-rolled plate of aluminum 1100 was used as the
substrate. Helium and compressed air were used as the carrier gas for HPCS (2.0 MPa) and
LPCS (0.6 MPa), respectively. The temperature was set up at 300 K with a nozzle distance
of 15 mm.

2.2. Mechanical and Wear Test

The hardness of the different coating processes was measured using the Vickers
hardness test machine (Hitachi, Universiti Tenaga Nasional, Selangor, Malaysia). The test
was conducted at room temperature (30 ◦C), and the measurement of hardness was taken at
three different places on each sample to obtain the average value of hardness. The pore size
was analyzed using the image analysis method. Friction and wear tests were performed
with micro pin-on-disc tribotester (model CM-9109, Ducom, Bangalore, India) according to
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the G99 ASTM standard test method. The pin-on-disc tribotester schematic is illustrated in
Figure 2. Wear test samples were placed inside the steel pin holder, which was 15 mm in
diameter. The test surface and wear-disc holder were cleaned with soft cotton after each
run on the machine to remove any wear debris. The sliding tests were performed on a wear
track diameter of 30 mm for a constant sliding distance of 400 m under ambient conditions.
The tests were conducted for different loads (2 N, 3 N, and 5 N) and a sliding velocity
constant at 0.1 m/s. The wear-test parameters are given in Table 2.
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Figure 1. Schematic diagram of (a) HPCS and (b) LPCS [24].

Table 1. Spraying parameters of HPCS and LPCS.

Parameters HPCS LPCS

Size (µm) 25 25
Working gas Helium Air

Gas pressure (MPa) 2.0 0.6
Initial temperature (K) 300 300
Nozzle distance (mm) 15 15

Number of layers 20 20
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Figure 2. Schematic diagram of micro pin-on-disc tribotester.

Table 2. Wear-test parameters.

Parameters Selected Value

Applied load (N) 2, 3 and 5
Velocity (m/s) 0.1
Environment Air

Temperature (◦C) 25 ± 2
Humidity (%) 55 ± 5

Speed of motor (rpm) 200
Sliding distance (m) 400
Track diameter (mm) 30

Duration (s) 960
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2.3. Characterization

The samples were cut using the Buehler Isomet Precision Saw. The cutter speed was
set to a low-speed setting, which is 100 rpm. Then, the samples were mounted using the
cold mounting technique. The mounting materials used were resin from Struers Epoxy kit
that included epoxy resin and epoxy hardener. In order to obtain a highly reflective surface
that was free from scratches and deformation, the samples had to be be carefully ground
and polished before they could be examined under the microscope. The samples were
ground using silicon carbide papers of 800 and 1000 grit sizes and followed by a polishing
process using a diamond solution as the polisher. The cross-sectional microstructures,
surface morphologies, and wear tracks were examined using scanning electron microscopy
(SEM) (Hitachi SU1510, Tokyo, Japan). The elemental composition of the coating and the
substrate were determined using energy-dispersive X-ray spectroscopy (EDX) (Hitachi
SU1510, Tokyo, Japan).

3. Results
3.1. Microstructure and Mechanical

The microstructure images of Al coatings deposited using HPCS and LPCS are shown
in Figure 3. According to visual examination from Figure 3a, pores indicated by the arrow
show that HPCS coating exhibited larger pores between the particles compared to that
of LPCS in Figure 3b. To confirm this observation, the pore-size distribution was plotted
and quantified using a histogram, as shown in Figure 4. The average pore size of the
HPCS coating is approximately 0.35 µm, and the average pore size of the LPCS coating is
approximately 0.18 µm.
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Figure 3. SEM images of Al coatings using (a) HPCS and (b) LPCS.

Smaller average pore size is obtained in the LPCS coating due to the full deformation
of the sprayed Al particles that leads to good bonding between the sprayed particles and the
substrate. Furthermore, the smaller pore-size distribution in the LPCS coating contributes
to denser coating with lower porosity. The porosity of the Al coatings deposited using
HPCS and LPCS on Al substrates is given in Table 3. It is the measure of pore area over
total area. The LPCS coating has lower porosity (3.48%) than the HPCS coating (7.72%). A
previous study in [17] claimed that high porosity in Al coatings reduces the mechanical
properties where porosity is one of the key factors that influences the mechanical and wear
performance in coatings. Hence, it is inferred that the lower porosity observed in LPCS
coating could improve the mechanical and wear performances, which can be assessed
through microhardness, friction, and wear tests.



Coatings 2022, 12, 1792 5 of 11

Coatings 2022, 12, x FOR PEER REVIEW 5 of 11 
 

 

contributes to denser coating with lower porosity. The porosity of the Al coatings depos-

ited using HPCS and LPCS on Al substrates is given in Table 3. It is the measure of pore 

area over total area. The LPCS coating has lower porosity (3.48%) than the HPCS coating 

(7.72%). A previous study in [17] claimed that high porosity in Al coatings reduces the 

mechanical properties where porosity is one of the key factors that influences the mechan-

ical and wear performance in coatings. Hence, it is inferred that the lower porosity ob-

served in LPCS coating could improve the mechanical and wear performances, which can 

be assessed through microhardness, friction, and wear tests. 

  
(a) (b) 

Figure 4. Pore size distribution of Al coatings using (a) HPCS and (b) LPCS. (Dotted line is aver-

age pore size, for (a) 0.35 micrometer and (b) 0.18 micrometer) 

The microhardness obtained through the Vickers Hardness test of Al coatings depos-

ited using HPCS and LPCS on Al substrates is also summarized in Table 3. The LPCS 

coating has a higher hardness of 196.6 HV than the HPCS coating, which is 174.3 HV. This 

is attributed to the lower porosity of the LPCS coating. According to Lee et al., the Al 

coating deposited using LPCS has higher hardness due to the peening effect from the low 

coating porosity [18]. 

Table 3. Vickers hardness and porosity of HPCS and LPCS coatings. 

Process 
Vickers Hardness  

(HV) 

Porosity  

(%) 

HPCS 174.3 7.72 

LPCS 196.6 3.48 

Higher hardness indicates work-hardening resulting from plastic deformation and 

strain-hardening during particle impacts [18], which can be easily achieved using HPCS 

through the severe deformation of the particles on the substrate. However, the presence 

of larger pores in the HPCS-sprayed Al coating is due to the peculiarities of the HPCS 

process on lightweight materials. Although the first layer of particles was fully deformed, 

the continuous bombardment of subsequent particles at high velocity resulted in large 

pores between the particles. These large pores prevent the formation of compact and co-

herent layers. On the other hand, the smaller pores formed between the Al particles 

through the LPCS result in a dense coating. Therefore, the LPCS induces a high level of 

plastic deformation on the Al coating, as well as strain hardening, which in turn increases 

hardness in the coating. 

3.2. Friction and Wear 

Figure 4. Pore size distribution of Al coatings using (a) HPCS and (b) LPCS. (Dotted line is average
pore size, for (a) 0.35 micrometer and (b) 0.18 micrometer).

Table 3. Vickers hardness and porosity of HPCS and LPCS coatings.

Process Vickers Hardness
(HV)

Porosity
(%)

HPCS 174.3 7.72
LPCS 196.6 3.48

The microhardness obtained through the Vickers Hardness test of Al coatings de-
posited using HPCS and LPCS on Al substrates is also summarized in Table 3. The LPCS
coating has a higher hardness of 196.6 HV than the HPCS coating, which is 174.3 HV. This is
attributed to the lower porosity of the LPCS coating. According to Lee et al., the Al coating
deposited using LPCS has higher hardness due to the peening effect from the low coating
porosity [18].

Higher hardness indicates work-hardening resulting from plastic deformation and
strain-hardening during particle impacts [18], which can be easily achieved using HPCS
through the severe deformation of the particles on the substrate. However, the presence of
larger pores in the HPCS-sprayed Al coating is due to the peculiarities of the HPCS process
on lightweight materials. Although the first layer of particles was fully deformed, the
continuous bombardment of subsequent particles at high velocity resulted in large pores
between the particles. These large pores prevent the formation of compact and coherent
layers. On the other hand, the smaller pores formed between the Al particles through
the LPCS result in a dense coating. Therefore, the LPCS induces a high level of plastic
deformation on the Al coating, as well as strain hardening, which in turn increases hardness
in the coating.

3.2. Friction and Wear

Wear, and friction, tests were performed on a pin-on-disc wear-test machine. Figure 5
shows the wear load and frictional force of HPCS and LPCS coatings as a function of time
under 2 N, which are used to calculate the wear rate and the specific wear rate. The wear
rate and specific wear rate are given as in the following equation:

.
W =

v
Fnd

(1)

.
V = K

.
W (2)
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where
.

W is the specific wear rate, which is simply the wear volume v divided by the
product of the normal load Fn and the sliding distance d. Moreover,

.
V is the wear rate and

K is the wear constant.
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Figure 6 shows the variation of the friction coefficient of Al coating deposited using
HPCS and LPCS as a function of time subjected to 2 N. The wear tests conducted on
the HPCS and LPCS coatings demonstrated that the friction coefficient varied between
0.001 and 1.8 µ and between 0.3 and 1.4 µ for HPCS and LPCS, respectively, as seen in
Figure 6. These results show that the LPCS coating has a smaller range of friction coefficient
than the HPCS coating.
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Furthermore, Figure 7a,b demonstrate the variation of friction coefficients and the
wear rate of Al coatings as a function of applied load (2 N, 3 N, and 5 N) deposited using
HPCS and LPCS, respectively. The friction coefficient for both the HPCS and LPCS coatings
decreases as the load increases from 2 N to 5 N. This shows that CS technology decreases
the friction coefficient [22]. Comparing the HPCS and LPCS coatings, the friction coefficient
of the LPCS coating decreased gradually from 1.343 to 1.297 and then to 0.798 with small
gaps in the values as the load was increased, whereas the HPCS coating decreased from
1.609 to 1.067 and then to 0.807 with larger gaps. As stated in [22], dense coatings with low
porosity generate a low friction coefficient that improves wear resistance.
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(b) LPCS.

However, the wear rate increased for both HPCS and LPCS coatings as the load
increased from 2 N to 5 N, as seen in Figure 7. This is because the wear rate is independent
of the applied load, as observed in Equation (2). Figure 8a,b show the specific wear rate and
wear resistance of Al coatings as a function of applied load (2 N, 3 N, and 5 N) deposited
using HPCS and LPCS, respectively. The specific wear rate decreased for both HPCS and
LPCS coatings as the applied load increased. Even though the specific wear rate of LPCS
coating (0.016 mm3/Nm) was higher than the HPCS coating (0.015 mm3/Nm) at the low
load of 2 N, the specific wear rate of the LPCS coating decreased as the load was increased
to 5 N. The lower specific wear rate of the LPCS coating at a higher applied load led to a
higher value of wear resistance (98.5 Nm/mm3) than the HPCS coating (98.2 Nm/mm3).
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and (b) LPCS.

Figures 9 and 10 show the SEM images of wear tracks subjected to different loads of
2 N, 3 N, and 5 N, formed on HPCS and LPCS coatings, respectively. The wear track on
the HPCS coating shows a smoother surface with only small patches and grooves in the
2 N load compared to the 3 N and 5 N loads. The wear tracks on higher loads (3 N and
5 N) have more patches with deep grooves. On the other hand, the wear track on the LPCS
coating with a low load of 2 N provides a regular surface profile with a small number of
cracks and cavities (Figure 10a). The wear track with 3 N of the applied load demonstrates
grooves on the surface (Figure 10b).
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In contrast, the wear track with the 5 N load shows the formation of larger cracks,
small cavities, and grooves on the surface (Figure 10c). The composition of oxygen in the
HPCS and LPCS coatings is tabulated in Table 4. The results show that the composition
of oxygen increases as the load increases for both the HPCS and the LPCS coating. The
LPCS coating, however, exhibits a higher amount of oxygen with increasing load. This may
contribute to its low friction coefficient observed in Figure 7b.
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Table 4. EDX result of HPCS and LPCS.

Process
Oxygen Composition (%)

Initial 2 N 3 N 5 N

HPCS 16.49 17.02 31.20 45.38
LPCS 18.85 16.59 35.23 47.18

According to Asuke et al. [25], the wear rate increases with increasing applied load
because the amount of wear loss is small when a small load is applied. Besides that, the
drastic reduction in specific wear rate for HPCS and LPCS coatings from 0.015 mm3/Nm
to 0.009 mm3/Nm (Figure 8a) and from 0.016 mm3/Nm to 0.008 mm3/Nm (Figure 8b),
respectively, is due to the effectiveness of the oxide layer formed on the surface. Stott
mentioned that the high oxide layer formed on the surface of the coating contributes
to a low specific wear rate [26,27]. The lower specific wear rate exhibited by the LPCS
coating at higher loads (3 N and 5 N) than the HPCS coating indicates that the oxide
layer inhibits contact between the surfaces, which may improve the wear resistance in the
coating. Accordingly, the LPCS coating showed more excellent wear resistance at higher
applied loads of 3 N and 5 N, with a high amount of oxygen composition of 35.23% and
47.18%, respectively, whereby high wear resistance indicates improved wear resistance and,
therefore, good tribological properties [25].

The obtained results depict that the worn surfaces on the wear track of the HPCS and
LPCS coatings denote the presence of an oxide layer resulting from the formation of cracks
and cavities. This oxide layer, which is formed by oxidative wear, protects the Al coating
from wear when it is in contact with a counter-face and induces low friction. One reason
for the low friction is the formation of low-strength microfilms, in this case the growth
of aluminum oxide (Al2O3) between the contacting surfaces. Therefore, the high amount
of oxygen (47.18%) in the LPCS coating subjected to the 5 N load contributes to the large
cracks and small cavities formed on the worn surfaces, as observed in Figure 10c. Moreover,
the formation of an oxide layer leads to a low friction coefficient, as observed in Figure 7.
Therefore, due to the higher amount of oxygen composition in the LPCS coating, the Al
coating deposited using LPCS exhibits better wear properties than that of HPCS.

4. Conclusions

In summary, the mechanical and tribological properties of Al coatings using the HPCS
and LPCS processes were successfully studied. The micro-hardness of the Al coating using
the LPCS process before the wear test reached up to 196.6 HV, which is higher than the
Al coating using the HPCS process (174.3 HV). Meanwhile, the pore size increases with
increasing porosity, which influences the mechanical and wear performance. Al coating
using the LPCS process has a lower percentage of pore-size diameter than the HPCS process.
The lower percentage of pore diameter contributes to a dense coating with less porosity.
Moreover, the low friction coefficients obtained by the LPCS process indicate the good
tribological properties of the Al coating, with a high amount of oxide composition. The
wear studies reveal that the specific wear rate of Al coating using the LPCS process is lower
as the load increases from 3 N to 5 N, thus providing greater wear resistance than that of
the HPCS coating.
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