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Abstract. The paper investigates the influence of electric arc spraying process parameters using copper-plated
Sv08G2S wire on the structure and performance characteristics of coatings formed on grade 45 steel. Spraying was
performed at varying voltages and wire feed speeds, followed by a comprehensive analysis of the structure and
properties of the resulting coatings. The best coating characteristics were achieved at 40 V, 280 A and a wire feed
speed of 100 mm/s: the resulting coating exhibited a relatively dense and uniform structure, high microhardness
(277.6 HV), minimal mass loss due to abrasive wear (0.018 g), and enhanced corrosion resistance. Electrochemical
tests in a 3.5 wt.% NaCl solution revealed a positive shift of the corrosion potential to —0.318 V (vs. Ag/AgCl) and
a low corrosion current density of 4.61 x 107 A/cm? corresponding to a corrosion rate of 0.54 mm/year. It is shown
that voltage is one of the key parameters in supersonic arc metallization, governing arc stability, spray uniformity,
and coating quality, whereas increasing the current and wire feed speed resulted in a thicker sprayed layer but
promoted pore formation and reduced structural homogeneity. Overall, optimization of spraying parameters
enables the formation of high-quality coatings with improved wear and corrosion resistance, thereby increasing the
service life of steel components in practical applications.

Keywords: electric arc spraying, copper-plated wire, grade 45 steel, microhardness, corrosion resistance, wear
resistance.

1. Introduction

Grade 45 steel is one of the most widely used carbon structural steels in mechanical engineering, power
engineering, and related industries for the manufacture of components due to its combination of strength,
affordability, and manufacturability [1]. During operation, under conditions of friction and abrasive action,
parts made of grade 45 steel (such as shafts and gears in thermal power plant equipment) undergo accelerated
wear, significantly reducing their service life. To enhance the durability and reliability of such components,
surface modification methods must be applied to improve their performance characteristics. Among existing
technologies, thermal spraying (TS) is of particular interest as it allows the formation of functional coatings
without significant thermal deformation of the substrate or changes in the structure of the base material [2, 3].
A key advantage of this technology is the wide selection of usable materials, which ensures versatility in
addressing tasks related to improving wear and corrosion resistance. The main types of thermal spraying
include flame, detonation, plasma, cold gas-dynamic, electric arc spraying, and other methods [4-12]. Among
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these, electric arc spraying (EAS) has attracted particular attention from researchers due to its technological
simplicity, low cost, and high productivity. According to technical and economic estimates, coatings obtained
by this method are 3-10 times cheaper than similar coatings applied by other thermal spray methods, while
maintaining comparable performance characteristics [10-14]. The efficiency of electric arc spraying is largely
determined by process parameters, including the material feed rate, current, voltage, air pressure, and spraying
distance. These factors directly influence the coating’s structure, porosity, microhardness, and adhesion to the
substrate [11, 15-18]. In recent years, particular attention has been paid to optimizing spraying conditions,
which has significantly improved the wear and corrosion resistance of coatings [18-23].

Along with process parameters, the choice of spray material is a key factor. Among metallic coating
materials, copper and its alloys are of particular interest due to their high ductility and excellent thermal and
electrical conductivity. When using copper-plated wire, the copper layer facilitates stable arc formation,
improves the thermal regime of the process, and ensures more uniform coating deposition. In addition, copper-
plated coatings demonstrate high corrosion resistance and can enhance the mechanical properties of the
surface. Thus, pseudo-alloys of the Cu—Fe system obtained by arc spraying form dense coatings with low
porosity, a microhardness of approximately 2,1 = 0,7 GPa, and high resistance in aggressive environments,
including a 3% NaCl solution [24]. The use of copper-plated wire in arc spraying combines technological
simplicity and cost-effectiveness, ensuring the formation of coatings with a range of protective and functional
properties.

Thus, the potential of copper-based coatings is confirmed by modern research on composites based on
them, which demonstrate improved wear resistance and corrosion protection. The purpose of this study is to
identify the formation patterns of copper-plated Sv08G2S wire coatings on the surface of grade 45 steel, with
the aim of improving its performance.

2. Materials and Research Methods

In this study, grade 45 steel and copper-plated Sv08G2S wire were used. Their chemical composition (in
wt.%) is shown in Table 1 according to GOST 1050-2013. Electric arc spraying was carried out using a
Metalcoat system (Figure 1) comprising an Arc Spray Torch (model 100AD) and a power source with control
console (model VCH 400 AIR and DC), produced by Metalcoat. The process parameters for arc spraying are
given in Table 2. For the experiment, a round disk specimen (66 mm in diameter and 5 mm thick) was prepared
and subsequently divided into four equal sectors. Three of these sectors were used for coating deposition and
subsequent analyses. Prior to coating, each specimen’s surface was ground with 120-grit abrasive paper and
then sandblasted, resulting in an initial surface roughness of 0,94 + 0,12 um.

Table 1. Chemical composition of materials (wt.%)

Material C Si Mn S p Ni Cr Cu
Steel 45 0,42-0,50 | 0,17-0,37 | 0,5-0,8 | <0,035 <0,03 <0,3 <0,25 <0,25
Sv08G2S | 0,05-0,11 | 0,70-0,95 | 1,8-2,1 | <0,025 <0,03 <0,25 <0,20 <0,25

After spraying the copper-plated wire onto the grade 45 steel surface, a comprehensive study of the
coating’s structure and properties was conducted. Coating morphology was examined using a JSM-6390LV
scanning electron microscope (JEOL, Tokyo, Japan). To study the coating’s structure and porosity, a cross-
section of a coated sample was prepared by grinding with abrasive paper up to 2500 grit, followed by polishing
on felt wheels using diamond pastes with particle sizes of 0,3 um and 0,1 um. Coating porosity was then
assessed by analyzing SEM cross-sectional images using ImageJ software (version 1.54d). Surface roughness
measurements were performed using an Anytester HY2300 profilometer (Hefei, China). Roughness values
(Ra) were determined as the average of 10 measurements taken at different points on the surface. Coating
microhardness was measured using an HLV-1DT Vickers microhardness tester with a 1 N indenter load and a
dwell time of 10 s. Abrasive wear tests were conducted in accordance with GOST 23.208-79. Electro
corundum abrasive (grain size 16-P as per GOST 3647-80) with a relative moisture content of no more than
0.15% was used. The roller rotation frequency was 60 + 2 min™!, and the sample load was 44,1 + 0,25 N.
According to GOST 23.208-79, since the test material’s microhardness did not exceed 400 HV, the number
of revolutions was set to 600. Upon completion of the tests, the samples were blown with compressed air,
wiped with alcohol, dried, and weighed on an analytical balance with an accuracy of 0.001 g.
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Fig.1. Metalcoat electric arc spraying system.

Table 2. Parameters of the electric arc spraying process.

Sample | U (V) | Wire feed speed (mm/s) | | (A) | Air pressure (MPa) | Distance (mm) | Spraying time (s)
No. 1 30 150 350 0.4 150 5
No. 2 40 100 280 0.4 150 5
No. 3 20 120 300 0.4 150 5

Corrosion resistance was assessed by potentiodynamic polarization using a CS300M potentiostat—
galvanostat (Corrtest Instruments, Wuhan, China) with a CS936 flat corrosion cell in a standard three-electrode
setup. The working electrode was a coated or uncoated sample with an exposed area of 1 cm2. A saturated
Ag/AgCI electrode served as the reference and a platinum mesh as the counter-electrode. Tests were carried
out in a 3,5 wt% NaCl solution at 25 °C (room temperature). Before polarization, the open-circuit potential
was stabilized for 30 min. The corrosion test was performed according to ASTM G5-13.

3. Results and Discussion

Figure 2 shows cross-sectional images of the coatings. As shown in Figure 2 (a—c), the coating thickness
varies depending on the process parameters (Table 3). The coating on sample No. 1 has a significant thickness
of 778,74 £ 9,26 um and shows increased layer waviness along the edges. This effect is due to the combination
of high current (350 A) and high wire feed speed (150 mm/s), which accelerate the particles and increase the
material flow rate, resulting in more material being deposited in a short time. Sample No. 2 exhibited the most
uniform structure, with a consistently distributed coating and a thickness of 604,04 + 15,94 um. The coating—
substrate interface in sample 2 was clearly defined and even. Sample No. 3 had the smallest coating thickness,
326,70 £ 36,03 pum.

The moderate wire feed speed (120 mm/s) combined with the low voltage (20 V) led to incomplete
atomization of the material, causing some of the wire to be wasted and preventing proper coating formation
on the sample surface. Coating No. 1 is characterized by a low porosity (1.65%) but a relatively large average
pore size of 0,863 £ 0,347 um (Table 3). This is due to the intense deposition of molten particles at high current
and high wire feed speed. The resulting jet turbulence and incomplete overlap of individual splat zones
contribute to the formation of isolated large pores.

For sample No. 2, the combination of high voltage (40 V) and low wire feed speed produced a large
number of small, closed pores. This explains its higher overall porosity (2,575%), with an average pore size of
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0,325 £ 0,535 um. A higher voltage increases the energy transferred to the particles and prolongs their time in
a molten state in the spray plume.
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Fig.2. Cross-sectional images of coatings: (a) sample No. 1; (b) sample No. 2; (c) sample No. 3.

Table 3. Coating characteristics.

Sample | Coating thickness (um) Average pore size (Lm) Porosity (%) Roughness Ra (um)
No. 1 778,74 £ 9,26 0,863 + 0,347 1,165 11,48+2,01
No. 2 604,04 + 15,94 0,325 + 0,535 2,575 7,70£141
No. 3 326,70 £ 36,03 0,146 + 0,264 0,953 5,28 £ 0,68

This raises the likelihood of chemical interaction with oxygen, leading to the formation of oxides and
gaseous products. These oxides and gases become incorporated into the molten phase or are released during
solidification, remaining as closed or semi-open pores within the coating. Sample No. 3 is characterized by the
lowest porosity (0,953%) and the smallest average pore size, 0,146 + 0,264 um. Reducing the particle
dispersion energy lowers the likelihood of air entrapment and defect formation, resulting in only very small
pores. The low voltage (20 V) decreases the degree of particle melting and the residence time of particles in
the arc, which minimizes oxidation and gas inclusion formation; as a result, the overall porosity of the coating
is minimal. Similar correlations between spraying parameters and coating porosity have been reported in the
literature [24-26].

Table 3 also presents the surface roughness (Ra) values for the samples. After coating application, the
roughness increased significantly: for sample No. 1, Ra=11,48 £ 2,01 um; for sample No. 2, Ra=7,70+ 1,41
um; and for sample No. 3, Ra = 5,28 + 0,68 um. Sample No. 1 had the highest roughness, while sample No. 3
had the lowest, indicating that the process parameters significantly influence the formation of the surface
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microrelief. Voltage plays a key role in supersonic arc spraying, as it affects arc stability and intensity. At an
optimal voltage, the arc remains stable, facilitating uniform metal spraying and the formation of a high-quality
coating. If the voltage is too low, the arc can become unstable and intermittent, leading to an uneven coating
[12-15]. Surface roughness and coating porosity are also key factors in wear mechanisms and can influence
the development of abrasive wear. The abrasive wear test results are presented in Table 4. Sample No. 3
showed the greatest mass loss, indicating the lowest wear resistance of the coating produced under those
spraying conditions. This is possibly due to the highly porous structure of that coating. During abrasive wear,
the pores can facilitate accelerated material removal, leading to greater mass loss. In contrast, the minimal
mass loss observed for sample No. 2 (0,018 g) demonstrates the effectiveness of the chosen spraying
parameters in ensuring high wear resistance of the coating.

Table 4. Results of coating abrasive wear testing.

Sample Mass before (g) Mass after (g) Mass loss (g)
No. 1 28,555 28,530 0,025
No. 2 31,556 31,538 0,18
No. 3 24,972 24,936 0,036

The microhardness measurements of the samples are shown in Figure 3. These average values (with
corresponding errors) indicate a substantial increase in surface microhardness compared to the original grade
45 steel. The coating microhardness exceeds that of the uncoated material (grade 45 steel, ~190 HV). In
particular, sample No. 1 had a microhardness of 242,87 + 10,89 HV; sample No. 2, 277.62 + 4,67 HV; and
sample No. 3, 272.81 + 10,52 HV. These data demonstrate an improvement in the surface’s strength
characteristics after applying the coatings.
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Fig. 3. Microhardness values of the samples.

The increased microhardness of the coatings (relative to the original steel) can be attributed to specific
features of the electric arc metallization process. Specifically, when molten metal particles impact the substrate
surface, they are rapidly cooled by the cold compressed air jet, causing nearly instantaneous solidification and
the formation of a structure with higher microhardness [27]. In sample No. 1, the high current (350 A) led to
significant heat input in the spray zone, potentially causing particle overheating, burnout of alloying elements,
and intense oxidation of the molten surface. The increased wire feed speed (150 mm/s) reduced the specific
energy per unit mass of metal, limiting the extent of uniform melting. The combination of these factors resulted
in a coating with partially unmelted and overheated particles, yielding a relatively low microhardness of 242,87
+ 10,89 HV for sample No. 1.

Sample No. 2 exhibited an optimal balance of voltage (40 V) and current (280 A) at a moderate wire feed
speed (100 mm/s). As a result, the specific heating energy was sufficient for complete particle melting, leading
to the formation of a dense coating structure with the maximum microhardness (277,62 + 4,67 HV) among the
samples. Sample No. 3 was characterized by minimal heat input, which affected the morphology of the
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resulting coating. In its structure, dense inclusions visually resembling unmelted material were observed
(Figure 2c). These inclusions were uniformly distributed across the cross-section and reduced the overall
porosity. As a result of these structural features, sample No. 3 still demonstrated a high microhardness of
272,81+ 10,52 HV. It can be seen that the balance between the applied arc energy, wire feed speed, and cooling
conditions largely determines the coating microhardness. Additionally, factors such as the degree of particle
melting, the likelihood of particle overheating and oxidation, and the coating’s porosity significantly influence
the final microhardness.

Figure 4 shows the polarization curves of grade 45 steel samples in a 3.5% NaCl solution. The uncoated
steel sample exhibited a more negative corrosion potential and a higher corrosion current density, indicating
low resistance to the chloride environment. After applying the copper-plated wire arc spray coating, a positive
shift in corrosion potential and a decrease in current density were observed. This indicates a reduction in the
steel’s thermodynamic susceptibility to corrosion and a slowing of the electrochemical processes.
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Fig. 4. Potentiodynamic polarization curves of grade 45 steel samples in 3.5% NaCl solution

The most positive shift in corrosion potential and the lowest corrosion current density was observed for
sample No. 2, which was obtained with the following parameters: arc air pressure 0,4 MPa, air pressure 0,2
MPa, 40 V, and 280 A. This implies the formation of a denser, less porous coating structure, providing the best
corrosion protection. Therefore, the spraying parameters used for sample No. 2 can be considered optimal for
producing coatings with enhanced corrosion resistance. The obtained results are consistent with previous
studies of arc spray coatings on carbon steels. In particular, the coating thickness (604 + 15.9 pum) and
microhardness (277.6 £ 4.7 HV) observed under optimal spraying conditions (40 V, 280 A, wire feed 100
mm/s) are comparable to the values reported by other authors [28-30]. Moreover, similar to previous studies,
the use of wire with this coating resulted in a coating with low porosity, improved wear resistance, and high
corrosion resistance in a 3.5% NaCl solution. These comparisons confirm that the selected process parameters
are effective in improving the performance and durability of components made of grade 45 steel.

4. Conclusions

This research broadens the potential practical applications of electric arc spraying with copper-plated
Sv08G2S wire on grade 45 steel under various spraying conditions.

Process parameters significantly affect the formation of the coating’s structure and properties, including
its thickness, porosity, surface roughness, microhardness, wear resistance, and corrosion behavior.

Optimal coating characteristics were obtained at 40 V, 280 A and a wire feed rate of 100 mm/s (sample
No. 2). Under these conditions, the average coating thickness was 604 + 15,9 um, the maximum microhardness
was 277,6 + 4,7 HV, the mass loss due to abrasive wear was minimal (0,018 g), and the coating exhibited high
corrosion resistance in a 3,5% NacCl solution.
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The coating thickness across the tested modes varied from 327 um to 779 pum, depending on the spraying
parameters. Increasing the current and wire feed speed increased the coating thickness, but also led to larger
pores and reduced structural homogeneity. Overall, the results confirm that electric arc spraying with copper-
plated wire is an accessible and effective method for improving the performance characteristics and durability
of grade 45 steel components in mechanical engineering and related applications.
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