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MODERN APPROACHES TO THE MODIFICATION OF COATINGS PRODUCED BY ELECTRIC
ARC SPRAYING (REVIEW)

Abstract: In this review article, modern approaches to improving the performance characteristics of
coatings produced by electric arc spraying are analyzed. Particular attention is given to studies in the field of
directed energy deposition using an electric arc (DED-Arc), including the selection of spraying parameters,
substrate surface preparation, and the application of new types of wires and composite materials. Advances
in feedstock design for corrosion-resistant, heat-resistant, and wear-resistant protection are reviewed,
including Zn, Al-Mg, and Zn-Al-Mg systems, Al-Cu cored wires for antifouling applications, stainless steel and
NiCrMoAl alloys, cermets, and WC-reinforced high-entropy alloys. The review also summarizes recent results
on adhesion enhancement through laser surface texturing and on adapting electric arc spraying technology
for non-conductive substrates. Particular attention is given to the relationships between processing
parameters, coating microstructure, and functional properties. The analysis highlights key factors controlling
coating performance and identifies current research challenges in arc-sprayed coating systems. The
summarized results demonstrate that electric arc spraying is a flexible and cost-effective technology for
producing functional coatings with tailored properties for a wide range of industrial applications.
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Introduction

Under conditions of intensive service of structural materials, the demand for effective
methods to enhance their durability and resistance to external influences is steadily increasing. One
of the promising approaches in this field is the application of coatings produced by thermal spraying
techniques, among which electric arc spraying (EAS) occupies a special position due to its
technological simplicity, cost efficiency, and high productivity. However, despite the widespread use
of EAS in various industrial sectors, a number of limitations remain related to the formation of
coatings with optimal structural and performance characteristics.

In this regard, research efforts aimed at improving the electric arc spraying process have
intensified, particularly through the introduction of new approaches to feedstock material selection
and the modification of spraying parameters. The enhancement of coating performance properties
is generally achieved through an integrated approach that includes the use of modern additive
technologies, alternative wire materials, and methods for controlling coating structure at different
stages of its formation.

This review is devoted to the analysis of existing and promising approaches to improving the
performance characteristics of coatings produced by electric arc spraying. The presented analysis
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makes it possible to systematize the accumulated knowledge in this field and to identify relevant
directions for further research.

DED-Arc Technology. Among the modern directions aimed at improving the quality and
functionality of coatings produced by electric arc spraying, particular attention is given to directed
energy deposition using an electric arc (DED-Arc). This approach combines the principles of additive
manufacturing and welding processes, enabling the formation of volumetric structures and coatings
with controlled geometry and properties.

Thus, in the study by R. M. Kindermann et al. [1], a comprehensive investigation was carried
out to examine the influence of heat input and process interruptions on the microstructure and
mechanical properties of the Inconel 718 alloy (Figure 1) fabricated by directed energy deposition
using an electric arc (DED-Arc). Special attention in this study was paid to the effect of interruptions
during the deposition process. The authors compared two deposition modes — Cold Metal Transfer
(CMT) and pulsed Gas Metal Arc Welding (GMAW-P) — and demonstrated that controlling heat input
and interpass temperature allows targeted control of the phase composition by regulating the amount
of strengthening phases (y' and y"), which is critically important for heat-resistant nickel-based alloys.
The CMT mode provides lower heat input, which in turn reduces the risk of crack and pore formation
and promotes increased ductility of the deposited samples. In contrast, the GMAW-P mode, despite
increasing material strength due to more intensive formation of strengthening phases (y' and y"),
was accompanied by a higher tendency toward defect formation during solidification. It was shown
that even short-term arc interruptions lead to the formation of thermally unstable zones with localized
stresses, which significantly reduce tensile strength and promote material failure.

Figure 1 — DED-Arc IN718 specimens produced in this study: (a) CMT-1.0-80°C, (b) CMT-1.0-30 s,
(c) GMAW-P-1.0-30 s, (d) CMT-0.4-80°C, (e) CMT-0.4-30 s, and (f) GMAW-P-0.4-30 s. Cross-
sectional profiles: w = total wall width, h = layer height, Ra = average surface roughness [1]

A number of studies have reported a significant influence of DED-Arc process parameters on
the morphology and quality of the formed surface. In particular, Hensel J. et al [2] demonstrated that
the surface of components produced by DED-Arc exhibits both random and deterministic
topographical features. The layer height and the number of deposition passes are formed in a
predictable manner, whereas the occurrence of surface protrusions and excess deposited material
is of a stochastic nature. Surface topography can be described using W-profiles, while height
parameters can be obtained based on laser scanning (Figure 2). The authors emphasize that
measurement parameters, such as cutoff wavelength, evaluation length, and profile length, have a
significant effect on the calculated surface characteristics and must be explicitly reported in data
analysis.
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Figure 2 — Photographs of DED-Arc specimens produced under different welding parameters
and interpass temperatures (a) and (d) [2]

The relevance of the DED-Arc process is confirmed not only by its high technological flexibility
but also by the possibility of fine control over the structure and properties of the deposited material
through the selection of deposition strategies. In the study by de Brito Neto F. M. et al. [3], the
influence of different deposition strategies on the microstructure and mechanical property anisotropy
of 316L stainless steel components fabricated by DED-Arc was investigated. The authors note that
DED-Arc is characterized by a high deposition rate, cost efficiency, and low material waste, making
it particularly effective for the fabrication of large-scale metal components with complex geometries.
At the same time, a lack of fundamental studies related to the formation of thick-walled structures is
highlighted. Within the framework of this study, it was shown that the choice of deposition strategy
has a significant effect on crystallographic texture, phase morphology, and residual stress
distribution. X-ray diffraction (XRD) analysis revealed the development of an austenitic texture along
the (111) and (200) planes, which was confirmed by electron backscatter diffraction (EBSD).
Scanning electron microscopy (SEM) examination made it possible to identify differences in ferritic
phase morphology in various deposition zones. Mechanical testing demonstrated pronounced
anisotropy, with specimens deposited using a 45° overlap angle exhibiting superior mechanical
properties. At the same time, uniform microhardness was observed along the deposition direction,
indicating the stability of the applied strategy. In addition, residual stress measurements revealed
predominantly compressive stresses away from the substrate, which may potentially enhance the
resistance of components to crack initiation.

It is worth noting that an important direction in the development of DED-Arc technologies is
their adaptation for the additive fabrication of small-scale metallic structures. This approach is
particularly relevant for heat exchange and thermal management systems. In the study by Palumbo
J. and Chandra S. [4], a cost-effective method for producing millimeter-scale metallic structures using
arc spraying through a polymer mask was proposed. The method enables rapid and energy-efficient
deposition of aluminum and copper structures with complex geometries and can be used for the
fabrication of mini-channel heat exchangers. The authors demonstrated that photopolymer masks
produced by 3D printing allow controlled formation of the geometry of the deposited structures. The
deposited layers contain a dense central region, porous sidewalls, and satellite particles between
neighboring elements. It was also shown that material parameters, such as density, melting
temperature, and surface tension, as well as the distance between the mask and the substrate,
significantly affect the morphology and porosity of the deposited elements. This approach opens up
prospects for the development of low-cost functional components for heat and mass transfer
applications. The arc thermal spraying process through a polymer mask and the resulting metallic
structures are illustrated in Figure 3 [4]. The figure shows the main elements of the spraying setup,
representative deposited structures, and SEM cross-sections of aluminum and copper deposits.

A comparative analysis of the reviewed studies [1-4] shows that the microstructure and
performance of components produced by arc-based additive technologies strongly depend on heat
input, deposition strategy, and process stability.
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Figure 3 — Arc thermal spraying through a polymer mask: schematic of the spraying setup,
representative fabricated structures, and cross-sectional SEM images of aluminum
and copper deposits [4]

Low heat input modes such as CMT reduce the probability of pore and crack formation but
may limit the precipitation of strengthening phases. In contrast, higher heat input processes such as
pulsed GMAW promote the formation of strengthening phases but increase the risk of solidification
defects. Deposition strategy and interpass temperature also influence crystallographic texture,
residual stresses, and mechanical anisotropy of the deposited material. These findings indicate that
careful optimization of thermal conditions and deposition parameters is essential to balance
mechanical strength, structural stability, and defect control in arc-based deposition processes. Such
optimization is particularly important for the fabrication of large components with complex geometries
or specific functional requirements.

Overall, the reviewed studies [1-4] demonstrate the high flexibility of DED-Arc technology. It
enables the fabrication of both large-scale components with controlled texture and residual stresses
and miniature metallic structures produced by directed deposition through templates. However,
several limitations remain, including residual stress accumulation, anisotropy of mechanical
properties, and limited control of defect formation during arc-based deposition.

Surface Preparation. Along with the improvement of coating deposition methods, substrate
surface preparation plays an important role in significantly enhancing coating adhesion. In the study
by Gustke K. et al. [5], emphasis was placed on improving the adhesion of arc-sprayed coatings
through preliminary laser surface structuring of carbon fiber-reinforced polymer (CFRP) substrates.
The investigation covered nine different surface pretreatment methods, including grid-like laser
structures, selective matrix removal, and laser roughening. The best results were achieved by
forming grid structures with groove orientations of £45° relative to the fiber direction, which resulted
in an increase in adhesion strength of up to 186% in shear and up to 199% in tensile pull-off tests
compared with grit blasting (Figure 4). It was shown that the groove depth and spacing directly affect
the failure mode and the bond strength between the coating and the substrate. The importance of
undercuts formed during laser processing for achieving effective mechanical interlocking was also
emphasized.

Further interest in substrate surface preparation is provided by the study reported by dos
Santos L. P. et al. [6], which describes a method for depositing 309L stainless steel onto polymer
substrates (PP, Nylon 66, and PVC) using electric arc thermal spraying. To enhance adhesion, a
bonding layer based on epoxy resin with the addition of microsilica and metallic particles was
developed, resulting in favorable surface topography and improved wettability of the substrate by
molten metal particles. The best results were obtained for PVC substrates, which exhibit a smaller
mismatch in coefficients of thermal expansion relative to the bonding layer. The resulting coatings
demonstrated not only good adhesion but also high electrical conductivity, making this approach
promising for the functional metallization of plastics in various engineering applications.

In the study by Kromer R. et al. [7], an investigation was carried out aimed at improving the
adhesion strength of coatings deposited by cold spraying, electric arc spraying, and atmospheric
plasma spraying through preliminary substrate surface treatment using a pulsed nanosecond laser.
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Figure 4 — Fracture surfaces of CFRP substrates with copper coatings deposited by arc spraying,
illustrating different failure modes after shear tensile tests (a, b) and pull-off tests (c, d) [5]
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The application of laser surface texturing makes it possible to form anchoring zones on the
substrate surface, thereby promoting mechanical interlocking of the coating and improving the quality
of the interfacial contact. Among the key advantages of this method are the absence of abrasive
particle inclusions, minimal thermal impact on the substrate, and high processing repeatability.
Fractographic analysis showed that the morphology of the laser-generated surface pattern has a
significant influence on crack propagation and failure behavior; a mixed-mode fracture mechanism
was identified, explaining the observed increase in adhesion strength. It is particularly important to
note that laser surface treatment of lightweight alloys, such as aluminum and magnesium alloys,
demonstrates high efficiency for subsequent coating deposition without the use of a bonding layer.
Thus, laser surface texturing represents a promising surface preparation technology for electric arc
spraying, contributing to a significant enhancement of coating-substrate adhesion strength.

A comparison of the reviewed surface preparation methods [5-7] indicates that mechanical
interlocking remains the dominant mechanism governing coating adhesion in electric arc spraying.
Laser surface structuring demonstrates particularly high efficiency due to the formation of controlled
anchoring geometries and undercut features, which significantly increase bonding strength
compared with conventional grit blasting. At the same time, the use of intermediate bonding layers,
as demonstrated for polymer substrates, provides an alternative strategy for improving adhesion
when direct metallurgical bonding is not possible. These approaches highlight the importance of
tailoring the substrate surface morphology to achieve reliable coating-substrate interfaces.

As a result, optimization of substrate surface preparation contributes significantly to an
increase in the adhesion strength of coatings produced by electric arc spraying. However, an equally
important factor determining the functional characteristics of the resulting coatings is their chemical
and phase composition. Depending on service conditions and the properties of the substrate
material, various types of feedstock wires are used in electric arc spraying, ranging from pure metals
to complex alloys and composite materials.

Zn-Al-Mg Coatings. One of the most common types of coatings produced by electric arc
spraying is zinc coatings, which are widely used for sacrificial corrosion protection of aluminum and
steel alloys. In the study by Yuan Z. et al. [8], it was demonstrated that the deposited zinc layer acts
as a sacrificial anode, providing corrosion protection for an Al-Mn alloy. Analyses performed using
GDOES, SEM, TEM, and potentiodynamic polarization confirmed that the presence of a Zn coating
reduces the corrosion potential of the surface, limits the development of pitting corrosion, and
promotes the formation of a corrosion potential gradient across the material thickness due to zinc
diffusion into the substrate (Figure 5). This results in more stable corrosion behavior of the aluminum
alloy in aggressive environments. SWAAT testing conducted over a period of 20 days revealed the
absence of deep corrosion damage, indicating the effectiveness of the coating. Accordingly, the use
of zinc wire in electric arc spraying represents a promising approach for the development of
anticorrosion coatings for lightweight alloys.
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Figure 5 — Results of electrochemical corrosion testing: (a) dynamic polarization curves of the
aluminum alloy sheet at different depths; (b) variation trends of corrosion potential and corrosion
current density [8]

In the study by Wang S. et al. [9], the corrosion behavior of coatings deposited by electric arc
spraying from aluminum-based wires alloyed with magnesium and zinc was investigated. Three
compositions were examined: Al — 5%Mg (AM), AMZ50 (a mixture of Al — 5%Mg and Al — 50%Zn
wires), and AMZ100 (a mixture of Al — 5%Mg and 99.9% Zn). Corrosion tests conducted in a 3.5
wt.% NaCl solution using polarization curves and electrochemical impedance spectroscopy (EIS)
revealed differences in corrosion behavior between alloy and pseudo-alloy coatings (Figure 6). The
AM coating exhibited the highest corrosion resistance due to the formation of a stable protective
Al,O; film. The addition of zinc in the AMZ50 and AMZ100 pseudo-alloys led to the formation of
phase and colony segregations with different electronegativities, which promoted the formation of
multiple micro-galvanic cells (MGCs) and localized dissolution. In the AMZ50 coating, corrosion
predominantly developed within AZ colonies, where simultaneous dissolution of the Zn-rich (n) phase
and the Al-rich (a) phase occurred, accompanied by the formation of layered double hydroxides
(LDHSs) exhibiting a sealing effect.
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Figure 6 — Potentiodynamic polarization curves of three pseudo-alloy coatings
in a 3.5 wt.% NacCl solution at room temperature
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In the AMZ100 coating, Zn splats acted as anodes, while Al splats functioned as cathodes.
The main corrosion products — simonkolleite and zinc carbonates — provided partial protection;
however, the large anodic zinc coverage hindered repassivation, resulting in slow and continuous
dissolution. Nevertheless, the presence of AM splats in the pseudo-alloy coatings effectively blocked
ionic and electronic conductivity, thereby reducing the corrosion rate. In addition, these coatings
provided more pronounced sacrificial protection, particularly under coating damage conditions,
making them promising for practical applications.

To date, a substantial number of studies [10-20] have been reported in the scientific literature
focusing on zinc-, aluminum-, and magnesium-based wires used in electric arc spraying processes.
These studies address both the characteristics of the feedstock wires and the morphology, phase
composition, adhesion, and corrosion resistance of the resulting coatings. Particular attention is
given to the development of new pseudo-alloy compositions and their influence on the mechanisms
of protective layer formation, sacrificial protection, and resistance to aggressive environments.
Specifically, zinc-based (Zn), zinc—aluminum (Zn-Al), aluminum—magnesium (Al-Mg), and complex
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Zn—-Al-Mg alloy wires exhibit different types of galvanic activity, leading to the formation of multiple
galvanic cells, which significantly affects their anticorrosion performance. The summarized results of
these studies provide a basis for the further selection of optimal wire compositions in accordance
with specific service requirements.

Overall, the reviewed studies show that the corrosion behavior of arc-sprayed coatings is
governed by electrochemical interactions between coating phases. Al-Mg coatings generally exhibit
high corrosion resistance due to the formation of stable oxide films. In contrast, Zn-containing
coatings provide protection mainly through sacrificial corrosion mechanisms. Pseudo-alloy systems
containing both Al and Zn may form micro-galvanic couples. These couples can accelerate localized
corrosion under certain conditions. Therefore, the corrosion performance depends not only on the
alloy composition but also on phase distribution and electrochemical interactions. The representative
properties of coatings produced by electric arc spraying reported in the literature are summarized in
Table 1.

Table 1 — Properties of coatings produced by electric arc spraying

Ne Material Main functional property Key results
, Sacrificial corrosion Zn coating acts as sacrificial anode
1 | Zn wire : .
protection protecting Al alloy [8]

Stable Al,O; film formation improves

2 | Al-5Mg wire Corrosion resistance corrosion resistance [9]

3 | Al-5Mg + Zn wires Sacrificial protection Zf?(rargt?r?g())r:: c()) rfrgnsii%rr? t?:ﬂ;%?éﬁf [egll]s

4 | Metcoloy Il alloy wire Oxidation resistance Eirgjorgetgtxg e?:;tirr]g éll?xide layers at

5 | NiCrMoAl alloy wire Corrosion resistance ;)fg(:ehngilr;(;[r:]nztri]?r[lzasrlound splats

6 (AICOCrFeNiSi)+WC cored Hardness and adhesion m\igei)s?o\:;l rgcijchrg;zrr?g?rﬁé?ﬁ (tL?p~tE(,)29

wire ~40 MPa) due to WC addition [27]

Improved corrosion resistance due to
passive compounds [37]

7 | FeCrMoNbB + FeCMnSi wires | Corrosion resistance

As shown in Table 1, the functional performance of arc-sprayed coatings strongly depends
on the chemical composition of the material and the resulting phase structure of the coating.

Alloy and Composite Coatings. Continuing the review of various types of wires and
coatings produced by electric arc spraying, particular interest is associated with a study focused on
the application of Metcoloy Il coatings. In the work by Pérez-Mufoz D. et al. [21], a Metcoloy I
coating deposited by electric arc thermal spraying onto ASTM A53 Grade B steel demonstrated high
effectiveness under cyclic oxidation conditions at elevated temperatures (500°C and 700°C). The
test results showed that the Metcoloy Il coating significantly improves oxidation resistance compared
with the uncoated material due to the formation of protective chromium and aluminum oxide layers.
These oxides contribute to the retardation of oxidation processes and limit mass gain, thereby
preserving surface integrity. Good adhesion of the coating to the substrate ensured stable protection
throughout the entire testing cycle (Figure 7). At the same time, it was observed that at a temperature
of 700°C the coating undergoes structural changes, including increased porosity, reduced thickness,
and the formation of microcracks, which leads to a degradation of protective performance and more
intensive oxidation of the substrate. Nevertheless, even at high temperatures, Metcoloy Il retains
partial effectiveness, while at 500 °C it exhibits particularly stable performance. This makes it a
promising candidate for applications under high-temperature service conditions, such as thermal
power generation and boiler equipment. Further studies are recommended to improve the coating
structure and enhance its thermal stability under more severe operating regimes.

Another important direction in electric arc spraying involves copper-based coatings, as well
as coatings alloyed with iron, chromium, stainless steel, and composite systems, including those
containing nickel, cobalt, molybdenum, and carbon steels. Such coatings are widely applied in
various fields, including the metallization of non-conductive materials, where a combination of high
mechanical strength, corrosion resistance, and specific functional properties is required. The use of
diverse feedstock wires and alloy compositions enables the development of coatings with optimized
characteristics for anticorrosion protection, enhanced wear resistance, and antifouling performance.
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Figure 7 — (a) Cross section of the coated specimen after 100 oxidation cycles at 700°C;
(b) cross section of the coated specimen after 500 oxidation cycles at 700°C [21]

In the study by Nigam S., Mahapatra S. S., and Patel S. K. [22], devoted to the deposition of
a copper layer onto ABS using electric arc spraying, characteristic lamellar coating structures with
high density and strength were identified. Microhardness and surface roughness were thoroughly
analyzed, providing insight into the quality and nature of the formed coating. Optimization of process
parameters using the Taguchi method and analysis of variance (ANOVA) made it possible to identify
the most significant factors affecting coating density and to determine optimal conditions for
producing a highly dense and mechanically robust layer. Consequently, copper coatings deposited
onto ABS by electric arc spraying demonstrate promising performance, combining good adhesion
and mechanical durability, which expands the potential applications of this metallization technique
for non-conductive materials.

In the study by Fang L. et al. [23], innovative aluminum-copper coatings fabricated by arc
spraying using in-house developed Al-Cu cored wires were presented, providing combined
anticorrosion and antifouling protection. Microstructural analysis revealed a uniform distribution of
copper particles within the coating and partial interaction between copper and the aluminum matrix,
leading to the formation of the Al,Cu intermetallic compound. This interaction contributes to the
retention of copper within the coating and prevents its rapid leaching in aqueous environments.
Electrochemical tests conducted in artificial seawater demonstrated that the presence of copper
does not deteriorate the corrosion resistance of aluminum coatings. The antifouling performance of
the coatings was confirmed by settlement and colonization tests involving E. coli, Bacillus sp., and
typical marine algae. These properties are attributed to the continuous release of copper ions
exhibiting antimicrobial activity. The results of the study indicate the promising potential of arc
spraying with cored wires for the development of multifunctional protective coatings intended for
marine applications.

In the study by Dubovoy O.M. et al. [24], coatings were produced using titanium carbide in a
free (unbound) form as a strengthening phase. It was established that spraying process parameters
have a direct influence on the content of the strengthening phase in the coating and, consequently,
on its physical and mechanical properties. Optimal processing regimes ensure high adhesion
strength between the coating and the substrate and enhance performance characteristics, which is
particularly important for applications in the mining industry and other industrial sectors associated
with severe equipment wear.

Using the example of the study by Srichen A., Linjee S., and Banjongprasert C. [25], the
influence of heat treatment on the microstructure and corrosion properties of NiCrMoAl alloy coatings
was investigated. Coatings produced by electric arc spraying were subjected to heat treatment at
temperatures of 500-700°C for durations of 10 and 30 days. It was established that prolonged
exposure to elevated temperatures promotes the formation of a large amount of oxides and internal
stresses, which leads to crack formation at the boundaries of molten particles and a deterioration in
corrosion resistance. In contrast, heat treatment at 500°C contributed to maintaining a high
concentration of alloying elements (Cr, Mo, and Si) within the splats and to the formation of a dense
oxide shell around the particles, thereby providing enhanced corrosion protection (Figure 8). Thus,
the appropriate selection of heat treatment parameters plays a key role in ensuring the anticorrosion
performance of NiCrMoAl-based coatings.
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Figure 8 — Microstructure, surface morphology, and corrosion properties of NiCrMoAl
coatings produced by electric arc spraying before and after heat treatment [25]

In another study by Pan P. et al. [26], the behavior of an amorphous Fe-Cr—Mo—-based
coating produced by electric arc spraying was investigated under conditions simulating a biomass
combustion environment at temperatures of 500°C and 600°C. Such coatings are considered
potentially cost-effective solutions to the problem of chlorine-induced hot corrosion in biomass-fired
boilers. The study showed that Fe and Cr elements within the coating underwent chlorination
followed by evaporation, which led to the formation of Cr-depleted zones and a deterioration of
protective properties. At the same time, Mo-containing regions exhibited high resistance to the action
of aggressive gaseous species; however, with increasing temperature, they became more
susceptible to electrochemical attack. In addition, the presence of cracks and micropores in the
coating structure facilitated the penetration of aggressive species into the material, thereby reducing
the overall corrosion resistance. The obtained results highlight the importance of optimizing coating
microstructure and density to enhance the protection efficiency of metallic components under high-
temperature service conditions.

Another promising direction involves coatings based on high-entropy alloys (HEAS)
reinforced with carbides. In the study by Bello Z. A. et al. [27], coatings with the composition
(AICoCrFeNiSi)100-x(WC)x(x = 0,20 and 40 wt.%) were produced by high-velocity arc spraying onto
a Q235 steel substrate. The introduction of WC particles had a significant effect on the phase
composition and properties of the coatings. In the absence of WC, the body-centered cubic (BCC)
phase was dominant; however, with the addition of 20 and 40 wt.% WC, the microstructure contained
a combination of BCC and face-centered cubic (FCC) phases, as well as carbide phases such as
W;C and Cr,C;. The presence of WC contributed to a reduction in the average crystallite size from
14.75 nm to 10.34 nm, an increase in microhardness (up to 529.9 HV0.1), and an improvement in
adhesion strength to the substrate (up to 40.23 MPa). Mechanical testing demonstrated that the
dominant failure mechanism depends on the content of the reinforcing phase: in the absence of WC,
interfacial failure (adhesion failure) prevailed, whereas at high carbide contents, cohesive (glue-type)
failure was dominant, indicating improved coating cohesion. According to SEM and XPS analyses,
the enhanced corrosion resistance is associated with the formation of passive oxide layers that slow
down anodic dissolution processes.

Based on the analysis of the reviewed studies, the main process parameters influencing the
microstructure and performance of arc-sprayed coatings can be systematized. A summary of the
key processing parameters and their influence on coating structure and properties reported in the
literature is presented in Table 2.

As shown in Table 2, heat input, deposition strategy, and feedstock composition are among
the most influential parameters controlling the microstructure and functional performance of arc-
sprayed coatings.
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Table 2 — Influence of processing parameters on structure and properties of arc-sprayed

coatings
Ne Process parameter Effect on microstructure Effect on properties
1 . o . Strength variation and crack
Heat input Phase precipitation and grain growth formation [1]
2 . . Mechanical anisotropy of
Deposition strategy Crystallographic texture development deposited structures [3]
3 Residual stress distribution and Crack resistance and
Interpass temperature ; ) . "
microstructure evolution mechanical stability [1,3]
4 . Formation of anchoring structures Adhesion strength
Surface preparation !
and roughness improvement [5,7]
5 " Phase distribution and oxide Corrosion and wear
Feedstock composition . :
formation resistance [8,9]
6 . . Grain refinement and carbide phase Increased hardness and
Carbide reinforcement (WC) formation adhesion strength [27]

Multicomponent Coatings. Analysis of the literature data and experimental results indicates
that coatings produced by electric arc spraying exhibit a wide range of performance characteristics,
which depend primarily on the chemical composition of the feedstock materials [28-36]. Copper-
based coatings are widely applied due to their high thermal conductivity, electrical conductivity, and
antimicrobial properties. To enhance their thermal and corrosion resistance, modifying additions
such as iron, chromium, and nickel are commonly used. Coatings alloyed with iron and chromium
demonstrate high corrosion resistance in aggressive environments, including acidic media and
chloride-rich conditions. The incorporation of stainless steel into coating compositions provides
resistance to oxidation and wear under elevated temperatures and mechanical loads. Composite
coatings reinforced with particles such as carbides, nitrides, and other refractory compounds are
characterized by increased hardness, adhesion strength, and wear resistance. Nickel and cobalt
contribute to improved mechanical and anticorrosion properties, particularly under high-temperature
service conditions and in aggressive environments. Molybdenum enhances resistance to chloride-
and sulfate-induced corrosion and improves the structure of protective oxide layers. Carbon steels,
used either as substrates or as components of coating systems, provide a favorable combination of
mechanical strength and cost effectiveness. Thus, rational selection of coating composition and
spraying regimes makes it possible to produce coatings with tailored functional properties for
applications across various industrial sectors, ranging from mechanical engineering to power
generation and the chemical industry.

Considering the diversity of components used for coating formation, it becomes evident that
a key role is played not only by the selection of individual materials but also by the possibility of their
combination. The development of multicomponent systems and the adaptation of feedstock material
compositions make it possible to significantly expand the functional characteristics of coatings. In
this context, one of the currently relevant directions in electric arc spraying is the production of
coatings based on mixtures of different wires that differ in chemical composition and structure.

A promising example of this approach is presented in the study by Rojas-Molano et al. [37],
in which a coating formed from FeCrMoNbB (140MXC) and FeCMnSi (530AS) wires using twin-wire
arc spraying (TWAS) technology was investigated. The study demonstrated that the combination of
these two wires makes it possible to produce a coating with enhanced corrosion resistance due to
the formation of stable passive compounds on the surface, such as Cr,03, FeB, Nb,Os, and MoO;
(Figure 9). The authors applied the Taguchi method (L9 orthogonal array) to optimize the spraying
process parameters. It was found that the corrosion resistance of the coating is directly influenced
by structural defects, including pores, microcracks, and unmelted particles formed during spraying;
however, these effects can be effectively mitigated under optimized processing conditions and in the
presence of appropriate alloying elements. The potential occurrence of galvanic corrosion resulting
from contact between components with different electrochemical potentials was also highlighted;
nevertheless, with a proper combination of material compaosition and spraying regimes, this effect
can be significantly reduced. This study demonstrates the potential of coatings based on mixed
140MXC and 530AS wires as an effective approach to improving corrosion resistance, particularly
under aggressive environmental conditions. It further emphasizes the importance of material
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combination and comprehensive multilevel analysis in the development of next-generation high-
protection coatings.

Figure 9 — Morphology of 140MXC-530AS mixed coatings after exposure to salt spray testing:
(a) SEM image of the initial surface condition before testing; (b) rust formation after salt spray exposure; (c)
rust removal by ultrasonic cleaning; (d) SEM image of the final surface condition after testing [37]

The reviewed studies on advanced coating systems demonstrate that the introduction of
multicomponent alloys and ceramic reinforcing phases significantly expands the functional
capabilities of electric arc sprayed coatings. In particular, carbide-reinforced and high-entropy alloy
coatings provide improved hardness, wear resistance, and corrosion stability due to the formation of
complex phase structures and refined microstructures. However, challenges related to coating
porosity, oxidation during spraying, and structural heterogeneity remain important factors limiting
coating performance. Further optimization of spraying parameters and feedstock design is therefore
required to fully exploit the potential of these advanced coating systems.

Industrial applicability and process characteristics of electric arc spraying. Electric arc
spraying is widely recognized as a productive and industrially scalable thermal spray technology. It
uses wire feedstock and relatively simple equipment, which contributes to high process productivity.
In general, electric arc spraying is characterized by relatively high deposition rates and is therefore
suitable for large-scale protective coating applications. Several studies have investigated the
influence of process parameters on coating formation. Newbery and Grant [31] demonstrated that
arc voltage fluctuations strongly influence droplet formation and particle fragmentation during wire
arc spraying. Variations in arc stability affect particle size distribution and coating porosity.
Gedzevicius and Valiulis [32] analyzed the influence of spraying parameters such as arc current,
atomizing gas pressure, and stand-off distance on coating structure and properties. Their results
showed that atomizing gas pressure affects particle atomization and coating uniformity.

Rodriguez et al. [33] compared aluminum coatings produced by flame spraying and electric
arc spraying and demonstrated differences in coating formation. Hussary and Heberlein [34]
investigated the mechanisms of metal breakup and particle formation during arc spraying and
showed that atomization conditions strongly influence droplet fragmentation. Wilden et al. [35]
reported that wire composition and arc parameters affect coating microstructure and adhesion.
Wagner [36] demonstrated that wire feed rate and atomizing gas pressure influence coating density
and mechanical properties.

Overall, these studies show that the performance of arc-sprayed coatings strongly depends
on process parameters controlling particle formation and coating microstructure. Arc stability,
atomizing gas pressure, and wire feed rate can be considered the key technological parameters of
the process. Their optimization is essential for balancing coating productivity and microstructural
guality in practical applications.

Research gaps and future directions. Despite significant progress in the development of
electric arc sprayed coatings, several challenges remain. Many studies focus on individual process
parameters, whereas the combined influence of arc stability, atomizing gas pressure, and wire
composition is still insufficiently understood. In addition, the relationship between particle formation
mechanisms and the resulting coating microstructure requires further investigation. Future research
should focus on integrated optimization of technological parameters, feedstock materials, and
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coating structure. Particular attention should be given to improving coating density, reducing
oxidation during spraying, and enhancing corrosion and wear resistance. Such studies will contribute
to improving the reliability and industrial applicability of arc-sprayed coatings.

Conclusion

This review demonstrates that electric arc spraying remains a relevant and rapidly evolving
technology for the production of functional coatings. In contrast to many existing studies that focus
on individual coating systems or specific process parameters, this review provides a comparative
analysis of feedstock materials, surface preparation strategies, and processing conditions,
highlighting the relationships between process parameters, coating microstructure, and functional
properties.Recent research shows a clear trend toward improving coating performance through the
integration of advanced deposition strategies, optimized process parameters, and novel feedstock
materials. Research in the field of DED-Arc, the use of mixed feedstock wires, laser substrate
preparation, and additive manufacturing approaches open new opportunities for improving coating
properties, including mechanical strength, corrosion resistance, and thermal stability. The reviewed
studies indicate that coating performance in electric arc spraying follows a clear process—structure—
property relationship. Spraying parameters influence particle formation, which in turn determines
coating microstructure and functional properties. Particular importance should be given to the
integrated optimization of feedstock materials, spraying regimes, and substrate surface preparation.
Such approaches enable the development of coatings that meet the requirements of modern
industries, including mechanical engineering, power generation, marine engineering, and aerospace
applications. Future research should focus on the development of multicomponent coating systems,
further investigation of high-entropy and cermet coatings, and improvement of coating—substrate
interfaces in order to enhance coating reliability and durability in demanding service environments.
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ONEKTPOOFAIDbIK BYPKY ©AICIMEH KANBINTACTbIPbITATbIH XKABbIHAAPAbI
MOOUNDPUKALUANAYOAbIH SAMAHAYU TOCINAEPI (LLOJY MAKAINACHbI)

byn wony makanacsbiHOa anekmp OQorarnbl 6ypKy adiciMeH arnbiHambiH abbiHdapObiH naltdanaHy
cunammamanapbiH apmmbIpyObiH 3aMaHayu macindepi kapacmbipbinadbl. Epekwe Hasap anekmp dofachkl
apkbinbl  3HepausiHbl barbimman myHObIpy mexHonoeusicel (Directed Energy Deposition, DED-Arc)
canacblHOarbl 3epmmeynepae aydapbinifaH, OHbIH iwiHOe 6ypKy napamempriepiH maHoay, Heais 6emiHiH
OalbiHOanybl, cOHOali-aK xaHa munmeeai cbiMOap MeH KOMMo3uyusabiKk Mamepuandapdbl KondaHy
moacernenepi Kammbinadsl. Kopposusira mesimdi, mepmusinibik me3imOi xeHe mo3yra mesimOi KopraHbiCKa
apHanraH 6acmarkbl Mamepuasndapibl Oambimydarbl xemicmikmep KapacmbipbiiraH. Aman atimkaHda, Zn,
Al-Mg xeHe Zn-Al-Mg xytienepi, buonozusinbiKk obpacmaHyra Kapcel KondaHyra apHanraH Al-Cu yHmakmei-
cbiMObl Mamepuandap, mom 6acnalimsiH 6onammap meH NiCrMoAl Kopbimnanapbl, kepmemmik xabbiHdap,
coHOal-aK gonbgpam kapbudiveH (WC) ynpodHéHeeH Xofapbl 3HMPOMNUsbl Kopbimmnanap masndaHadkbl.
XKabbiHOapdbiH adze3usnbik 6epikmigiH apmmebipy yWiH na3epnik 6emmik mekcmyparnay adicmepiH KondaHy
XoHe anekmp dorarnbl 6YpKy mexHomno2usickbiH arnekmpemkizbelimiH Hezizdepee belimOey 60lbIHWA COHFbI
Hemuxenep KenmipineeH. COHbIMEH Kamap «poyecc-KypbifibIM-Kacuemy e3apa 6alnaHbiCbIHbIH
XabbiH0apdbiH nalidanaHy KacuemmepiHe acepi KbicKawa mandaHadsbi. XKannblnaHrFaH depekmep 3nekmp
Oofanbl 6ypKy MexHOMo2UsICbiHbIH 8pmyprii eHepkacinmik KondaHy cananapbiHOa andbiH ana bepineeH
Kacuemmepi 6ap pyHKUUOHanObIK xabbiHOapdbl any ywiH ukemoi api 3KOHOMUKasbIK mypfbidaH muimoi adic
eKeHiH kepcemeOi.

TyliH ce3dep: anekmpdorarbik 6ypky; DED-Arc; xxabbiHOap; ad2e3usi; Koppo3usira KapChbl KOPFaHhbIC.
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COBPEMEHHbIE Noaxoabl K MOAU®UKALIMK NOKPbITUA, ®OPMUPYEMbIX METOOM
ANEKTPOAYroBOro HAMbINEHNA (OB30P)
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B QdanHOU 0630pHOU cmambe pacCMOMpPeHbl COBPEMEHHbIE [M00X00bI K  [M08bIWEHU
3KCrslyamayUOHHbIX XapakmepucmuK MOKPbIMUU, nosydaemMbix MemoOoM 37eKmpody208020 Harlbl/IeHUS.
Ocoboe 8HumMmaHue yoderneHo uccrniedosaHusiM & obrnacmu HarpasrieHHo20 OCaXOeHUsT 3Hepauu
anekmpudeckol dyeol (Directed Energy Deposition, DED-Arc), eknodasi 8bib0p napamempos HarbifieHUs,
1o020mosKy nogepxHocmu ModIOXKU, @ Makxe MPUMEHEeHUEe HOBbIX MUMO08 MPOB0JIOK U KOMMO3UUUOHHbIX
mamepuanos. [lpoaHanu3aupogaHbl OoCMuUXeHUss 8 pa3pabomke UCXOOHbIX Mamepuarnos Oris
KOpPO3UOHHOCMOUKOU, mepMocmoUKkoU u usHococmolikol 3awumsl, oxeamsigaroujue cucmemsl Zn, Al-Mg
u Zn-Al-Mg, nopowkogo-rnpoeonoyHbie mamepuasnbl Al-Cu dns npomueoobpacmarowjux npuMeHeHud,
Hepxaserouwue cmarnu u crinasbl NiCrMoAl, kepmemHbie MoKpbIMus, @ makxe 8bICOKO3HMPOnuliHbIe Criassl,
yrpo4YyHEHHbIe Kapbudom eonbppama (WC). B cmambe npedcmasrieHbl COBPEMEHHbIE pe3yfibmambl 10
rosbiweHUrw adze3uu nokpbimuli 3a c4ém Jja3epHoU meKkcmypusayuu MnosepxHocmu, a makxe Mo
adanmayuu mexHoroauu 371eKmpody208020 HarblieHus O HaHeCeHUsi MOKpbImMul Ha Herposodsuwue
noonoxku. Kpome moeo, Kpamko pacCMOMPEHO BIIUSHUE 83aUMOCBSA3U «IPoueCcc—CmpyKmypa—ceolcmea
Ha 3KcrislyamayuoHHble xapakmepucmuku nokpbimul. O606wéHHble pe3ynbmambl [Mod4éEpKuearom
rnomeHyuan 3nekmpody208020 HarblIeHUs Kak 2ubKolU U 3KOHOMUYECKU 3¢hghekmueHOoU mexHonoauu 0rs
opmuposaHuUsi hyHKUUOHasIbHbIX MOKPbIMUU ¢ 3a0aHHbIMU ceolicmeamu, npedHa3HaveHHbIX 011 WUPOKO20
criekmpa fnpoMbILIIEHHBIX PUMEHEHUU.

Knro4yeebie cnoea: anekmpodyzoeoe  HanbiieHue, DED-Arc, nokpbimusi,  adze3us,
aHMUKOPPO3UOHHas 3aujuma.
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WHOYKUUANBIK KbI3AbIPY XXYNENEPIHE APHAJIFAH XUINIK TYPNEHAIPTILWIH
MATEMATUKANDBIK MOAENBAEY XXOHE SKCMNEPUMEHTTIK 3EPTTEYJIEP

AHOamna: Makanada aybin Wapyawblibifbl MawuHa xacay, asmomobusib eHepkacibi xxeHe memarin
eHOey cusikmbl epmypni cananapda UHOYKUUSIMIBIK Xblbimy JXyUdesnepiH a3ipaey XoHe KordaHy
marnkbinaHadbl. WHOYKUUAbIK KOHObIpFbinap MeH OQacmypri Xbiibimy 8dicmepiHiH canbicmblipmaribl
mandaybl KenmipinaeH, onapdblH Xofapbl Kbi30bIpy XblndamOblrbl MeH muimdiniai, npouyecmi 6ackapyobiH
JKakKcapybl XXeHe 9Hepausi mymbiHyOblH MOeMeHOeyi CUSKMbI apmblKWbIIbIKMapbl  KepCeminzeH.
UHAykuusnbIK Kbi30bIpy XylernepiHe apHarnfaH Xuinik mypneHoipeiliHiH mMamemamukarnbik moderni Ker
enwemdi aliHbiMarnbinapObiH OuHamukackiH cuiammalmsiH Auckpemmi meHOeynep XyleciHe HeaizderneeH.
KondaHbicmarbl macindepdeH alibipMalbifibifbi, 61 MOOEb KYMbIC XKUinikmepiHiH oHmadsbl duana3oHbiH
eckepedi, Kyam mpaH3ucmopsiapbiHbiH caHbIH a3alimadbl )XeHe OpHamblriraH Kyammbl eckepeli, MyHbiH 6api
JKOFapbl 3Hepausi muimdinieiH cakmalmbiHbiH 6alikamadbl. 3epmmey asicbiHOa bip ghasaribl xoHe yw ¢ha3aribi
Kyam ke3imeH 2-20 Ky Ouana3oHbiHOa XyMbIC icmelmiH npomomunmik Xuinik mypneHdipeiwi xoHe 6 kBm
UHOYKMOP 93iprieHin, wbiFapbiiiObl. QKCrepuMeHmmik 3epmmeysep YCbiHblFaH MooesnbOiH xapamObifblfbiH
JKOHE OHbIH HaKmbl MEXHOM02usibIK xardaltinapda KondaHbllybiH pacmadbl. XXyMbiCmbIH npakmukarsnbik
MaHbI30bITbIFbI MawWUHa acay MeH ayblnuapyaubliibiK MawuHanapbiHOa oHmauibl UHOYKUUSIIbIK Kbi30bipy
mexHosioeusinapbiH maHoay yWiH a3ipreHzeH Modesib MeH npomomunmi naddanaHy MyMKiHOi2iHOe xambip,
ocblnatiwa ceHimMOinikmiH apmybiH, 3Hepausi mymbiHyObiH memMeHOeyiH xoHe WbiFbiIHOapObiH memeHOeyiH
KamMmamacbia emeli. Homuxenep ycbiHbinFaH MOOenbOIH XemkKinikminiaiH Kepcemmi XeHEe OHbIH
rnpakmukanblK  KondaHbliybiH pacmadsbl. TypneHdipeiw napamemprepiHdeai e3z2epicmep oHmMalrbi
UHOYKUUSIBIK KbI3ObIpY pexumMiH maHdayra almaprbikmal acep ememiHi kepcemindi, 6yn 6inimM 6epy
Makcammapsbl yYWiH 0e, eHepKacinmik eHaidy ywiH 0e rnpakmukarsblK MaHbi30bI.

Tytin ce3dep: xuinik mypneHdipaiwumepi, UHOYKUUSINbIK KbI30bIPY, MpaH3ucmopsiblK MoOy/b, YW
¢paszansl myzemkiw, uHeepmop, IGBT uHOYKUUSbIK KbI30bIPY XYUeci.
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