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Influence of Wire Type on the Structure and Properties of Coatings
Obtained by Electric Arc Metallization

Electric arc metallization (EAM) is one of the most effective and widely used thermal spraying methods, in
which a protective coating is formed by melting a metal wire with an electric arc and atomising the molten
material with a stream of compressed air. This technology is characterised by high productivity, adjustable
layer thickness, and the versatility of applicable materials. This study presents a comparative analysis of pro-
tective coatings applied to 65G steel using electric arc metallization with both powder and cast wires made of
30KhGSA and 51KhFA alloys. The microstructure of the coatings was examined using a scanning electron
microscope, and the elemental composition was determined using energy dispersive spectroscopy (EDS). The
thickness and porosity of the coating were evaluated using an optical microscope. Microhardness was meas-
ured using Vickers, and surface roughness was evaluated using contact profilometry. Microstructural and
EDS analyses revealed that coatings produced with cored wires exhibit a more homogeneous distribution of
alloying elements, resulting in improved microhardness, reduced porosity. In contrast, coatings obtained with
cast wires showed structural inhomogeneity, leading to increased porosity and decreased mechanical perfor-
mance. Surface roughness measurements indicated that cored wire coatings had higher roughness values, par-
ticularly for 5S1KhFA. The findings analyzed that powder (cored) wire offers superior coating quality.
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Introduction

Under the operating conditions of agricultural machinery in Kazakhstan, where machine components
are subjected to intense abrasive wear, the task of improving the wear resistance of working elements is of
particular relevance. One of the promising solutions is the formation of protective layers using the electric
arc metallization (EAM) method, which enhances wear resistance and extends the service life of compo-
nents [1].

Electric arc metallization (EAM) is one of the most effective and widely used thermal spraying meth-
ods, in which a protective coating is formed by melting a metal wire with an electric arc and atomising the
molten material with a stream of compressed air [2]. This technology is characterised by high productivity,
adjustable layer thickness, and the versatility of applicable materials, making it particularly relevant in me-
chanical engineering, aviation, shipbuilding, and the oil and gas industries [3, 4]. The process involves the
formation of an arc between two wire electrodes, causing the metal to melt and be deposited onto a pre-
prepared surface in the form of fine particles.

One of the key factors determining the structure and operational characteristics of coatings obtained by
EAM is the choice of wire material [5—7]. The wire used in the EAM process can be made in the form of a
solid (cast) metal rod or in the form of a powder (tubular) shell filled with alloying or hardening powders.
These differences in wire design directly affect the melting characteristics, melt transfer, microstructure for-
mation, and, ultimately, the physical and mechanical properties of the protective layer [8].

Cast wire is a solid metal wire with a uniform chemical composition, suitable for rolling and drawing.
However, its alloying capabilities are limited, which reduces the potential for optimizing the properties of the
coating [9, 10]. In addition, the heterogeneity of melting during spraying can contribute to the formation of
agglomerates, local areas with a deficiency of alloying elements and, as a result, increased porosity and im-
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paired adhesion of the coating to the substrate [11—14]. Powder (tubular) wire, on the other hand, provides
much greater flexibility in forming the required composition [15, 16]. A metal shell filled with a powder
mixture of elements and compounds (including carbides, borides, oxides, etc.) allows coatings with specially
specified properties to be obtained, including increased hardness, wear resistance, and corrosion re-
sistance [17-19]. The use of powder wires is particularly effective when it is necessary to use difficult-to-
form alloying systems that are not suitable for the manufacture of cast wire.

The chemical composition of the wire plays a decisive role in the formation of the coating structure. Al-
loying elements influence the formation of carbide, boride, and intermetallic phases, which increase hard-
ness, wear resistance, and resistance to stress corrosion cracking. However, to achieve the positive effect of
alloying, it is important not only to have the nominal concentration of elements, but also their uniform distri-
bution throughout the coating. With EAM, coatings obtained from cast wire often show zoning and uneven
distribution of elements, while tubular wire allows for greater chemical uniformity, which is directly related
to improved microhardness, density, and adhesion properties [7].

This study presents a comparative analysis of protective coatings applied to 65G steel using electric arc
metallization with both powder and cast wires made of 30KhGSA and 5S1KhFA alloys. The scientific novelty
of this work lies in the fact that, for the first time, a systematic and direct comparative analysis was conduct-
ed between cast and powder-filled wires of the same steel grades (30KhGSA and 51KhFA) in terms of their
influence on coating structure and performance. The findings are particularly relevant for improving the du-
rability of components used in the harsh, abrasive conditions of Kazakhstan’s agricultural environment.

Materials and methods

65G steel, a high-carbon steel characterized by high hardness and wear resistance, was used as the sub-
strate material for spraying. It is widely used in the manufacture of parts operating under conditions of in-
creased loads and wear, such as cultivator tines, plow blades, and other agricultural machinery components.
The chemical composition of the material is presented in Table 1.

Table 1
Chemical composition of 65G steel substrate, %

Element C Si Mn Ni S P Cr Cu Fe
Content 0.62-0.700.17-0.37 | 0.9-1.2 <0.25 <0.035 <0.035 <0.25 <0.20 basis

The substrate samples were cut from sheet metal measuring 25x10%4 mm. The surface was mechanical-
ly sanded (grain size from P100 to P360) and sandblasted with electrocorundum to create the required
roughness and improve coating adhesion.

Steel wires with a diameter of 1.6 mm of two types—cast and cored—were used as the feedstock mate-
rial for thermal spraying. The chemical composition of the wires corresponds to the steel grades 30KhGSA
and 51KhFA. The selection of wires was based on differences in alloying composition. Detailed chemical
composition data are presented in Table 2. For each composition, both cast and cored wire types were uti-
lized. The wires were procured in ready-made form.

Cast wires were produced using the conventional method of metal melting followed by forming, where-
as cored wires consisted of composite fillers enclosed in a metallic sheath. Figure 1 illustrates the elemental
distribution in the composition of the SIKhFA wire used in this study. This selection enabled an objective
comparative analysis of the influence of wire type and chemical composition on the structure and perfor-
mance properties of the resulting coatings.

Table 2
Main grades and chemical composition of sprayed wires, %
Wire name Fe C Si Mn Ni S P Cr Cu Mo As
% % % % % % % % % % %

30KhGSA | basis | 0.28-0.34 | 0.9-1.2 | 0.8-1.1 | t00.3 |t00.025]t00.025| 0.8-1.1 |[t00.3| — -
51KhFA | basis | 0.47-0.55 | 0.15-0.3] 0.3-0.6 | t0 0.25 | t0 0.025 | t0 0.025 | 0.75-1.1 |t0 0.2 | — -
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Figure 1. Cross-sectional view and distribution of elements in cast (a) and powder (b) SIKhFA wires

Electric arc metallization was carried out on a supersonic arc metallization unit SX-600, which included
the following main components: a sprayer, a power source, and a compressor. The process was carried out
under the following technological parameters: the power source voltage was 40 V, which ensured the stabil-
ity of the electric arc and sufficient energy for melting the material. The current was set at 250 A. The wire
feed rate was maintained at 12 cm/s, which ensured a stable supply of material and uniformity of the applied
layer. The distance between the sprayer and the sample surface was 200 mm, which allowed for uniform dis-
tribution of the melt and reduced the thermal impact on the substrate. The working gas (compressed air)
pressure was maintained at 0.7 MPa, ensuring effective particle acceleration and the formation of a dense
coating structure [10]. Spraying was carried out at room temperature for both the samples and the environ-
ment, which minimized thermal impact and maintained the stability of the material structure.

Table 3
Electric arc metallization modes

Parameter Value
Voltage (U), B 40
Current (I), A 250
Wire feed speed, cm/s 12
Distance from nozzle, mm 200
Compressed air pressure, MPa 0.7
Ambient temperature, °C 26

For a comparative analysis of coatings deposited by electric arc metallization using different wires,
modern methods were used to study their structural and phase composition, microstructure, and mechanical
properties [11].

The microstructure of the coatings was studied using a Tescan Vega 4 scanning electron microscope.
The elemental composition was determined using Xplore 30 energy dispersive analysis. The thickness and
porosity of the coatings were measured using an Olympus BX53M optical microscope, and the porosity was
calculated using Metallographic Analysis Software in accordance with ASTM E2109. Microhardness was
measured using the Vickers method (GOST 9450-76, ASTM E384-11) at a load of 0.025 N. Surface rough-
ness was evaluated using a model 130 profilometer (GOST 25142-82).

Results and discussion

Figure 2 shows the typical microstructure of 30KhGSA wire obtained using scanning electron micros-
copy (SEM). This microstructure is typical for coatings obtained by electric arc metallization. Microstructur-
al analysis showed that coatings formed by electric arc metallization have a characteristic layered (lamellar)
structure. This morphology is typical for thermally sprayed coatings and is formed as a result of the sequen-
tial deposition of molten metal particles. During spraying, the particles, upon reaching the substrate surface,
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instantly cool and solidify, forming dense and thin layers. Rapid cooling caused by the contact of hot parti-
cles with a cold base or previously applied layers leads to instant crystallization and contributes to the for-
mation of a strong, homogeneous microstructure. This structure ensures reliable adhesion between layers due
to partial thermal fusion at the melt boundaries. The lamellar structure significantly increases the mechanical
strength of the coating, its resistance to cracking and abrasive wear, and reduces permeability to moisture
and aggressive environments. Thus, the microstructure shown in Figure 1 indicates the high quality of the
coating and confirms the effectiveness of the technological parameters used to form reliable protective coat-
ings based on 30KhGSA wire.
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Figure 2. Layered microstructure of the coating cross section

However, characteristic defects were also identified in the coating structure, including pores, delamina-
tions, and unmelted particles (Fig. 3), the presence of which can significantly affect the performance charac-
teristics of the coatings. Pores typically formed due to air entrapment during spraying or incomplete sintering
of the sprayed particles, especially when the particle temperature or velocity is insufficient. These porous
regions may serve as pathways for the ingress of aggressive media, promoting corrosion and reducing the
sealing properties of the coating [13].

Delaminations were mainly observed at interlayer boundaries and at the coating—substrate interface.
Their presence may indicate violations in the surface pre-treatment process (e.g., inadequate cleaning or in-
sufficient surface roughness), as well as insufficient kinetic energy of the sprayed particles, which fails to
ensure reliable adhesion to the substrate. Such defects significantly reduce coating adhesion and may lead to
its premature failure under mechanical loading.

Unmelted particles present in the structure are typically fragments of wire that did not fully melt during
the arc metallization process. These inclusions can act as stress concentrators and potential initiation sites for
microcracks. Under abrasive or impact loads, they contribute to accelerated wear of the coating, reducing its
strength, hardness, and resistance to failure.
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1 — pores; 2 — delamination; 3 — unmelted particles

Figure 3. Microstructural analysis of the coating with identification of defect areas
in the form of pores, delamination, and unfused particles

To gain a deeper understanding of the influence of wire type on the chemical distribution within the
coating, EDS analysis was performed on cross-sections of samples produced using both cored and cast wires
of 30KhGSA and 51KhFA (Fig. 4). The results of EDS mapping for elements Fe, O, Si, and Mn help explain
the observed differences in microstructure and, consequently, in the performance characteristics of the coat-
ings. Coatings obtained from cored wires of 30KhGSA and 51KhFA exhibit relatively uniform distribution
of alloying elements (Fig. 4b—d); however, the 30KhGSA coating shows a slightly coarser and more hetero-
geneous distribution pattern, whereas the S1KhFA coating demonstrates a more stable and homogeneous
profile.

This partial distinction is reflected in the functional properties: both coatings are characterized by high
microhardness (up to 720 HV), low porosity (4.3—5.0 %), and good adhesion strength (up to 19.2 MPa), with
the values for 5S1KhFA appearing slightly more balanced. In contrast, cast wires of 30KhGSA and 51KhFA
exhibit pronounced chemical heterogeneity, including localized depletions, agglomerations and “hot spots”,
indicating non-uniform delivery of alloying elements during spraying. This inhomogeneity results in the for-
mation of structural defects—such as pores, voids, and delaminations—which is further supported by SEM im-
ages showing that void-rich regions coincide with Cr- or Si-depleted areas identified through EDS analysis.
Thus, the chemical inhomogeneity characteristic of cast wires is directly linked to increased porosity (up to
8.2 %), reduced hardness, and weakened adhesion to the substrate, whereas the more uniform (albeit not per-
fectly smooth) elemental distribution in cored wires contributes to improved performance characteristics.

An analysis of the coating characteristics shows the influence of the type and composition of the wire
on the operational characteristics (Table 4). Among the samples studied, powder wire, in particular 5S1KhFA
and 30KhGSA, demonstrated clear advantages in terms of coating density and microstructure uniformity.
Although cast wires produce slightly thicker layers, coatings applied using powder wires have lower porosity
(4.3-5.0 %) and more favorable surface morphology. According to roughness data, powder 51KhFA showed
higher roughness values, which may be due to particle distribution characteristics or localized defects, while
cast wire demonstrated a smoother surface. However, in terms of mechanical strength, Vickers microhard-
ness tests confirmed that powder wire coatings achieve higher hardness (up to 720 HV), especially powder
30KhGSA. These results confirm that, despite minor changes in roughness, powder wire provides superior
coating quality in terms of structural integrity, hardness, and defect reduction, making it more suitable for
applications requiring increased wear resistance.
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Figure 4. EDS mapping of coating cross-sections obtained by arc metallization using different wire types
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Table 4
Comparison of key properties of coatings obtained using different types of wires
Wire Thickness, um Porosity, % Roughness Ra, um Microhardness, HV
30KhGSA (cored) 111.26 43 6.03 720
30KhGSA (cast) 158.92 7.8 6.02 620
51KhFA (cored) 160.84 5.0 7.9 700
51KhFA (cast) 148.83 8.2 6.1 650

In general, differences in the structure and properties of coatings are related to both the chemical com-
position and the method of wire production: powder wire technologies allow for precise dosing of compo-
nents and uniform spraying, while cast wire often contains defects that disrupt the uniformity of the coating.

Conclusion

The studies conducted demonstrated a significant influence of the wire type on the quality of coatings
obtained by the electric arc metallization method. It has been established that 30KhGSA and 51KhFA pow-
der wires provide more uniform coatings with high microhardness (up to 720 HV), reduced porosity (4.3—
5.0 %), and strong adhesion to the substrate (up to 19.2 MPa). This is due to the uniform distribution of al-
loying elements, confirmed by EDS mapping results, as well as the minimization of structural defects—
pores, unfused inclusions, and delamination. At the same time, coatings applied using cast wire were charac-
terized by higher porosity (up to 8.2 %), chemical and structural heterogeneity, and reduced adhesion, which
reduces their performance characteristics.

Thus, powder wires with an optimal chemical composition have a significant advantage in the for-
mation of steel coatings. The data obtained emphasize the importance of rational selection of wire material
and process parameters. In the future, it is planned to expand the range of wire materials under investigation,
optimize spraying modes using mathematical modeling methods, and test coatings under various types of
wear conditions.
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b.K. Paxanunos, /I.b. Byiitkenos, A.K. Oncexxanosa, H.M. Marazos, M.b. basanunosa

DJIEKTP JA0FAJIbI MeTAAAHABIPY JAiCiMeH aJILIHFAH
KaAOBIHIAAPABIH KYPbLIBIMbI MEH KaCHETTEPiHe CbIM TYPiHiH dcepi

OnexTp Aofansl MetanaaHasipy (M) — Oy KOpFaHbIII >KaOBIHIAPBIH ATy YLIIH METall CHIMBIH JJICKTP
JIOFachIMEH epiTil, ajblHFaH OaJKbIMaHbI CHIFBUIFAH aya arblHBIMEH INALIBIPaTy apKbUIbl JKY3€re acaTblH,
KEHIHCH KOJIaHBUIATBIH JKOHE THIMAI TEPMIBSUTBIK OYPKY omicTepiHiH Oipi. By TexHOmOTHs KOFaphI
OHIMJIUTIKIICH, KabaT KaJbIHABIFBIH PETTEY MYMKIHIITIMEH JKOHE KOJIaHBUIATHIH MaTepHaIIapablH
omOebanTeIFbIMeH epekimreneHeni. Makamamga 65" Gomatka 30XT'CA xone 51X®DA KopbITIamapbHaH
JKacallFaH YHTaKTBl JKOHE KylMa CBhIMIApAbl KONJAaHy apKbUIBl alIbIHFAH >KaOBIHIAPIBIH CaJBICTBIPMAIbI
Tanjaybl yChiHbUIFaH. JKaObIHHBIH MHUKPOKYPBUIBIMBI CKaHEPJIIK 3JIE€KTPOHABI MHKPOCKOINIIEH 3epPTTENAi, ail
JNIEMEHTTIK Kypambl sHeproauctepcusuislk crnektpockonus (EDS) omiciMen asbikTangsl. KanTamaHsig
KAJIBIH/IBIFBI MEH KEYEKTUTIri ONTHKAIBIK MHUKPOCKOMMEH eumeHi. Mukpobepiktik Bukkepc omiciMen, ai
OeTki Kemip-OyabIpibIK KOHTaKTUI mpodunomerpmen Oaranmanabl. MHKpOKypbuibiM koHe EDS Ttanmmayst
YHTaKTHl CHIMMEH QJIBIHFaH jKaOBIHAAPABIH KOCTanay 3JIEeMEHTTepi OipKelKi TapaiFaHbIH, OyJI ©3 Ke3eriHue
MHKPOOEPIKTIKTI apTTHIPHIN, KEYSKTLTIKTI a3aiTaThIHBIH KepceTTi. KyiiMa CHIMMEH ajbIHFaH XaObIHIApaa
KYPBUIBIMJIBIK OipKeNKi eMeCTik OalfKajbll, KeyeKTUIK apTThl JKOHE MEXaHMKAJBIK KacHeTTepi Hallapiambl.
3epTTey HOTIKeIepl YHTAKTHl CBIMHBIH JKOFaphl Canajibl 5KaObIHAAp alyAaFbl apTHIKIIBIIBIKTAPEIH KOPCETTI.

Kinm co30ep: 37MeKTp NOFaibl MeTalAaHIbIPy, KylMa »KOHE YHTAaK CBhIMIBI, KEyeKTiTiK, OomaT >xaOblH,
JNIEMEHTTIK Kypam

b.K. Paxanunos, JI.b. Byiitkenos, A.K. Oncexanosa, H.M. Marazos, M.b. basuiunosa

Binsinne TMIIA MPOBOJIOKU HA CTPYKTYPY M CBOMCTBA MOKPHITHH,
MOJIyYeHHBIX METO0M JIEKTPOAYTOBOIl MeTAJIN3ALMH

Onextpoxyrosas Meramummsanus (3IM) sBisercst oqHuM U3 Hanboiee d3GpQEeKTUBHBIX U MINPOKO NpUMEHse-
MBIX METOJJOB TEPMHUUECKOT'0 HAIIBUICHUS, IPU KOTOPOM 3alllUTHOE MOKPHITHE (popMHpyeTCs 3a CUET IuIaBie-
HUS METaJUINYECKOH MPOBOJIOKU JIEKTPUYECKOH JIyroi M paciblIeHHs paciulaBa CKaThIM BO3AyXoM. TexHo-
JIOTUSI OTIMYAETCSI BBICOKOH MPON3BOAUTEIBHOCTBIO, PETYIUPYEMOM TONIIMHOM CIOS U YHHBEPCATbHOCTHIO
MPUMEHSIEMBIX MaTepuanoB. B cTaThe mpeacTaBieHa CpaBHHUTENbHAs! OLEHKA 3aIIUTHBIX MOKPHITHI, HaHe-
CEHHBIX Ha cTasb 651" METOIOM IyroBOW METAJUIM3AIMU C UCTIOIB30BAHNEM TTOPOIIKOBOI M JIUTOM MPOBOJIO-
ku u3 cmaBoB 30XI'CA u 5S1XDA. MuKpPOCTPYKTypa HOKPBITUIH HCCIEe0BANIACh C UCTIOIB30BAHUEM CKAHH-
PYIOLIEro 3JEKTPOHHOI'O MUKPOCKOIIA, a JJIEMEHTHBIH COCTaB — METOJIOM 3HEPrOAUCIEPCUOHHON CIIEKTPO-
ckormu (EDS). TommuHa 1 OPUCTOCTH HMOKPHITHS ONPEAEISUIUCH C IIOMOLIBI0 ONTHYECKOT0 MUKPOCKOIIA.
MuKpoTBEPAOCTh N3MEpPSIach 10 BUKKepcy, MepoXoBaTOCTh MOBEPXHOCTH — C HCIIOJIb30BAHUEM KOHTAKT-
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HOTO TpoduIoMeTpa. AHaIN3 MUKPOCTPYKTypsl 1 EDS mokasai, 94To HOKpBITHS, MOIyYeHHbIE U3 OPOIIKO-
BOH TPOBOJIOKH, XapaKTepHU3yloTcs Oojiee PaBHOMEPHBIM pacHpefeleHHeM JIETHPYIOINX 3JIeMEHTOB, UTO
obecrieqrBaeT MOBHIIICHHYIO TBEPIOCTD U CHIKAET HOPUCTOCTD. [IOKPHITHSI U3 INTOH IPOBOJIOKH, HAIIPOTHUB,
JIEMOHCTPUPYIOT CTPYKTYPHYIO HEOAHOPOIHOCTb, IIOBBIIICHHYIO IOPUCTOCTh U YXYALICHHBIC MEXaHUYECKUE
XapaKTePUCTUKU. Y CTaHOBIICHO, YTO MOPOLIKOBAsi IPOBOJIOKA oOecreunBaeT 0ojiee BHICOKOE Ka4eCTBO II0-
KPBITHH.

Knrouesvle cnosa: AyroBas METajuiu3alus, JIMTas U MMOPOIIKOBas IPOBOJIOKA, IOPUCTOCTDb, CTAJIbHOE IMOKPLI-
THC, 3JIEMEHTHBIM COCTaB
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