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EFFECT OF WIRE FEED RATE ON THE STRUCTURE AND PROPERTIES
OF COATINGS IN THE ELECTRIC ARC SPRAYING PROCESS

SJIEKTPAOFAJIBIK BYPKY KE3IHAE CbhIM BEPY KbIJIIAM/IbIF BIHbBIH )KABbIH
KYPbIJIBIMbI MEH KACUETTEPIHE 9CEPI

BJIUSHUE CKOPOCTHU MOJAYH MPOBOJIOKU HA CTPYKTYPY U CBOMCTBA
MOKPBITUI ITPA SJIEKTPOIYTOBOM HAIIBIJIEHUA

Abstract. In this work, a study of steel coatings obtained by arc spraying using steel wire of the 30KhGSA grade
has been carried out. The main attention is paid to the effect of the wire feed rate on the coating characteristics. The
feed rate varied from 2 to 12 cm/sec. The results showed that an increase in the wire feed rate leads to a significant
change in the coating characteristics.

According to experimental data, a direct relationship was found between the wire feed rate and the coating
thickness. At a speed of 2 cm/sec, the thickness was 108.4 um, and at a maximum speed of 12 cm/sec — 733.62 um. An
increase in the feed rate led to a decrease in porosity. The highest porosity (10.45%) was observed at a minimum speed,
whereas at a speed of 12 cm/sec, porosity decreased to 4.33%. The analysis of images obtained using a metallographic
microscope revealed a layered structure of coatings with alternating light and dark phases. With an increase in the
feed rate, the structure was compacted and the number of cracks decreased. X-ray diffraction analysis showed that the
largest amount of oxides was formed at the minimum wire feed rate, whereas at the maximum speed oxidation was
minimal. Hardness measurements by the Vickers method showed that with an increase in the wire feed rate, the
hardness of the coating decreased, although different optimal values were observed for different structures. Optimal
roughness values (Ra and R:) were achieved at a feed rate of 4 cm/sec. Increasing the speed to 8 and 12 cm/sec led to
a deterioration in surface roughness.

Keywords: arc spraying; steel coatings; microstructure; Vickers hardness, porosity; thickness

Anoamna. by sicymvicma 30XI'CA mapranst 6oram colmbl KOIOAHBLIZAH DNEKMP 002ANbIK, MEMALIOAY d0IiCiMeH
anvinean Ooram cabvlnoapuin 3epmmey Jcypeizindi. Heeizei nazap coimuvly 6epy HcwblioamobizbiHbly IHcaAObIH
cunammamanapeina acepine ayoapuiiosi. Coim 6epy arcoiioamovievt 2-0en 12 cm/cex Oetiin 032epmindi. Homuoicenep
KopcemreHOell, ColMHbIY Oepy JHCbLIOAMObIZbIH APMMbIPY HCAObIH CUNAMMAMATAPLIHGIY AUMAapPILIKMAl o32epyine
aKeneo.
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Dxcnepumenmmik manimemmep OOUbIHWA CHIMHBIY Oepiny JHCLLIOAMObIEbL MeH JICAObIHHbIY KANbIHObI2b
apacviHoagbl mixenell OAUIAHBIC AHBIKMALObL. 2 CM/CeK HCLLIOAMObIKMa KanviHovievl 108,4 mxm, an 12 cm/cex
Mmaxcumanowl scvinoamovikma 733,62 mxm 60n0bl. Kemkizy ocbli0amMObIZbIHbIY HCOAPBLIAYLL KeYeKMINIKMNOIH
meomenoeyine akendi. Ey yaxen xeyexminix (10,45 %) ey momenei dcvinoamovikma 6aukanovl, ai 12 cm/cex
Jrcuinoamovixma keyekminix 4,33 % oetiin momenoeoi. Memannozpa@uansix MUKpOCKONNEH anblHaH KecKinoepoi
manoay ayvlCnaivl Hcapbik NeH Kapauavl azanapvl 6ap xicadblHOapOovly Kabammosl KYPulIblMbIH AHbIKMAODL.
JKemkizy Hcoli0amOblebIHbIY HCORAPBLIAYLIMEH KYPbUIbIMHBIY Mbl2bI30ALYbL JCIHE HCAPLIKMAD CAHbLHbIY A3AI0bL
batikanovl. Penmeenoik KYpolibiMObIK manoay oKcuomepoiy ey KON CaHbl CbIMHbIY el a3 Oepy HCbli0amMObleblHOd,
an ey AHcoeapwvl HCLIOAMObIKINA MOMbIZY MUHUMALObI OOIAMbIHbIH Kopcemmi. Bukepc adicimen Kammuvlivikmol
enuey ColMHbIY OEpiny HCbLIOAMOBIZbIHBIY HCOAPBLIAYLIMEH JHCADLIHHbIY KAMMbLIbIZbL MOMEHOEe2eHIH Kopcemmi,
OeceHMeH ap Mypii KYPblAbIMOAp YWiiH ap Mypii oymaiiivl MaHoep batixaniovl. Oymaiinvl Kedip-0yovip MaHOepine
(Ra srcane Rz) sicemkizy dHcwlioamowviel 4 cm/cex 6oaeanda Ko scemrizinoi. Koinoamovikmoiy 8 srcone 12 cm/c Oeilin
apmyvi 6eminiy Kedip-Oy0bIPbIHbIY HAUAPAAYBIHA IKENOL.

Tyiiin ce30ep: Ooszanvl OypKy, Oonamman Hcacaneaw HaObIHOAp, MUKDPOKYPbLIbIM, Bukkepc xammuliviebi;
KeyeKminik, KanblHObIK.

Annomayusn. B Oannoii pabome npogedeHo ucciedosanue CMAIbHLIX NOKPbIMUL, NOLYYEHHbIX MenoooM
2NIEKMPOOY2080U MEMALIUZAYULU C UCHONb30SAHUEM CmalbHOU nposonoku mapku 30XI'CA. OcHoenoe sHumarnue
VOeneHo GMUAHUIO CKOPOCMU ROOauu NpPOGONOKU HA Xapakmepucmuku noxkpvimus. Ckopocmb nooayu
sapvuposanace om 2 0o 12 cm/cex. Pe3ynvmamuvl noxaszanu, umo yeeiuueHue CKOPOCMU NOO0AYU NPOBOLOKU
nPUOOUM K 3HAUUMELbHOMY USMEHEHUIO XAPAKMEPUCMUK NOKDbIIMUSL.

Ilo sxcnepumenmanbHbiM OAHHLIM 0OHAPYICEHA NPIMASL 3A6UCUMOCHTb MENCOY CKOPOCMbIO NOOAYY NPOBOIOKU U
moawunol noxpeimus. Ilpu ckopocmu 2 cm/cex moawuna cocmaensana 108,4 Mkm, a npu MakcumManbHOU cKOpOCmu
12 cm/cex — 733,62 mrm. Veenuuenue cxopocmu nooauu npueeno K cHudceHuro nopucmocmu. Haubonvwas
nopucmocmy (10,45 %) nabniooanace npu MUHUMATLHOU CKOPOCMU, M020a KaK npu ckopocmu 12 cm/cex nopucmocmo
cnuzunace 00 4,33 %. Ananu3z uzobpasicenuil, NOTYHEHHBIX ¢ NOMOWbIO MEMALI0SPAPUIECKO20 MUKDOCKONA, GblABUL
CIOUCMYIO CIPYKMYPY NOKPLIMUL ¢ 4epedyIouuMucs C8emabiMu u memuvimu gaszamu. Ipu yeeruuenuu ckopocmu
nooauu Hab.OAIOCh YNIOMHEHUE CIMPYKMYPbl U YMEHbUIeHUEe KOIUYeCmEa mpeujun. PenmeeHocmpyKkmypHbill aHaiu3
noKasai, ymo Hauboivbuiee KOIUYECmEo OKCUO08 00pa308aioch Npu MUHUMATILHOU CKOPOCIMU NOOAYU NPOBOLOKU,
moeoda Kak npu MAaKCUMAIbHOU CKOPOCMU OKUCAeHUe ObLl0 MUHUMANbHbIM. H3mepenus meepoocmu Memooom
Buxxepca nokazanu, umo ¢ ygeaudeHuem cKopocmu nooauy npogoioKy meepoocb NOKPbIMUSL CHUNCALACL, XOMSL OJisL
PA3HBIX CMPYKMYP HAOII00ANUCH PA3IUYHbIe ONMUMAIbHbLE 3HaAYeHus. OnmumanbHble 3HaveHus wepoxosamocmu (Ra
u Rz) 6vimu oocmuenymol npu ckopocmu nooauu 4 cm/cex. Yeenuuenue cxopocmu 0o 8 u 12 cm/cex npuseno x
VXYOULeHUIO UepoX08amocnu nOBEPXHOCIU.

Knrwouesvie cnosa: dyzoeoe nanviienue; cmanbHble NOKPLIMUsL, MUKPOCMPYKMypd; meepoocms no Bukkepcy,
nopuUCcmMocms,; MOIWUHA.

Introduction. Thermal spraying technologies include processes where molten or heated
materials are sprayed onto the surface of products using electric (plasma, arc (Bobzin, Wietheger,
Burbaum, Johann, 2022, Gargasas, Valiulis, Gedzevicius, Mikaliiinas, Nagurnas, Pokhmurska,
2016)) or gas (Rakhadilov, Kenesbekov, Kowalevski, Ocheredko, Sagdoldina, 2020, Zhu, Li,
Yang, Ye,2023) installations. These methods make it possible to apply thick coatings (from 20
microns to several millimeters) over large areas at high speed, which makes them effective for
industrial applications. Coatings can consist of various materials such as metals, alloys, ceramics
and plastics.

The quality of the coatings obtained is assessed on the basis of various characteristics such as
porosity, oxide content, hardness, bond strength and surface roughness (Kumar, S, Kumar,
R,2021). The general trend shows that an increase in the velocity of the particles used in the
spraying process contributes to an improvement in the quality of the coating.

Electric arc spraying (EAS) is a highly efficient metal coating technology widely used in
industry and agriculture. This method allows you to restore machine parts, protect metal structures
from corrosion, and create coatings from various metals and their alloys.

In the EAS process, the wire melts under the influence of an electric arc and is sprayed with
compressed air onto the surface of the product. The use of compressed air or nitrogen provides a
stable and high-quality coating.
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The key advantages of EAS include high productivity and the ability to apply to various
materials. However, with a low wire feed rate, there is a risk of overheating and oxidation, as well
as a decrease in the content of alloying elements in the coating (Arif, Shah, Rehman, Tariq,2020).
It is important to take these limitations into account so as not to degrade the mechanical properties
of the parts being restored.

Materials and methods of research. Coating spraying was performed using a supersonic
electric arc metallizer SX-600, manufactured by Guangzhou Sanxin Metal Technology Co
(Guangzhou, China) (Rakhadilov, Shynarbek, Kakimzhanov, Kusainov, Zhassulan,
Ormanbekov,2024). This complex includes a power supply, a supersonic spray gun, a control
system and a compressed air system.

The spraying of the wires was carried out in accordance with the modes indicated in Table 1.
The parameters in these modes varied by changing the wire feed rate (V). The voltage during
spraying was maintained at the level shown in Table 1, their characteristics increase as the wire
feed rate increases. Air was used as the spraying gas. Each sample was sprayed over the entire
surface of the substrate for 10 seconds to obtain a uniform layer.

Table 1. Spraying modes

Sample P, Pa D, mm I, A U,B V, cm/s
Ne 1 9 200 200 30 2
No 2 9 200 200 40 4
No 3 9 200 300 40 8
Ne 4 9 200 300 45 12
Note — compiled by the authors

In this work, grade 65G steel (GOST 103-2006) was used as the substrate material. 65G steel
is widely used in mechanical engineering, machine tool construction, shipbuilding, as well as in
the production of heavy military, agricultural and mining equipment. Springs, washers, friction
discs, brake belts, gears, bearing housings, flanges are made of 65G steel. The possibility of
improving the properties of 65G steel by quenching significantly extends the service life and
increases the wear resistance of parts. The composition of 65G steel according to GOST 14959-
79 is shown in Table 2.

Table 2. The content of elements in 65G steel according to GOST 14959-79

C Si Mn Ni S P Cr Cu
) ) ) up to up to up up to up to
0.62-0710.17-037) 0.9-1.2 1 555 | 0035 | 100035 | 025 0.2

Note — compiled by the authors

Steel wire of the 30KhGSA grade, with a diameter of 1,4 mm, was used as the coating material.
30KhGSA steel is characterized by high strength and rigidity, as well as excellent weldability and
machinability properties. Due to these qualities, it is widely used in mechanical engineering and
the automotive industry. 30KhGSA steel is used in the manufacture of crankshafts, connecting
rods, cylinder heads and other parts. In mechanical engineering and in the manufacture of
construction equipment, this steel is used to produce shafts, axles, gears, bolts and screws
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designed for significant loads. According to GOST 4543-71, 30KhGSA steel has the following
composition (Table 3).

Table 3. The content of elements in 30KhGSA steel according to GOST 4543-71

C Si Mn Ni S P Cr Cu
up to up to
0.28-034| 09-12 | 0.8-1.1 | upto0.3 0.025 0.025 0.8-1.1 | upto 0.3
Note — compiled by the authors

Cross sections of the samples were prepared to study the structure and porosity of the
coatings. The samples were made using standard partitioning methods followed by grinding
and mechanical polishing. Grinding was carried out using sandpaper with a grain size from
120 to 3000 based on silicon carbide (SiC), and polishing was carried out on velvet fabric
using 3M polishing paste on an automatic grinding machine of the METAPOL 2200P model
(Laizhou Lyric Testing Equipment Co, Shandong, China). To study the porosity of coatings
using an optical microscope (Olympus BX53M, Tokyo, Japan), images were taken with
magnification of 5X and 50X. Porosity was calculated using Metallographic Analysis
Software in accordance with the ASTM E2109 standard. The average coating thickness was
determined based on five measurements for each image. The roughness of the coatings was
measured by contact profilometry using a profilometer 130 (Proton, Zelenograd, Russia,
2018) (Rysin, 2017). To ensure the repeatability of the results and minimize the error, five
measurements were carried out on each sample in random places, followed by the calculation
of the values of Ra (arithmetic mean deviation of the profile) and Rz (maximum profile
height) according to GOST 2789-73. The analysis of the surface roughness values was carried
out to assess the effect of various spraying parameters. According to the Vickers method, a
semi-automatic micro hardness tester (Metolab 502, St. Petersburg, Russia) was used in
accordance with GOST 2999-75. X-ray diffractometer X'pertpro (Philips Corporation,
Eindhoven, the Netherlands) was used to determine the phase composition.

Results and discussion. Based on the images obtained using a metallographic microscope, it
was found that when spraying by arc spraying, layered coatings with a certain porosity are formed.
(Khan, 2019).

The analysis showed that the structure consists of light and dark areas (Figure 1), and they
change with each other. Alternating lamellae of both phases are observed in all samples. Rounded
light phases inside dark areas were also revealed. The dark areas have cracks, while the light areas
do not and seem to prevent cracks from spreading from the dark areas (Rakhadilov, Magazov,
Kakimzhanov, Apsezhanova, Molbossynov, Kengesbekov, 2024).

Figure 1. An image of a metallographic microscope with a magnification of 5X
Note — compiled by the authors



Ne 2,2025

56

«OKTY XABAPIHIBICBI»

Thickness and porosity are the key properties that determine the characteristics of coatings. In
Table 4, you can see how these properties change depending on the deposition rate.

Table 4. Results of coating thickness and porosity

Wire feed rate, Coating thickness, Porosity of coatings,
Ne
cm/sec um %

1 2 108.4 10,45

2 4 276,9 12,59

3 8 491,78 8,38

4 12 733,62 4,33
Note — compiled by the authors

The effect of the wire feed rate on the coating thickness shows a direct relationship: with
increasing speed, the coating thickness increases. Figure 2 shows the images obtained using a
metallographic microscope. The porosity of the coatings also decreased with an increase in the
wire feed rate, reaching minimum values of 8.38% and 4.33% at 8 and 12 cm/s, respectively. An
increase in the wire feed rate leads to an increase in the volume of the sprayed material, which
contributes to a greater formation of the coating thickness. This can also lead to a denser coating
by better filling the surface and reducing the number of pores and voids. Additionally, an increase
in the wire feed rate leads to more particles settling on the surface, which enhances. The impact
on the already applied layers helps to seal the coating, reducing its porosity.

Figure 2. Image of coating thickness obtained with a metallographic microscope:
a) Sample Ne 1; b) Sample Ne 2; ¢) Sample Ne 3; d) Sample Ne 4
Note — compiled by the authors
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Figure 3 shows the results of X-ray diffraction analysis (XRD) for four samples designated as
Ne 1, Ne 2, Ne 3 and Ne 4. The graphs show the intensity of scattered X-ray radiation depending
on the diffraction angle.
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Figure 3. X-ray of steel coatings
Note — compiled by the authors

The results of X-ray phase analysis revealed oxides, which are shown in Figure 3. The
proportion of oxides (Fe3Os, Fe0.92901) on samples No. 1, No. 2 and No. 3 was slightly higher
at low wire feed. The lowest oxide intensity was observed on sample No. 4, where it was
significantly lower, and the wire feed was the highest among all samples. The presence of these
phases, shown in Figure 3, indicates the presence of oxidation processes on the surface of the
samples. This can be explained by the fact that spraying occurs in the atmosphere.

The results of hardness measurements on the Metolab-502 microhardness tester are shown in
Figure 4.

Figure 4 shows the data on the hardness of the material when the wire feed rate changes.
Hardness was shot in two different areas (light and dark) as shown in Figure 4. The dark area
mainly consists of oxides (Fe304,Fe0.92901). The light layer mainly consists of phases. With an
increase in the wire feed rate from 2 cm/sec to 12 cm/sec, there is a general tendency to decrease
the hardness of the material, except for some differences.

For a coating with a "gray" structure, the maximum hardness is observed at a wire feed rate of
8 cm/sec, which differs from a coating with a "white" structure, where maximum hardness is
achieved at a minimum feed rate.
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The optimal feed rate may vary depending on the type of structure, although the material is
the same. For the "gray" structure, the optimal hardness is achieved at an average feed rate
(8 cm/sec), whereas for the "white" structure — at a minimum speed (2 cm/sec).

[ light
500 I dark
400
300 |
>
I
200 |
100
0
2 4 8 12

V(cm/s)

Figure 4. The hardness of steel coatings in two different structures
Note — compiled by the authors

According to the presented data, it can be concluded that white and gray structures are
inversely dependent on each other in the process of changing the deposition parameters. White
structures show improved performance when the wire feed rate decreases, whereas gray
structures, on the contrary, improve when the feed rate increases. This inverse proportionality
indicates their interdependence, where optimization of one parameter contributes to the
development of certain phases and structures that affect the mechanical properties of the coating.
(Wagner, 2021, Logachev, Litovchenko, 2014).

Surface roughness plays an important role in determining the performance properties of the
coating, such as wear resistance and corrosion resistance. To quantify the surface roughness, the
parameters R, (the arithmetic mean deviation of the profile) and R, (the height of the profile
irregularities at ten points) were selected in Figure 5. The change in the parameters of the surface
roughness of the steel coating at different wire feed speeds (V, cm/s) is shown.

The analysis shows that at a low wire feed rate of 2 cm/s, relatively high values of both the
parameter R, (17,04 um) and R, (81,23 um) are observed, which may indicate a rougher surface
texture with a large number of irregularities. An increase in the feed rate to 4 cm/s leads to a
significant decrease in both parameters, which indicates a smoother surface. With a further
increase in velocity to 8 cm/s, the parameters R, and R, increase to values 13,96 um and 81,28
um, respectively, which indicates a deterioration in surface roughness and an increase in the
number of irregularities. At a maximum feed rate of 12 cm/s, the R, and R, values remain high,
confirming the rough texture of the coating (Johnston, Hall, McCloskey, 2013).

The optimal roughness of the coating is achieved at a wire feed rate of 4 cm/s, at which the
roughness values are minimal. An increase in speed leads to an increase in roughness, which
negatively affects the surface quality (Kang, 2017).
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Figure 5. Roughness parameters R, and R,.
Note — compiled by the authors

Conclusions. As a result of the conducted research, it was found that the parameters of arc
spraying, in particular the wire feed rate, have a significant effect on the characteristics of the
coatings obtained. According to the results of the X-ray phase analysis with the entrainment of
the wire feed rate, two different layers are visible with different whistles and this affects the
hardness of the coatings. The microstructures show that the layer consists of light and dark areas.
An increase in the wire feed rate leads to an increase in the thickness of the coating and a decrease
in its porosity, which improves the overall microstructure of the coating. At the same time, an
increase in the feed rate is accompanied by a decrease in the hardness of the coating and an
increase in surface roughness, which indicates the need for precise selection of the spraying mode
depending on the required performance characteristics of the coating. Thus, the optimization of
the deposition parameters makes it possible to achieve a balance between mechanical and
structural characteristics, which opens up prospects for the widespread use of arc spraying in
industry.
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