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IMPROVING THE ABRASION RESISTANCE OF STEELS BY
FORMING HETEROGENEOUS ELECTROSPARK COATINGS

The work is dedicated to increasing the operational life of agricultural machinery
parts operating under conditions of intensive dynamic and abrasive environmental
impact. The aim of the study is to determine the effect of continuity, microstructure,
and phase composition of heterogeneous composite electrospark coatings based on
tungsten and chromium carbides on their abrasive wear resistance. Surface
modification of specimens made of 65G and 40X13 steels was carried out by
electrospark alloying on "Elitron-22" micro-welding equipment using a VK8 tungsten-
cobalt system electrode and a KHN25 chromium carbide-nickel system powder
mixture, respectively. Tribological stability tests were conducted in an environment of
loose silicon carbide abrasive particles according to an adapted procedure of the
ASTM G65 standard. According to the analysis results, regular changes in the
chemical composition of the formed coatings were recorded compared to the initial
anode materials. An increased cobalt content of up to 12.6 wt. % was detected in the
tungsten carbide-cobalt system, which is due to its preferential melting under the
action of pulsed discharges with the formation of a developed surface matrix. For the
chromium carbide-nickel system, a decrease in chromium concentration to 55.8 wt. %
was determined due to thermal burnout, with relative stability of the nickel binder,
which was 26.8 wt. %. The wear kinetics assessment showed that the minimum weight
loss of both types of coatings is achieved at their continuity of 55-75%. At the same
time, the KHN25 electrospark coating demonstrates 1.8-2.0 times higher wear
resistance compared to VK8. The higher abrasive resistance of the KHN25 coating is
explained by its fine-grained structure and the presence of a ductile nickel matrix,
which provides effective relaxation of local stresses and inhibits brittle chipping of
carbide phases during micro-cutting by the abrasive.

Keywords: electrospark alloying, coatings, wear resistance, abrasive wear,
microstructure, continuity, testing.

Introduction. The complexity of the wear process in agricultural machinery
components (AMC) is due to the dynamic nature of the loads on friction surfaces, the
heterogeneity of the abrasive environment in terms of particle size distribution and
chemical composition, as well as the complex kinematics of contact and particle
movement. The failure of tribological interfaces occurs due to micro-cutting under
conditions of single or repeated mechanical action by abrasive elements. The
differentiated selection of materials and optimization of the design parameters of
working parts to increase their service life require a systematic tribological approach. A
promising direction for ensuring the service life of components is the selection of
hardening technologies for the working parts of agricultural machinery, the justification
of rational technological parameters, and the use of wear-resistant materials. When
selecting these composite materials (CM), the decisive criterion is achieving an optimal
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balance between high strength characteristics and a sufficient level of ductility to
prevent brittle fracture of the modified surfaces. Heterogeneous wear-resistant
composite coatings fully meet this set of physical and mechanical properties. The
selection of composite materials capable of ensuring predictable wear resistance of
working surfaces under severe abrasive wear conditions is a key area of development in
modern surface hardening technologies and surface engineering.

Review of the literature and analysis of unresolved issues. The greatest
improvement in the tribological properties of AMC components is achieved by creating
protective hardening coatings [1] and forming composite structures with minimal wear
[2]. Coatings must meet the following requirements: a coefficient of thermal expansion
close to that of the substrate material; no adverse effect on the properties of the
components; diffusion inertness with respect to the component material; sufficient
adhesion; a set of necessary operational characteristics; and economic feasibility [3, 4].

The wear resistance, corrosion resistance, and other properties of CMs depend on
their composition [5, 6]. Iron, nickel, copper, and hardfacing alloys are used as matrix
materials for wear-resistant coatings [7]. Self-fluxing alloys based on nickel and iron
have found the most widespread application in the formation of wear-resistant
composite coatings [8].

Ferroalloys are used as coating materials and as alloying additives to strengthen
and restore parts that are subjected to abrasive and corrosion-mechanical wear during
operation [9]. The feasibility of using ferroalloys in CM is justified by their low cost,
availability, and the ability to improve the operational properties of parts and working
components of agricultural machinery. Ferroalloys can be used both in their pure form
and as alloying additives. The high performance of ferroalloys is due to the chromium,
titanium, boron, manganese, molybdenum, tungsten, and other materials included in
their composition [10].

In metal-matrix composites reinforced by dispersion, the fillers consist of
dispersed particles of refractory phases-oxides, nitrides, and carbides [11]. When
strengthening the working parts of AMCs, it is advisable to use CMs that include wear-
resistant fillers, such as chromium carbide and tungsten carbide.

In [12], it is noted that to replace tungsten-cobalt hard alloys used in the
manufacture of wear-resistant parts and cutting elements for plows, cultivators,
plowshares, and other agricultural machinery, hard alloys based on titanium carbide,
doped with vanadium carbide and tungsten nanocaride with a nickel-chromium matrix,
have been developed. These alloys have higher hardness and wear resistance and ensure
reliable and long-lasting performance under operating conditions.

Choosing the right method for applying wear-resistant coatings is a key factor in
extending the service life of agricultural machinery components that operate under
conditions of intense abrasive wear and significant mechanical stress. Optimizing the
application technology makes it possible to significantly improve the physical and
mechanical properties of the surface layer of components, minimize maintenance costs,
and increase the overall operational efficiency of the machinery. The choice of method
for forming composite coatings is determined by the following main factors: operating
conditions of the agricultural machinery; part design; type of part material and
composition of the composite coating; and economic feasibility [13]. Currently, the
electric spark alloying (ESA) method is used to modify the physical-mechanical,
tribological, and operational properties of part working surfaces in a specified direction.
The main feature of the ESA method is the discrete nature of the process [14]. Thus, a
single electrical discharge ensures the stability of the physical and mechanical properties
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of a specific section of the coating. The magnitude of the working current allows for the
adjustment of the coating’s penetration depth into the surface being hardened, as well
as the height and length of the individual section.

The electric spark alloying process offers the following advantages [15]: it
increases the wear resistance of friction surfaces by structurally and energetically
adapting the materials during friction and creating an optimal surface microgeometry;
it eliminates stress concentrations caused by contact loads and interrupts the crack
initiation process; enables the minimization of the stress-strain state of the surface by
altering the continuity and dimensions of discrete regions on the surface of the
workpiece being hardened; allows for achieving high adhesive strength between the
coating and the substrate, as well as high cohesive strength of the coating.

Despite existing research, the issue of optimizing the compositions and
technological parameters for applying heterogeneous coatings remains insufficiently
studied; therefore, the justification of the formation modes for such wear-resistant
structures is of particular relevance for improving the reliability of working parts of
internal combustion engines under conditions of intense abrasive wear.

The aim of this study is to investigate the effect of the compactness and phase
composition of tungsten and chromium carbide-based composite electric spark coatings
(ESC) on their resistance to abrasive wear, in order to establish optimal hardening
parameters for gas turbine engine components.

Materials and methods. Wear-resistant coatings were formed using the electric
spark alloying method with the “Elitron-22” micro-welding equipment (Table 1).

Table 1
Main modes of EIP formation for surface strengthening
Basic characteristics and modes Values
Coating material VK8 KHN25
Material of the surface to be hardened 65G Steel 40X13
Working current, 4 15
Electrode oscillation amplitude, mm 0.2-05

The materials selected for applying composite coatings are the WC-Co hard alloy
grade VK8 and the KHN25 (Cr-Ni-C) alloy, in which chromium carbide is used as the
hard refractory phase (Table 2).

Table 2
Composition of KNH 25 alloy (% wt.)
Alloy grade Chromium carbide Nickel
KHN25 73...75 22...25

The application of a coating with variable continuity is carried out by changing the
electrode displacement speed. During electrospark deposition (ESD), the movement of
the electrode makes it possible to form a different coating topography on the hardened
surface of the part. By changing the current and voltage, it is possible to ensure the ratio
of coating continuity to its thickness.

When forming composite coatings, specific areas of the substrate, located in a
certain manner on the surface to be hardened, were hardened with a defined coverage

(w):
W= S/ So, (1)
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where S is the area corresponding to the formed coating sections, and So is the total area
of the surface to be hardened.

Composite coatings of variable continuity were formed in the form of micro zones
(up to 1.0 mm) with a continuity of y = (20...90) %; the accuracy of determining the
coating continuity was £5%.

For testing the abrasion resistance of coatings, a bench test rig was used in an
environment containing loosely suspended abrasive particles (Fig. 1). Roller 1 is driven
by electric motor 2 via gearbox 3. Gearbox 3 is connected to the electric motor via a
belt drive 4. Holder 5 with the specimen 6 is mounted on lever 7 and pressed against
roller 1 by a force generated by load 8. Abrasive from hopper 9 flows through chute 10
into the friction zone. The angle of inclination of the chute guide 10 is (45°+2). The
roller diameter is 45-50 mm, and the roller width is 20 + 0.1 mm.

4 3 9

10

AR AN

Fig. 1. Schematic diagram of a test rig for bench testing of reinforced specimens for abrasive
wear with loosely bound abrasive particles.

The testing methodology was based on the principles of ASTM G65 [16], adapted
for the study of thin electrospark coatings ESCs (equivalent to Procedure C). To
preserve the integrity of the coating and prevent deformation of the substrate during
testing, the parameters were modified: a reduced load of 47 N and a linear velocity of
0.158 m/s were applied.

The samples were fabricated as plates 30 mm wide, 30-50 mm long, and 2-3 mm
thick. Silicon carbide with a grain size of up to 250 um was used as the abrasive material.

Structural analysis of the ESCs was performed using optical microscopy on an
IE200M digital inverted microscope. The elemental composition and microstructural
features were investigated using energy-dispersive X-ray spectroscopy (EDS/EDX)
with an electron microscope-based microanalysis system.

Research results and their analysis. To select the optimal parameters for ESCs
with a discontinuous structure, experiments were conducted to determine the
dependence of the abrasion resistance of EIP-reinforced steels on the continuity of the
coating. Figure 2 shows the dependence of the weight loss of the coating on its
continuity during friction in an abrasive environment.
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Fig. 2. Relationship between the weight loss of experimental samples with ESCs and
the coating density ().

At a solidity of y = 55-75%, the minimum abrasive wear of the ESCs was observed,
regardless of the type of coating under study. It was determined that the best quality
indicators for the hardened surfaces were obtained at a solidity of y = 70% and a ratio
of hardened to unhardened coating areas of 2:1. The obtained research results are similar
to those in [17].

For ESC VKS8, weight loss under the action of unbound abrasive particles is 1.8—
2.0 times higher than that of ESC KHN25. This is due to the fact that the microhardness
of the VK8 ESC is 1.3 times higher than that of KHN25 coatings, which causes the
brittleness of this coating. Additionally, the high microhardness of the VK8 coating
leads to a reduction in resistance to abrasive wear due to a decrease in tangential shear
resistance when a hard abrasive particle is embedded, which is caused by the low
proportion of the matrix component (cobalt) in the structure of the VK8 hard alloy.
Under the action of loose abrasive, the following failure mechanisms predominate for
the VK8 coating: micro-cutting of the surface by abrasive grains; formation of deep
friction grooves; brittle spalling of hard carbide phases; detachment of individual
microvolumes of the coating; development of microcracks in the surface layer (Fig. 3a).
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Fig. 3. Appearance of the initial surface and the surface after friction under the influence
of loose abrasive: a — VK8, b — KHN25.
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For the KHN25 ESC, the wear tracks are characterized by a homogeneous structure,
indicating a high degree of resistance of the ESC to the embedding of abrasive particles.
The presence of a plastic nickel phase ensures the coating’s ability to undergo local
plastic deformation without intense brittle fracture. The nickel matrix facilitates the
redistribution of contact stresses and reduces the concentration of local destructive
loads. As a result, the surface retains a more uniform structure even after prolonged
exposure to abrasives. The KHN25 coating exhibits the following characteristics during
friction: moderate micro-cutting; plastic deformation of the surface layer; partial
smoothing of friction grooves; inhibition of microcrack propagation; and increased
resistance to spalling (Fig. 3b).

From a materials science perspective, the tribological properties of electric-spark
coatings are determined by their phase composition, microstructure, the ratio of hard to
ductile components, and the nature of interphase interactions among the coating
components.

Fig. 4 presents a comparative analysis of the phase composition and microstructure
of the VK8 (WC—-Co) and KHN25 (CrsC>—Ni) electric spark coatings, obtained using
electron microscopy and energy-dispersive X-ray spectroscopy (EDS).
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Fig. 4. Comparative analysis of the phase composition and microstructure of the VK8 (a)
and KHNZ25 (b) electrospark coatings.

The microstructure of the VK8 ES coating shows the presence of light-colored,
large inclusions of hard tungsten carbide (WC) grains in a cobalt binder matrix (darker
areas) (Fig. 4a). The EDS spectrum confirms the presence of the main elements—W, C,
Co.

In the VK8 coating (WC-Co system) on a 65G steel substrate, the following
elemental distribution (mass %) was recorded: tungsten (W) — 75.3; carbon (C) — 12.1;
cobalt (Co) — 12.6. The increased cobalt content relative to the nominal anode
composition (8 wt.%) is due to its intense melting under the action of pulsed discharges,
the formation of a developed metallic matrix, and the localized scanning of the interface
zone. ESC VK8 is characterized by a high concentration of hard carbide phases. Hard
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carbide grains effectively resist abrasive penetration; however, they fracture brittle
when critical stresses are exceeded. As a result, large grooves and areas of localized
damage form on the surface. In addition, the high hardness of VK8 is accompanied by
a decrease in shear tangential resistance when interacting with abrasive grains. This
facilitates the micro-cutting process and accelerates material loss.

For the KHN25 coating (a chromium carbide CrsC: and nickel matrix Ni system)
applied to 40X13 high-chromium steel, the elemental composition is (wt. %): chromium
(Cr) — 55.8; carbon (C) — 17.4; nickel (Ni) — 26.8 (Fig. 4b). The decrease in chromium
concentration compared to the initial mixture composition (75 wt.% CrsC2) is due to its
partial oxidation and burnout during micro-welding. At the same time, the detected
nickel content (26.8 wt.%) is close to the initial value (25 wt.%), indicating high stability
of the liquid-phase transfer of the bond.

The abnormally high carbon values in both spectra (12.1% and 17.4%, respectively,
for ESC VK8 and KHN25) are a result of adsorption contamination of the polished
surface by hydrocarbons in the electron microscope chamber, which is accounted for by
the automatic intensity normalization algorithm and slightly underestimates the final
fractions of metallic components.

The microstructure of the KHN25 ESC is finer-grained and more homogeneous
compared to VK8 (Fig. 4). The light particles correspond to chromium carbides, while
the darker matrix corresponds to the plastic nickel matrix.

The presence of a ductile nickel matrix ensures a more uniform load distribution
and relaxation of contact stresses; inhibits the development of microcracks; increases
crack resistance when abrasive particles are embedded during friction; and increases the
energy required for fracture. When an abrasive particle is embedded, part of the energy
is expended not on fracture but on the plastic deformation of the nickel matrix. This
reduces the intensity of spalling of the carbide component of the ESC and increases the
stability of the surface layer.

Thus, the higher wear resistance of the KHN25 ESC is explained by the optimal
combination of hard carbide phases and a ductile nickel matrix, which ensures effective
relaxation of contact stresses and inhibits the development of destructive processes in
the surface layers of the coating under conditions of friction in an abrasive environment.

Conclusions

1. It has been established that the kinetics of abrasive wear of heterogeneous electric
spark coatings depend significantly on their topography on the surface being hardened.
The minimum weight loss of the VK8 and KHN25 ESCs is achieved when their discrete
continuity is within the range of 55-75%. At the same time, the best indicators of quality
and durability of working surfaces were recorded at 70% continuity and a rational ratio
of hardened to unhardened areas of 2:1.

2. The composite ESC KHN25 of the chromium-nickel carbide system exhibits
significantly higher abrasion resistance compared to the VK8 alloy of the tungsten-
cobalt system: under conditions of intense action by unbound silicon carbide abrasive
particles, the weight loss of the VK8 coating is 1.8-2.0 times greater than that of the
KHN25 coating.

3. It has been proven that the difference in wear resistance of the coatings in an
abrasive environment is due to their structural and mechanical properties and the nature
of their interaction with the abrasive. The VK8 coating has higher microhardness (1.3
times), which leads to brittleness and intense micro-cutting, the formation of deep
grooves, and spalling of the carbide phases. ESC KHN25 has a finely dispersed,
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homogeneous structure and is characterized by a combined wear mechanism, where
local plastic deformation predominates without intense brittle fracture.
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HIJIBUIIEHHSA OIIOPY ABPASUBHOMY 3HOIIIYBAHHIO CTAJIEM
®OPMYBAHHSM I'ETEPOI'EHHUX EJIEKTPOICKPOBUX IIOKPUTTIB

PoOora  mpucBsueHa  MiJABMINEHHIO  €KCIUTyaTalliliHOTO  pecypcy  JeTaje
CUIBCHKOTOCTIONAPCHKUX MAILHH, L0 INPALIOI0Th B YMOBaX IHTEHCUBHOIO JWHAMIYHOTO Ta
a0pa3MBHOTO BIUIMBY CepesloBUINA. MeTol0 T0CiHKEHHS € BCTAHOBJICHHS BIUIMBY CYLIJIBHOCTI,
MIKPOCTPYKTYpH Ta (ha30BOTO CKJIaxy TETEPOTEHHHX KOMMO3HIIHHUX eJIEKTPOiCKPOBHUX
MTOKPUTTIB Ha OCHOBI Kap0iiB Boib(pamy i XpoMy Ha iXHil omip aOpa3MBHOMY 3HOITYBAaHHIO.
MomndikyBaHHS TOBEpXOHb 3pa3kiB 31 crameit 65 ta 40X13 3milicHIOBamM MeETOIOM
€JIEKTPOICKPOBOTO JIETYBAaHHSI Ha MIKpPO3BapIOBAIRHOMY oOmamgHaHHI «EmiTpoH-22» 3
BHKOpHUCTaHHAM enekTtpona BKS cucremu BomsgppaM-kodansT Ta mopomkoBoi cymimr KXH25
cucTeMd KapOiJ XpoMy-HiKelb BiqmoBifHO. BumpoOyBaHHS Ha TpPUOOTEXHIUHY CTIHKICTBh
MPOBOJIMJIM B CEPENOBHUINI HE3aKPIMJICHUX aOpa3MBHHUX 4YAaCTHMHOK KapOily KpeMmHiio 3a
aJ[aTOBaHOK MeTOoAuKoK cranmapry ASTM G65. 3a pesyiapratamu aHamizy 3ad)ikCOBaHO
3aKOHOMIPHI 3MIiHM XIMIYHOTO CKJIaay C(OpMOBaHHMX IOKPUTTIB IMOPIBHSAHO 3 BUXIJIHUMHU
Marepiaiamu aHofiB. Y cucteMi kapOin BoJb(GpaMy-KoOaJbT BUSIBICHO MiJIBHIICHHH BMICT
koOasbTy 10 12,6 Mac. %, 10 3yMOBIICHO HOTO MEpEeBaYKHUM IUIABJICHHSIM ITiJ1 TI€F0 IMITYJIbCHUX
po3psAmiB i3 GpopMyBaHHSM pPO3BHHEHOI MOBEepXHEBOi MaTpumi. s cucremMu KapOix Xpomy-
HiKeJIb BU3HAYECHO 3HW)KCHHS KOHLEHTpalili xpoMmy mo 55,8 mac. % BHACHIZOK TEPMIYHOTO
BHTOPAHHS 32 BiITHOCHOI CTaOLIFHOCTI HiKeJIeBOI 3B'SI3KH, sfKa cTaHOBMIA 26,8 Mac. %. OmiHka
KIHeTHKH 3HOIIYBaHHS TOKa3ajia, M0 MiHIMAIbHUM BaroBWi 3HOC O0OX THIIIB ITOKPHUTTIB
JIOCSITAETHCS 3a IXHBOI CyLinbHOCTI 55—75%. Ilpn mpomy enextpoickpoBe mokputrs KXH25
nmemoHcTpye v 1,8-2,0 pasu Bumuii omip 3HOUTYyBaHHIO mopiBHsAHO 3 BK8. Bumma abpasmBna
crifikicTh TOKpUTT KXH25 mosCHI0ETHCS HOTO APIOHOIUCTIEPCHOIO CTPYKTYPOIO Ta HAsIBHICTIO
IUIACTUYHOT HIKEJIEeBOI MaTpHIli, sika 3a0e3neuye e)eKTUBHY PeaKcallilo JOKaJIbHUX HANPYKEHb
i TalbMy€ KpUXKe BUKPHIIIYBaHHS KapOiHUX (a3 npu MikpopizaHHi aOpa3uBoM.

Kiwu4oBi cjioBa: eneKTpOiCKpOBE JIETYBaHHS, MOKPHTTS, 3HOCOCTIHMKICTh, abpasuBHE
3HOIITYBAaHHS, MiKPOCTPYKTYpa, CYLiIbHICTh, BUTIPOOYBaHHS.
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