ISSN 2079-1372 Problems of Tribology, V. 30, No 2/116-2025, 77-83

/_\ Problems of Tribology
Website: http://tribology.khnu.km.ua/index.php/ProbTrib

E-mail: tribosenator@gmail.com

DOLI: https://doi.org/10.31891/2079-1372-2025-116-2-77-83

Optimization of discrete structure of electrospark coatings

V. Antonyuk10000—0003—0690—2411’ L. Lopata*20000—0002—2053—9252

!National Technical University of Ukraine "Igor Sikorsky, Polytechnic Institute”, Kyiv, Ukraine
°G. S. Pisarenko Institute for Problems of Strength of National Academy of Sciences of Ukraine

*E-mail: bervuza@ukr.net

Received: 10 May 2025: Revised 29 May 2025: Accept: 14 June 2025

Abstract

The presented article considers the disadvantages of chromium coatings and shows the possibility of their
elimination by obtaining coatings of discrete structure. The principle of coatings of discrete structure allows to
organically combine physical processes underlying pulse hardening methods with a discrete structure determining
their service properties. It is shown and substantiated that the method of electric spark alloying is the most suitable
for applying discrete coatings, since this process is discrete by its nature. The advantage of discrete coatings is the
absence of a softening effect when a brittle crack passes from the coating to the base metal due to excessively high
adhesive strength. High cohesive and adhesive resistance of individual discrete sections of the coating is achieved
by limiting normal stresses in the coating and tangential stresses in the plane of adhesive contact with the base by
changing the size and shape of an individual section. This article is devoted to determining the optimal parameters
of a discrete structure. The required coating design is determined by a calculation method based on a model that
describes the stress-strain state of the coating.

Keywords: chromium plating, spark alloying, discrete coating, stress-strain state, cohesive and adhesive
strength, thermomechanical resistance, coating continuity, wear

Introduction

In increasing the durability of special equipment parts, priority is given to hardening coatings on the inner
surface of the parts. However, most coatings are destroyed during operation, which is associated with insufficient
adhesive and cohesive strength, the occurrence and development of a network of cracks and the weakening of the
coating during operation. Argon-arc surface hardening is considered as an alternative to coatings for hardening the
inner surface of special equipment parts [1]. In research and industrial practice, chromium coatings applied by the
electrolytic method are most common for increasing the durability of special equipment parts. However, with
sufficient erosion-corrosion resistance of the Cr coating, it is not possible to eliminate cracking and peeling [2].
Most studies are devoted to improving the application technology and eliminating the disadvantages of Cr coatings.

The aim of the work
Increasing the durability and bearing capacity of coatings by using a discrete structure.
Research results and discussion

The main disadvantages of chromium coatings include brittleness at temperatures T<(0,1...0,2)Ty; and
extreme sensitivity to interstitial impurities both during its application and during operation. As a consequence,
there is low resistance to mechanical and thermal shocks.

One of the disadvantages of electrolytic coatings is hydrogenation of the surface layer of the part. This
leads to the phenomenon of hydrogen embrittlement and hydrogen corrosion. As a consequence, there is a decrease
in the strength and ductility of the part. Thus, the fatigue limit of steels can decrease by 50% [3].

Copyright © 2025 V. Antonyuk, L. Lopata. This is an open access article distributed under the Creative Commons Attribution
@I}. License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
v cited.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://tribology.khnu.km.ua/index.php/ProbTrib
https://doi.org/10.31891/2079-1372-2025-116-2-77-83
https://orcid.org/0000-0003-0690-2411
https://orcid.org/0000-0002-2053-9252
mailto:beryuza@ukr.net

78 Problems of Tribology

Therefore, along with the problems associated with the development and use of galvanic coatings, there is
a need to assess the effect of coatings on reducing the strength and ductility of the base material. It is noted [4]
that the most sensitive characteristic is the relative narrowing . Electrolytic Cr coating leads to a decrease in
by 1.4 times. Heat treatment at 200°C promotes a slight increase in y from 33 to 39% (for the original sample
without coating v = 45%). This is explained by the removal of hydrogen from the coating during heat treatment.

Technological difficulties in chroming are associated with the impossibility of maintaining a ratio between
the anode and cathode areas, in which the former would exceed the latter, as well as the unequal resistance of the
electrolyte along the length of the barrel inside the channel [5].

Another important circumstance in chroming the barrel bore is the need to ensure a uniform coating
thickness along the entire length of the barrel. For rifled barrels, it is difficult to achieve a uniform Cr coating and
high adhesive strength in the area of the mating of the lands and rifling. To eliminate these shortcomings, a number
of technological methods are used to improve the dissipation capacity of the electrolyte, including current "push".
To ensure a high-quality Cr coating, it is necessary to strictly control the composition of the electrolyte, its
temperature and current density. A temperature deviation of 2...3°C leads to a significant change in the properties
of Cr deposits. The presence of chemically active products in the gas environment, in particular nitrogen and its
compounds, leads to the formation of brittle compounds. This leads to cracking and peeling of coatings under the
influence of thermomechanical loads. Therefore, one of the ways to increase the durability and stability of
chromium coatings is to alloy them with elements such as V, Nb, Mo, Ni and other elements.

The most effective materials for protection against thermomechanical wear are Ni and W. Alloying with
Ni (0.1...0.3%) leads to an increase in the plasticity of the coatings, to a decrease in carbon deposits and a network
of cracks during operation [6]. Alloying of Cr coatings is carried out by introducing alloying additives into the
electrolyte. Thus, electrodeposition of Cr-Ni alloy is carried out from a diluted chromium plating electrolyte
containing additives of nickel salts. However, simultaneous electrodeposition of Cr with other metals in practice
is associated with great technological difficulties. Continuous monitoring and stabilization of the electrolysis
process in terms of current, concentration and temperature of the electrolyte and other parameters are necessary
[5,7]. In the search for ways to improve the properties of electrolytic Cr coating, a trend has emerged for multi-
stage application: the use of additional electrospark alloying (ESA) treatment after electrodeposition.

The use of the ESA method without a continuous corrosion-resistant sublayer does not provide positive
results [8]. Therefore, in the works [7, 9], the ESA method was used on pre-electrodeposited high-density Cr and
NiCr alloys that protect the steel base from high-temperature gas corrosion.

Research results and discussion

The ESA method is used to apply wear-resistant materials: hard alloys, W + Co, Ni-W-Co, etc. [7, 9]. The
ESA method is most suitable for the task of strengthening the internal surfaces of special equipment parts.

The ESA method uses serial industrial equipment.

ESA treatment increased the wear resistance and durability of special equipment parts by 2 times according
to the results of operational tests in comparison with standard chrome plating [9].

The mechanism of destruction of the Cr coating and the electric spark coating during operation is associated
with the formation and development of a network of regular cracks, their merging and subsequent chipping of
sections of the coatings [7]. This circumstance was the basis for the creation of the principle of discrete coatings
with increased thermomechanical resistance [10, 11]. The discrete coating consists of individual sections, the
dimensions of which are similar to the network of regular cracks in a continuous coating. The formation of a
network of regular cracks occurs as a phenomenon of self-regulation and a decrease in the level of the stress-strain
state of the coating. The discrete structure of the coating (applied from the same material as the continuous coating
with equal thicknesses) allows for a multiple increase in the load-bearing capacity of the coated part, especially in
the area of high loads and deformations of the base material [11]. High cohesive and adhesive resistance of
individual discrete sections of the coating is achieved by limiting normal stresses in the coating and tangential
stresses in the plane of adhesive contact with the base by changing the size and shape of an individual section.

The ESA method is the most suitable for applying discrete coatings, since ESA is discrete by nature. A
single electric discharge ensures stability of the dimensions and properties of an individual discrete section of the
coating. By changing the pulse frequency or the speed of relative movement of the electrode and the part, it is
possible to regulate the number of discrete sections on the working surface of the part, as well as the continuity of
the coating. The discrete structure of the coating allows (unlike the traditional continuous coating) to successfully
apply surface plastic deformation (SPD). The use of SPD for continuous coatings is impossible due to their
cracking and peeling. Discrete coatings can combine ESA and SPD in one technological cycle. In this case, SPD
is the final dimensional processing and ensures the required surface purity of the discrete coating. Continuous
coatings applied by the ELA method require final mechanical processing due to their high roughness.

When applying a discrete coating in one pass of the electrode, the productivity of the ESA method increases
many times. The advantage of discrete coatings also lies in the absence of a softening effect when a brittle crack
passes from the coating to the base metal due to excessively high adhesive strength. In [12], a criterion relationship
for adhesive strength and the need to optimize it under the condition of crack transition from the coating to the
base were established. The negative role of excessively high adhesive strength is confirmed by such a wear
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mechanism during operation as the detachment of Cr coating particles with the tearing out of metal from deep
layers [8]. This article is devoted to determining the optimal parameters of a discrete structure. The required coating
design can be determined by a calculation method based on a model that describes the stress-strain state of a

continuous coating [13]. We select the size of the discrete section based on the regular step of the crack that occurs
due to cohesive cracking of the coating.

The criterion for selecting the parameters of the discrete structure is the minimum stress level during
operation, on which the wear resistance of the part surface depends. Total effective stress value in the coating:
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where: O, = O, + O, - operational stresses in the coating;

o) Cm - stress in the coating from mechanical load;

t . . . .
O, - stress in the coating under the influence of temperature gradient;

O':, - residual (technological) stresses in the coating.

The stresses in the coating from the mechanical load are determined from the dependence [13]:
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where: &£, - critical deformation of the base, above which cohesive cracking of the coating begins;
Hy, h. - thickness of the base and coating respectively;
E}, E. - elastic moduli of the base and coating; / - base size;
k - a coefficient that depends on the ratio of the elastic properties of the base and the coating:
G, G, 1 1
k*=2 b—c + 3)
Gh +G H,\ E.h, EH,
where: Gy, Ge - shear moduli of the coating and base.

The nature of the stress distribution in a discrete section of the coating with a length of 2/ is shown in Fig.

‘k m
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Fig. 1. Distribution of stresses O cm along the length of the coating
The stress o, under the action of a temperature gradient in different variants of Cr coating for shooting
conditions are given in [14]. Residual stresses in the coating O Cr were determined by the radius of curvature of a

flat sample after coating application. Using the method for calculating thin plates for bending, we determine O':,

r 4EbH}f

% T (= u*\H, + h, )RR, @

where: 1 - base material coefficient; R — radius of curvature of the sample.
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In a linear stress state and 4. << Hj, dependence (4) turns into the well-known Stoney formula [15]:

E H’?
O_Cr — b b
6RAcC

Since we assume that the cohesive strength of the coating O'ZO = ¢, Eis distributed according to the

)

h
normal law with a standard deviation of 0.1 O ccm , then the crack is most likely to occur in the section y = 0 (Fig.

h
Hat 67 =090." .
Then the distance between cracks C. will be determined:

Cczlln O,1+h”'(ac+ac)- 1 + 1 (6)
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The values of residual stresses GCF during the coating application varied in the range of 350...500 MPa.

Temperature stresses o varied in the range of 140...180 MPa. The dependences of the discrete section size on

the coating thickness for different values of ¢,,, O CF and o” are shown in Fig. 2 and Fig. 3.
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Fig. 2. Dependence of the size of the discrete section Ccon the coating thickness A, for &, =0,11...0,20%;

a) O =500 MPa; & =160 MPa; b) G =400 MPa; & =160 MPa.

The surfaces of the dependence of the size of the discrete section C. on the coating thickness /. and the
critical deformation of the base &, are shown in Fig. 4.
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Fig. 3 Dependence of the size of the discrete section C. on the coating thickness /. at O'Z =350 MPa; a}’;’ =180

MPa: a) £, =0.11%Db) £, =0.13%
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a b

Fig.4 Dependence of the size of the discrete section of the section C. on the coating thickness /. and the critical

deformation of the base &qir: a) O Cr =500 MIla; b) O Cr =400 MIla

An experimental test of the optimal size of the discrete section C. of the discrete coating was carried out
under sliding friction. The dependence of the weight wear on the continuity of the discrete coating  is shown in
Fig. 5. A steel sample served as a counterbody.
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Fig. 5. Dependence of weight wear on the continuity of the coating v

Minimum wear occurs at y = 60%, which corresponds to the coating area in the form of discrete circular
sections with a diameter size equal to C..

A change in the continuity y of the discrete coating changes the wear mechanism. At y<40%, the adhesive
wear mechanism is observed. In the range v = 50...70%, the most preferable type of wear occurs - abrasive. At
y>70%, wear by peeling and chipping of coating particles is observed. This is confirmed by studying the
profilograms of the friction surfaces (Fig. 6).
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Fig. 6. Friction surface profile of a discrete coating: a) y<40%; 6) y=50...70%; B) y>70%



82 Problems of Tribology

Conclusions

The technological processes of ESA are based on the concept of obtaining continuous layers, which is
achieved by multiple passes of the electrode along the surface being hardened. This leads to a decrease in the
productivity of the hardening process, to a decrease in a number of physical and mechanical properties of the
alloyed layer, and in some cases even leads to its destruction.

The principle of discrete structure coatings made it possible to organically combine the physical processes
underlying pulsed hardening methods with a discrete structure that determines their service properties.
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Antronok B.C., Jlonara JI.A. OntuMizalisi IMCKPETHOI CTPYKTYpPH €JIEKTPOICKPOBUX MOKPHUTTIB

VY HaBeJCHIN CTATTI PO3IJITHYTO HEMOJIKA XPOMOBHUX MOKPHUTITIB Ta MOKA3aHO MOMJIMBICThH 1X YCYHCHHS
NUIIXOM OTPUMAHHS TOKPHUTTIB JUCKPETHOI CTPYKTYpH. [IpMHIUI MOKPUTTIB AUCKPETHOI CTPYKTYPH JT03BOJISE
OpraHIYHO MOETHATH (PI3UYHI MPOIECH, IO JICXKATH B OCHOBI IMITYJbCHUX METOJIIB 3MIIHCHHS, 3 JUCKPETHOO
CTPYKTYPOIO, III0 BH3HAYAE iX CIyk00Bi BIacTHBOCTI. [loka3aHo Ta 0OIPYyHTOBAHO, IO METOJ] EICKTPOICKPOBOTO
JICTYBaHHS € HAWOUTBIN MiTXOMSAIIMM JJIsl HAHECCHHS TUCKPETHHUX MOKPUTTIB, 00 IeH mpoIiec € JUCKPSTHUM 3a
CBO€I0 TPHUPONIoK0. [lepeBara MUCKPETHUX MOKPUTTIB MOJATAE Y BIiCYTHOCTI PO3MIIHIOBAILHOTO S(PEKTY MpH
nepexo/ii KpUXKOI TPILMHY 3 MOKPUTTSI B OCHOBHUN METaJl 32 paxyHOK HaJMIpHO BUCOKOI MIITHOCTI aAre3iiHoi.
Bucoka xoresifiHa Ta aare3idfHa CTIHKICTh OKPEMHX JUCKPETHUX IUISHOK TOKPHUTTS JOCATAETHCS MUITXOM
00ME)KEHHSI HOPMAJIbHUX HANPYT y MOKPUTTI Ta JOTHYHUX Yy TUIOIIUHI aAre3iiHOr0 KOHTAKTy 3 OCHOBOI 32
paxyHOK 3MiHH po3MipiB Ta (opmu okpemoi AUISHKH. L[ cTaTTs mpucCBsAYEeHA BU3HAUCHHIO ONTHMABHUX
mapaMeTpiB AUCKPETHOT CTPYKTypu. HeoOXimHa KOHCTPYKIisl TOKPUTTS BU3HAYAETHCS PO3PAXYHKOBUM METOI0M
Ha OCHOBI MOJIEITi, II[0 OMUCY€E HAMPY>KEHO Ae(hOpPMOBAHUI CTaH MTOKPHUTTSI.

KnarouoBi cioBa: XpPOMUPOBAHHUE, DBIICKTPOUCKPOBOC JICTUPOBAHUC, IUCKPCTHOC IMOKPLITUC, HAMPAKCHHO-
)Ie(bOpMI/IpOBaHHOC COCTOSAHUEC, KOI'C3MOHHAasA MW aArc3uOHHasA MNPOYHOCTb, TCPMOMEXaHUYCCKasd CTOﬁKOCTL,
CIIOITHOCTH NMOKPBITUA, U3HOC



