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THE INFLUENCE OF ELECTROLYTIC PLASMA HARDENING ON THE PERFORMANCE
CHARACTERISTICS OF WORKING PARTS OF AGRICULTURAL MACHINERY

Abstract: In this paper, we investigate the improvement of the operational and mechanical properties
of 45 steel used in agricultural machinery by electrolytic plasma quenching (EPH). The experiments were
carried out under three treatment modes: 320 V voltage, 50 A current and exposure time of 9 seconds.
Microstructure analysis showed the formation of a martensitic layer with a thickness of 500-550 microns, which
led to an increase in the microhardness of steel from 200 HV to 683 HV, that is, 3.4 times. The zonal structure
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of the material is revealed: a reinforced (martensitic) layer with a thickness of 500 microns, a thermal impact
zone of 200-250 microns and a basic matrix. The results of the study confirmed the high efficiency and reliability
of EPC as a method of hardening highly loaded working bodies of agricultural machinery. The introduction of
this technology makes it possible to reduce the cost of replacing parts by 30-35%, increase the efficiency of
equipment and contribute to the development of domestic agricultural machinery. The use of a 20% sodium
carbonate solution, which does not pollute the environment, during the EPH ensured an even distribution of
electric current in the cell and contributed to achieving an optimal cooling rate of the sample.
Key words: electrolytic plasma hardening (EPH), microhardness, wear, steel 45, electrolyte.

Introduction

Currently, 85-90% of breakdowns and malfunctions of agricultural machinery are related to the
wear of its components. The main factors contributing to wear are the accumulation of dust and dirt,
as well as intense loads that cause increased friction, which reduces the efficiency of the equipment
[1-3]. Kazakhstan's agriculture is provided with tractors, combine harvesters, and other agricultural
machinery, but this is not enough to achieve high efficiency in the industry. According to the Ministry
of Agriculture of the Republic of Kazakhstan, the average wear rate of the machine and tractor fleet
is about 80%. A significant part of the machinery is older than 15 years: the wear rate of tractors is
79%, combines — 54%, seeders — 86%, harvesters — 63%. This negatively affects the productivity
and quality of agricultural work [4-5]. Special attention is required for tillage equipment that operates
in difficult conditions. Plows, cultivators, harrows, and other aggregates are subjected to heavy loads
due to constant contact with hard soil, stones, and abrasive patrticles. The high level of their wear
leads to a deterioration in the quality of tillage, which negatively affects crop yields and health.
Kazakhstan annually sows about 21 million hectares of acreage [6-8]. More than 150 thousand
tractors, 88 thousand seeders, and about 40 thousand grain and forage harvesters are involved in
field and harvesting operations. With the recommended rate of equipment renewal at the level of 10-
12,5%, the actual figure is only 1-3%. This leads to a decrease in production efficiency, deterioration
of product quality, and significant losses at all stages of the agricultural cycle [9-11]. The lack of
modern machinery and the slow pace of its renewal negatively affect the yield and competitiveness
of agricultural products, as well as soil fertility and the overall sustainability of agricultural production.

Various surface treatment technologies are used to create new machinery parts, improve their
performance, or restore worn parts. Among them, laser processing, surfacing, and electron beam
processing can be distinguished, which are capable of solving these tasks. However, these methods
are characterized by high cost, both of the processes themselves and of the materials used. One of
the advanced methods of heat treatment of steel related to chemical and thermal technologies is
electrolytic plasma hardening (EPH). This process is based on intense heating of the metal surface
resulting from the formation of a vapor-gas shell in the electrolyte under the action of electrical
discharges. In addition to effective hardening, EPH promotes the activation of diffusion processes
such as cementation, nitriding, and nitrocarburizing. As a result, the surface of the steel is saturated
with carbon and nitrogen atoms, which significantly improves its mechanical properties, including
increased hardness and wear resistance [12-15].

Materials and methods

To establish the optimal regime of electrolyte-plasma hardening (EPH), samples of grade 45
steel measuring 15x15x15 mm were prepared and sanded manually sequentially on sandpaper with
a grain size from P100 to P2500, which were subjected to standard heat treatment in certain
temperature conditions: quenching at 880-900°C and post-cooling in the electrolyte. Then,
electrolytic plasma quenching was additionally applied at a temperature of about 850°C for 9
seconds and cooling in electrolyte at a temperature 25-30°C for 3 seconds. These different heat
treatment methods made it possible to compare and evaluate the effect of each of them on the
mechanical properties of steel 45 [16-18].

Electrolytic plasma hardening of 45 steel samples, as well as their subsequent research, were
carried out at the Hardening Technologies and Coatings Engineering Center (Shakarim Semey
University, Kazakhstan). A special installation designed for heating local areas of large-sized
products was used to carry out EPH. The installation is a complex that includes a power source and
an electrolyte cell, which are integrated into a chemical cabinet. A 50 kW power supply provides a
constant positive voltage of up to 380 V and a current of up to 150 A, depending on the load [19].
The power supply is controlled using a digital module, which also has an interface for connecting to
a personal computer via a COM port, allowing precise control of process parameters.
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1 — Power supply; 2 — sample; 3 — cone electrolyzer made of stainless steel; 4 — electrolyte bath; 5 — pump;
6 — electrolyte; 7 — reversible electrolyte; 8 — cathode (-); 9 — anode (+); 10 — flow controller

Figure 1 — Appearance and schematic diagram of the EPH installation

A visual study of sample processing at EPH was carried out using a high-speed EVERCAM
2000-16-C camera manufactured by General Optics LLC, Moscow, Russian Federation. The video
was shot at 1000 frames per second. The processing of the received video files was carried out in
the SRV_HS program supplied by the camera manufacturer.

A JEOL 6390LV scanning electron microscope was used to study the microstructure of the
initial sample at magnifications of 700x.

Scanning electron microscopy (SEM) using a TESCAN VEGA Compact device was used to
study the microstructure and phase composition of steel 45 after treatment with the method of
electrolyte-plasma hardening (EPH). This microscope provides a detailed analysis of morphological
changes in the surface of the material, allowing the identification of characteristic structural elements.

Metallographic microanalysis was performed on the grinds of steel samples, which were pre-
polished using a paste based on chromium dioxide, and then etched with a 4% alcohol solution of
nitric acid.

The microhardness of the studied samples was determined using the HV-1 DT device at an
indenter load of P = 1 N and exposure for 10 seconds, in accordance with the requirements of GOST
9450-76.

The results of the study

For a more detailed analysis of electrolyte-plasma hardening, the same electrolyte
compositions and different processing modes were used, as shown in Table 1, which made it
possible to evaluate the effect of these parameters on the properties of steel 45.

Table 1 — Parameters of EPH Modes for 45 Steel
Sample Cone area Electrolyte content uU,B t, s I, A
Ne 1 0,05m?2 20% Na.C03+80% H20 320 9 50

The electrolyte, which is a solution of sodium carbonate in distilled water, circulates in an
electrolysis cell with a flow rate of 60 liters/min, provided by an electric pump. During circulation, it
washes the anode located inside the cell. Through the upper opening of the cell, the electrolyte
returns to the electrolytic bath, while washing the hardened part (cathode) installed at an adjustable
distance [20].

When an electric voltage is applied between the anode and the cathode, the electrolyte ions
(Na* and OH") acquire directional movement, which leads to intense heating of the cathode and the
near-cathode layer of the electrolyte. As a result of this process, a combined-cycle shell is formed.
lonized electrolyte vapors form an environment in which electrical discharges occur between the
electrolyte and the cathode sample, which further increases the sample temperature over time [21-
22]. The process of electric discharge formation in EPH is shown in Fig. 2.

Figure 2 — Formation of a combined-cycle gas shell during EPH
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Metallographic analysis using a scanning electron microscope has shown that in the initial
state (Figure a, original), the surface of steel 45 has a ferrite-pearlite structure. After the electrolyte-
plasma hardening procedure for 9 seconds (Figure b), the formation of a martensitic structural phase
in the structure of steel 45 is observed (Fig. 3).

25KV X700  20pym 0001 1078 SEl

SE, B

Figure 3 — Microstructure of steel 45, studied using SEM:
a) before hardening (original); b) af

Figure 4 shows an image of a cross-section of sample b, the thickness of the modified layer of
which is 500-550 microns.

The microstructure can be conditionally divided into 3 zones (1 — a zone of intense structural
transformations, a hardened layer; 2 — a zone of thermal influence; 3 — a zone having the structure
of the initial matrix. The transition zone has a finer-grained structure, characteristic of the zone of
thermal influence, compared with the coarse-grained structure of the matrix.

The hardened layer s Lo

Thermal impact zone

The original matrix

Figure 4 — Formed zones of microstructure after EPH on a cross-section
of sample No. 1 made of 45 steel

The study revealed significant changes in the microstructure of steel 45 after electrolytic-
plasma hardening (EPH). It was found that in the initial state (original), the surface layer of steel 45
has a ferrite-pearlite structure, while after hardening, it transforms into a fine-grained martensitic
structural phase, which contributes to increased wear resistance. These changes mainly affect the
surface layers, while maintaining the plasticity of the bulk of the material, which consists of ductile
structural elements.

To assess the degree of influence of structural transformations of the surface on the
mechanical properties of steel 45 after EPH, the microhardness of the samples was determined.
Figure 5 shows the dependence of microhardness values on the duration of exposure to EPH [23].
The microhardness of steel 45 in its initial state is 190-210 HV. Tests have shown that after EPH,
the microhardness of steel 45 increases by 3.4 times, depending on the initial state.

800 Surface Microhardness

700
< 600

500

200
0

Original Sample 1 after hardening

Microhardness (HV
=y
=3
S

Figure 5 —Graph of hardness after EPH
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Conclusion

Analyzing the results of experimental studies on the maodification of surface layers of 45 steel
using EPH, a number of important conclusions can be drawn. The optimal parameters for hardening
the surface of steel 45 in an electrolyte plasma have been determined, which make it possible to
create a modified layer with a thickness of 500-550 micrometers with improved performance
characteristics. It was found that the morphological structure of steel 45 after EPH is characterized
by martensitic grains. It was revealed that the cross-sectional structure of the treated steel 45,
depending on the structural composition, is divided into zones: a surface layer with a martensitic
structure, below is a zone of thermal action, followed by the main initial metal matrix. It was
determined that the microhardness of steel 45 after EPH increases by 3.4 times, depending on the
composition of the electrolyte and the duration of heating. Thus, the performed study confirms the
effectiveness and practical value of the EPH for improving the working properties of parts of tillage
machines used in agricultural machinery, especially in conditions of intense friction and wear.
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ANEKTPONUTTIK-NMNA3MAIBIK BEPIKTEHAIPYAIH AYbIN LUAPYALLUbINbIFbl TEXHUKACBIHbIH
NAWOANAHY CUNATTAMAJIAPBIHA SCEPI

Ocbl Xymbicma ayblil wapyawbifbifbl mMexHuUkacbiHOa KorndaHblnambeiH 45 ammbi 601ambiHbIH
natdanaHyblHa XoHe  MexaHUKalblK KacuemmepiH apmmblpy  MakcamblHOa  KondaHbliambiH
anekmponummik-nnasmansik b6epikmeHdipy (3l1B) adici 3epmmendi. AkcnepumeHmmik 3epmmeynep
HemexueciHOe Kernecii eHOey pexumi xypaisindi: kepHey 320 B, mok kywi 50 A xoHe acep emy yaKkbimbl 9
cekyHO. MukpoKypbinbimMObiK manday HemuxeciHoe KanbiHObiFbl 500-550 MKM MapmeHcummik KabammabiH
KarnbinmackaHbl aHbikmarndbl, 6yn 6onammsiH MukpokammsinbifsiH 200 HV-0ern 685 HV-ze deliiH, siFHU 3,4
eceece apmmebipObl. KypblribiMObIK  30HasnblK b6eriHy alikbiH0andbl XoHe KarnbiHObifbl 500 MKM
WwhbIHbIKMbIpblTFaH Kabam, 200-250 MKM mepmMmusiniblK acep emy almarbl XoHe Heaisei Mampuyachl
KepceminzeH. 3epmmey Homuxenepi 6olbiHwa 36 odiciHiH aybln wapyawbinbiFbl MexHUKachlHbIH
KYMbICWbI  anemeHmmepiH 6epikmeHOipyde xofapbl muimOiniei MeH ceHimoOinigiH kepcemmi. byn
mexHOooausiHbl eHeidy Kocarskbl benwekmepdi aybicmbipy wWbiFbiHOapbiH 30-35%-ra memeHdemyeae,
xKabobikmapObl natidanaHy muimoinieiH apmmbipyra xoHe omaHObIK aybin Wapyawbliblifbl MawuHa xacay
canacblHbiH 0aMyblHa biKrnan emyae MyMKiHOIK 6epedi. Qnekmponummik-nnasmansik 6epikmeHdipy (31b)
ke3iHOe yrnbl emec 20%-mik Hampuli kapboHam epimiHOiCiH KoridaHy apKbliibl 37IEKMP MOFbIHbIH YSAWbLIKMa
bipkernki maparnyblH KaMmamachi3 emin KaHa Kolumad, ynaiHiH oHmadsbi cankbiH0amy XblidamObifbiHa KOs
JXemkizyae kemeaiH muei3oi.

TyliH ce3dep: anekmponummik-nnasmansiKk kamatmy (3F1K), MUKpoKkammbIifbIK, MapmeHcum,
b6onam 45, anekmponum.
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BNMUAHWUE INEKTPONUTHO-NITASMEHHOIO YNPOYHEHUA HA SKCNNYATALUUOHHbIE
XAPAKTEPUCTUKN PABOYUX OPTAHOB CEJIbCKOXO3ANCTBEHHOW TEXHUKU
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B daHHoU pabome uccrnedyemcsi NosbIlWEHUE 3KCrTyamayuoHHbIX U MeXxaHUYeCKuUx ceolicme cmaru
45, npumeHsieMolU 8 Ces/lbCKOXO03[UCMBEHHOU MeXHUKe, MemoOOM 3/1EKMPOIUMHO-M/1a3MEHHO20
yrpoyHeHus (31Y). OkcrniepumeHmsi posedeHb! rpu credyrueM pexume: HanpskeHue 320 B, cuna moka
50 A u epems 8o3delicmeausi 9 ceKyHO. AHanu3 MUKpOCMPYKmMyphbI rokasars ghopMuposaHuUe MapmeHCUMHO20
cnost monuwuHot 500-550 MKM, 4ymo npuesesio K ygesnudyeHuo mukpomeépdocmu cmanu ¢ 200 HV do 685 HV,
mo ecmb 8 3,4 pa3sa. BbiserneHO 30HanbHOe CMpPOeHUE CMPYKMypbI: 3aKkanéHHbll (MapmeHcumHbilt) criol
monuwuHotl 500 MKM, 30Ha mepmuydecko2o sosdeticmeaus 200-250 MKM U OCHO8Has Mampuua. Pe3ynsmamel
uccnedosaHusi nodmeepdusnu 8bICOKYy0 3chchekmusHocmpb U HadéxHocmb II1Y kak memoda yrnpoYyHeHus
BbICOKOHa2pyXeHHbIX paboqyux 371eMeHmMo8 CesflbCKOX03dUcmeeHHOU mexHUKU. BHedpeHue 0OaHHOU
mexHOoJsI02uU r10380/11em CHU3UMb 3ampamal! Ha 3ameHy 0emanel Ha 30—-35 %, noebicume 3¢ghgbekmugHoCMb
aKcrinyamayuu obopydosaHusi u criocobcmeosams pa3sumuio 0OMeYyecms8eHH020 Ce/lbCKOX035UCM8EeHHO20
mawuHocmpoeHus. [NpumeHeHue 20%-Hoeo pacmeopa KapboHama Hampusi, He 3agps3HSU,e20
oKpyxaroulyto cpedy, npu IlY obecriequsno pagHoMepHoe pacripedenieHuUe 3/1eKMpPUYECcKo20 Moka 8 sivelike
u criocobcmeosarsio 00CMUXEHUIO onmumMarsibHOU cKopocmu oxsiaxoeHust obpa3suya.

Knroyeebie cnoea: anekmponumdo-niameHHoe  yripoyHeHue  (OF1K),  mukpomeepdocmp,
MapmeHcum, cmarb 45, anekmposium.
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THEORETICAL STUDIES OF THERMAL PROCESSES IN ELECTROLYTIC-PLASMA
HARDENING

Abstract: This article examines the theoretical aspects of thermal processes occurring during
electrolytic-plasma hardening (EPH), including the analysis of temperature fields and heating rates. The finite
difference method was used for numerical modeling, allowing for a more precise determination of the
temperature distribution in the treated material. The heat transfer problem in a flat plate with a thickness of 15
mm was considered, where the boundary conditions were as follows: on one boundary, heating was carried
out by a surface thermal flux from the electrolyte plasma, while on the opposite side, heat was dissipated
through convection in an air medium. The calculations revealed non-uniform temperature distribution over time
and depth, confirming the formation of three distinct structural zones: the hardened zone, the heat-affected
zone, and the base matrix. The temperature of the samples during the experiment was measured using a
thermocouple positioned 2 mm from the heated surface. Experimental data obtained from the treatment of 45
steel samples confirmed the accuracy of the numerical modeling. The research results demonstrate the
effectiveness of numerical modeling, including the finite difference method, in optimizing EPH parameters,
thereby reducing the volume of experimental work and lowering technology development costs. The obtained
data can be used to improve surface hardening technologies for structural steel components used in
agricultural machinery, mechanical engineering, and other industries. The study confirms the potential of EPH
for enhancing the operational characteristics of steel products.

Key words: Electrolytic-plasma hardening, 45 steel, heat conduction equation, numerical modeling,
thermal processes.

Introduction

Modern material processing technologies are aimed at improving their operational properties,
such as hardness, wear resistance, corrosion resistance, and high-temperature stability. One of the
promising heat treatment methods that allow achieving these goals is electrolytic-plasma hardening
(EPH). This method combines the effects of plasma discharge and electrolysis, enabling not only
structural modifications of the material’'s surface layer but also diffusion saturation with various
elements such as carbon, nitrogen, and boron.

EPH is widely applied in mechanical engineering, aviation, and the automotive industry, where
increased strength and durability of components operating under high mechanical and thermal loads
are required. However, the effectiveness of this method largely depends on the correct selection of
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