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PHYSICAL FOUNDATIONS OF THE FORMATION OF A STRENGTHENED STRUCTURE
OF STRUCTURAL STEELS DURING ELECTROLYTIC-PLASMA HARDENING

Abstract: This article presents the results of a comprehensive study on the effect of electrolytic-plasma
hardening (EPH) on the microstructure and mechanical properties of structural steel grade St4. This steel is
widely used in heavy engineering and railway transport, where components operate under conditions of severe
wear and variable loads, which highlights the relevance of developing effective strengthening methods. The
experiments were carried out on specimens cut from a railway wheel rim, which makes the obtained results
practically significant. The treatment was performed in an electrolyte consisting of 10% urea + 20% sodium
carbonate + 70% water. The EPH regime included a voltage of 280 V, a current of 40 A, and a treatment
duration of 9 seconds. This regime provided rapid heating of the surface layer to the austenitic state followed
by instantaneous quenching in the electrolyte. Investigations carried out using scanning electron microscopy
and metallographic analysis revealed that after EPH, the surface layer with a thickness of 1.0-1.5 mm
consisted of a characteristic needle-shaped martensitic structure. Microhardness measurements confirmed a
significant strengthening effect: the hardness increased fourfold from 200 HV to 800 HV. The substantial
increase in hardness was accompanied by improved wear resistance and crack resistance, while maintaining
the plastic properties of the material core. The obtained results demonstrate the high efficiency of EPH as an
environmentally friendly and energy-saving local heat treatment method, which can be recommended to
enhance the operational reliability and service life of critical components made of St4 structural steel.

Key words: electrolytic-plasma hardening, St4 steel, microstructure, microhardness, martensite, wear
resistance.

Introduction: Structural steels hold a key position among the materials used in mechanical
engineering, construction, and related industries. This is due to their optimal combination of strength,
ductility, processability, and relatively low cost. However, during operation, these materials are
subjected to intense mechanical and corrosive influences, including abrasive wear, cyclic loads, and
aggressive environments. This significantly reduces the service life of machine parts and
components, necessitating the search for effective surface hardening methods aimed at enhancing
their durability and operational reliability [1].

In recent decades, the method of electrolytic-plasma hardening (EPH), based on the high-
speed heating of the metal surface layer due to the formation of a vapor-gas envelope when an
electric current is passed through an electrolyte [2], has been actively developed. Micro-discharges
occur on the sample surface, causing local heating, followed by rapid cooling in the same electrolyte.
This mechanism ensures the formation of a fine-dispersion hardened structure, particularly
martensite, while simultaneously preserving the ductile properties of the material's core. The method
is advantageously different from traditional heat treatment methods: it allows for local hardening of
specific zones of a part, is characterized by high heating and cooling rates (on the order of seconds),
low energy consumption, environmental friendliness, absence of deformation, and the ability to
process parts of complex shapes and large-sized products.

For example, in study [3], hardening of steel 45 was carried out using an electrolyte based on
a 20% sodium carbonate solution. The authors applied a voltage of 270-280 V and a holding time of
7-8 seconds. As a result of the treatment, the microhardness of the surface layer increased by 3.1-
3.62 times compared to the initial state, and wear resistance increased by 7 times. The structure of
the hardened layer consisted of uniformly distributed martensite, the formation of which was due to
the high heating and quenching rates. This research demonstrated that EPH ensures not only an
improvement in the surface strength characteristics but also a significant increase in the part's
resistance to wear during operation.

In another study [4], the subject of research was steel 40KhN. Experiments were conducted
using an electrolyte containing 15% sodium carbonate, with a holding time of about 3 seconds. The
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authors recorded a twofold increase in the microhardness of the treated samples compared to the
initial state, as well as a 70% reduction in wear intensity. It was additionally noted that under such
conditions, uniform formation of the hardened layer is achieved without thermal damage to the core,
which is an important factor for the operation of structural parts.

Thus, electrolytic-plasma hardening is an effective and promising method for the surface
hardening of structural steels [5]. It allows for combining high hardness, wear resistance, and
corrosion resistance of treated parts with the preservation of the core's ductile properties. However,
the task of studying the physical mechanisms underlying the formation of the hardened structure
during EPH remains relevant. Establishing the patterns of phase transformations and the influence
of processing parameters on the formation of hardened layers is a necessary condition for
developing optimal hardening regimes for various grades of structural steels, including widely used
cast alloys such as St4.

Research Methods

Experimental research and testing were conducted at the Engineering Center of the "LLakapim
YHueepcuteT" Non-Commercial Joint-Stock Company, Kazakhstan. The subject of the research was
St4. The steel sample was cut from the bandage of a railway wheel in the form of a parallelepiped
with dimensions of 15x15x10 mm?3. At low cutting speeds and low load, the sample did not
experience deformation or thermal impact. According to GOST 380-2005, the chemical composition
of St4 is given below in Table 1. Surface hardening was carried out in an electrolyte with the
composition: 10% urea (NH,),CO + 20% sodium carbonate Na,CO; + 70% water for 9 seconds, at
a temperature of 850-900 °C, a voltage of 280 V, and a current of 40 A.

Table 1
C Si Mn P S Cr Ni Cu As Fe
0,18-0,27 0,15-0,3 | 0,4-0,7 | <0,05 | <0,05 | <0,30 <0,30 < 0,30 < 0,08 | Balance

Scanning Electron Microscopy (SEM) on a TESCAN VEGA Compact instrument was used to
study the microstructure and phase composition of St4 after EPH treatment. This instrument allows
for a detailed study of the material's surface morphological changes, including the identification of
characteristic structural elements, phase inclusions, and the distribution of alloying elements.

The microhardness measurement of the samples in their initial state, as well as after
hardening, was performed on an HV-1 DT Vickers microhardness tester with an indenter load of P=1
N and a dwell time under load of t = 10 s for all samples.

A metallographic microscope Altami 5C (Russian Federation) with adjustable lighting
capabilities was used to study the microstructure of the samples.

Results and Discussion

The surface of the St4 steel in its initial state is characterized by a typical equilibrium ferrite-
pearlite structure formed during the slow cooling process after hot rolling. The microstructure
presents a distinct two-phase structure, consisting of light ferritic and dark pearlitic areas (Fig. 1).

Figure 1 — Microstructure bf St4l before EPH

The ferritic regions, which constitute the main matrix of the material, appear light in color after
etching and represent a solid solution of carbon in a-iron with a body-centered cubic lattice. These
areas are characterized by low hardness and high ductility.

The pearlitic formations, appearing as dark zones, are a mixture consisting of alternating plates
of ferrite and cementite. This structural constituent provides higher strength characteristics
compared to ferrite.
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The microstructure demonstrates a pronounced banding (rolling texture), where the structural
constituents are elongated in the direction of deformation. This type of structure is characteristic of
the hot-rolled condition and is determined by the manufacturing technology of the initial product —
the bandage of a railway wheel.

The absence of signs of thermal impact and deformation confirms the preservation of the
initial structure after sample cutting, which ensures the correctness of subsequent studies on the
influence of electrolytic-plasma hardening on microstructure transformation.

After electrolytic-plasma hardening conducted at 850-900°C for 9 seconds with subsequent
intensive cooling in the electrolyte medium, the surface microstructure of St4 steel undergoes
complete transformation (Fig. 2). The initial ferrite-pearlite structure is replaced by acicular
martensite with characteristic lath morphology.

Heating the surface to temperatures of 850-900 °C for 9 seconds leads to a phase transition
of a-iron (ferrite) into y-iron (austenite) with the dissolution of carbide phases. The subsequent
intensive cooling in the electrolyte medium ensures a high rate of heat removal, which is critical for
suppressing the diffusion processes of austenite decomposition.

As a result, a diffusionless martensitic transformation occurs, characterized by a shear
mechanism of crystal lattice rearrangement from face-centered cubic (austenite) to body-centered
tetragonal (martensite). The martensitic structure manifests itself in the form of characteristic acicular
or plate-like formations observed during microscopic analysis.

The conducted studies showed that electrolytic-plasma hardening of St4 steel leads to
significant strengthening of the surface layer. According to the data presented in Figure 3, the initial
microhardness of the material was approximately 200 HV. After treatment by the EPH method, the
microhardness value reached 800 HV, demonstrating an almost fourfold increase in this indicator.
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Figure 3 — Microhardness HV

The conducted studies have shown that electrolytic-plasma hardening of St4 steel leads to
significant strengthening of the surface layer. According to the data presented in Figure 3, the initial
microhardness of the material was approximately 200 HV. After treatment using the EPH method,
the microhardness value reached 800 HV, demonstrating an almost fourfold increase in this
indicator.

Such a substantial increase in hardness is accompanied by an improvement in a complex of
operational characteristics, including enhanced crack resistance and wear resistance of the treated
surface. The established pattern confirms the effectiveness of using electrolytic-plasma hardening
for the surface strengthening of low-carbon St4 steel.

ISSN 2788-7995 (Print) Bectuuk Yuusepcurera [llakapuma. Texuudeckue nayku Ne 3(19) 2025 205
ISSN 3006-0524 (Online) Bulletin of Shakarim University. Technical Sciences Ne 3(19) 2025



The microhardness measurement results are consistent with microstructural studies, which
revealed the formation of a martensitic structure in the surface layer after treatment. The obtained
data demonstrate the promise of applying EPH to improve the operational characteristics of products
made from St4 steel.

Conclusion

The conducted research confirmed the high efficiency of electrolytic-plasma hardening for
strengthening the surface layer of St4 steel. Treatment in the mode of 280 V, 40 A, 9 s at a
temperature of 850-900 °C ensured the formation of fine-acicular martensite and complete
disappearance of the initial ferrite-pearlite structure.

The microhardness measurement results showed an increase from 200 HV to 800 HV,
indicating a fourfold growth in hardness. This was accompanied by improvements in operational
characteristics, including wear resistance and crack resistance of the surface.

EPH is a promising method for processing critical components operating under conditions of
wear and cyclic loads. The method combines high processing speed, environmental friendliness,
and the capability of hardening complex-shaped parts. Further research should be directed toward
optimizing treatment parameters for other grades of steel.
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KOHCTPYKLUMUAIBIK BOJIATTAPAbIH NEKTPOJIUT-NMNA3MAIBIK LWbIHLIKTLIPY KE3IHAE
HbIFAUTBINFAH K¥PbIJ1bIMbIHbIH KANbINTACYbIHbIH ®U3UKAJbIK HETI3OEPI

AHOamna: Makanada Cm4 mapkanbl KOHCMPYKUUSbIK 60rammbiH MUKpPOCMpPyKmypach! MeH
MexaHUKarslblK KacuemmepiHe 371eKmponum-mnia3marbik WbiHbIKMbIpyObiH (OF1LL) ecepiH keweHOi 3epmmey
Homu)xenepi KenmipineeH. byn 6onam ayblp MawuHa Xacay MeH MmEeMIPXon KesieiHde KeHiHeH
KondaHbinadbl, oHOa bernwekmep KapKkbiHObI MO3y MeH aybicralbl XyKmemersep xardalibiH0a XYMbIC
icmelidi, 6yn oHbI muiMmOi WbIHbIKMbIPY 8dicmepiH o3iprieydiH e3ekminiaiH alkbiHOalobl. Toxipubenep
mewmipxon 0eHaeneaiHiH 6baHOaXbIHaH Kecin arnbiHFaH yneinepde Xypeisindi, byn arbiHFaH Homuxesnepoi
rnpakmukarblK MaHbI30bl dern Kapacmbipyra MyMKiHOIK 6epedi. ©HOey Kypambl: 10 % kapbamud + 20 %
Hamput kapboHambl + 70 % cy 6onambiH anekmposumme Xxypaidindi. 3L pexxumi 280 B kepHeydi, 40 A
moK KywiH »xoHe 9 cekyHOmbIK acep emy yakbimbiH KammbiObl. MyHdal pexum 6emki kabammel
aycmeHummik Kyleze OeliH xofapbl XbiiO0amMObIKNEH KbI30bipyObl XXoHe anekmponumme se3de
carnkbiHOamydbl Kammamachi3 emmi. CKaHuprneywi 31eKmpoHObIK MUKPOCKOIMUS XaHe Memarniogpagusinbik
manday adicmepimeH xypaisineeH 3epmmeynep Olll-0aH keliH KanbiHObiFbl 1,0—1,5 Mm 6onambiH 6emki
kabamma uHesli  MapmeHcUmMIH KYpbifibiMbl  KalblimacambiHblH Kepcemmi. MuKkpokammabinbiKmbi
enweynep bepikmikmiH almaprbikmal apmkaHblH pacmaodsbi: kepcemkiw 200 HV-0eH 800 HV-ze deliH
mepm ece ecmi. KammabinblIKmbIH atimaprbiKmal ecyi Mamepuarn e3e2iHiH nnacmukarsnblK KacuemmepiH
cakmati ombipbIr, MO3yFa XoHe XapblKWiakka me3iMOinikmiH apmybsiMeH Kamap Xypoi. AfbiHFaH Homuxerep
OrLL-HbIH 3KOMo2UsAnbIK masa XeHe sHepausi yHeMOelmiH xepainikmi mepmoeHdey adici pemiHOe xofaphbl
muimoinieiH danendelidi xoHe oHbl Cm4 bonambiHaH XacanfaH xayanmsl 6enwekmeplid ceHimdiniei meH
Y3aK Kbiamem emy Mep3iMiH apmmabIpy yWwiH KondaHy0bl ycbiHalkbl.

Tylin ce3dep: anekmponum-nnasmarnbslk WbIHbIKMbIPY, Cm4 6onambl, MUKPOCMPYKMypa,
MUKPOKammbIfibIK, MapmeHcum, mo3yra me3simOoiriiK.
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®U3NYECKME OCHOBbI ®OPMUPOBAHUA YITPOYHEHHOW CTPYKTYPbl KOHCTPYKLMOHHbIX
CTAIEN NPU SNEKTPOJNIUTHO-MNA3SMEHHOW 3AKANKE

AHHOmMauusi: B cmamee npedcmasneHbl pes3yrbmambl KOMMIIEKCHO20 Ucciied08aHuUsi 8rUSHUS
anekmponumHo-rnnasmeHHol  3akanku (3F13) Ha Mukpocmpykmypy U MexaHudeckue cgolicmea
KOHCMPYKYUOHHOU cmanu mapku Cm4. [aHHas cmarb WUPOKO UCIMONb3yemcss 8 MmsKENOM
MaWuHOCMPOEHUU U XXesle3HOOOPOXHOM mpaHcriopme, 20e Oemarsnu 3KCr/yamupyromcsi 8 YCro8usiX
UHMEHCUBHO20 U3HOCa U [EePeMeHHbIX Haegpy3oK, 4mo orpedensem akmyanabHoCmb paspabomku
ahbgbekmusHbIx Memodo8 e€é yrnpoYyHeHUsl. OKCriepuMeHmbl MPo8oduiucs Ha obpasuax, 8bipe3aHHbIX U3
baHOaxa xenesHoOOpPOXHO20 Kojieca, Ymo 10380/5em paccMampueams MOy4YeHHbIe pe3yrbmambl Kak
npakmuyecku 3Ha4umble. Obpabomka ocywecmernsanace 8 ariekmponume cocmasa: 10 % kapbamud + 20 %
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kapboHam Hampusi + 70 % eoda. Pexum O3l13 ekmrovan HanpsxeHue 280 B, cuny moka 40 A u
npodomkumesisHocme 8o30eticmeusi 9 cekyHO. Takol pexum obecrieyus 8bICOKOCKOPOCMHOU Hazpes
108EPXHOCMHO20 C€riosi 00 ayCmMeHUMHO20 COCMOSIHUSI C MOCedyrowuM M2HOBEHHbIM OXaXO0eHUeM 8
anekmpornume. MccnedoeaHus, 8bIrNO/IHEHHbIE MemodaMu CKaHupyrowel 371eKMPOHHOU MUKPOCKONUU U
MemarniogpaghudecKko2o aHasu3sa, rnokasasu, 4ymo rnocne 313 e nosepxHocmHoMm crioe monujuHod 1,0-1,5
MM hopMupyemcsi xapakmepHasi ueofib4amasi cmpykmypa mapmeHcuma. MamepeHust Mukpomeépdocmu
rnodmeepouriu 3Ha4umersibHbIlU 3¢hghekm yripoOYHEHUS: noKkaszamesb ygenuyuscs 8 Yemsipe pasa — ¢ 200 HV
0o 800 HV. CywecmeeHHbIl pocm meépdocmu cornposoxdarscsi rosbieHueM usHococmolkocmu u
mpewuHocmouUKocmu pu CcoxpaHeHuUU nnacmuYHbix ceolicme cepluesuHbl mMamepuana. [lonyyeHHble
pesynbmambl  OeMOHCMpuUpyom  8bICOKy0  achgpekmusHocmb  3l3  Kak  3KonoasuyHo2o0 U
aHepaocbepezarowe2o memoda rokasibHolU mepmMoobpabomku, KOmopbilt Moxem bbimb pekomeHO08aH Orisi
ro8bIWEHUST  3KCr/TyamayuoHHoU HaléxHocmu U 00/l208e4HOCMU OMBEMCmMeEeHHbIX Oemarnel U3
KOHCMPYKUUoHHOU cmarnu Cm4.

Knroveeblie crioea: areKmpoumHo-riasMeHHasl 3akanka, cmanb Cm4, Mukpocmpykmypa,
MuUkpomeépdocmb, MapmeHcUm, U3HOCOCMOUKOCMb.
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