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The Analysis of Structure Change and Tribomechanical Properties
of Alloyed Steel Surfaces Modified by Diffusion Electrolyte-Plasma Boriding Method

Nowadays, one of the key requirements in mechanical engineering when manufacturing parts from
constructional steels is the hardness and wear resistance parameters. One of the relevant solutions to this issue
could be diffusion-electrolytic-plasma boriding, as the steel surface is enriched with boron elements during
treatment, while the core of the part remains in its original state. This study addresses the technological
capabilities of the diffusion-electrolytic-plasma boriding method for steels. The steel 30CrMnSiA was treated
on a diffusion-electrolytic-plasma boriding setup. The treatment duration was 5 and 7 minutes, using a 15 %
sodium carbonate (Na,COs) and 20 % borax (Na,B,0,) aqueous solution as the electrolyte. It was established
that the cross-sectional structure of the steel after diffusion-electrolytic-plasma boriding is characterized by
zoning, with the formation of a modified layer approximately 650 pm thick. As a result of diffusion-
electrolytic-plasma boriding, the microhardness of 30CrMnSiA steel is enhanced by 2.5 to 3 times in
comparison to its original state, due to the formation of hardening phases.
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Introduction

Traditional steel processing methods have focused on thermal processes such as heating and cooling,
which have been used for a long time. These techniques require heating the metal in a furnace followed by
cooling it in air, water, or oil [1]. However, these processes can be expensive due to the need for specialized
equipment and extended processing times, and they often require large, cumbersome machinery [2]. Recent-
ly, an innovative method of processing steel parts, electrolyte-plasma heat treatment, has emerged that over-
comes many of the limitations of traditional methods [3]. This method can significantly improve the physical
and mechanical properties of steel in a short time — only a few seconds, unlike traditional methods, which
can take hours and days. Electrolyte-plasma hardening is an intricate process that merges physical metallurgy
with electrochemical technologies. It involves heating the sample in cathodic mode, enabling simultaneous
phase transformation and deformation [4].

To improve the strength characteristics of structural and tool steels, a thermocyclic approach known as
thermocyclic electrolytic-plasma treatment is used within the framework of electrolytic-plasma treatment [5].
Unlike other types of heat treatment, this method involves multiple repetitions of the heating and cooling
cycle, which allows to significantly improve the quality of the material and achieve properties that cannot be
obtained with a single heat treatment step. The changes from cycle to cycle are most commonly attributed to
plastic deformation. The efficiency of thermocyclic electrolytic-plasma treatment is mainly influenced by the
interactions between various phases and the structural transformations in alloys caused by microplastic de-
formation and the subsequent recrystallization process. Microplastic deformation boosts the strength of steel,
while recrystallization enhances its ductility [6].
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The effectiveness of electrolyte-plasma thermocyclic treatment is significantly influenced by factors
such as cycle temperatures, the number of cycles, and the rates of heating and cooling [7]. The range of
methods for thermocyclic electrolyte-plasma treatment, which differ in terms of their operational principles
(including complete, partial, or no phase transformations) and energy requirements, which can vary by a fac-
tor of 20 to 50, offers potential for optimizing the process [8]. This highlights the necessity for developing
and implementing more efficient technologies for the hardening of structural and tool steels to enhance prod-
uct quality, operational lifespan, and reduce energy consumption, which is crucial for economic considera-
tions.

Traditional furnace heat treatment methods face a number of restrictions, such as the risk of defor-
mation, warping and cracking, long heating (1 to 20 hours) and cooling cycles, as well as limited automation
and other difficulties.

In mechanical engineering, multi-component chemical heat treatment (CHT) is commonly applied to
improve the surface characteristics of steels and alloys. This process involves either simultaneous or sequen-
tial diffusion of various chemical elements into the surface layers [9]. Techniques like nitriding and
carbonitriding, which are part of CHT, significantly enhance the wear resistance, corrosion resistance, and
other performance attributes of machine parts. However, the full understanding of how nitrided and
carbonitrided layers form, with a combination of desirable properties such as high wear and corrosion re-
sistance, is still incomplete [10]. Conventional chemical-thermal treatments, like nitriding in a gas environ-
ment and carburizing with solid carburizers, have limitations, including challenges in controlling the diffu-
sion-active medium, the need for expensive equipment, and the necessity of multiple heat treatment cycles to
achieve the final desired properties of the product.

A promising approach to enhancing the service life and performance of steel components is chemical-
thermal treatment with electrolyte-plasma action (diffusion saturation). This method is used to introduce
light elements such as nitrogen, boron, and carbon into the surface of materials [11]. Compared to traditional
surface modification techniques, this technology offers several advantages, including faster processing times,
lower costs, and the ability to combine diffusion saturation with hardening in a single technological process.
The results of studies conducted by various scientific groups confirm the significant potential of electrolyte-
plasma treatment of metals and alloys, but the tribological characteristic of this method remains insufficient-
ly studied [12]. It is important to conduct a more detailed analysis of the wear mechanism in steel products
following electrolytic-plasma treatment and examine it under a variety of conditions.

Due to the above, the aim of this paper is to analyze the changes in the structure and tribomechanical
surface properties of alloyed steel before and after diffusion electrolyte-plasma boriding.

Materials and methods

In this research work, samples from 30CrMnSiA alloy steel with the size of 33x30%9 mm were selected
as research objects for diffusion-electrolyte-plasma boriding (DEPB). Before the experiments, the samples
were pre-treated with grinding paper with P2000 grit.

Figure 1 shows a general view of an image of the modernized diffusion-electrolyte-plasma boriding
(DEPB) unit.

1 — anode; 2 — sample; 3 — electrolyte bath; 4 — pump; 5 — power supply; a — sample holder; b — nozzle

Figure 1. Image of the unit for diffusion-electrolyte-plasma boriding
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The unit includes a high-power rectifier that provides direct current with a maximum output of 360 V
and 100 A. The electrodes are composed of a cathode (sample) and an anode, which is shaped like a circular
plate with perforations to ensure the even distribution of the electrolyte. The electrolyte used is an aqueous
solution containing soda ash (Na,COj3) and borax (Na,B,0-) in certain proportions, which is considered op-
timal for the formation of stable plasma [13].

The key factor in the process (DEPB) is the potential difference between the anode and cathode [14].
To determine the value of the potential difference of this process, the volt-ampere characteristics (VAC) of
the anode and cathode were plotted (Fig. 2). The first region (I) region of linear dependence of current and
voltage (U=0-140V i.e. (zone of classical electrolysis) [15]. The second region (II) of electrolyte boiling
followed by vapor formation is characterized by a slow increase in current, which is explained by heating of
the active electrode. Region (III-1V) is the zone of formation of a stable vapor-gas shell (VGS) around the
cathode, which explains the sharp decrease in current. At further voltage increase, the breakdown of the VGS
and the transition of the system to an unstable state occur [16].
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Figure 2. VAC plot of the DEPB process [17]

Experimental studies were carried out in the Research Center “Surface Engineering and Tribology” of
S. Amanzholov East Kazakhstan University (Ust-Kamenogorsk, Kazakhstan). The phase composition of
materials was determined using X'PertPro X-ray diffractometer (Philips, Netherlands). To reveal the
microstructure of the samples we applied chemical etching using 4 % solution of nitric acid (HNOs) in ethyl
alcohol. The microstructure was studied using an Olympus BX53M optical metallographic microscope. The
depth hardness was determined using a Vickers microhardness tester (Metolab 502, RF) equipped with a
diamond indenter and a load cell up to 1000 g.

The values of coefficient of friction were determined on TRB3 tribometer, where rotation speed was
2 cm per second, radius of the track R =2 mm; vertical load: 6 N; a 100Cr6 ball of 6 mm diameter was
selected as a counterbody.

Results and Discussion

The samples underwent treatment for 5 minutes (Ne 1) and 7 minutes (Ne 2) with a DC current applied
at 290 V, which corresponds to a temperature of 1000 °C. Thermocouples placed in predrilled holes on the
surface of the samples were used to monitor their temperature. The experiments were performed in cathode
mode, and the key process parameters are presented in Table 1.

Table 1
Table of DEPB modes
U, v T, °C ¢, min Electrolyte composition
Sample Ne 1 290 1000 5 65 % distilled water, 15 % sodium carbonate (Na,COs)
Sample Ne 2 7 and 20 % borax (Na,B,0,)

Figure 3 shows the microstructure of steel 30CrMnSiA before and after DEPB, the main structure of
steel is martensite with strengthening structure of boride (light needle-like) and cementite (dark along the

70 BecTHuk KaparaHguHckoro yHuBepcuTeTa



The Analysis of Structure Change ...

grain boundaries of martensite). The study of steels with martensitic structure revealed their high hard-
ness [18].
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a — microstructure of steel in initial state, magnified in x50; b — microstructure of sample Ne 1 after DEPB,
magnified in x50; ¢ — microstructure of sample Ne 2 after DEPB, magnified in X100

Figure 3. Microstructure of steel 30CrMnSiA before and after DEPB

It has been determined that the cross-sectional structure of 30CrMnSiA steel after DEPB has a zonal
characteristic: 1 zone of the modified layer, which consists of boride and thermal influence zones, and 2 zone
of the matrix — base of the treated material. The analysis of hardness distribution along the thickness of the
modified layer after DEPB is particularly interesting. The study of microhardness along the depth showed
the presence of a harder surface layer and a less hard layer under it, the extent of which is about 600 um. The
graph in Figure 4 shows that the microhardness gradually decreases from the surface to the middle of the
specimen.
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a — microhardness of hardened layers; b — microstructure of modified layer
Figure 4. Microhardness of 30CrMnSiA steel by thickness after DEPB (Ne 2)

In the near-surface layers microhardness reaches an average of 960 HV 1, then with a smooth transition
decreases to an average value of 613 HV,; in the heat affected zone. In the initial state, the microhardness of
the steel 1s 280+10.4 HV, ;.

After DEPB steel 30CrMnSiA underwent significant qualitative and quantitative changes in the steel
structure, and, as shown by the studies, the fine structure of steel and phase composition in the near-surface
zone of the modified sample and in the transition zone (at a depth of ~650 um) was significantly different.

As a result of the conducted research, it was found that the material of the near-surface layer is multi-
phase. However, the main component remains a'-phase (o'-Fe). It should be noted that no ferrite and pearlite
grains were found on the sample surface after DEPB (Fig. 4, b).

Figure 5 shows the XRD-results of 30CrMnSiA steel before (Fig. 5 a) and after (Fig. 5 b, ¢) DEPB. In
the initial state, 30CrMnSiA steel consists mainly of a-Fe phase with face-centered cubic lattice (FCC). After
the DEPB process, cementite (Fe;C), boride (Fe,B), iron oxide (Fe,O;) and martensite (a'-Fe) phases are
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found in 30CrMnSiA steel. Martensite is formed in the modified steel layer as a result of rapid cooling dur-
ing the DEPB process. The results of X-ray phase analysis are in agreement with the results of studying the
microstructure of 30CrMnSiAsteel after DEPB.
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Figure 5. XRD of 30CrMnSiA steel before DEPB (a) and after DEPB Ne 1 (samples ) and Ne 2 (¢)

During DEPB, 30CrMnSiA steel is exposed to high temperatures produced by electric current. These
elevated temperatures may cause the austenite (the stable crystalline form of iron) to transform into more
stable phases like martensite and cementite. The structure and properties after DEPB depend primarily on the
temperature and duration of the interaction of the electrolyte with the sample surface and the composition of

the electrolyte.
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Figure 6: Histogram of sample friction readings and wear trace after tribological testing

The results of tribological tests of boronized steel showed (Fig. 6) that after DEPB, 30CrMnSiA steel
has a lower coefficient of friction compared to the original sample. Thus, we can assume that after DEPB the
wear resistance of 30CrMnSiA steel increased compared to the original sample.

Table 2
Correlation table of experimental data
Microhardness, Coefficient of friction,
Phase
HVy, 2

Initial Ferrite, perlite 280+10.4 0.89

Sample Ne 1 (5 min) | Cementite, boride, iron oxide and martensite 639.34+16.3 0.68

Sample Ne 2 (7 min) | Cementite, boride, iron oxide and martensite 659.76£16.7 0.76

Table 2 shows the correlation experimental data that were carried out during the study. From the Ta-
ble 2, we can see that after DEPB, 30CrMnSiA steel underwent changes affecting not only its microhardness
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but also its phase structures. According to the XRD results, martensite, cementite, boride and iron oxide
phases are formed on the surface of 30CrMnSiA steel, but the martensite phase (a'-Fe) is the dominant phase
in the steel structure following boriding. Also, after DEPB the wear resistance of the samples changed for the
better. In the histogram in Figure 6 we see that the friction coefficient of the samples after DEPB is less than
that of the original sample.

Conclusions

In this research work, diffusion electrolyte-plasma boriding of 30CrMnSiA steel has been investigated.
According to the results, the diffusion electrolyte plasma boriding (DEPB) method can be considered as an
effective method for steel modification, which allows different types of treatment depending on the
conditions and choice of electrolyte. The DEPB method demonstrates excellent effectiveness in the surface
treatment of steels and offers considerable benefits over traditional heat treatment techniques, including
energy efficiency, shorter treatment times, and improved environmental safety [19].

It was found that the structure of the cross-section of 30CrMnSiA steel after DEPB is conditionally di-
vided into 3 zones: boride layer, heat affected zone, which together will form a modified layer and the base
of the treated material. The structure of the steel cross-section after DEPB is characterized by zonality, with
the formation of a modified layer with a thickness of about 650 pum, containing different phases: a'-Fe-
martensite, Fe;C-cementite. The microhardness of 30CrMnSiA steel after DEPB increases 2.5-3 times com-
pared to the initial state due to the formation of hardening phases.

To improve the DEPB plant, additional modules such as electrolyte plasma polishing, which is a finish-
ing module, were retrofitted. The source for EPB was reassembled. The optimum mode for DEPB was se-
lected, including parameters, electrolyte composition, VAC. A nozzle (Fig. 3, b) was assembled specially for
the modernized DEPB unit.
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JLT. Cymo6aesa, X. Carponauna, JI.P. baitxan, H.E. bepaimyparos, C.Jl. bonaros

¢ dy3usiibIK 3MeKTPOTUTTIK-IUIAa3MAJBIK 00opJaay diiciMeH JeripjeHrex
O0os1aTTapAbIH MOAN(PUKANMSAJIAHFAH OeTTEePiHiH KYPbLIbIMbI MEeH
TPUOOMEXAHUKAJBIK KAaCHETTePiHiH 63repyiH Tajaaay

Kasipri yakpITTa KOHCTPYKIMSUIBIK GosaTTap/ian OeeKkTep xacay Ke3iHae MallliHa jKacay CalaChIH/aFbl eH
©3eKTi Tananrtap/blH Oipi KaTTHUIBIK TIEH TO3yFa TO3IMALUTIK mapaMeTpliepiHin 6omysl. By Macesnere KaTbICThI
THIMII wennMaepain 6ipi AndQy3usIbIK-2IeKTPOIHTTIK-TIIa3MaNbIK Oopray afici 60iybl MyMKiH, ceb6ebi
eHzIey OapbIchiHIa 60NMaTThIH OeTi 60p IMeMeHTTepiMeH KaHBIFaIbl, aj OeJIIeKTiH o3eri 6acTankel KyiliHae
Kamaael. bByn  okymbicta  Gomartapasl  AMGQY3USIIBIK-NEKTPOIUTTIK-IIa3MalbIK — Oopray — SAiCiHiH
TEXHOJIOTHSUIBIK MYMKiHAiKTepi KapacTelpburrad. 30XI'CA Oonartsl eHaey AnGQY3UsIIBIK-JIEKTPOIUTTIK-
1a3MajblK Gopiiay KOHABIPFBICHIHAA JKYPri3indi. OHuey YakbIThl 5 jkoHE 7 MHHYT OOJIIBI, all AJICKTPOIHT
perinne 15 % xamprmapenren coma (Na,CO;) xone 20 % Oypanbiy (Na,B,O;) cymarer epitingici
KOJIIaHbLIIbI. AHBIKTaJFaHIal, G0JaTThIH KOJIICHEH KUMACBIHBIH KYPbUIBIMBI AU(DY3HSIIBIK-3IEKTPOIUTTIK-
a3Majblk OopiayiaH KeifiH 30HaNObIK CHIIATKAa He, al MOAU(UKALHMsIAHFaH KaOaTThIH KaJbIHJIBIFbI
mamamer 650 MrM. JTudGy3usiibIK-2IeKTPONUTTIK-TIa3MalblK Oopray npouecidin HoTmkecinne 30XT'CA
GONaTBIHBIH MHUKPOKATTBUIBIFBl  KaTaiiTy (asanapbiHblH Ty3UlyiHe OalnaHbICThl OacTamksl KyHiMeH
cassICTBIpFanaa 2,53 ece apTasl.

Kinm co30ep: nuddysus, anekTpoaur, miasma, bopnay, KypbuisiM, 6eTTi Mogudukausiay, 6eri, 6ypa

JLT. Cymo6aeBa, XK. Carnonauna, JI.P. Baiixan, H.E. bepaumyparos, C.J[. bonaTos

AHaJIN3 U3MEHEHUS CTPYKTYPbI U TPUOOMEXaHUYECKUX CBOICTB
MO (UIIMPOBAHHBIX MOBEPXHOCTEH JIErHPOBAHHBIX CTaJel
MeToA0M TH((PY3MOHHOT0 I1eKTPOJIUTHO-NJIA3MEHHOT0 0OPUPOBAHUS

B Hacrosilee BpeMms OAHMM M3 aKTyaJbHbIX TpeOoBaHMH B cepe MaIIMHOCTPEHHS IPH H3TOTOBICHUH
JeTajeil U3 KOHCTPYKLHMOHHBIX CTajeil, SBISIOTCS IapaMeTpbl TBEPJOCTH M M3HOCOCTOMKOCTH. OfHHMM M3
penieHuit 5Toif mpoOIeMBl MOKeT cTaTh ] (Hy3nOHHO-IEKTPOIMTHO-TIIIa3MeHHOe GopupoBanue. [1pu Takoi
00paboTKe MOBEPXHOCTh CTAbHOW JETaly HachlllaeTcsi O0poM, B TO BpeMsl KaK CEpAlLeBHHA OCTAeTCs B
HCXO/HOM COCTOSIHMHM. B nmaHHO# paboTe paccMOTpEHBI BOIPOCH TEXHOJIOTHUECKUX BO3MOXKHOCTEH criocoba
1 hy3nOHHO-IIIEKTPOIMTHO-TUIA3MEHHOr0  OopupoBaHust craneil. bBbura mpoBeneHa oOpaborTka crTanm
30XI'CA Ha ycraHoBke Iu(p(y3nOHHO-3IEKTPOIUTHO-TIIA3MEHHOTO OopupoBaHus. [IponomKuTenbHOCT
00pabOTKH cocTaBisia 5 ¥ 7 MUHYT IIPU UCIIOIBb30BAHMH B KAUECTBE HJIEKTPOJIMTA BOAHOTO pacTBopa 15 %
KanpuuHUpOBaHHOHW coabl (Na,CO3) u 20 % Oypsr (Nay,B,0;). YcranoeneHo, uto mocie mudQy3noHHO-
3JIEKTPOJIUTHO-IIIA3MEHHOTO  OOPHPOBAHMUs, CTPYKTYpa IONEPEYHOro CEeYEHMS CTAIM XapaKkTepu3yercs
30HAJILHOCTBIO, C 00pa3oBaHHEM MOAM(UIMPOBAHHOIO CIIOS TONIIMHON okoimo 650 mxM. B pesynbraTe
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oOpazoBanus ynpoyHAOmMX (a3 mociae AuPPY3MOHHO-DICKTPOIUTHO-TINIA3MEHHOTO  OOpPHPOBAHMS,
mukpotBepaocth craan 30XI'CA yBenuuuBaercs B 2,5-3 pasa 1o CpaBHEHHIO ¢ HCXOHBIM COCTOSTHUEM.

Kniouesvie cnosa: muddysns, >IEKTPOIHT, IUIa3MEHHOE, OOpHpOBaHUE, CTPYKTYpa, MOANUQHKAINSI
[IOBEPXHOCTH, IOBEPXHOCTb, Oypa
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