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IMPROVEMENT OF WEAR RESISTANCE OF BEARING STEEL SHKH15 BY PLASMA
HARDENING UNDER DIFFERENT PROCESSING CONDITIONS

Abstract: This study investigates the effect of plasma hardening under different processing conditions
on the microstructure and tribological properties of bearing steel ShKh15. It is shown that plasma treatment,
based on localized high-speed heating followed by self-quenching, enables the formation of a hardened
surface layer without the use of liquid cooling media. Experimental studies were carried out by varying the
plasma arc current (120-140 A) and the flow rate of the plasma-forming gas (0.2-0.25 L/min).The results
demonstrate that plasma hardening leads to the formation of a gradient microstructure consisting of martensite,
retained austenite, and pearlite, with a smooth transition to the initial pearlitic structure. The maximum
microhardness of the hardened layer reaches up to 700 HV with a depth of up to 250 ym. Tribological tests
using a ball-on-disk configuration showed that after plasma treatment, the coefficient of friction increases, while
the wear rate decreases by 3-3.5 times compared to the initial state. The obtained results indicate a significant
improvement in the wear resistance of ShKh15 steel and confirm the effectiveness of plasma hardening as a
surface strengthening method.

Key words: plasma hardening; ShKh15 steel; surface hardening; wear resistance; tribological
properties.

Introduction

The improvement of the performance characteristics of modern machines is largely
determined by the condition of the surface layer of components, since it is in this layer that the main
wear processes originate and develop. The problem of increasing the service life of components has
both economic and resource-saving significance, as it is associated with the consumption of raw
materials and energy resources. For practical application in industrial production, one of the most
effective methods is plasma hardening, which is characterized by versatility, accessibility, and high
economic efficiency. Plasma hardening is aimed at strengthening the surface layer of iron-carbon
alloy components while preserving the initial properties of their internal structure. This process is
based on localized high-speed heating of the surface by a plasma arc to temperatures above the
critical point, followed by intensive cooling due to heat dissipation into the bulk of the material [1].
Plasma hardening is an effective method of surface strengthening that ensures an increase in wear
resistance of components. According to literature data, plasma hardening leads to the formation of
a martensitic structure and an increase in microhardness, which positively affects the wear
resistance of the material [2]. The main technological parameters of the process are the arc current,
the speed of the plasma torch movement, and the characteristics of the heat spot formed by the
plasma flow [3]. In this regard, the selection of materials capable of operating effectively under high
loads and friction conditions is of particular importance.

Modern mechanical engineering widely uses specialized structural materials, including
bearing steels such as ShKh15, which exhibit high hardness and wear resistance [4]. A significant
influence on the rolling contact fatigue of bearing steels is exerted by carbide heterogeneity,
manifested in the form of carbide networks and stringer-type inclusions. According to studies, the
elimination of this defect is achieved through a rational combination of plastic deformation and heat
treatment. It has been shown in several works that the improvement of the performance
characteristics of ShKh1l5 steel (analogous to 100Cr6) can be achieved not only through
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conventional heat treatment but also by modifying the surface layer [5-7]. In particular, the formation
of a regular surface microgeometry (in the form of micro-dimples) reduces the coefficient of friction
and increases wear resistance. Other studies [8] have shown that cold rolling of 100Cr6 steel rings
leads to the formation of a gradient structure and texture, with the maximum degree of deformation
observed near the inner diameter. According to literature data, during plasma treatment a dendritic-
cellular structure is formed in the remelted zone, and the microhardness may reach up to 840 HVq.1
depending on the treatment conditions. Optimization of processing parameters makes it possible to
increase the microhardness up to 1400 HV. In a number of studies devoted to plasma
nitrocarburizing of DIN 100Cr6 steel, it has been shown that the diffusion of nitrogen and carbon
contributes to the formation of a hardened surface layer consisting of y-Fe,N and e-Fe,—;N phases,
which leads to improved wear resistance. It has been established that the treatment temperature
and the composition of the gas medium (in particular, CH, content) have a significant influence on
the morphology of the compound layer and its properties. However, these studies are mainly focused
on thermochemical saturation processes and do not consider the features of structure and property
formation during plasma hardening based on localized high-speed heating and self-quenching. In
particular, the influence of plasma hardening parameters on the formation of a gradient structure and
its effect on the tribological properties of ShKh15 steel remains insufficiently studied [8]. Thus, the
aim of this work is to investigate the effect of plasma hardening under different processing conditions
on the structure, wear resistance, and properties of the surface layer of ShKh15 bearing steel.

Materials and methods

The object of the study was bearing steel ShKh15 (analogous to 100Cr6), the chemical
composition of which is presented in Table 1. The preparation of metallographic specimens included
sequential grinding with abrasive papers of various grit sizes followed by polishing to a mirror finish.

Table 1 — Chemical composition of ShKh15 steel according to GOST 801-2022 [9]

Steel Name C Cr Mn Si
Content (wt.%) 0.95-1.05 1.30-1.65 0.20-0.40 0.17-0.37

Plasma hardening was carried out using the UDGZ-200 installation, which provides local
heating of the surface without the use of liquid cooling media. For each plasma hardening mode,
three samples were studied to ensure the reliability and reproducibility of the experimental results.
The samples were made from a 40 mm diameter ShKh15 steel rod, with the thickness of the test
samples being 20 mm. Plasma hardening was carried out using a conical electrode and a ceramic
nozzle with a diameter of 9 mm. The treatment was performed at a plasma arc current of 120-140
A, an argon plasma-forming gas flow rate of 0.2-0.25 L/min, an arc length of 18 mm, and a linear
plasma torch travel speed of 35-45 mm/s. The movement of the plasma torch during processing was
performed manually. The main plasma hardening parameters are presented in Table 2. Plasma
hardening was carried out under the following conditions: arc current of 120-140 A and argon plasma
gas flow rate of 0.2-0.25 I/ min. It should be noted that in processing modes R1 and R2, the plasma
arc current and argon flow rate were simultaneously varied to ensure stable plasma torch operation
and process stability under increased energy conditions. Therefore, the obtained results reflect the
combined influence of the processing parameters on the microstructure, microhardness, and wear
resistance of the treated surface layer.

Table 2 — Plasma hardening parameters for ShKh15 steel processing modes

. Plasma arc Plasma torch Nozzle Depth of the
Processing Argon flow Arc length, :
current, . travel speed, diameter, hardened
mode rate, L/min mm
A mm/s mm layer, ym
R1 120 0.20 15-20 35-45 9 370
R2 140 0.25 15-20 35-45 9 250

Metallographic examination of the ShKh15 bearing steel samples was carried out using a
scanning electron microscope (SEM) SM3200 in backscattered electron (BSE) mode, which made
it possible to obtain detailed information on the distribution of structural constituents before and after
plasma treatment. The preparation of metallographic specimens included etching in a 4% nitric acid
(HNO3) solution in ethanol.
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The phase composition of the investigated ShKh15 steel was determined by X-ray diffraction
(XRD) using an X'Pert PRO diffractometer with CuKa radiation. The diffraction patterns were
recorded under the following conditions: accelerating voltage — 40 kV, tube current — 30 mA,
exposure time — 0.25 s, and scanning step — 0.02°. The diffraction data were processed using
HighScore software and the PDF-2 database, ensuring reliable phase identification. Additionally,
guantitative phase analysis was performed using PowderCell software.

Microhardness measurements were performed using the Vickers method under a load of
0.98 N (100 g) with a Metolab 502 microhardness tester. Measurements were carried out on the
cross-section of the samples to determine the hardness distribution over the depth of the hardened
layer.

Tribological tests were conducted using a ball-on-disk configuration in accordance with
ASTM G99, employing a TRB3 tribometer under dry friction conditions. The test parameters were
as follows: normal load — 6 N, sliding speed — 3 cm/s, sliding distance — 100 m, and wear track radius
— 2 mm. During the experiments, the dependence of the coefficient of friction on the sliding distance
was recorded, and the wear resistance of the material was evaluated. To ensure the reliability of the
obtained experimental data, all measurements were performed at least three times, after which the
average values of the results were calculated.

After the tribological tests, the wear track area was determined by contact profilometry in
accordance with ISO 13565 using a TAYLOR HOBSON SURTRONIC S-100 SERIES profilometer.
Based on the obtained experimental data, the wear rate of the investigated ShKh15 steel samples
was calculated using the TRB3 tribometer software.

Results and discussion

The high microhardness values in the surface layer are associated with the formation of a
martensitic structure after plasma hardening. The presence of retained austenite and pearlitic
constituents in the transition zone leads to a gradual decrease in microhardness with increasing
distance from the treated surface. Thus, the microhardness distribution is in good agreement with
the nature of the structural transformations in the hardened layer. Figure 1 shows the microstructure
of the cross-section of bearing steel ShKh15 (GOST 801-2022), formed under different plasma
hardening conditions corresponding to regimes R1 and R2, which differ in plasma arc current (120
and 140 A) and plasma-forming gas flow rate (0.2 and 0.25 L/min). The initial microstructure of the
steel (Fig. 1c) is represented by granular pearlite consisting of a ferritic matrix and globular
cementite. It should be noted that such a pearlitic morphology provides higher strength
characteristics compared to pearlite with a network distribution of cementite at the same chemical
composition.

After plasma hardening under both processing conditions (R1 and R2), no clearly defined
boundary between structural zones is observed. A gradient structure is formed, characterized by a
gradual transition from the hardened surface layer, represented by martensite, to the initial pearlitic
structure in the bulk of the material (Fig. 1a, b).

For regime R1 (I = 120 A; VAr = 0.2 L/min), the formation of a medium-acicular martensitic
structure is typical. The transition zone is represented by a complex phase mixture including
martensite, retained austenite, and pearlite, which is attributed to the incomplete phase
transformations under conditions of high-speed heating and cooling. It is known that surface
hardening processes are accompanied by a self-tempering effect, resulting in the formation of fine-
grained tempered martensite. This effect is associated with high temperature gradients and specific
heat dissipation conditions in the hardened layer.

With an increase in processing energy parameters (regime R2: | = 140 A; VAr = 0.25 L/min),
an increase in the thickness of the so-called “white etching zones” is observed. Their formation is
associated with local near-surface re-austenitization caused by high heating rates, which leads to
the formation of fine-dispersed tempered martensite not revealed by conventional etching. The
microstructure of the transition zone under regime R2 is characterized by a combination of
martensite, pearlite, and retained austenite, indicating the complex nature of phase transformations
and the formation of a gradient structure of the hardened layer.

Figure 2 shows the distribution of microhardness over the depth of the hardened layer of
bearing steel ShKh15 after plasma hardening under different processing conditions (R1 and R2).
The measurement error for the obtained microhardness and wear rate values did not exceed 5% of
the average value, confirming the reliability and reproducibility of the experimental results.
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Figure 1 — Microstructure of the cross-section of ShKh15 steel in the initial state and after plasma

hardening under different processing conditions:
a-—regime R1 (1 =120 A; VAr = 0.2 L/min); b — regime R2 (I = 140 A; VAr = 0.25 L/min); ¢ — initial microstructure
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Figure 2 — Microhardness distribution over the depth of the hardened layer of ShKh15
steel after plasma hardening under different processing conditions (R1 and R2)

The obtained results demonstrate a good correlation between the variation of microhardness
and the structural transformations occurring in the surface layer of the material. According to the
data, for regime R1 (I = 120 A; VAr = 0.2 L/min), increased microhardness values reaching about
500 HVO0.1 are maintained up to a depth of ~250 um, indicating the formation of a hardened
martensitic structure in the near-surface region. In the transition zone, located between the hardened
layer and the heat-affected zone, a gradual decrease in microhardness from ~500 HVO0.1 to values
of about 200 HVO0.1 corresponding to the initial state of ShKh15 steel is observed. This distribution
indicates a gradient structural transformation and a gradual decrease in the martensite fraction with
increasing depth. Relatively lower microhardness values in certain areas of the hardened layer may
be attributed to insufficient heating temperature or low cooling intensity. Under underheating
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conditions (insufficient hardening temperature or short holding time), incomplete dissolution of
carbon in austenite occurs, leading to reduced hardness of the formed martensite. In addition, at
insufficient cooling rates, pearlitic transformation products and retained austenite may form in the
structure, both having lower hardness compared to martensite, which negatively affects the
microhardness level of the hardened layer [10]. According to the results reported in [11], ShKh15
steel after conventional heat treatment can achieve high hardness, especially at cooling rates above
30°C/s. At a cooling rate of about 100 °C/s, the hardness reaches approximately 700 HV, which is
associated with the formation of martensite and retained austenite.

The high microhardness values in the surface layer are associated with the formation of a
martensitic structure after plasma hardening. In the transition zone, the presence of retained
austenite and pearlitic constituents leads to a gradual decrease in microhardness with increasing
distance from the treated surface. Figure 3 shows the diffraction patterns of ShKh15 steel in the
initial state and after plasma hardening under different processing conditions (R1 and R2). Analysis
of the diffraction spectra indicates that after hardening, the steel structure exhibits pronounced peaks
corresponding to retained austenite (y-Fe), as well as reflections of the martensitic phase (a'-Fe)
[12]. This confirms the formation of a hardened layer consisting of martensite with a noticeable
fraction of retained austenite. In the initial state, ShKh15 steel is characterized by a ferrite—pearlite
structure. The obtained phase analysis results are in good agreement with the microstructural data,
confirming the nature of structural transformations during plasma treatment.
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Figure 3 — Diffraction patterns of ShKh15 steel in the initial state and after plasma hardening
under processing conditions R1 and R2

Quantitative XRD analysis results are presented in Table 3. The treated surface layers
predominantly consist of y-Fe (retained austenite) with a smaller fraction of a-Fe (martensitic/ferritic
phase). For sample R1, the phase fractions were 92.4 wt.% y-Fe and 7.6 wt.% a-Fe, whereas sample
R2 contained 86.1 wt.% y-Fe and 13.9 wt.% a-Fe. The refined lattice parameters were 3.5980-
3.6046 A for y-Fe and 2.8612-2.8653 A for a-Fe.

Table 3 — Quantitative phase composition and lattice parameters of the treated surface layers
based on X-ray diffraction analysis

Sample Detected phases Phase content, wt.% Lattice parameters, A
R1 a-Fe (martensitic/ferritic phase) 7.6 a = 2.8653
y-Fe (retained austenite) 92.4 a =3.5980
R2 a-Fe (martensitic/ferritic phase) 13.9 a=2.8612
y-Fe (retained austenite) 86.1 a = 3.6046
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Figure 4a shows the dependences of the coefficient of friction on the sliding distance, as well
as the wear rate values of ShKh15 steel in the initial state and after plasma hardening under regimes
R1 and R2. As can be seen from the graph, the coefficient of friction for the initial sample is
characterized by pronounced instability at the initial stage of testing, followed by stabilization at a
level of ~0.5-0.55. This behavior is associated with the formation of a contact layer and the gradual
smoothing of the friction surfaces [13]. After plasma hardening, an increase in the coefficient of
friction is observed: for regime R1, it stabilizes at ~0.70-0.75, while for regime R2 it is in the range
of ~0.65-0.70. It should also be noted that the treated samples exhibit higher stability of the
coefficient of friction compared to the initial state, indicating the formation of a more uniform and
wear-resistant surface layer [14].
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Figure 4 — Dependence of the coefficient of friction and wear rate of ShKh15 steel in the initial state
and after plasma hardening: a) coefficient of friction vs. sliding distance; b) wear rate

As shown in Figure 4, the wear rate of the initial steel is about (1.25 £ 0.06) x 10™* mm?/(N-m).
After plasma hardening, this value significantly decreases to (3.7 £ 0.2) x 107 mm?/(N-m) for regime
R1 and (4.2 £ 0.2) x 10~° mm?3/(N-m) for regime R2. Thus, the wear rate is reduced by approximately
3.4 times for regime R1 and 3 times for regime R2 (Fig. 4b). The improvement in wear resistance is
attributed to the formation of a hardened martensitic layer with high hardness and resistance to
plastic deformation, which reduces the rate of material removal during friction. At the same time,
according to literature data, the development of residual stresses and stress concentration near
inclusions may promote microcrack formation and influence the wear mechanism [15]. The main
results of plasma hardening of ShKh15 steel under different processing regimes are summarized in
Table 4.

Table 4 — Summary of the main results of plasma hardening of ShKh15 steel

. Hardened Maximum Surface -

Processing | . . Coefficient of Wear rate,

mode ayer depth, microhardness, | microhardness, friction mm3/(N-m)

um HVO0.1 HVO0.1
Initial state - ~200 ~200 0.50-0.55 (1.25+0.06) x 10™
R1 (120 A, 200-250 679.4 + 34.0 281.4 + 14.1 070075 | (3.7+0.2)x 10
0.20 L/min) o T ' ' o
R2 (140 A, i}
0.25 L/min) 200-250 479.1 £24.0 240.3+12.0 0.65-0.70 (42+£0.2)x10°°
Conclusion

As a result of the conducted studies, it was established that plasma hardening has a
significant effect on the microstructure, microhardness, and tribological properties of ShKh15 steel.
The maximum microhardness of the hardened layer, reaching approximately 679.4 + 34.0 HV, was
observed under the R1 mode (I = 120 A, VAr = 0.20 L/min), which is associated with the formation
of a martensitic structure in the hardened surface layer. At the same time, the minimum wear rate
was recorded under the R1 mode (I = 120 A, VAr = 0.20 L/min), where the wear intensity decreased
by approximately 3-3.5 times compared to the initial state. The obtained results confirm the
effectiveness of plasma hardening as a method for improving the wear resistance and operational
properties of ShKh15 steel.
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OPTYPII ©HAEY PEXUMAOEPIHAE NIA3MATbIK LWbIHBLIKTBIPY SAICI APKbIJbI LLIX15
MOWbIHTIPEKTIK BOJNIATbIHbIH TO3YFA TO3IMAINIIH APTTbIPY
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byn xymbicma epmypni eHOey wapmmapbiHOarbl rasmanblK  WbIHbIKMbIpyObiH  LLUX15
MoUbIHMIpeKmik 6os1ambiHbIH MUKPOKYPbIIbIMbI MeH mpuboroeusiibiK KacuemmepiHe acepi 3epmmenoi.
XKepeinikmi xxorapbl Xxbli0amObiKmMbl KbI30bipyFa XoHe KeliiHai 630ieiHeH WbIHbIFyFa Heaiddesn2eH rnnasmaribiK
eHOey cyUblK cankbiHOamkbiw opmarnapdbl KondaHbal-ak 6epikmeHOipinezeH 6emki KabammbiH
KarnbinmacybiH KaMmamachi3 ememiHi kepcemindi. OkcriepumeHmmik 3epmmeynep nnasmarsiK 00Fa moabiH
(120-140 A) xoHe nnasma mysywi ea3 welrbiHbIH (0,2-0,25 n/MUH) e32epmy apKbifibl Xypai3indi. AnbiHraH
HemuXKernep rnnasmarsblK WhIHbIKMbIPYObIH MapmeHCUmmeH, KanoblK ayCmeHUMMeH XoHe nepnummeH
mypambiH 2padueHmmi MUKPOKYPbIbIMHbIH KarbiimacybliHa afbifl KesemiHiH, COHbIMEH Kamap OHbIH
bacmarikbl nepaummik KypblibiMFa 6ipmiHOen aybicambiHbiH Kepcemmi. bepikmeHdipinzeH kabammbiH
makcumarndbl MukpokammalibiFbl 250 mkm mepeHdikke deliH 700 HV maHiHe xemedi. «Lllap-Ouck» cynbachki
bolibIHWa xypeisineeH mpubonoausnbiK CbiHaKkmap rna3marnbsiK eHOeydeH KeliH yUkenic KoaghghuyueHmiHiH
apmamabliHbIH, an mo3y XbindamOblfbiHbIH bacmarkbl KylMeH canbicmbipraHoa 3-3,5 ece memeHOelmiHiH
Kepcemmi. AnbiHFaH Hemuxenep LLUX15 6onambiHbiH mo3yra mesimdinieiHiH edayip apmkaHbiH danendelioi
JKOHE rnyia3maribiK WbIHbIKMbIpyObiH 6emmi 6epikmeHOipy adici pemiHde muimdinieiH pacmaiobi.

TyiliH ce30ep: nnasmarnbik WbIHbIKMbIPY; LLIX15 6onambi; 6emmik 6epikmeHdipy; mo3yra
me3imoinik; mpubonoausisibiK Kacuemmep.
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NOBbLILWEHUE N3HOCOCTOMKOCTU NOALLIMNHUKOBOW CTAJIU LWIX15 METOAOM MNJIASMEHHON
3AKAJIKM NMPU PASNIUYHbLIX PEXXKUMAX OBPABOTKA

B daHHoU pabome uccriedosaHo 6russHUe MIa3MEeHHO20 YrPOYHEHUs Mpu pasniuyHbiX yCrio8usix
obpabomku Ha MUKpocmpykmypy u mpubonoaudyeckue ceolicmea nodwurnHukogol cmarnu LLIX15. lNoka3aHo,
uymo nnasMeHHas obpabomka, OCHO8aHHasi Ha JI0Ka/u308aHHOM 8bICOKOCKOPOCMHOM Hagpeee C
nocnedyrouwel camosakarnkoul, obecriequgaem ¢hopMuposaHue yrnpo4YHEHHO20 MOBEPXHOCMHO20 Criosi 6e3
rnpumeHeHuUs1 Xudkux oxnaxodarwux cped. OIKcriepumMeHmarnbHble uccredoeaHuss npPoesodunucs rnpu
8apbupogaHuUU moka rnnasmeHHoul dyeu (120-140 A) u pacxola nna3moobpasyrouwezo 2asa (0,2-0,25 n/mMuH).
lMonyyeHHble pe3ynbmamsbl [0Ka3bigarom, 4Ymo [a3MeHHas 3akasika npuesooum K GbopMUPOBaHUIO
epadueHmHOU MUKPOCMPYKmMypbI, cocmosiwel u3 MapmeHcuma, ocmamo4YyHo20 aycmeHuma u nepauma, ¢
nnaeHbIM nepexodoM K UCXOOHOU nepnumHol  cmpykmype. MakcumanbHass Mukpomeépdocms
yrpoyHéHHo20 cnosi docmuzaem 700 HV nipu enybuHe do 250 mkmM. Tpuborozaudeckue ucrsimaHusi o cxeme
«wapuk-0uck» rfokasasnu, 4mo rocre rnasmeHHol obpabomku KoaghhuyueHm mpeHusi yeernudueaemcs,
moeda KaKk CKopoCmb U3HOCa CHuxaemcs 8 3-3,5 pasda no CpaBHEHUK C UCXOOHbIM COCMOSHUEM.
lMonyyeHHble pe3ynbmambl ceudemenibCmeyrom O 3Ha4YUumesibHOM MO8bIWEeHUU U3HOCOCmoUKocmu cmarnu
LX15 u nodmeepxdarom 3hheKmueHOCMb NAa3sMeHHO20 YrPOYHEHUsT KaKk memoda o8epxXHOCMHO20
YMPOYHEHUS.

Knroyeenbie crnoea: nnasMeHHass 3akanka;, cmanb LUX15; nosepxHOCmMHoOe yrpoOYHEeHUE;
usHococmotikocmb, mpubosioaudyeckue ceolicmea.
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