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Abstract. The C235 steel samples were dry-slid along the counterbody (C45 steel) according to the pin-on-ring configuration scheme (shaft-pad type)
at sliding speeds of 0.75 — 8.0 m/s under a contact pressure of 0.13 MPa. The need for such an experiment is justified by the lack of indicative
data on the tribotechnical behavior of steel in sliding contact with steel in the absence of oxidation products in the contact space. Temperature
of the sample holder does not exceed 35 °C at all sliding speeds. This allows us to assume that there are no oxidation products on the contact surfaces.
Formation of the transfer layer is visually observed in sliding only at low speeds: 0.75 — 1.3 m/s. The friction coefficient decreases during the forma-
tion time of the transfer layer and reaches a final value of about 0.4. The sliding surfaces of the samples contain signs of adhesive interaction at all
sliding speeds. Adhesion is particularly pronounced on the sliding surface of the sample at a sliding speed of 2.5 m/s. The friction coefficient at this
sliding speed has significant fluctuations around 0.8 + 0.1. At the same time, there is a high rate of wear. Dependence of wear intensity on the sliding
speed has maximum at a sliding speed of 2.5 m/s. The lowest wear rate is observed at a sliding speed of 5.0 m/s and at friction coefficient of about
0.7 £0.05. A low amplitude of friction coefficient fluctuations (0.7 + 0.03) is observed when sliding at a speed of 8.0 m/s. X-ray phase analysis
showed that contact layers of the samples at all sliding speeds have only a-Fe phase with a lattice parameter of about 0.287 nm.
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AnHomayus. B nanHoit pabore cyxoe ckoibkeHue oOpasnoB cranu Ct3 1o KoHTpTenly (cTajlb 45) OCyLIECTBISUIOCH IO CXEME COINPSIKEHUs.
«pin-on-ring» (TUIa Bal—KOJIOJKA) PU CKOpPOCTIX ckoibxkenust 0,75 — 8,0 m/c mox konTakTHBIM AaBieHueM 0,13 MIla. Heo6xoaumocTs mpoBe-
JICHHSI TaKOro JKCIIEpUMEHTa 000CHOBaHA OTCYTCTBHEM OPHEHTHPOBOYHBIX JAHHBIX O TPUOOTEXHHYCCKOM ITOBEJACHHUH CTAIU B CKOJIB3SIIEM
KOHTAKTE€ 110 CTaJM NMPU OTCYTCTBUM NPOAYKTOB OKHMCIICHUsS B KOHTAaKTHOM IpocTpaHCcTBe. Temmeparypa aepxarens oOpas3lia He MpeBbIIIACT
35 °C npH BceX CKOPOCTSAX CKONIBKCHUS. DTO MO3BOJISCT CAEIATh JOIYNICHHE 00 OTCYTCTBHHU HMPOIYKTOB OKUCIICHUS Ha IIOBEPXHOCTSIX KOHTAKTA.
O0pa3oBaHue CII0s IEPEeHOCa BU3YaIbHO HAOIIONACTCS TP CKOJBKEHUH TOIBKO ¢ MasbiMu ckopoctsimu: 0,75 — 1,3 m/c. KoadduiueHTt tpenus
CHIDKACTCS B TCUCHHE BPEMCHH 00PAa30BaHMS CJIOS IIEPEHOCA M IPHHUMAET KOHeYHOoe 3HadeHne okono 0,4. TIOBEpXHOCTH CKOJNBXEHHS 00pa3oB
coJieprKat MPU3HAKU aJIre3MOHHOTO B3aMMOJICHCTBHS IPH BCEX CKOPOCTSIX CKOJIbKeHHUs. OCOOCHHO OTYETIIMBO aare3usi HAOMIOIALTCsl Ha IOBEPX-
HOCTH CKOJIBXKEHHsI 00pasiia mpu CKOPOCTH CKoibxkeHus 2,5 m/c. KoadduimeHt TpeHnst mpu 3T CKOPOCTH CKOJIBKEHUS UMEET 3HAUUTEIIbHBIC
kosiebanusi okoso 3HaueHus: 0,8 £0,1. OpHOBpeMeHHO HaOMIOACTCsl BBICOKAS MHTCHCUBHOCTh M3HALIMBAHMS. 3aBUCHMOCTh MHTEHCHBHOCTH
M3HAIINBAHKS OT CKOPOCTH CKOJIBKEHHSI MaKCUMalbHa TIPH CKOPOCTH CKOJbKeHHst 2,5 m/c. Camasi Hu3Kasi MHTEHCHBHOCTD M3HAIINBAHHS HAOMIIO-
JTAeTCsI IIPU CKOPOCTHU CKonbxkeHus 5,0 M/c 1 ipu kodddurpente Tpernst okono 0,7 + 0,05. Huzkas ammmutyna koinebanuit koaddurmenra TpeHust
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(0,7 £ 0,03) HaOmrODAaETCS MPH CKOJBKEHUH €O CKOpocThio 8,0 M/c. PeHTreHoBckuii (pa3oBbIi aHANIN3 1OKA3ajl, YTO KOHTAKTHBIE CIIOW 00pa3loB
MIPH BCEX CKOPOCTSIX CKOJBKEHUS UMEIOT TONBKO (pasy a-Fe ¢ mapamerpom pemretkn okoino 0,287 HM.

Kawuessle caosa: CKOJTB3SITITUI MeTaJNTnIeCKUi KOHTAKT, MHTCHCUBHOCTb U3HAIIMBAHUA, aATC3Us1, OKHUCIICHUC, KOB(b(i)I/IL[PICHT TpeHUs, TEMIIEparypa

Jieprkaresist o0pasua, (pa3oBblii cCOCTaB KOHTAKTHOTO CIIOSI

Bbaazodaprocmu: Pabota BbINONHEHA B paMKaxX roCyJapCTBEHHOro 3a1anus VHCTUTYTa GU3MKK TPOYHOCTH M MatepuanoBeneHust Cubupckoro ote-

nenust PAH, tema nomep FWRW-2021-0006.

Aaa yumupoeanus: Aneyraunosa M., ®anun B.B. OcobGeHHOCTH M3HAIMBAHYS KOHTAKTHOH MOBEPXHOCTH CTAJIU IPU CKOJILKEHHH 101l HU3KUM
KOHTAKTHBIM JaBIeHueM. Mzsecmus 6y306. Yepnas memannypeus. 2025;68(3):259-265. https://doi.org/10.17073/0368-0797-2025-3-259-265

- INTRODUCTION

Sliding metal-to-metal contact is typically accom-
panied by changes in the contact surfaces due to plastic
deformation and fatigue failure [1]. The primary mea-
sure of this failure is the wear intensity, which serves as
the main functional characteristic of the sliding contact.
Wear depends on numerous input parameters of the tribo-
system, particularly the contact pressure, sliding speed,
phase composition of the contact materials, contact geo-
metry, and other factors. These factors determine the wear
mechanisms, while wear itself is always driven by adhe-
sive and mechanical interactions of the surface asperi-
ties in contact [1; 2]. Wear is also characterized by other
output parameters of the tribosystem, such as the friction
coefficient, structural parameters of the contact layers,
and so on [3 — 6].

One of the most severe types of loading is the effect
of dry sliding on metal. In this mode, it is possible
to reduce the degradation rate of the contact layer
(as well as wear), for example, through self-organization,
oxidation on the friction surface, and similar pheno-
mena [3; 5; 7—9]. The tribotechnical behavior of fric-
tion pairs has been primarily investigated under vary-
ing contact pressures and sliding speeds [4; 7; 10 — 16].
It has been noted [7; 10; 15] that the friction coefficient
usually decreases with increasing sliding speed, although
in some cases, it may increase [16]. Changes in the struc-
ture of the contact layers have also been observed, parti-
cularly their amorphization and oxidation [4; 8; 13 — 15].
However, the contact temperatures or the sample holder
temperatures were not reported, leaving the approximate
temperatures that trigger oxidation in the friction zone
unknown.

In general, the temperature in the contact zone de-
pends on heat dissipation. Low heat dissipation, caused
by the low thermal conductivity of the sample or
the design of the sample holder, results in high local tem-
peratures and steep temperature gradients in the contact
area. This leads to rapid degradation of the sliding surface
under increasing load parameters. Establishing the rela-
tionship between wear and the thermal state of the tribo-
system is one of the current challenges in tribotechnical
materials science. Determining the contact temperature
poses certain technical difficulties, as it can only be esti-
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mated approximately, whether experimentally or theore-
tically. In contrast, the sample holder temperature can
be determined more easily and accurately, which is why
it can serve as one of the characteristics of the sliding
contact.

The sliding surface is often ground and cleaned
of oxidation products before conducting tribologi-
cal tests [17 — 19]. Determining the necessity of these
actions to reduce wear is of scientific interest. Typically,
oxidation products on the contact surface act as a sepa-
rating medium between the contact surfaces, reducing
adhesion, the friction coefficient, and wear [4; 5; 11; 12;
14 —16; 20]. However, in some cases, an oxidizing
gaseous environment causes more severe wear than in
an oxygen-free environment [21]. Furthermore, diffe-
rences in the design of friction assemblies and other
tribological parameters across different studies can lead
to variations in wear. These differences in friction beha-
vior highlight the need for further research in this area.
C235 steel can serve as a model sample, and hardened
C45 steel can be used as a model counterbody.

The aim of this study is to investigate the relation-
ship between the wear of C235 steel, the sample holder
temperature, and the phase composition of its contact
layer during sliding against C45 steel at different sliding
speeds.

[ MATERIALS AND METHODS

To produce work-hardened samples (HH=2.2 GPa)
with a cross-sectional area of 2.5%4.0 mm and a height
of 6 mm, low-carbon C235 steel (0.2 % C) was used.
The phase composition of the contact layers was analyzed
using X-ray diffraction on a DRON-7 diffractometer
with CuK  radiation. The sliding surfaces were examined
using a confocal laser microscope (CLM, Olympus
OLS 4100).

Friction loading was applied under a contact pres-
sure P =0.13 MPa without lubrication, at sliding speeds
v=10.75+8.0m/s, using a CMT-1 tribometer with
a pin-on-ring configuration shaft-pad type, see Fig. 1).
The counterbody was made of C45 steel (0.42 — 0.50 % C)
with a hardness ofHH = 5.8 GPa (53 HRC). Thermocoup-
les (chromel — copel) were attached to the sample holder
using screws. The linear wear intensity was calculated
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Fig. 1. Pin-on-ring configuration diagram:
1 — sample; 2 — sample holder; 3 — counterbody;
T, and T, — thermocouples on sample holder

Puc. 1. Cxema conpsbKeHUs pin-on-ring:
1 — obpaser; 2 — nepxarenb o0pasia; 3 — KOHTPTEIO;
T, n T, — TepMonapsl Ha Jiepxareiie 00pasia

as I, = h/D, where h is the change in sample height per
sliding distance D. The friction coefficient was measured
using a ZET 7111 strain gauge. Each test was performed
three times.

[ EXPERIMENTAL RESULTS AND DISCUSSION

The obtained parameter values are presented in
the Table, where a is the lattice parameter of a-Fe; /,,,/1,,

Values of the obtained parameters

3HavyeHus MOJIYyY€HHBIX ITapaMeTpoB

Parameter values
Parameter at sliding speed, m/s
0.75 1.3 2.5 5.0 8.0
a, nm 0.8730 | 0.2871 | 0.2873 | 0.2872 | 0.2871
Liohy | 443 | 483 | 658 | 1133 | 1032
L/l | 229 | 295 | 315 | 452 | 3.96
T,°C 20 23 28 31 35
T, °C 20 21 24 26 28
I, , pm/km 36 130 250 4 30
B,deg | 0283 | 0330 | 0439 | 0467 | 0485
By, deg | 0315 | 0447 | 0471 | 0415 | 0576
and /,,,/1,,, are the intensity ratios of the X-ray diffrac-

tion peaks of o-Fe; T and T, are the thermocouple tem-
peratures on the sample holder; 7, is the wear intensity;

B,,, and B, are the half- width B, , of the X-ray peaks.

On the contact surfaces obtained at sliding speeds
between 0.75 and 1.3 m/s, there are no clear signs of adhe-
sion (Fig. 2, a, b). X-ray diffraction analysis of the con-
tact surfaces revealed only the o-Fe phase (Fig. 3, a).
The lattice parameter of this phase (see Table) is close

Fig. 2. Confocal images of contact surfaces of the samples (C235 steel) in sliding
at speeds of 0.75 (a), 1.3 (b), 2.5 (¢), 5.0 (d) and 8.0 m/s (e)

Puc. 2. KondokasnbHbie H300paxeHHs OBEPXHOCTEH KOHTaKkTa 00pasioB (ctanb CT3) npu CKOIbKCHUU
co ckopoctsamu 0,75 (a), 1,3 (b), 2,5 (¢), 5,0 (d) u 8,0 m/c (e)
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to the standard value of 0.2866 nm (ASTM 6-696 Stan-
dard). The friction coefficient f at these speeds decreases
over time, stabilizing at approximately 0.4 (Fig. 3, b, ¢).
This decrease is associated with the formation of a trans-
fer layer on the counterbody surface, which is visually
observed and can be easily removed with a cloth. The wear
intensity Th of the samples increases with increasing sli-
ding speed from 0.75 to 1.3 m/s (see Table). The contact
surfaces of the samples appear approximately the same
(Fig. 2, a, b).

Increasing the sliding speed to 2.5 m/s results
in pronounced signs of strong adhesive interactions
on the sample’s contact surface (Fig. 2, c¢). Signifi-
cant fluctuations in the friction coefficient, with high
values ranging from 0.7 to 0.8 (Fig. 3, d), also indicate
strong adhesion at the contact interface. No transfer
layer is observed on the counterbody surface. Under
these conditions, a high wear intensity /, is recorded
(see Table). The contact layer contains only the o-Fe
phase (Fig. 3, a), and the lattice parameter remains
close to the standard value.

Sliding at a speed of 5.0 m/s occurs without the for-
mation of a transfer layer. There are no visible signs
of strong adhesion (Fig. 2, d), although adhesion mani-
fests as occasional significant fluctuations in the friction
coefficient (Fig. 3, e). The contact layer still contains
only the a-Fe phase (Fig. 3, @). The wear intensity /, is
relatively low (see Table).

Sliding at 8.0 m/s leads to the formation of a sur-
face relief with signs of mild adhesive interaction on
the sample’s contact surface (Fig. 2, e) at a friction coef-
ficient of approximately 0.6. The transfer layer is absent.
The contact layer structure consists solely of the a-Fe
phase (Fig. 3, a), and a high wear intensity /, is observed
(see Table).

The low temperatures 7, and 7, of the sample holder
(see Table) and the absence of oxidation products on
the contact surface (Fig. 3, @) indicate a low contact tem-
perature. An increase in the intensity ratios /,,,/1,,, and
1,,./L,,, of the X-ray diffraction peaks is observed with

irlllcoreglsling sliding speed (see Table), which may indi-
cate the formation of a deformation-induced texture.
At a sliding speed of 8.0 m/s, the intensity ratios begin
to decrease, which could be due to partial recrystalliza-
tion of grains or the removal of the most textured contact
sublayer as wear debris. Additionally, there is a general
trend of increasing the halfwidth B, , of the X-ray peaks
with rising sliding speed (see Table). This is associated
with increased residual stresses in the contact layer,
a reduction in the size of the coherent scattering regions
(CSR), and other factors. Determining the dominant cause
of the B,,, increase is beyond the scope of this study.

Repeated mechanical and adhesive interactions that
exceed the yield strength in the micro-volumes of surface
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Fig. 3. X-ray diffraction patterns of contact surfaces of the samples
(C235 steel) when sliding at different speeds (a) and time dependence
of the friction coefficient in St3/45 steel contact when sliding
at a speed of 0.75 (), 1.3 (¢), 2.5 (d), 5.0 (e) and 8.0 m/s (f)

Puc. 3. PenTreHorpaMMbl IOBEPXHOCTEH KOHTAaKTa 00pa3iioB
(cranb C13) IpH CKOJIBXKEHHUHU C PA3HBIMH CKOPOCTSIMH ()
¥ 3aBHCUMOCTbB KO3 (uIeHTa TpeHus: OT BpEMEHI
B KoHTakTe C13/CTaib 45 NpH CKOIBKEHHU CO CKOPOCTHIO
0,75 (b), 1,3 (¢), 2,5 (d), 5,0 (e) u 8,0 m/c (f)
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asperities lead to the accumulation of defects at various
scales, resulting in the formation of vacancies, pores, fine
grains, and other structural defects in the contact zone.
In such cases, fatigue failure occurs, leading to the for-
mation of wear debris. It is worth noting that fatigue-
induced failure due to adhesion often dominates over
failure caused by the mechanical collision of two oppo-
sing microscale asperities [1]. As a rule, the mechanism
of contact zone failure depends on the mode of stress
relaxation, which, in turn, is determined by the loading
conditions. For example, changes in sliding speed — that
is, changes in the deformation rate (the rate of energy
input into the contact layer) — result in changes in
the failure rate of the contact layer (wear intensity /, ; see
Table). This indicates a shift in stress relaxation mecha-
nisms with varying sliding speeds v.

At low sliding speeds, mechanical interactions
between opposing surface asperities are relatively weak,
but prolonged contact within the contact spots promotes
sustained adhesive interactions. As a result, adhesion
may occur in these contact spots, potentially exceeding
the strength of the cohesive bonds beneath the contact
area. This can lead to the detachment of micro-volumes
from the sample and their transfer to the counterbody
surface. The formation of a transfer layer on the counter-
body’s sliding surface at sliding speeds 0of 0.75 — 1.3 m/s,
along with some sample wear (see Table), aligns with
this mechanism. In such cases, asperities may fail either
immediately due to adhesion or as a result of fatigue
caused by repeated adhesive interactions. This transfer
layer is easily removed and contributes to a lower friction
coefficient compared to sliding on a clean (initial) con-
tact surface (Fig. 3, b, ¢). At these sliding speeds, stress
relaxation likely occurs predominantly through plastic
shear and the formation of dislocation and disclination
structures within a very thin contact layer with weak
texture. While these shear mechanisms are active under
all friction conditions, they are not always the dominant
factors.

High adhesive stresses in the sliding contact can be
relaxed only through extensive plastic shear deformation,
accompanied by the formation of numerous defects such
as micropores, microcracks, and similar imperfections
at a sliding speed of 2.5 m/s, that is, when more effective
stress relaxation mechanisms are absent.

It is well-established [22;23], that pulsed loa-
ding of metals enhances diffusion, which serves as one
of the mechanisms for stress relaxation. This effect is
expected to become more pronounced during the impul-
sive contact of asperities as the sliding speed increases.
The low wear observed at v = 5.0 m/s suggests the poten-
tial manifestation of this effect, along with the forma-
tion of dissipative structures within the contact layer.
These structures dissipate once the contact spots disen-
gage. The identification of the specific stress relaxation

mechanism lies beyond the scope of this study and will
be addressed in future research.

The proposed stress relaxation mechanisms may also
be active at v = 8.0 m/s. However, the wear intensity /,
remains relatively high (see Table), as the plastically
deformed contact layer tends to expand with increasing
sliding speed, accompanied by a rise in the deforma-
tion rate. Consequently, an increase in wear is expected
at sliding speeds above 5.0 m/s, despite the reduction
in the friction coefficient and the amplitude of its fluc-
tuations (Fig. 3, f). It is noteworthy that, in many cases,
wear intensity /, decreases with increasing sliding
speed [15; 24]. More precise data are anticipated for
v > 8.0 m/s in future studies.

- CONCLUSIONS

This study investigated the wear behavior of C235
steel sliding against C45 steel in the absence of oxidation
products between the contact surfaces at sliding speeds
up to 8 m/s under a contact pressure of 0.13 MPa.

The contact surfaces consist solely of the a-Fe phase,
with a lattice parameter of 0.287 nm across all tested
sliding speeds. The sample holder temperature remained
below 35 °C throughout the sliding speed range of 0.75
to 8.0 m/s.

Increasing the sliding speed promotes the forma-
tion of a pronounced texture within the contact layer.
At sliding speeds of 0.75 and 1.3 m/s, a transfer layer is
retained on the counterbody surface, leading to a reduc-
tion in the friction coefficient to 0.4, accompanied by
adhesive wear.

A further increase in the sliding speed to 2.5 m/s
results in a significant rise in wear intensity due to strong
adhesion at the contact interface. Increasing the sliding
speed from 2.5 to 5.0 m/s leads to a sharp decrease in
wear intensity, followed by a slight increase in the range
of 5.0 — 8.0 m/s.
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