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As established, the transition of the friction pair composed of steel 130Cr17
and steel 20Cr13 to a stationary operating mode with minimal wear and fric-
tion coefficient occurs due to the self-organization of the wear-resistant ul-
tra-fine-grained coatings on the contact surfaces of both solids. These coat-
ings are formed from a qualitatively new ultradispersed and nanostructured
material that can contain up to 25 at.% of oxygen and carbon. As shown, self-
organizing wear-resistant coatings are composed of friction layers, each of
which is the result of a separate act of layering a microvolume of metal on the
working surfaces of the solids. Friction layers differ from the deformed orig-
inal metal of steels in terms of their high hardness and elasticity. They pre-
vent the formation of strong adhesive bonds between rubbing solids and facil-
itate the transition of the system to a stationary operating mode with a min-
imal coefficient of friction and wear. During operation, the material of the
surface friction layers is subject to intense cyclic thermomechanical effects.
Therefore, its ability to retain its unique physical and mechanical properties
under extreme conditions of high temperature and pressure determines the
behaviour and performance properties of friction units. To analyse the possi-
ble influence of external thermal effects on the physical and mechanical
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properties of the rubbing material, the samples obtained after friction tests
are annealed in a vacuum of 0.01 MPa at temperatures of 620°C and 720°C
for 1 hour. As established, these causes complete softening of the original
metal that was deformed by friction. At the same time, the material of the
friction layers retains high hardness and elasticity even after the samples
have been annealed at 720°C. The maximal softening of the metal is observed
at the beginning of the friction layers, where the structure is least fragment-
ed, while the minimal softening is observed in the nanostructured material at
the final part of the friction layers. As shown, during the formation of sur-
face friction layers, the carbide phase dissolves and the metal is saturated
with active chemical elements of the working environment. This enriches the
grain boundaries of the surface friction layers with C and O atoms. Thermal
treatment of samples after friction results in carbon atoms occupying octa-
hedral interstitial sites of the b.c.c. iron—chromium alloy in the boundary
regions of the grains of the surface friction layers, while oxygen atoms form
a fine-dispersed oxide phase (a-Fe203). Their number at grain boundaries in-
creases with the increased degree of metal fragmentation. The carbon atoms
in the octahedral interstitial sites of the b.c.c. iron—chromium alloy form
strong covalent bonds with the surrounding metal atoms. They reduce signif-
icantly the mobility of atoms and make the metal structure less sensitive to
external thermomechanical influences. The presence of a fine-dispersed ox-
ide phase at the grain boundaries also contributes to this one. This makes the
physical and mechanical properties of the material of the surface friction
layers significantly more resistant to external thermal influences compared
to those of the deformed original metal.

Key words: sliding friction, wear resistance, nanostructured material, ultra-
fine-grained structure, plastic deformation, surface friction layers, physical
and mechanical properties, recrystallization.

Bcramosieno, 1o nepexin mapu Tepta Kpuisa 130X 17—kpuma 20X13 y crartri-
OHAPHUU PEeXUM POOOTY 3 MiHIMAJILHUMU 3HOCOM i KoedirieHToM TepTa Binoy-
BAEThCA 3aBIAKM caMOopraHisarii ma moBepXHAX KOHTAKTy 000X TiJI 3HOCO-
CTiiKuX HaaapioHOAVCHIepcHUX MOKPUTTIB. I1i MOKPUTTA CKIamaOThCA 3 AKic-
HO HOBOTIO YJIBTPAAWCIEPCHOTO Ta HAHOCTPYKTYPOBAHOTO MAaTepiasly, AKWUHN
moxke mictutu mo 25 at.% Oxcureny Ta Kapbomny. ITokasano, 1o camoopraui-
30BaHi BHOCOCTiMKi MOKPUTTS CKJIANAIOTHCA 3 IIapiB TePTA, KOXKEH 3 AKUX €
pesyJIbTATOM OKPEMOro aKTy HAIlapyBaHHS MIKpoo0 €MiB MeTaay Ha pobGoui
noBepxHi Tis. [loBepxHEBi mapu TepTa BigpisHAIOTHCA Bif 1edopMOBaHOTO BU-
XiTHOTO MeTaJly KpUIlb BUCOKUMU TBEPAICTIO Ta NPY:KHicTI0. BoHM mepermiko-
IKAIOTh YTBOPEHHIO MiXK TiIaMu, IO TPYThCS, CIILHUX aATe3iiHuX 3B A3KiB i
CIPUSAIOTH IIEPEXOY CUCTEMHU B CTAI[iOHAPHUH PEKUM POOOTY 3 MiHiMaJIbHUMU
KoedimienTom TepTsa Ta 3HocoM. I1ix wac poboru MmaTepidyi MOBEPXHEBUX IIAPiB
TePTA MiATAETHCA IHTEHCUBHUM ITUKJIIYHIM TePMOMEXaHiUYHUM BILINBAM. Woro
3naTHiCTh 30epiraTu cBoi yHiKambHI (PiswMKO-MexaHiUHI BJIACTUBOCTI B €KCTpe-
MaJbHUX YMOBaX BHCOKUX TEMIIEPATYyPU Ta TUCKY BU3HAUAE MOBENIHKY I €KC-
ILTyaTalifiHi BJIaCTUBOCTL By3JIiB TepTd. s aHami3yu MOKJIMBOIO BILIUBY 30B-
HimTHiX TepMiuHUX HaBaHTa)KeHb Ha (isWUHiI Ta MexaHiuHi XapaKTepPUCTUKU
MaTepissy 30H KOHTAKTHOI B3aeMoxii KpuIh 3pasku mIiciasd BUIPOOyBaHb HA
TepTaA migmaBanucA Biamasy y Bakyymi 0,01 MIIa 3a temmeparyp y 620°C i
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720°C yuponmos:xk 1 ronuau. BecTaHOBIEHO, ITI0 ITe BUKJINKAE ITOBHE 3HEMiITHEH-
HA 1eopMOBaHOTO Yepes TePTA BuxigHoro merasry. BogHouac maTepias mosep-
XHEBUX MIapiB TepTd 30epirae BUCOKi TBepAicTs i Mpy:KHiCTh HABITH Imicia Bix-
nasry 3paskis 3a 720°C. MakcuMasbHe 3HEMIITHEHHSA MeTaJy CIIOCTEPIraeThCca
Ha IIOYATKY IIIapiB TEPTA, JIe CTPYKTypa € HaliMeHII (hpparMeHTOBaHOIO, MiHiMa-
JIbHE — y HAHOCTPYKTYPOBAHOT'O MAaTEPiAJly KiHIIEBOl YaCTUHU HIApiB TEPTA.
IToxasano, 1110 YTBOPEHHS ITOBEPXHEBUX IAPIB TEPTA CYIPOBOIIKYETHCSI PO3-
YNHEHHAM KapOimHol ¢asu Ta HACMUEHHAM MeTATy AKTUBHUMHN XE€MiUHUMU
eleMeHTaMu pobouoro cepemoBuiria. Ile 36arauye me:xi sepeH ImapiB TepTs
aromamu C i O. Tepmiune 06pobaeHHA 3pa3KiB miciid TepTd IPUBOAUTS IO TOTO,
o atomu KapOoHY y MpmMeKOBUX OOJIACTAX 3epPeH IapiB TepTA 3aliMaioTh
okramopu OIIK-cTomy 3aimiza 3 Xpomom, a aromu OKCuUreHy yTBOPIOIOTh APi6-
HOAuCIepCHY oKcuaay dasy o-Fe:0s. Ixua kinmpkicTs Ha Mexax sepeH 3pocTae
pasoMm 3i 30iJbIIeHHAM cTymeHa GparmenTaiii meranry. Aromu KapboHy B OK-
ramopax OITK-cromy sariza 3 XpoMoM, yTBOPIOIOTH MillHi KOBAJEHTHI 3B  A3KHU
3 HABKOJIMIIHIMU aTOMaMu MeTajly. BOHM iCTOTHO IOHMIKYIOTH PYXJIUBiCTH
aTOMiB i pOBJIATEH CTPYKTYPY METaTy MEHII YyTJINBOIO IO 30BHINIHIX TepMoOMe-
xaHiuHUx BruBiB. IlpucyTHicTs Ha Mexxax 3epeH nApidHOAVCIIEPCHOI OKCHIHOT
dasu Texk crupusie mpomy. 1le pobuTh QismKO-MexaHiUHiI BIaCTUBOCTI MaTepi-
SJTy TOBEPXHEBUX IIAPiB TePTsA 3HAYHO OiIBII CTIHKMMU I1IO0 30BHIMIHIX Tep-
MiYHWX BIUJIVMBIB y IOPiBHAHHI 3 ehopMOBaHUM BUXiTHUM METAJIOM.

Karouosi ciioBa: TepTd KOB3aHHSA, 3HOCOCTiHKiCTh, HAHOCTPYKTYPOBAaHUI Ma-
Tepias, HaAApiOHOAMCIIEpCHA CTPYKTYPA, IJIacTUYHA Jed)opMallia, mOBepXHe-
Bi mapu TepTsa, PismKO0-MexaHiuHi BJIaCTHUBOCTi, PeKpUCTATiZaITid.

(Received 19 May, 2025; in final version, 25 August, 2025)

1. INTRODUCTION

In many cases, the efficiency of machines and process equipment de-
pends on the characteristics of the sliding bearings used in the manu-
facture of these machines and equipment. They determine the tech-
nical characteristics of products, their efficiency and durability. In
most cases, sliding bearings are manufactured using friction pairs
made of steel and copper-based alloys, such as bronze or brass. Howev-
er, they are not capable of operating under high loads in aggressive en-
vironments. Therefore, for extreme friction conditions, pairs of fric-
tion elements based on chromium steels were developed. High-
chromium steels have been proven wear-resistant materials with a
range of essential mechanical and special properties. The choice of
chemical composition of steels was determined by the conditions of
their operation [1-12]. In particular, the friction pair of steel 120Cr15
and steel 20Cr13 has demonstrated good performance. The use of it in
sliding bearings of pumps for heavily loaded equipment in the energy,
mining and food industries provides significant economic benefits. In
this regard, further scientific research and development of technical
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solutions to improve the antifriction properties of these alloys are of
great importance.

Almost any load applied to the friction components is transmitted
through their working surfaces. Therefore, the properties of the sur-
face friction layers in each friction element typically determine the
overall behaviour and operational characteristics of the friction unit.
It has been demonstrated in works [7—11] that, under conditions of
sliding friction in environments with active chemical elements, the
transition of friction pairs composed of steels 130Cr17 (120Cr15) and
20Cr13 to a stationary operating mode with minimal wear and friction
coefficient occurs due to the self-organization of qualitatively new,
wear-resistant ultra-fine-grained coatings on the contact surfaces of
both bodies. These coatings differ from the deformed original metal of
the steels in their high hardness and elasticity. They localize plastic
deformation processes in a thin surface layer, which prevents the for-
mation of strong adhesive bonds between rubbing bodies and facili-
tates the system's transition to a stationary operating mode with a
minimum coefficient of friction and wear.

During the operation of the friction unit, the material of the wear-
resistant ultra-fine-grained coatings is subjected to intense cyclic
thermomechanical effects. Today, there are many theoretical methods
for calculating the actual temperatures and pressures, which occur dur-
ing friction at the points of real contact between metal surfaces [13—
17]. According to them, individual sections of the friction surfaces of
the working pair consisting of steel 130Crl7 (120Crl15) and steel
20Cr13 can experience extreme conditions of high normal pressure
(3 GPa), flash temperature (450°C), and relative shear rate. Therefore,
the ability of the material of wear-resistant ultra-fine-grained coatings
to maintain its unique physical and mechanical properties under ex-
treme conditions of high temperature and pressure determines the be-
haviour and performance characteristics of friction units.

This work studies the influence of external thermal effects on the
physical and mechanical properties of the material in the contact in-
teraction area of a friction pair composed of steels 130Crl7 and
20Cr13. This will enable us to compare the resistance to external ther-
mal effects of a qualitatively new material of wear-resistant ultra-fine-
grained coatings with that of the original metal deformed by friction,
and to understand how the degree of fragmentation of the structure
and its saturation with impurity atoms affect the stability of the mate-
rials’ physical and mechanical properties.

This study will be useful for developing the physical foundations for
obtaining qualitatively new wear-resistant nanostructured and ultra-
dispersed alloys on the contact surfaces of friction units, which will
ensure a reduction in wear and the coefficient of friction by 2 to 3
times under extreme operating conditions.
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2. RESEARCH OBJECTS AND METHODS

The object of the study was a friction contact pair consisting of steel
130Cr17 (pad) and steel 20Cr13 (disk). The metal used for the research
was obtained from an open induction furnace with a capacity of 12 kg.
Metal samples were collected from each smelting for chemical analysis.
The carbon content was analysed through combustion in an oxygen
stream, while the concentration of alloying elements was determined
using an x-ray fluorescence spectrometer. The results of the chemical
analysis of the steels are presented in Table 1.

The alloys under study in the cast state possess a metallic matrix
predominantly characterized by an austenitic structure. As known [4],
such a structure is not always optimal in terms of wear resistance and
mechanical processing. There are numerous ways to alter the structure
of the metal matrix in alloys through heat treatment, which can
achieve the desired physical and mechanical properties. Therefore, the
alloys obtained after casting were subjected to additional heat treat-
ment. Steel 130Cr17 was subjected to heat treatment, which included
the following steps: heating to 950°C (held for 2 hours), cooling to
680°C (held for 2 hours), cooling in a furnace, quenching in oil from
1020°C and subsequent tempering at 600°C for 1 hour. The heat treat-
ment of 20Cr13 steel consisted of heating to 1020°C (held for 45
minutes), quenching in oil, and tempering at 520°C for 1 hour.

The test of the contact pair consisting of steel 130Cr17 (pad) and
steel 20Cr13 (disk) under sliding-friction conditions was conducted
using a standard friction machine (model 2070CMT-1). Friction be-
tween the steels according to the pad-disk scheme occurred under a
normal load of 5106 N/m? and a sliding speed of 1 m/s (Fig. 1). The ra-
tio of the pad area to the disc area, known as the mutual overlap coeffi-

TABLE 1. The average chemical composition of steels 130Cr17 and 20Cr13
(the total concentration of other impurity atoms did not exceed 0.05 wt.%).

Steel 130Cr17 Steel 20Cr13

wt.% | at.% wt.% | at.%
Fe 80.47 75.57 86.30 84.37
Cr 17.23 17.37 12.42 13.04
Si 0.36 0.68 0.50 0.97
Mn 0.51 0.49 0.41 0.41
Ti 0.01 0.02 0.01 0.01
Cu 0.06 0.05 0.09 0.08
P 0.02 0.03 0.02 0.04
S 0.02 0.03 0.02 0.04
C 1.32 5.76 0.23 1.04
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cient, is approximately k = 0.08. The root-mean-square errors in meas-
uring the weight wear of steels did not exceed 5-:107% g/m. The testing
scheme for steels under friction conditions is illustrated in Fig. 1.
Friction tests were performed in a water-air environment.

After friction testing, steel samples were subjected to heat treatment
at 620°C and 720°C for one hour in a vacuum of 0.01 MPa. For this pur-
pose, a laboratory LHTM muffle vacuum furnace was utilized. Based on
the phase diagrams of Fe—Cr—C-system alloys [17, 18], the a—7y-
transformation in the metal of the steels under investigation can occur
at temperatures above 780°C. Therefore, such heat treatment of steels
ensured the most severe conditions of external thermal influences
without phase transformations of the metals, which could have an addi-
tional effect on the physical and mechanical properties of materials.

The morphology and chemical composition of the surface friction lay-
ers were investigated with a JSM-6490LV scanning electron microscope
produced by JEOL Ltd. It was additionally equipped with an INCA En-
ergy 350 Premium energy-dispersive spectrometer featuring a silicon
drift detector and an INCA Wave 500 wave-dispersive spectrometer. It
also included an HKL Channel 5 EBSD electron backscatter diffraction
detector, manufactured by OXFORD Instruments (UK). The studies
were carried out using an accelerating voltage of 20 kV and a beam cur-
rent set at 7nA. Images of friction surfaces were obtained in secondary
electron mode. The calculation of element concentrations from the ob-
tained spectra was conducted using the matrix correction method. For
this purpose, the most advanced matrix effect correction scheme, XPP,
from OXFORD Instruments Analytical Ltd. was employed.

The local chemical composition of wear-resistant surface friction

Fig. 1. The testing scheme for steels under friction conditions: 1—pad, 2—disc.
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layers was further analysed using an MS-46 X-ray microprobe from
CAMECA. The chemical composition was quantitatively analysed on
oblique sections at specified points using a probe mode with settings of
20kV and 13nA. The ZOND program [19] was used to calculate con-
centrations and to make corrections for absorption, fluorescence, and
atomic number. The total error in calculating the concentrations of
metal atoms in the surface friction layers did not exceed 0.2 wt.%.

Metallographic studies were conducted using a Neophot-30 optical
microscope manufactured by Carl Zeiss. Layers of nickel approximate-
ly 300 uym thick were preliminarily electrolitically deposited on the
friction surfaces to protect them from potential damage during the
preparation of the sections.

Transmission electron microscopy studies of the microstructure and
phase composition of the surface friction layers were conducted using
a JEM-200CX electron microscope (JEOL Ltd.) at an accelerating volt-
age of 200 kV. To prepare thin foils, which enable the study of the met-
al throughout the entire depth of the contact interaction zone in steels,
a specially developed technique is employed, as described in detail in
Ref.[20].

Rockwell hardness measurements were conducted using a UT5011
device in accordance with State Standard 9013-59 (ISO 6508-86). Mi-
crohardness measurements were performed using a PMT-3 microhard-
ness tester in accordance with TOCT 2999-75. A Vickers diamond tip
was used with an indenter load of 0.5 N.

Micromechanical tests of the material in the contact interaction
zones in steels were conducted using the indenter dynamic penetration
method with the YMII-11 device. The technique for recording indenter
penetration diagrams in coordinates of indenter load (P) and mutual
approach (%) of the indenter and the sample was employed. The devel-
opment of this technique is detailed in works [21-23]. The indenter
and the sample approached each other at a constant speed of 1 m/s. To
enable a comparison of the microhardness values calculated from the
diagrams (based on the size of the diagonal of the residual plastic im-
print) with the measurement data from the PMT-3 device, the maxi-
mum load applied to the indenter was set to 0.5 N in both cases. The
proportion of the work of elastic deformation (Ag) in the total work of
elastic—plastic deformation (A) during the penetration of the indenter
was determined by the ratio of the areas under the unloading and load-
ing curves of the indenter penetration diagrams.

3. RESULTS AND THEIR DISCUSSION

The dependences of the friction coefficient and weight wear of a con-
tact pair consisting of 130X 17 steel (pad) and 20X 13 steel (disk) on the
friction path are illustrated in Figs. 2 and 3.
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From these figures, it is evident that the friction process of the con-
tact pair can be conditionally divided into two stages: the running-in
stage (section 1 in Fig. 2) and the stationary operation stage, character-
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Fig. 2. Dependence of the friction coefficient on the friction path for the con-
tact pair made of steel 130Cr17 and steel 20Cr13: 1—the stage of running-in
of the friction unit, 2—the stage of stationary operation.
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Fig. 3. Weight wear of the contact pair (steel 130Cr17 and steel 20Cr13) dur-
ing the breaking-in stage and under stationary operating conditions: I —wear
of the pad (steel 130Cr17), 2—wear of the disc (steel 20Cr13), 3—total wear
of the friction unit.
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ized by minimal wear and a low friction coefficient (section 2 in Fig. 2).

The analysis of the dynamics of structural-phase transformations
in the contact interaction zones of steels during friction indicates that
the transition of the friction pair to a stationary operating mode, char-
acterized by minimal wear and a low coefficient of friction, occurs due
to the self-organization of wear-resistant coatings on the contact sur-
faces of both components. In this context, the amount of these coatings
must be sufficient to shield completely the initial metals that were de-
formed during the running-in stage. Self-organized wear-resistant
coatings are formed as a result of the physical and chemical processes
occurring in the contact zone of the bodies during the running-in
stage, and these coatings can occupy between 45% and 90% of the
working surface of each rubbing body.

Figure 4 shows photographs of the structure of the contact interac-
tion zone of steels (cross-sections) after the friction tests. The self-
organized wear-resistant coatings in the photographs correspond to
zone A. They are situated above the deformed original metal of the
steels (zone B), have a clear boundary with it, and differ in their degree
of etching. Zones C in the figure correspond to the undeformed origi-
nal metal located deep within the rubbing parts.

A more detailed study of the structure of wear-resistant self-
organizing coatings (zone A) was conducted on oblique sections of
samples prepared at an angle of 30 degrees to the friction surface (Fig.
5). It can be observed that these coatings consist of distinct friction

b

Fig. 4. The structure of the contact interaction zone of steels 130Cr17 (a) and
20Cr13 (b) after the friction test. Cross-section: A is wear-resistant self-
organizing coatings, B is deformed original metal, C is undeformed original
metal.
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layers with a clear boundary between them, the total number of which
varies along the working surface.

Studies using scanning electron microscopy of the morphology of
friction surfaces confirm the previous results. Figure 6 illustrates typ-
ical areas of the working surfaces of 130Cr17 and 20Cr13 steels after
the friction pair has transitioned to a stable operating mode character-
ized by a minimum coefficient of friction and wear. The structure of
the lateral boundaries of the wear-resistant self-organizing coatings

a

Fig. 5. The structure of the contact interaction zone of steels 130Cr17 (a) and
20Cr13 (b) after the friction test. Oblique section at an angle of 30°: A is wear-
resistant self-organizing coatings, B is deformed original metal, C is unde-
formed original metal.

" e g 3 5
——— S b3 —_—
& X1,500 -10pm 0100 10 @w 20kV  X5,000 Sum 0095 10 59 SEI
a b

Fig. 6. The structure of the friction surfaces of steels 130Cr17 (a) and 20X13
(b): A is wear-resistant self-organizing coatings; B is deformed original metal.
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(zone A, Fig. 6) indicates that they are composed of individual layers,
resulting from the multiple layering of metal microvolumes on the
friction surfaces. Analysis of the cross-sectional structure of the con-
tact interaction zone of steels during friction indicates that each fric-
tion layer of self-organizing wear-resistant coatings results from a
separate act of layering metal microvolumes on the friction surfaces.
These metal microvolumes are formed through the adhesive interac-
tion of contacting bodies during the running-in stage of the friction
units.

The data presented above clearly indicate that the physical and me-
chanical properties of wear-resistant self-organizing coatings have a
significant impact on the tribological characteristics of friction units.
However, for the successful operation of friction units, it is equally
important that these coatings retain their unique properties under
long-term cyclic thermomechanical loads experienced during opera-
tion. Therefore, to analyse the potential influence of external thermal
effects on the material properties in the contact interaction zones of
steels, samples tested under friction were annealed in a vacuum of
0.01 MPa at temperatures of 620°C and 720°C.

Each of the friction layers in the self-organizing wear-resistant
coatings is created from a distinct process of metal layering on the
working surfaces of the components. As one moves along the individu-
al friction layers in the direction of metal layering, there are signifi-
cant changes in the mechanical properties, microstructure, and chemi-
cal and phase composition of the material [7—9]. Therefore, to under-
stand the mechanism of the potential influence of external thermal ef-
fects on the physical and mechanical characteristics of self-organizing
wear-resistant coatings, it is crucial to conduct a comprehensive study
of the material in the individual friction layers. This study should fo-
cus on how heat treatment affects the chemical and phase composition,
microstructure, and mechanical properties of various regions within
these layers.

Research findings presented in works [7—11] indicate that the na-
ture of structural-phase transformations in the contact interaction
zones of both friction pair components largely coincides. To streamline
our discussion and avoid unnecessary repetition, we will henceforth
focus on the processes taking place in the friction layers of steel
130Cr17.

After conducting friction tests on the contact pairs both before and
after annealing the samples, we performed micromechanical tests and
local x-ray spectral analysis on the materials in the contact interaction
zones of the steels. Using the Vickers diamond tip of the PMT-3 device,
we marked various areas of the oblique sections of the friction layers
and the original metal. Subsequently, local x-ray spectral analysis and
micromechanical testing of the material were conducted in the speci-
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fied areas. Therefore, the mechanical properties and chemical compo-
sition of the material in the friction layers (zone A), the deformed orig-
inal metal (zone B), and the undeformed original metal (zone C) of the
steels were analysed in the same locations.

Table 2 presents the average mechanical characteristics of the vari-
ous parts of the friction layers (zone A), along with the deformed (zone
B) and undeformed (zone C) original metal of 130Cr17 steel. The meas-
urements were conducted immediately after the friction tests of the
contact pair and the subsequent annealing of the samples at tempera-

TABLE 2. Average values of mechanical characteristics for the friction layers
(zone A), along with the deformed (zone B) and undeformed (zone C) initial
metal of 130Cr17 steel, following the testing of the friction pair consisting of
130Cr17 steel and 20Cr13 steel in a water—air environment. The measure-
ments were conducted immediately after the friction tests of the contact pair
and the subsequent annealing of the samples at temperatures of 620°C and
720°C for duration of 1 hour.

Zone A. Friction layer

Zone C Zone B

beginning | middle | end

Immediately after the friction tests of the contact pair
H},GPa 3.7 5.5 6.5 8.4 10.2
H;,GPa 3.6 5.5 6.6 8.3 10.1
Hi, GPa 3.2 4.6 5.5 6.5 7.7
H;-H, ,GPa 0.4 0.9 1.1 1.8 2.4
Aa/A 0.09 0.12 0.16 0.24 0.29
Ap/A 0.91 0.88 0.84 0.76 0.71

After the friction tests of the contact pair and the subsequent annealing
of the samples at temperature of 620°C for a duration of 1 hour

H",GPa 3.4 3.6 5.1 7.4 9.5
H,GPa 3.5 3.6 5.2 7.3 9.6
Hi, GPa 3.2 3.2 4.4 5.9 7.4

H:-H,,GPa 0.3 0.4 0.8 1.4 2.2

Aq/A 0.08 0.09 0.11 0.20 0.28
Ap/A 0.92 0.81 0.89 0.80 0.72

After the friction tests of the contact pair and the subsequent annealing
of the samples at temperature of 720°C for a duration of 1 hour

H",GPa 3.3 3.4 3.7 7.0 9.4
H¢,GPa 3.3 3.3 3.6 7.0 9.3
Hi, GPa 3.0 3.0 3.2 5.7 7.1

H:-H, ,GPa 0.3 0.3 0.4 1.3 2.2

Aq/A 0.08 0.08 0.09 0.19 0.28

Ap/A 0.92 0.92 0.91 0.81 0.72
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tures of 620°C and 720°C for duration of 1 hour.

The data presented in this table were obtained by averaging meas-
urements collected from five different friction layers. The correlation
between the microhardness values determined by the diagonal size of
the residual plastic imprint (Hj), as derived from the dynamic pene-
tration diagrams of the indenter, and the microhardness measure-
ments obtained with the PMT-3 device ( H}') corroborates the validity
of the micromechanical tests conducted on the metal.

Micromechanical tests of the materials in the contact interaction
zones of the steels (Table 2) indicate that heat treatment of the samples
following friction tests results in complete softening of both the unde-
formed and friction-deformed original metal (Fig. 4, zones B and C).
Meanwhile, the material of the friction layers, from which self-
organizing wear-resistant coatings are formed (Fig. 4, zone A), retains
high hardness and elasticity. The data presented in the table reveal
that the influence of external thermal effects on the mechanical prop-
erties of the friction layer material depends on both the annealing tem-
perature and the degree of fragmentation of the metal structure. Max-
imum softening of the material is observed at the beginning of the fric-
tion layers. In these regions, there is a significant dependence of the
mechanical properties on the annealing temperature. Increasing of the
annealing temperature of the samples from 620°C to 720°C leads to
complete nearly the softening of the material at the onset of friction
layers.

The chemical composition of the friction pair was analysed using lo-
calized x-ray spectroscopy. Table 2 presents the average chemical com-
position of the various parts of the friction layers (zone A), along with
the deformed (zone B) and undeformed (zone C) original metal of
130Cr17 steel. The measurements were conducted immediately after
the friction tests of the contact pair and the subsequent annealing of
the samples at temperatures of 620°C and 720°C for duration of 1
hour. The values of the chemical composition for the friction layers
were obtained by averaging measurements taken from five different
layers. As the annealing temperature had virtually no impact on the
chemical composition of the friction layers, the table includes data for
only one instance of heat treatment to prevent repetition.

Analysis of the data presented in the table indicates that the anneal-
ing of samples after friction tests has a negligible effect on the chemi-
cal composition of the metal across the entire depth of the contact in-
teraction zones of the steels. A significant distinguishing feature of
the chemical composition of the friction layers is the presence of a sub-
stantial number of oxygen atoms within them.

The intensive plastic deformation of microvolumes of metal during
the formation of friction layers results in the saturation of their ultra-
dispersed structure with oxygen atoms from the working environ-
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ment, due to the thermomechanical breakdown of water molecules at
the contact points of microprotrusions. When traversing individual
friction layers in the direction of metal layering, the concentration of
oxygen in the material can vary from 1 at.% to 21 at.% . As the number
of oxygen atoms in the friction-layer material increases, the impact of
heat treatment on its hardness and elasticity diminishes (see Tables 2
and 3).

Electron transmission microscopy was employed to investigate the
effect of heat treatment on the microstructure and phase composition
of the material in surface friction layers. Utilizing this technique, a

TABLE 3. Average values of the chemical composition for the friction layers
(zone A), as well as for the deformed (zone B) and undeformed (zone C) initial
metal of 130Cr17 steel, following the testing of the friction pair consisting of
130Cr17 steel and 20Cr13 steel in a water—air environment. The measure-
ments were conducted immediately after the friction tests and the subsequent
annealing of the samples at a temperature of 620°C for duration of 1 hour.

Chemical com- Zone A. Friction layer

Zone C Zone B

position, at.% beginning | middle | end
Immediately after the friction tests of the contact pair
Fe 78.07 76.56 75.62 69.17 63.76
Cr 15.62 16.70 15.75 14.71 13.87
Si 0.66 0.69 0.73 0.68 0.63
Mn 0.50 0.47 0.46 0.43 0.39
Ti 0.02 0.01 0.01 0.01 0.01
Cu 0.04 0.05 0.06 0.05 0.04
P 0.03 0.03 0.02 0.02 0.02
S 0.03 0.02 0.03 0.02 0.01
0] 0.00 0.00 2.81 10.69 16.95
C 5.03 5.47 4.51 4.22 4.32

After the friction tests of the contact pair and the subsequent annealing
of the samples at temperature of 620°C for a duration of 1 hour

Fe 78.34 76.87 75.36 68.77 63.58
Cr 15.51 16.52 15.82 14.90 14.03
Si 0.68 0.66 0.77 0.70 0.61
Mn 0.46 0.49 0.44 0.46 0.36
Ti 0.02 0.02 0.01 0.01 0.01
Cu 0.06 0.04 0.07 0.05 0.05
P 0.03 0.02 0.02 0.02 0.01
S 0.02 0.02 0.02 0.03 0.01
0 0.00 0.00 2.92 10.75 17.06
C 5.08 5.36 4.57 4.31 4.28




STABILITY OF PHYSICAL AND MECHANICAL PROPERTIES 647

detailed analysis of the microstructure and phase composition of the
friction layers in the working pair of steel 130Cr17 and steel 20Cr13
was conducted after friction tests without subsequent annealing of the
samples [8]. It has been demonstrated [8] that the fragmentation level
of the structure in different parts of individual friction layers is not
constant. This level can vary significantly when transitioning between
adjacent layers. Less fragmented friction layers are entirely composed
of an ultrafine crystalline structure formed by spatially disoriented
grains with a body-centred cubic (b.c.c.) iron crystal lattice. The
grains’ size of these layers varies smoothly in the direction of the lay-
ering of metallic microvolumes on the friction surfaces: from 160 nm
to 20 nm. As the degree of fragmentation of the structure increases,
the azimuthal splitting of iron reflections in microdiffraction patterns
also increases, indicating a greater spatial disorientation of the grains.
The grain boundaries of friction layers are predominantly composed of
dislocation clusters and exhibit a spatially extended morphology. With
an increase in the degree of structural fragmentation and spatial diso-
rientation of its grains, the volume fraction of boundary regions in-
creases significantly. More fragmented friction layers differ from
their predecessors primarily in that their final part consists of
nanostructured crystalline—amorphous material with a grain size
ranging from 2 to 8 nm. The crystalline—amorphous nanostructure has
a well-defined boundary with the ultrafine material.

In the microdiffraction patterns of friction layers from self-
organizing wear-resistant coatings, reflections corresponding to body-
centred cubic (b.c.c.) iron, as well as reflections from Me7C3-type car-
bides, are observed. However, the number of reflections from the car-
bide phase gradually decreases as ones move along each layer in the di-
rection of friction. This indicates that the intense plastic deformation
of metal microvolumes during their layering on the friction surface
leads to the dissolution of the carbide phase. This is confirmed by the
data from Auger electron spectroscopy obtained from the grain bound-
aries of the surface friction layers and the original metal of 130Cr17
steel [9]. The shape of the carbon Auger electron peak suggests that the
carbon atoms at the grain boundaries of the friction layers predomi-
nantly exist in a solid solution, whereas in the original metal, the car-
bon atoms at the grain boundaries are primarily present in the carbide
phase. The dissolution of the carbide phase during intense plastic de-
formation of iron is further corroborated by data from publications
[24, 25].

As one moves along each of the friction layers toward the layering of
metal microvolumes on the working surfaces, reflections from ul-
trafine Fe2Os-type oxides are also observed in the microdiffraction pat-
terns. In the initial sections of the friction layers, these reflections are
nearly absent. Ultradispersed Fe;0; oxides emerge during the final
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Fig. 7. Microstructures and electron diffraction patterns of different sections
of the friction layer of 130Cr17 steel located along the direction of friction in
the sequence a — b — c. Section ‘a’ corresponds to the beginning of the fric-
tion layer, while section ‘c’ corresponds to the end.

stage of metal microvolume layering, which corresponds to the middle
and final sections of the friction layers.

The microstructure and electron diffraction patterns of the initial,
middle, and final parts of one of the friction layers of 130Cr17 steel are
presented in Fig. 7. The studies were conducted following friction tests
of the contact pair, without any subsequent annealing.

Electron-microscopic studies indicate that heat treatment of sam-
ples conducted after friction tests significantly affects only the micro-
structure of the initial region of the friction layers, which exhibits the
least fragmented structure. Therefore, future describing of the inves-
tigations will concentrate on the structural transformations occurring
in these sections of the friction layers.

Figure 8 illustrates the microstructure and electron diffraction pat-
tern of the initial section of the friction layer of 130Crl7 steel, ob-
tained after friction testing of the contact pair and subsequent heat
treatment of the tested samples at 720°C for one hour.

It is evident that the heat treatment of samples subjected to friction
tests results in a modification of the microstructure in the initial re-
gion of the friction layers. This modification is significantly influ-
enced by the annealing temperature. In regions of the friction layers
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Fig. 8. Microstructure and electron diffraction pattern of the initial section of
the friction layer of 130Cr17 steel obtained after friction testing of the con-
tact pair comprising 130Crl17 steel and 20Cr13 steel and subsequent heat
treatment of the tested samples at 720°C for one hour.

exhibiting the least fragmented microstructure, the process of prima-
ry recrystallization occurs intensely during the heat treatment of sam-
ples at 720°C. In the deformed material, new undistorted crystals are
formed that grow in size through the absorption of grains that have
been distorted by deformation. During the heat treatment of samples
at 620°C, the structural changes observed in the regions of the friction
layers with the least fragmented structures are not so significant. In
this case, the recrystallization rate is slower. Although the grain
boundaries exhibit a more regular shape, their spatial disorientation
remains evident.

The microstructure of the more fragmented regions in the middle
and end sections of the friction layers remains largely unchanged fol-
lowing the annealing of friction-tested samples. However, there is a
noticeable increase in the number of reflections from ultra-dispersed
oxides, such as Fe203, as observed in the electron diffraction patterns.

Thus, the data presented above indicate that each friction layer
within the self-organizing wear-resistant coatings results from a dis-
tinct process of metal layering on the working surface of the compo-
nents. The layering of metal microvolumes on the friction surface re-
sults in the dissolution of the carbide phase and the saturation of the
metal with oxygen from the working environment. In works [8, 9], it
was demonstrated that the majority of oxygen and carbon atoms in the
friction layers are located within structurally disorganized grain
boundary regions as a solid solution. In contrast, the carbon atoms at
the grain boundaries of the original metal exist in the carbide phase. It
was found in Ref. [9] that carbon atoms in the friction layers occupy
two distinct positions within the crystal structure. The first position
corresponds to the octahedral interstitial sites of the body-centred cu-
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bic (b.c.c.) iron—chromium alloy, while the second position involves an
atomic cluster of Fe—O—C, which exhibits an octahedral geometry with
oxygen at the centre and two iron atoms at the vertices substituted by
carbon atoms. Atomic clusters of Fe—O—C form at the grain boundaries
of friction layers due to intense high-speed plastic deformation of met-
al microvolumes layered on the friction surfaces. They are metastable
and, upon annealing of the samples, undergo disintegration, resulting
in the formation of a finely dispersed oxide phase (o-Fe:03) and the
transition of carbon atoms into octahedral interstitial sites of the
body-centred cubic (b.c.c.) iron—chromium alloy.

Zone calculations [9, 25] regarding the influence of impurity atoms
on the electronic structure and interatomic bonding reveal that carbon
atoms located in the octahedral interstitial sites of body-centred cubic
(b.c.c.) iron—chromium alloys establish strong covalent bonds with the
surrounding metal atoms. They significantly impede atomic mobility,
thereby preventing any structural transformations within the metal.
Conversely, regions of reduced electron density are formed between
the metastable Fe—O—C atomic clusters and the surrounding metal at-
oms. Consequently, the limited participation of valence electrons in
bond formation between the clusters atoms and the surrounding metal
atoms leads to the relatively easy breakage of these bonds when grains
shift along the boundaries. This destabilizes the structure and may
contribute to the formation of dynamic systems at grain boundaries,
which can plasticize the metal, when layered on friction surfaces.

The results of the presented studies elucidate the physical mecha-
nisms underlying the differing reactions to external thermal effects in
deformed during the running-in stage metal, as well as in the qualita-
tively new material of the friction layers. Additionally, these studies
facilitate an understanding of how the fragmentation of the structure
of surface friction layers affects the stabilization of the materials’
physical and mechanical properties in response to external thermal in-
fluences.

During the initial stage of friction, plastic deformation of the sur-
face layers of steels disrupts the carbide network of the eutectic com-
ponent in 130Cr17 steel, resulting in the fragmentation and dispersion
of its constituents (see Fig. 4, zone B). In this case, fragmentation of
the structure of both steels occurs with minimal spatial disorientation
of their grains [8]. At this stage of the friction process, the plastic de-
formation of the metal does not induce the dissolution of the carbide
phase or the saturation of the metal with active chemical elements
from the working environment, specifically oxygen atoms. The grain
boundaries of the deformed original metal exhibit a relatively regular
shape and contain a minor amount of impurity atoms that do not sig-
nificantly affect the physical and mechanical properties of the materi-
al.
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Intensive plastic deformation of microvolumes of metal during its
layering process on friction surfaces results in significant fragmenta-
tion of the structure and spatial disorientation of its grains. In this
case, grain boundaries are formed by dislocation clusters and have an
extended spatial shape. During the formation of surface friction lay-
ers, the carbide phase dissolves, and the metal becomes saturated with
active chemical elements from the working environment. This enriches
the grain boundaries of the friction layers with carbon (C) and oxygen
(O) atoms. These atoms are located in three positions within the crystal
structure: Fe—O—-C atomic clusters, a fine-dispersed oxide phase
(Fe203), and the octahedral interstitial sites of body-centred cubic
(b.c.c.)iron—chromium alloys. It was noted earlier that Fe—O—-C atomic
clusters are metastable. Annealing of the samples after friction leads
to their decomposition, causing carbon atoms to transition into octa-
hedral interstitial sites and resulting in the formation of an oxide
phase by oxygen atoms. Therefore, heat treatment of samples after
friction results in carbon atoms in the boundary regions of grains be-
ing located solely in the octahedral interstitial sites of the b.c.c. iron—
chromium alloy, while oxygen atoms form an exclusively finely dis-
persed oxide phase, o-Fe:0s. Their amount at the grain boundaries in-
creases with the degree of fragmentation of the metal structure as ones
move along the friction layers in the direction of metal layering. Car-
bon atoms located in the octahedral interstitial sites of body-centred
cubic (b.c.c.) iron—chromium alloys form strong covalent bonds with
the surrounding metal atoms. They significantly reduce atomic mobili-
ty and enhance the metal-structure resistance to external thermal in-
fluences. The presence of a finely dispersed oxide phase at the grain
boundaries also contributes to this effect. This alters the physical and
mechanical properties of the friction layer material, significantly en-
hancing its resistance to external thermal influences in comparison to
the deformed original metal. In this case, the influence of heat treat-
ment on the strength and elastic characteristics of the metal diminish-
es as the degree of fragmentation in the structure of the friction-layer
material increases (Table 2).

4. CONCLUSIONS

The transition of the friction pair to a stationary operating mode,
characterized by minimal wear and a low coefficient of friction, occurs
as a result of the self-organization of wear-resistant coatings on the
contact surfaces of both components. The quantity of these coatings
must be sufficient to shield entirely the original metals that were de-
formed during the running-in stage. These coatings are composed of a
novel ultradispersed and nanostructured material containing up to 25
at.% of oxygen and carbon.
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The self-organized wear-resistant coatings consist of distinct fric-
tion layers. Each friction layer is formed as a result of a separate act of
layering metallic microprotrusions on the friction surfaces. These mi-
croprotrusions arise from adhesive interactions between the bodies
during the running-in phase of friction. Friction layers differ from the
deformed original metal of steels in terms of their high hardness and
elasticity. They prevent the formation of strong adhesive bonds be-
tween the rubbing bodies, facilitating the transition of the system to a
stationary operating mode with a minimum coefficient of friction and
wear.

During the operation of sliding bearings, the material of the surface
friction layers is subject to intense cyclic thermomechanical effects.
Therefore, its ability to retain its unique physical and mechanical
properties under extreme conditions of high temperature and pressure
determines the behaviour and performance properties of friction
units. To analyse the potential influence of external thermal effects on
the materials’ physical and mechanical properties of the contact inter-
action zones of steels, samples obtained after friction tests were an-
nealed in a vacuum at 0.01 MPa and at temperatures of 620°C and
720°C during 1 hour. This process resulted in the complete softening of
the original metals that were deformed during the running-in stage.
Meanwhile, the material of the friction layers maintained high hard-
ness and elasticity, even after annealing at 720°C.

The resistance of the physical and mechanical properties of the sur-
face friction layers to external thermal influences is determined by
both the annealing temperature and the degree of material fragmenta-
tion. Maximum softening of the metal occurs at the onset of the fric-
tion layers, where the microstructure is least fragmented. In contrast,
minimal softening is observed in the nanostructured material located
at the final section of the friction layers.

The layering of microvolumes of metal on the friction surface in-
duces intensive plastic deformation, leading to significant fragmenta-
tion of the microstructure and spatial disorientation of the grains.
This explains why the grain boundaries within the surface-friction
layers are formed by dislocation clusters and exhibit a spatially ex-
tended morphology. During the formation of these layers, the carbide
phase dissolves, and the metal becomes saturated with oxygen (O) at-
oms, which are active chemical elements from the working environ-
ment. Consequently, the grain boundaries of the surface friction layers
become enriched with carbon (C) and oxygen (O) atoms. Heat treatment
of samples following friction results in carbon atoms located solely in
the octahedral interstitial sites at the grain boundaries of the surface
friction layers in the b.c.c. iron—chromium alloy, while oxygen atoms
at these grain boundaries form an exclusively fine-dispersed oxide
phase a-Fez0s. The concentration of these elements at the grain bound-
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aries increases with the degree of fragmentation of the metallic struc-
ture as one moves along the friction layers in the direction of metal
layering. Carbon atoms located in the octahedral interstitial sites of
body-centred cubic (b.c.c.) iron—chromium alloys form strong covalent
bonds with the surrounding metal atoms. They significantly reduce
atomic mobility and enhance the metal structure’s resistance to exter-
nal thermal influences. The presence of a finely dispersed oxide phase
at the grain boundaries also contributes to this effect. This makes the
physical and mechanical properties of the surface friction layers mate-
rial significantly more resistant to external thermal influences com-
pared to the deformed original metal.

The ability of wear-resistant ultra-fine-grained coatings to maintain
high hardness and elasticity under extreme friction conditions in slid-
ing bearings localizes plastic deformation processes to a thin surface
layer. This reduces the likelihood of strong adhesive bonds forming
between rubbing bodies and facilitates the system transition to a
steady-state operating mode with minimal friction and wear.
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