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Abstract

The paper examines the method of conducting tribological studies in the dry mode of friction of nitrided
and unhardened structural steels 20 and 45 in order to achieve comparable results of laboratory tests with
operational characteristics. Preliminary studies of anodized steels of the same steels indicate that under conditions
of extreme friction it is extremely difficult, and in some cases impossible, to use such values of specific pressure
on the friction surface, at which it would be realistic to compare the results obtained for different samples made of
different brands materials and processed using various technological processes. Since during the tests, constant
lubrication of the friction zone was ensured, a layer of lubricant was present on the friction surface up to a certain
pressure value, which led to extremely small indicators of linear wear. However, depending on the characteristics
of the modified surface, there was a critical value of pressure at which the layer of lubricant was squeezed out of
the friction zone, which led to instant adhesion of the surfaces. Thus, the study of wear resistance in the dry mode
of friction ensures a significantly higher productivity of experiments.

Unlike experiments with limit friction, dry friction can be used for different steels at the same pressure
value, which eliminates the problem of comparability of results and contributes to the objectivity of conclusions
regarding the effectiveness of various modification processes.

According to the results of previous experiments, such a compromise pressure value can be 16 MPa.

Another important phenomenon for the analysis of the influence of the modification results on the wear
resistance characteristics of the surface is established - the effect of relaxation processes in the near-surface layers,
which have already acquired structural transformations under the influence of pressure in the friction zone.

For all steels, there is some slowing down of the intensity of wear after a break with a gradual return to the
intensity characteristic of a certain brand of steel. The reason for such a phenomenon can only be the relaxation of
stresses and the equalization of the characteristics of the structure in the near-surface layers. At the same time, the
result is the strengthening of the surface, which explains the decrease in the intensity of the wear process. over
time, as the strengthened layer breaks down, the indicators of the surface condition become equal to those before
the break and the intensity of wear is restored.
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Statement of the problem and analysis of the latest research

The metal surface should be considered as a special variety of defects that destroys the periodicity of the
solid body. This thesis is confirmed by the fact of significant acceleration of chemical reactions in the presence of
solid catalysts on the surface. The boundary layer, the structure of which differs from the base of the solid body,
can interact more actively with external factors that stimulate surface modification. At the same time, it is the
presence of a real surface that is the stimulus due to which most of the physical or chemical processes of the
interaction of a solid body with the environment take place.

The near-surface layer should be considered as a three-dimensional structure, which differs from the solid
body itself, since within several atomic layers it may include atomic nodes different from the atomic nodes of the
main volume. However, one should not forget that the near-surface layer is a crystalline structure for which two-
dimensional periodicity is preserved. Thus, violation of the indicated natural periodicity of near-surface layers

Copyright © 2023 M.S. Stechishyn, M.Ye. Skyba, A.V. Martynyuk, D.V. Zdorenko. This is an open access article distributed under
@m‘ the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
= provided the original work is properly cited.



http://creativecommons.org/licenses/by/3.0/
http://tribology.khnu.km.ua/index.php/ProbTrib
https://doi.org/10.31891/2079-1372-2023-107-1-20-24

Problems of Tribology 21

inevitably affects all characteristics of the surface as a whole, including its ability to resist wear. This circumstance
was noted to a greater or lesser extent in classic works on tribology, but there is no coverage of the research results,
on the basis of which it would be possible to form practical methods of experiments to find the tribological
characteristics of the wear resistance of metals.

It is known that during the adsorption of gases, a monomolecular adsorption layer is formed - a monolayer,
and the degree of integrity of the monolayer at low pressure values is proportional to the adsorbate pressure in the
gas medium. If gas molecules, in the presence of a strong chemical or physical bond, do not have the opportunity
to move on the surface, then we get localized adsorption with the formation of an adsorption complex.

Chemisorbed and physically sorbed gas particles on the surface differ in the type of electronic bond between
the adsorbate and the base. If the electronic state of the adsorbed molecule undergoes significant changes up to the
formation of chemical bonds with the surface, then we are talking about chemisorption. If the molecule is held on
the surface by van der Waals forces, then this type of adsorption refers to physical adsorption. The upper limit for
physical adsorption is only 0.6 eV. The chemisorption energy is usually within 1...8 eV [1]. If the energy of a
molecule of the external environment is several electron volts, then it will already be able to overcome the potential
barrier of the near-surface layer and the conditions for chemical sorption or chemical reaction appear [2]. It is
obvious that the mechanical impact on the surface changes the parameters of adsorption phenomena, which also
affects the wear processes.

From the above follows the conclusion about the importance of taking into account the parameters of the
wear process on the objectivity of the results of the conducted research. This especially applies to their analysis
and formation of practical recommendations.

The work [3] analyzed the results of research on wear resistance, which were obtained under conditions of
extreme friction. The main conclusion from the analysis was that any wear process is a combination of successive
compaction of near-surface layers and their removal. At the same time, the test parameters are of decisive
importance, which must be selected taking into account the material and the preliminary treatment of the surface.
The results of the experiments show that, under conditions of extreme friction, it is extremely difficult, and in
some cases impossible, to use such values of the specific pressure on the friction surface, at which it would be
realistic to compare the results obtained for different samples, made of different grades of materials and processed
with various technological processes. Since during the tests, constant lubrication of the friction zone was ensured,
a layer of lubricant was present on the friction surface up to a certain pressure value, which led to extremely small
indicators of linear wear. However, depending on the characteristics of the modified surface, there was a critical
value of pressure at which the layer of lubricant was squeezed out of the friction zone, which led to instant adhesion
of the surfaces. The presence of compaction and structural transformations of the surface is evidenced by the fact
that with a gradual increase in pressure, it was possible to reach relatively high values of the critical pressure. An
attempt to immediately conduct tests on new samples at a pressure close to these critical values inevitably caused
seizure of the surfaces. The reason for such a phenomenon could only be the gradual compaction of the surface
and its strengthening associated with a change in the structure of the near-surface layer. The above and the
impossibility of an objective comparison of test results obtained at different pressures explain the need to switch
to the scheme of experiments with dry friction.

The purpose of the work is to develop the methodology and criteria for the evaluation of experimental
studies of the wear resistance of samples after nitriding in the cyclically switched discharge (CSD) in order to
achieve the results of laboratory tests that correspond to the real conditions of operation of the parts.

Methods of conducting experimental research

In order to ensure the independence of the energy parameters of the regime without hydrogen nitriding in
the glow discharge (HNGD), the installation was modernized: a block of heating elements was installed in the gas
discharge chamber, and a power supply unit from an independent source and also a switching and control unit of
the cyclically switched discharge were added to the electrical circuit.

Experimental studies of samples for wear resistance were carried out on a universal machine for testing
materials for friction, model 2168YMT. The friction scheme is “disc — finger”; contact type — plane-on-plane
sliding (the end of the cylindrical sample slides on a flat metal disk; the material of the counterbody is steel 100Cr6
with a base hardness of HRC61; pressure in the contact zone p = 16 MPa; sliding speed v = 0.1 m/s [4].

To check the possibility of further comparison of wear processes, objects with significantly different surface
characteristics were selected: soft surfaces are represented by samples from steel C22 without modification,
modified - from steel C45 after nitriding in a glow discharge. The latter before nitriding had a surface hardness of
HV0.1 215, after modification HV0.1 700...730 [5].

The controlled parameter is linear wear h, which was determined as a change in the linear size of the sample,
measured normal to the friction surface, as a result of passing a section of length I.

BATR was carried out on an industrial unit of YATP, which corresponds to the diode-type model. A power
supply unit from an independent source, as well as a switching and control unit for a cyclically switched discharge,
have been added to the scheme. In addition, the installation is additionally equipped with heating elements placed
in the gas discharge chamber, which made it possible to arbitrarily change the energy parameters - the voltage U,
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and the value of the current density j (the ratio of the current to the total area of the cage and suspension) [6].

Metallographic studies of nitrided samples were performed after etching in a 3% alcoholic solution of nitric
acid. The thickness of the nitride zone was measured on an RX50M microscope. Microhardness was determined
on a DuraScan-20 microhardness tester under a load of 1.0 N, with fixation of microhardness values both on the
surface and at a distance from it of 0; 25; 50; 100; 200; 300; 500 microns.

The thickness of the nitride zone was measured using a MIM-10 microscope, which allows quantitative
analysis of the phase and structural composition of nitrided surfaces.

X-ray phase analysis of nitrided samples was performed on a JIPOH-3 diffractometer in filtered radiation
of an iron anode in the range of q angles from 20° to 100° with a scan step of 0.1° and an exposure time of 10 s.
X-ray imaging was carried out from the surface to the depth of the nitrided layer.

Presentation of the main material and received scientific research

The results of preliminary tests are shown in Figure 1. It follows from Figure 1 that in the dry friction mode,
the intensity of the wear process increases significantly, which means a significant increase in the productivity of
experimental studies. Thus, one experiment in the mode of extreme friction lasted for weeks, and in the dry mode
it was possible to perform it in several shifts. In addition, the thesis regarding the decisive influence of pressure
on the intensity of wear on the friction surface was confirmed: the same indicators of linear wear d were achieved
with an increase in pressure with a significantly smaller friction path L. The brand of the material and the initial
values of its physical and mechanical indicators in combination with the available modification surfaces also
significantly influenced the intensity of wear. Thus, for steel 41CrAIMo7 nitrided in the glow discharge, the
intensity of wear is almost an order of magnitude lower compared to steel C22. Similar data were obtained in [7].
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Fig. 1. Dependence of linear wear on the path of friction and pressure: 1 — steel C22, p=16 MPa; 2 — steel C45, p=16
MPa; 3 - steel C22, p=10 MPa; 4 — steel 41Cr4, p= 16 MPa; 5 — steel C45, p= 10 MPa; 6 — steel 41CrAIMo7, p= 16
MPa

In contrast to the methodology of experimental research with extreme friction, in the dry friction mode,
results can be achieved at the same pressure values for almost all steels, which excludes the issue of comparability
when analyzing the results of research. The importance of this provision is evidenced by the comparison of wear
curves for the same steels at different pressure values (Figure 1). Since the same value of linear wear for the same
material, but at different pressures, is achieved with significantly different values of the friction path, establishing
the relationship between the listed factors would pose a certain problem.

Curves in fig. 1 also confirm the effect on the wear intensity of the physical and mechanical parameters of
the surface and its modification. Thus, steels with higher physico-chemical characteristics (41Cr4 and
41CrAIMo7), as well as steels that have undergone a certain modification treatment, wear out under the same
conditions (pressure and speed of relative movement) with a lower intensity of wear, which in the graphs
corresponds to the angle of their inclination.

The effect of structural transformations of the surface is confirmed by Figure 2, which shows the results of
fixation of linear wear with a small interval of the friction path. The wear schedule in this case is a stepped curve
of periods of formation of strengthened structures on the surface, when wear is practically absent, and periods of
destruction of these surface structures.
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Fig. 2. Character of surface wear in the initial period: 1 - steel C22, 2 - steel 41Cr4, 3 - steel 41CrAIMo7

For modified surfaces, this phenomenon is especially characteristic in the initial period, when the nitride
and internal nitriding zone wears out.

Another important phenomenon for the analysis of the influence of the modification results on the wear
resistance characteristics of the surface is established - the effect of relaxation processes in the near-surface layers,
which have already acquired structural transformations under the influence of pressure in the friction zone.

Black dots on curves 2, 4, 6 show the points when wear resistance tests were suspended and resumed the
next day (Figure 3). For all steels, a certain slowdown in wear intensity is noted after a break with a gradual return
to the intensity characteristic of a certain brand of steel (Figure 3). The reason for such a phenomenon can only be
the relaxation of stresses and the equalization of the characteristics of the structure in the near-surface layers. At
the same time, the result is the strengthening of the surface, which explains the decrease in the intensity of the
wear process. over time, as the strengthened layer breaks down, the indicators of the surface condition become
equal to those before the break and the intensity of wear is restored.
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Fig. 3. Effect of relaxation structural transformations of the surface: 1, 2 — steel C22; 3, 4 — steel 41Cr4; 5, 6 —
steel 41CrAlIMo7 (points for stopping the tests are marked with dots)

Conclusions

Thus, the study of wear resistance in the dry mode of friction ensures a significantly higher productivity
of experiments. Unlike experiments with limit friction, dry friction can be used for different steels at the same
pressure value, which eliminates the problem of comparability of results and contributes to the objectivity of
conclusions regarding the effectiveness of various modification processes. According to the results of previous
experiments, such a compromise pressure value can be 16 MPa. The effect of relaxation transformations of surface
structures has been established, on the basis of which it is recommended to carry out research on wear resistance
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during one continuous session.
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Creunmma M.C., Cku6a M.€., Mapruniok A.B., 3nopenko /I.B. 3HOCOCTIHKICTh KOHCTPYKLIHHMX
cTajeil, a30TOBaHKUX B LIUKJIIYHO-KOMYTOBaHOMY PO3PsiAi IPU CyXOMY TEpTi.

Y poboTi po3risiHyTa METOIWKA MPOBEICHHS TPHUOOIOTIYHUX MOCIHIIKEHb MPH CYXOMY PEXKUMI TepTs
A30TOBaHMX 1 HE3MIITHEHUX KOHCTPYKIIHHUX cTanei 20 i 45 3 MeTOr JOCSATHEHHS MMOPIBHIOBAHUX PE3yIbTATIB
71a00paTOpHUX BHIIPOOYBAaHb 3 €KCIUTyaTalliHHUMH XapaKTepHUCTHKaMH. [lomepeaHbo MpoBeneHi JOCIiHKEHHS
A0TOBAHMX IMX XK€ CTaJIeH CBi4aTh Mpo Te, IO B YMOBAX TPAHHMYHOTO TEPTS HAA3BHUYAWHO BAaXKKO, a B AESKUX
BUIAJKaX HEMOXJMBO BHKOPHCTOBYBAaTH TaKi 3HAUYEHHS MHUTOMOTO THCKY HA IIOBEPXHIO TEpTs, NMpPH SKUX
peamsHEM Oyi0 O CIiBCTaBJICHHS Pe3yNbTATiB, OACp KaHUX IS Pi3HUX 3pa3KiB, BUTOTOBIICHUX 3 PI3HUX MapoK
MmarepianiB Ta 0OpoOJIEeHHX 3a JOMOMOTOK PI3HUX TEXHOJOTIYHMX TpoueciB. OCKUIBKKA B XOZi BUIPOOYBaHb
3a0e3nevyBajoch MOCTiiiHe 3MalllyBaHHsI 30HU TEPTs, TO JIO MEBHOTO 3HAYEHHS THCKY Ha IOBEpXHI TepTs OyB
NPUCYTHIHN 1Iap MacTuia, o IPU3BOAMIO JI0 HA/[3BUYAITHO MaJnX MOKa3HUKIB JIHIKHOTO 3HOIIYBaHHs. [IpoTe B
3aJIXKHOCTI Bijl XapaKTEepPUCTUK MOI1(iIKOBaHOT MOBEPXHI ICHYBAJIO KPUTUYHE 3HAYCHHS THCKY, NP SIKOMY LIap
MacTHjia BUTUCKYBABCS 13 30HHM TEPT#, 110 IPUBOAMIO IO MUTTEBOTO CXOIUTIOBAHHS MOBEPXOHb. TakuM YMHOM,
JOCTIKCHHST 3HOCOCTIHKOCTI TIPH CYXOMY pPEXKHMI TepTs 3a0e3ledye CyTTEBO OLIbITy MPOAYKTHBHICTH
eKcriepuMeHTiB. Ha BiMiHY BiJf eKCIIEpUMEHTIB PH TPAaHUYHOMY TEPTi CyXe TepTsI MOXKE 3aCTOCOBYBATHCH LIS
Pi3HMX CcTaseii Ipy 0JHAKOBOMY 3Ha4E€HHI THCKY, III0 BUKJIIOYA€E IPOOIeMy MOPIBHSIHHOCTI PE3yIbTATIB Ta CIIPUSIE
00’€KTHBHOCTI BUCHOBKIB CTOCOBHO €(DEKTHBHOCTI Pi3HHX IpoIleciB Moaudikarii. 3a pe3yapbTaTaMu MOTepeIHiX
€KCIIEPUMEHTIB TAKMM KOMIIPOMICHUM 3HAu€HHSAM THCKY Moske Oytu 16 MIla. BcraHoBieHe 1€ oiHE BaX<JIBE
SBUIIE JJIs aHaJi3y BIUIMBY PE3YNbTaTiB MoAwdikaimii Ha XapaKTepPUCTHKH 3HOCOCTIHKOCTI IMOBEPXHI - €PEeKT
penakcamiifHuX MPOIIEeCiB B IPUIIOBEPXHEBHX IIapax, sKi BKe HAOYIH CTPYKTYPHUX MEPETBOPEHB Mij AI€I0 THCKY
B 30Hi TepTs. Jlns BCiX cTaneit BiAMida€eThCs Jesike CTIOBUTbHEHHS IHTEHCHUBHOCTI 3HOITYBAHHS IICIISI IEPEPBU 3
MOCTYIIOBHM ITOBEPHEHHSIM JI0 IHTEHCHBHOCTI, XapaKTepHOT JJIs IeBHOI Mapku ctaii. [I[puunHOI0 TaKoro siBHIIA
MoOJke OyTH JIMIIIE peaKcallis Halpy>KeHb i BUPIBHIOBAaHHS XapaKTEPHUCTHK CTPYKTYPH B IPUIIOBEPXHEBHX IIapax.
IIpu npOMY HACTIIKOM € 3MIIHEHHS IOBEPXHi, IO 1 MOSCHIOE 3HIKEHHS IHTCHCHBHOCTI IPOIIECY 3HONTYBAaHHS. 3
gacom, [1o mipi pyiHYBaHHS 3MIITHEHOTO IMPOIIAPKY, MOKa3HUKH CTaHy IMOBEPXHI CTAIOTh PIBHUMH 3 TUMH, IO
OyJu 10 TIepepBH 1 IHTEHCUBHICTD 3HOLTYBAaHHS BiTHOBIIIOETHCSI.

KoaiouoBi ciioBa: a3oTyBaHHs, cyxe TepTs, TpaHUYHE TEPTs, 3HOC.
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