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Abstract

The article discusses the method of conducting tribological studies at the limit modes of friction of
nitrided and non-nitrided steels 20 and 45 in order to achieve a comparison of the results of laboratory tests with
operational data. The relationship of structural phases in time is significantly influenced by the initial state of the
surface and its physical and mechanical characteristics, pressure on the contact surface, sliding speed, and all
these parameters for the limit mode of friction are closely related. Carrying out tests on the wear resistance of
samples made of different materials and with significantly different characteristics of the surface layer at the
same parameters of the test regime is impossible in most cases, since the obtained results are problematic to
compare.
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Statement of the problem and analysis of the latest research.

One of the directions of development of tribology is the development of methods of objective tribological
studies of nitriding characteristics of surface layers on structural steels, depending on the requirements of further
operation of nitriding facilities. [1-3].

For the objectivity of research on the wear resistance of nitrided surfaces, attention should be paid to the
fact that post-modification characteristics should be compared with similar parameters of geometrically similar
surfaces that were not modified. At the same time, both for one and for the other, they should be determined
according to the same type of methodology. Only if these requirements are met, the results of the modification
can be assessed as real and having scientific and practical significance. Indeed, in the event of the impossibility
of meeting these requirements, the problem of finding a transition function between the results of experiments
will arise. Comparison of parameters obtained under different conditions of their fixation can lead to conclusions
that are highly unlikely to be confirmed in practice. One of the essential points of establishing experimental
results is to ensure the conditions of experiments, which would correspond to the maximum extent similar to the
characteristics of real operation [4]. Indeed, there is almost always a certain inconsistency of the conclusions
formed on the basis of experiments, if the test conditions differed significantly from the real operating
conditions. Finally, the time factor is not the least important, since it is possible to apply such operating
parameters of the experimental installation for the study of wear resistance, in which the wear process over time
would approach the values recorded in the operating mode. Then the duration of experimental research, taking
into account the need to ensure the necessary reliability of their results, will be such that the need for the
research itself for practice will disappear by itself.

The purpose of the work is to develop a methodology and criteria for evaluating experimental studies of
the wear resistance of samples after their surface modification by nitriding in a glow discharge to achieve the
results of laboratory tests that correspond to the real conditions of operation of parts.

Methodology of conducting experimental studies.
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Experimental studies were carried out on a universal machine for testing materials for friction, model
2168UMT with some modernization of the friction unit, which is described in detail in the work [5]. Working
out the modes of experiments was carried out on samples, the method of preparation of which is given in the
same place. 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 20 without
modification, modified - from steel 45 after nitriding in a glow discharge. The latter before nitriding had a
surface hardness of HV0.1 215, after modification HVO0.1 700...730. Since liquid lubricant was supplied to the
friction zone, the friction coefficient was fixed in the range of 0.05...0.12, which corresponds to the limit mode
of friction.

Presentation of the main material and received scientific research.

The initial series of experiments was carried out on steel 20 samples without their modification. The
hardness of the counterbody made of hardened steel was HRC 60. The speed and pressure were chosen within
such limits that the temperature of the surface of the samples in the friction zone did not exceed 40°C, and in
combination with the pressure value, the constant presence of lubricant on the friction area would be ensured. At
the speed of the relative movement of the sample V=1.8 m/s and the pressure of 10 MPa (this value turned out to
be optimal, since more or less heavy wear is observed with it and there are no sticking phenomena), uniform
wear is observed, and the value of linear wear is on average 15, 3 um/km of path. The coefficient of friction
ranged from 0.05 to 0.12, which in the experimental conditions corresponded to a friction force of 29.5 to 64.6
N. The dependence of the linear wear averaged over several samples per one kilometer of the path on the path is
shown in Fig. 1.

L L
0 10 20 30
0. X 30,

Fig. 1. Dependence of linear wear on the friction path of samples made of steel 20 non-nitrogenized at a
pressure of 10 MPa, a speed of 1.8 m/s

In fig. 1, the friction path from 0 to 30 km is plotted on the horizontal axis, and the amount of wear in
microns is plotted on the vertical axis (the main line is the amount of linear wear averaged over all samples, the
thin lines are the average linear wear over groups of samples. From Fig. 1, it is clear the conclusion regarding the
variable nature of the wear process itself is followed. In the first kilometers of the wear path, there is practically
no wear, which can be explained by the fact that the samples were pre-loaded during the run-in process with a
pressure of the order of 8 MPa. At the same time, a layer of compacted metal, a kind of slander, was formed on
the future friction surface i.e., it strengthened on the surface. As this initial surface layer was removed, the
process of intensive wear began. Further wear occurred according to the scheme of periodic surface compaction
and destruction of this compacted layer. This explains the periodic fluctuations of both the coefficient of friction
and the force of friction. Thus, from the above the first conclusion regarding the uneven character of wear
follows formation of unmodified samples caused by constant structural transformations on the friction surface
and the destruction of structures, the characteristics of which exceed the indicators of the surface hardness of the
base of the samples. The same conclusion is confirmed in fig. 2 is a graph of the absolute wear of the samples
depending on the traveled friction path (line markings are similar to Fig. 1).

The effect of surface compaction - slander when increasing the pressure is manifested in the increase of
surface microhardness several times. For example, even for cast iron after treatment with a pressure of 1.2 MPa,
the surface microhardness reached values of HV0.1 1000. It is not excluded that the constant presence of
lubricant in the contact zone of the sample and the counterbody can contribute to the formation of metal-mineral
structures, the processes of appearance and destruction of which also provoke unevenness wear [6].
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Fig. 2. Graph of the absolute value of linear wear of steel 20 samples

A change in the amount of pressure on the friction surface also significantly affects the wear process. The
influence of the nature of the pressure change on the contact surface is confirmed by experiments with samples
of unmodified steel 45. At an initial pressure of 10 MPa and a sliding speed of 1.8 m/s (that is, the parameters of
the test regime completely coincided with those adopted for samples of steel 20) when reaching the path values
10 km of linear wear was practically not recorded. A stepwise increase in pressure by 2 MPa after each kilometer
of the path up to 16 MPa also did not change the nature of the wear. At a pressure of 18 MPa, linear wear of 15-
17 microns was observed in the next kilometer, but the wear stopped again in the next kilometer. After that (18
km of travel), the pressure was increased to 20 MPa, but no wear was observed. Thus, it follows from the
foregoing that the surface of the sample is periodically compacted and strengthened, its destruction requires
either a significant path of friction, or an increase in pressure to certain limits, which causes a frictional force
sufficient for another change in the surface structure. In addition, it should be added that with the initial surface
microhardness of HV0.1 215, after 20 km of the path and reaching a surface pressure of 20 MPa, the surface
microhardness increased to the values of HV0.1 414. Subsequently, the pressure continued to be increased by 2
MPa for each new kilometer of the path, however linear wear was again not observed up to 26 MPa. At this
pressure, at first wear increased intensively to values of 131-167 microns, and then the phenomena of seizing
began. After the process began to be implemented at a pressure of 26 MPa, the surface microhardness increased
to the values of HV0.1,856, i.e., in fact, the surface underwent mechanical modification. As for the nature of the
pressure change on the surface, in the described experiment, the pressure increased according to a certain scheme
(for example, by 2 MPa per kilometer of the path), its structural changes took place gradually. And in the next
experiment with the participation of similar new samples and the counterbody, from the very beginning the
pressure in the contact zone was set at the level of 24 MPa (at this pressure value, achieved by a stepwise
increase in the previous experiment, linear wear was practically not fixed). Already in the first kilometer, the
coefficient of friction increased rapidly to the values characteristic of adhesion, and the surface microhardness
was HV0.1,892. In fact, at such a high pressure, the surface changed dramatically structurally, it is possible that
these structural transformations led to the squeezing of the oil film from the contact zone and the nature of the
friction process began to approach the regime of dry friction, which led to setting. The following experiment
speaks about the role of the factor of the nature of the pressure change. On samples made of the same steel 45,
the pressure from the very beginning changed according to the pattern of 2 MPa/km of the path and wear was
practically absent, but already after 5 km the pressure was sharply increased to 20 MPa, which immediately led
to the appearance of seizure phenomena, and the surface microhardness at the end of the experiment was HV0.1
838.

A parallel temperature control in the contact zone established that its value does not exceed 42°C
immediately after stopping, and after 5-10 seconds after opening the contact, the surface temperature does not
exceed 22°C. Thus, pressure was the decisive factor that influenced the nature of friction in these experiments,
since the viscosity characteristics of the lubricant did not change significantly at the fixed temperature values.

The presence of a compacted layer on the surface as the main factor determining wear parameters was
confirmed as follows. Without removing the sample from the stand, i.e. the basing conditions remained
unchanged, a layer of 15-24 pym was removed with a fine sanding pad number 150 and number 500. Before that,
at a pressure of 18 MPa, there was practically no linear wear on the 13 km path (only before grinding at different
pressure values, the total path was 25 km). On the first kilometer after grinding, linear wear was recorded in the
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range of 18-23 um, on the next two kilometers it stopped again, then after similar grinding, the wear again
amounted to about 10 pm with a gradual cessation, which once again confirms the above version of the influence
on the nature of wear of the formation process compacted microstructures. It is interesting that the surface
microhardness after grinding practically does not differ from the initial values.

The condition of the surface of the counterbody also significantly affects the course of the wear process.
In the experiments described above, as already mentioned above, a hardened steel counterbody with a smooth
surface (roughness parameter Ra 0.27) was used. The experiments described above were primarily time-
consuming, for example even one series of steel 20 samples required, including time for temperature
stabilization, measurements, etc., two full working days (15 hours). It is obvious that obtaining results that first
of all meet the requirement of reliability of conclusions would require a time that cannot be considered real. This
especially applies to those issues where obtaining operational data on the effectiveness of one or another method
of modification and the technological parameters of its implementation is extremely necessary. Therefore, the
next phase of the experiments were experiments in which the role of the mechanical component of wear was
significantly increased. For this purpose, counterbodies were used, the surface roughness of which was
artificially increased by sanding with a skin, a wheel, application of titanium and hard alloy on an electric spark
unit, application of radial direction lines, etc. With the help of various methods of surface grinding, the
roughness parameter Ra increased from a value of 0.2...0.3 um to 0.5 pum when sanding with a leatherette by
hand, to 0.37 um when grinding with a circle on a grinding machine, and 1.15 pm when grinding with a circle on
a grinding machine. After the application of titanium and hard alloy by the electric spark method, the roughness
parameter exceeded 8 um. The hardness of the surface after applying the coating by the electrospark method,
depending on the polarity of the electrode, the brand of the implanted material, and the place of measurement
(polished or fused surface) was HVO0.1, 450...800, and higher values, as a rule, corresponded to the areas with
subsequent grinding after implantation, which confirms the above-mentioned effect of surface sealing after
grinding.

The graph of changes in linear wear of samples made of unmodified steel 45 (counterbody - modified by
electrospark implantation, pressure 4 MPa, speed - 1.8 m/s) with observance of the curve designation system
adopted in the previous figures is shown in fig. 3. As can be seen from this figure, at the beginning of the wear
process, the mechanical wear component provides an incomparably greater intensity than in the previous
experiments, and the pressure on the surface was significantly lower. The cutting ability of the counterbody leads
to the destruction of surface structures, while preventing their compaction, but over time, as the microprotrusions
on the surface of the counterbody become dull, the wear process becomes less and less intense, up to a complete
cessation.
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Fig. 3. Graph of changes in linear wear for a pair of samples made of unmodified steel 45; counterbody - implanted by
the electrospark method

Results similar in content were obtained when using counterbodies, one of which was machined on a
lathe with a VK8 cutter at a radial feed of 0.11 mm/rev, which provided a roughness parameter Ra of 2...3 um.
The intensity of wear on the first kilometer of the path at a pressure of 2 MPa was 8-10 microns for every 100 m
of the path, but already at the beginning of the second kilometer this indicator decreased to the level of 1-2
microns per 100 m, and then to 1-2 microns/km.
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Fig. 4. Wear of nitrided (upper area) and non-nitrided samples (lower) due to the action of the mechanical component
of friction (pressure 4 MPa, counterbody — VK8 hard alloy implanted by the electrospark method)

The nature of wear of nitrided samples in comparison with non-nitrided ones is shown in fig. 4. Nitrided
samples (steel 45, surface microhardness HV0.1 466) were worn under the same conditions as those given above
with the use of a machined counterbody, but the pressure was 4 MPa. As can be seen from the figure, the wear
process for non-nitrogenized samples is traditional with the formation of compacted surface structures and
practically stopping wear already after three kilometers of travel. Nitrided samples practically do not wear out in
the first kilometer, since the strongest interlayer of the e-phase comes into play. However, its thickness is
insignificant, literally a few micrometers, so already in the next kilometers of the road, the process of wear
begins with almost constant intensity. This is due to the fact that a really homogeneous interlayer of the y’-phase
and a-solid solution with sufficiently significant hardness indicators cannot be compacted and is removed due to
the mechanical component of the wear process. Despite the fact that in the experiments, the results of which are
shown in fig. 4, relatively little pressure was applied.

Further research developed in the direction of elucidating the influence of pressure on the wear process up
to its large values. The results of this series of experiments are shown in fig. 5.

Z, MK L

70
60
50
40
30
20
10

2 4 6 8 1012 14 16 18 20 22 L,ku

Fig. 5. Wear samples of nitrided steel 45 depending on the path at pressure in the contact zone and sliding speed: 1-65
MPa, 0.1 m/s; 2 - 50 MPa, 0.1 m/s; 3 - 120 MPa, 0.1 m/s; 4 — 80 MPa, 0.1 m/s; 5 — 40 MPa, 0.3 m/s; 6 — 65 MPa, 0.2
m/s; 7 -20 MPa, 0.2 m/s

From fig. 5 follows the conclusion that at almost any pressure there comes a moment when the wear
process practically stops, however, the way in which such stabilization is observed is different for different
pressure values. The hypothesis that the wear process in conditions where the mechanical component of this
process prevails is actually a combination of two competing processes - strengthening of the surface and
destruction of this strengthened layer is confirmed by fig. 5. The harder the contact surface, the greater the
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pressure threshold at which the compacted layer collapse phase occurs. However, the influence of pressure at its
high values is extreme: in the demonstrated series of experiments, the wear process occurred most dynamically
at a pressure of 65 MPa. At pressure values lower and higher than this value (at the same sliding speed), the
intensity of wear was lower. An increase in the sliding speed leads to a decrease in the intensity of wear and an
acceleration of the beginning of the stabilization phase, which can be explained by a decrease in the relaxation
time of the surface layer compaction processes.

Conclusions

1. The wear process at extreme friction actually includes two competing processes: compaction of the
surface layer with an increase in its microhardness and destruction of the surface layer with local adhesion of the
surfaces.

2. The relationship of these phases in time is significantly influenced by the initial state of the surface
and its physical and mechanical characteristics, pressure on the contact surface, sliding speed, and all these
parameters for the limit mode of friction are closely related.

3. Carrying out tests on the wear resistance of samples made of different materials and with significantly
different characteristics of the surface layer at the same parameters of the test regime is impossible in most cases,
since the obtained results are problematic to compare.

4. Such test conditions should be considered promising, which can be applied to surfaces with different
characteristics and provide results that are acceptable from the point of view of reliability, mutual comparison
and time of their implementation
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Creyummn  M.C., JlioxoBeur B.B., Creunmmna H.M., Jlyk’saiok M.B. 3HocOCTIHKICTh
KOHCTPYKILIHHUX CTaJeH, a30TOBAHMX B IIMKJIIYHO-KOMYTOBAaHOMY PO3PSii IPH TPAHUIHUX PSIKAMAX TEPTS

VY cTatrTi po3rIIsTHyTa METOANKA MPOBEACHHS TPUOOIOTITHUX TOCIKEHD TIPU TPAHUYHUAX PEKUMaX TEPTs
a30TOBaHMX 1 He a3oTroBaHWX craied 20 i 45 mia MOCATHEHHS NOPIBHSAHHSA pE3YNbTaTiB JIAOOpaTOPHHUX
BUTIPOOYBAHb 3 €KCIDTyaTaliiHUMU JaHUMHU. Ha B3a€MO3B'S30K CTPYKTYpHUX (a3 y daci CyTTeBHI BIUIMB MAalOTh
BUXIZIHUI cTaH MOBepxHi Ta ii (i3nKko-MexaHiyHI XapaKTePUCTHKH, TUCK Ha IOBEPXHIO KOHTAKTY, IIBUJIKICTH
KOB3aHHSI, MPUYOMY BCI 11l MapaMeTpH JJIsl TPAHUYHOTO PEXHUMY TEPTs TICHO IOB's3aHl Mixk coboto. [IpoBeneHHs
BUNPOOYBaHb Ha 3HOCOCTIMKICTH 3pa3KiB i3 pI3HMX MarepiayliB 1 31 CYTTEBO PI3HHUMHU XapaKTEPUCTUKAMHU
MOBEPXHEBOTO LIapy MPU OJHAKOBUX MapaMeTpax PeKUMY BUIPOOYBaHb Yy OUIBIIOCTI BUIAIKIB HEMOXKIHBO,
OCKIJIbKH TIOPIBHIOBATH OTPUMaHi pe3yJIbTaTH Npo0IeMaTHIHO.

Kro4oBi cji0Ba: a30TyBaHHS, TpaHUIHE TEPTA ,3HOC



