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Effective method of evaluating the level of material damage under different loading
conditions

The article analyses the known experimental results of the assessment of the level of damage of
structural materials of various grades under the conditions of long-term, cyclic, static loading, and
lubricated friction. The structural changes that occur in the materials during loading have been shown
with correlate to the changes in the statistical scattering characteristics of the hardness measurement
results. This enables prediction of the kinetics of damage accumulation in materials during operation
and, therefore, prediction of their service life. This approach is relevant for the development of methods
for the assessment of the current condition and residual life of structures in the railway and other
transport industries. It is proposed to use this methodology to evaluate the level of damage to the
microstructure of materials in the contact zone and its impact on the tribological characteristics of metal
friction pairs. A new method is proposed for the performance assessment of lubricating compositions
based on industrial lubricants that contain nano-additives of different chemical compositions for higher
wear resistance of heavy-loaded steel friction pairs. The method is based on the joint analysis of the
experimental data on the wear kinetics, variation of the relative hardness, and level of damage in the
surface layers of the metal friction pairs. The structural damage of the materials in the contact zone is
determined by employing the statistical parameters of scattering of the hardness values. The
methodology has been approved for steel friction pairs where lubricants based on industrial oil and on
nano-additives of copper, magnesium alloy, graphite, and two grades of medium-carbon steels, are
used.

Keywords: hardness, rail-wheel pair, statistical data processing, lubricating composition, friction
and wear testing, wear resistance, tribological characteristics, damages.

Introduction. The determination of the current condition and residual life of the structural elements
and parts of machinery is considered to be one of the key challenges in modern-day mechanical
engineering, since the physical-mechanical properties of a material change in the process of operation
and the estimated life may prove to be unreliable. The relevance of these challenges is even greater for
the structures and parts of the machinery used in the energy and transport sectors. Determination of
residual life is based on the theoretical and experimental methods of assessment of the level of material
damage of the structure as a result of mechanical, thermal, or other actions. The theoretical assessment
may employ the methods of continuum damage mechanics (CDM) based on the phenomenological
growth models of scattered defects, i.e. pores and micro cracks. These models assume that the number
of defects in the elementary volume of the material is high enough for CDM modeling of the growth
processes thereof as this type of modeling views damage as an additional thermodynamic parameter.
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Active research efforts are currently being made to develop these models [1-4]. Some of the models
have already been used in modern software packages for strength calculations [5, 6]. However, all the
theoretical models require experimental determination of the parameters and functions present in the
defining relations. Here, the aspects of determination of specific physical mechanisms of the degradation
process of material mechanical properties and practical methods for assessing the damage level and the
nature of its change during the operation of the component, need to be considered. The relevance of
these aspects is also associated with the development of methods to improve the wear resistance and
reliability of friction assemblies, as the wear of components caused by friction is known to be one of the
main causes of failure and breakdown of machine parts and structural elements, particularly in the
energy and transport sectors.

In this context, the interpretation of the term “damage” is fairly ambiguous. In material mechanics,
damage is related to a decrease in resistance to a certain mechanical load or other external action leading
to an increase in the number of defects in the material. In contemporary physics, it has already been
proven that the loss of durability resulting from the failure process is the final stage of defect
accumulation at all structural levels of the material. Therefore, it is critical to identify and use a
comprehensive measure of damage that would be fairly simple to determine by experiment. This would
enable the researchers to employ damage as a specific parameter (scalar, tensor, function, or functional)
during the determination of the relationships between the theories of inelastic deformation that take into
account material damage.

Background analysis of the recent studies and definition of the problem. Various methods for
the assessment of the level of material damage have already been proposed in a number of research
studies. The methods could conditionally be classified as either destructive or non-destructive. The
classification is conditional, as the same methods are used in both cases. A comprehensive analysis of
the methods would require a separate publication; therefore, only a few of them are briefly reviewed in
the present paper.

Most destructive methods imply performing tests on material specimens cut from certain areas of the
structural component. The investigations of the mechanical behavior or structural condition of the cut
specimens provide the characteristics of the current damage of the material, T1(T;) where T; represents
certain parameters that characterise the level of operational load (e.g., time, passed tonnage, number of
cycles, accumulated deformation, etc.). There is a certain initial damage I, in any material; therefore,

the same method is used for the determination of the damage level, while relative parameter —= ( 0T s used

for the analysis of damage kinetics. These methods include, in particular, weight measurement methods
for the determination of material density; determination of the transverse strain coefficient and Young’s
modulus defect during uniaxial tension or compression of specimens [7]. The methods help assess the
degree of material loosening or volumetric deformation that characterizes its damage. In laboratory
conditions, the results of damage level assessments under the above methods agree fairly well with each
other [7]. The methods of quantitative metallography and fractography are used to analyze the geometric
characteristics of the specimen failure surfaces and to determine the number of defects of various types
[8,9]. It should be noted that the procedures for determining the degree of damage using these methods
are quire labor-intensive, and the efforts are made to automate them [10]. Recently, the method of
pushing out of the disc micro-specimens cut from large structural elements has become widespread as
it helps minimize the appearance of new defects that might result from this operation. The investigations
using these methods allow to assess the degree of material damage caused by mechanical, radiation,
thermal, and corrosive actions on the structure by the means of measurement of certain characteristics
of the mechanical properties of the material [11-13]. The level of defectiveness of the material
specimens could be determined using other methods of structural investigation and technical
diagnostics, such as acoustic emission, ultrasound, X-ray, electron microscopy, and others [14-19]. In
certain cases, these methods are also used for in-situ diagnosing of the material damage of structures,
predominately thin-walled ones, due to certain physical limitations of these methods. The latter
techniques require the use of special and often costly equipment.

The most common method of assessing material condition is probably the hardness method, which
has quite a few variants at present [20—25]. In general, hardness is considered to be the property of a
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material to resist the penetration of another, harder body (the indenter) into it. By its physical nature,
hardness is assumed to be related to the mechanical characteristics of the material in the context of
elastic-plastic deformation and failure.

The results of hardness measurement depend on the size, shape and material of the indenter; the
method of application, value, and speed of the load; the capabilities of the equipment used for measuring
the geometric parameters of impressions; the accuracy of calculation formulas, etc. In particular, as the
load on the indenter decreases, the hardness indicators increase and the degree of the increase depends
on the shape of the indenter. It should also be noted that most of mechanical characteristics are integral
properties of the specimen of a certain shape, and the processes of restructuration of the microstructure
on the surface versus those that take place in the middle of the specimen are different even at the stage
of uniform deformation, let alone in the zones of its localization.

Currently, only approximate correlations between hardness indicators and some standard mechanical
characteristics have been established [26, 27]. These correlations are considered purely empirical, since
hardness is a local rather than an integral characteristic in relation to the sample size.

The simplest methods to measure hardness are the ball, pyramid, or cone indentation into a prepared
surface of the part. These techniques are used to determine the macro-hardness of the material, as,
contrary to micro-structure parameters, relatively large volumes of the material are subjected to
deformation during the indentation. These methods are often used to assess the quality of parts after
thermal treatment (e.g., rails and wheels of a rolling stock) [28, 29]. However, the methods are
characterized by rather low sensitivity due to structural changes in the material arising from the
accumulation of micro-defects [30-32].

Therefore, methods for determining micro-hardness are used for the quantitative and qualitative
assessment of structural changes in the material. Determining micro-hardness as a notion implies a fairly
large number of methods [22], which differ in the shape of the indenter, load application, and result
recording techniques.

The micro-hardness methods are used to study the structural components of metals and alloys,
analyze the anisotropy of mechanical properties of microcrystals, and to investigate changes in the
mechanical properties of surface layers of parts caused by friction and wear, cavitation, corrosion, etc.
The micro-hardness method has been found to be sensitive to changes in the phase composition of
metastable materials, enabling the prediction of the kinetics of phase transformations under various
conditions of thermo-mechanical loading of the parts made from this kind of materials [33]. This method
is characterized by a fairly large scatter of micro-hardness indicator values, the main factors of which
are the non-uniformity of the material, the measurement technique or the quality of specimen
preparation, as changes in the surface micro-hardness are caused even by the mechanical cutting or
grinding of the specimens. The dispersion of micro-hardness indicators largely depends on the indenter
shape and value of the load acting on it, with the dispersion of data increasing at the decrease in the
loading degree [22]. Nonetheless, the micro-hardness method is considered by many researchers to be
a versatile method to investigate the mechanical properties of materials.

The neglect of the scale factor is a common weakness of all experimental methods for damage
research using specimens made from the structural material. The damage accumulation process is very
complex and takes place at all structural levels of the material. Hence, it depends on many factors,
including the volume of the deformed material (this is related to the differences in the accumulation of
elastic energy, conditions of dissipation of the thermal energy that builds up during deformation,
statistical aspects of micro-defect distribution, etc.). Another factor is the complexity of modeling of the
loading conditions of specimens in the experiment that would adequately represent the loading
conditions of the structural material. In most structures, structural materials function under the
conditions of non-uniform complex stress condition, and the transfer of research data from the laboratory
to real structures should therefore be carried out with some caution.

The scatter in the mechanical properties of many materials is evidently associated with the specifics
of their crystalline structure. Reducing errors associated with hardness measurement equipment and the
so-called human factor (or an instrumental factor) and using modern automated testing devices could
help establish correlations between certain characteristics of the structural state of the material and the
parameters of the statistical law of distribution of the hardness measurement results.

93



e-ISSN 2617-9059 Transport Systems and Technologies, 42, 2023

Determining the nature of the scatter of mechanical properties of various structural materials and
choosing adequate statistical laws for the mathematical description of experimental data has been a
relevant problem in materials mechanics for many years. The need for research in this area is related to
the necessity of accounting for the scatter of mechanical parameters used in the estimation of the strength
and reliability of the structural elements. If the correspondence of the experimental data to a certain
statistical distribution law is established, then the distribution parameters could be used to assess the
level of damage in the structural material. At the same time, if certain criteria for assessing the value of
these parameters are present, it would be possible to predict the durability of the structure and its residual
service life.

Quantitative evaluation of a random homogeneous variable (for example, a certain characteristic X
of the mechanical properties of a material, the value of which can be represented as a series X5, X5, ..., X,
for control purposes n) is known to use dimensioned and dimensionless numerical characteristics, which
have no direct relation to the form of the law of distribution of a random variable: arithmetic mean

?=1(Xi—)?)2; standard deviation S:\/nljZ?:l(Xi—)?)z;

)?z%Z?ﬂXi; dispersion D = %
~3, (Xi-%)°
53

skewness A = 513_4 — 3, provide additional information about the shape of the distribution curve.

The scatter of values of mechanical properties within the totality with a sufficiently
large n (theoretically at n — o0) is subject to the law of probability distribution, which is determined by
the distribution function. Any finite set of values of these characteristics is a so-called statistical sample
from the totality and provides only approximate representation of its characteristics. This circumstance
is one of the main challenges when choosing a distribution law for a limited number of observation
results (in particular, in the case of labor-intensive and relatively costly mechanical tests). According to
the long-term studies, the results of which have been published in hundreds of scientific papers (for
example, in certain observational papers [34 — 36]), the characteristics of mechanical properties mainly
obey the normal or log-normal (the case where the logarithms of a random value correspond to a normal
distribution law) laws. According to paper [36], the normal law is preferable for description of the
parameters such as hardness or conditional tensile strength, while the log-normal or a variant of type IlI
exponential distribution (two-parameter Weibull distribution) is preferable for the yield strength,
threshold narrowing, and elongation. For the assessment of results of cyclic tests on strength limit, the
three-parameter Weibull law is preferable, while for data on crack propagation velocity, the log-normal
distribution is recommended. It should be noted that these conclusions apply to a limited group of
materials and loading conditions. Significantly fewer publications provide the results on the dispersion
of test data under complex stress conditions taking into account the anisotropy of materials, structural
and phase composition, etc.

For smaller statistical samples typical for mechanical testing, it is generally recommended to use log-
normal distribution or the two-parameter Weibull distribution law, as the latter only provides positive
values of a random parameter, corresponding to the physical concepts of characteristics of mechanical
properties.

Structural reliability is evidently linked to the number of defects that arise during its operation. The
overwhelming majority of studies note that kinetic curves of damage accumulation I1(T;) are nonlinear
functions of their arguments. For analytical approximation of these curves, the Avrami equation, which
contains an exponential function of a certain type known as the sigmoidal function, is often used:

coefficient of variation v = % 100%. Two more parameters, namely kurtosis E = and

y() =1 —exp(—kt™) 1)

where k, n—parameters that are easily available where the experimental data are presented in double
log plot.

This equation was originally used to describe topochemical reactions, such as isothermal phase
transformations in metastable materials. Later, it was found to also be applicable to the modeling of
other processes associated with structural transformations, such as crystallization and recrystallization,
polymerization, accumulation of corrosive damage, etc. Studies [33, 37] have shown that changes in the
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phase composition of metastable chrome-nickel steel under elastic-plastic deformation over a wide
range of low temperatures, which could be described by a modified equation of type (1), correlate well
with changes in the micro-hardness of the material.

In large-scale tests, the hardness value can be considered random. Assuming the scatter degree of
values H is associated with the level of material damage I1(T;) and changes depending on two physically

substantiated conditions H;T") > 1 and aan((TT_)i) > 0, in view of the above, it is reasonable to employ
L

0

Weibull statistics with a distribution function as in (1). The Weibull distribution is often used in
reliability theory (the weak-link model) and when describing the dispersion of certain characteristics of
mechanical properties of materials and predicting the probability of brittle failure. A detailed analysis
of the distribution, its mathematical justification, and other applications can be found in the book by H.
Rinne [38].

For a two-parameter Weibull distribution, the probability coefficient P(H) could be written down as
follows:

m

P(H)=1- exp_(%) 2

When the experimental data correspond to the theoretical distribution (2), then the parameters k, m
could be determined by logarithmising both parts of the relationship (2) twice

m-In(H) —m-In(k) = In[-In(1 —P)] =In [ln (1)] (3)

P

In coordinates y = In[—In(1 — P)]ory = In [ln (%)] and x = In(H), this is a straight line with the
slope coefficient

In[—In(1 — P)]

™ =) = (k)

(4)

Experimental data are plotted on the special probability plotting paper and the degree and nature of
their dispersion relative to the theoretical line (3) are visually assessed. For a more precise estimation,
the least squares method can be used.

In practice, due to the limited number of test results, a situation arises where the data only
approximately correspond to the distribution (2), and there is certain dispersion of the data relative to
the straight line (3). Currently, more than 20 approximate methods are known for the estimation of the
values of the distribution parameters (2) [38]. To determine parameters k,m analytical, grapho-
analytical, and numerical methods are used [38—40]. However, this paper does not focus on a detailed
review and accuracy assessment. It should be noted, that a dedicated software is available for statistical
calculations using the Weibull distribution [41, 42]. For the purpose of determination of the parameter
in the further investigations, the methodology proposed by E.J. Gumbel [43] is used, as the damage
accumulation method, developed by a team of researchers at the G.S. Pisarenko Institute for Problems
of Strength of the National Academy of Sciences of Ukraine [44], has been used for the justification.
The main idea behind the method is to determine a correlation between the statistical parameters, which
are applicable to the estimation of the degree of scatter of hardness measurement results in large-scale
tests, and the level of material damage of the structure. This method, which has been named as «LM-
hardness method», was subsequently standardized in Ukraine [45]. According to this method, the results
of n measurements of material hardness are presented as a series lgX1,1lgX,, ..., lgX,, and the shape
parameter m is determined by formula
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1
n 2

1 _
mZ(ngi — 1gX)?

i=1

m = 0,4343 d(n) ()

Since the average value of a random parameter can be determined based on a number of observations
n (i.e., for any sample), it therefore depends on n; consequently, relationship (5) contains function d(n)
referred to as the standard deviation [43]. The values of this function were calculated by the
Computational Laboratory of Columbia University and are provided in certain statistical guides. To

generate the totality d(n) — % if n - oo. The increase in data dispersion and the corresponding
decrease in parameter m indicates an increase in material non-uniformity (therefore, in some works, this
parameter is referred to as the homogeneity parameter). A higher value of the homogeneity coefficient
corresponds to a low level of dispersion of micro-hardness characteristics and, accordingly, a better
organization of the microstructure of the surface layers of the material.

It should be noted that a change in the structural state of the material is not necessarily a sign of its
damage, i.e., a deterioration of certain operational properties.

The analysis of distribution parameters above shall be preceded by a procedure of elimination of
gross measurement errors. In the standard mentioned above [45], a methodology based on the use of the
Smirnov criterion is used for this purpose.

Experimental justification of the LM-hardness method. To substantiate the ideas outlined above,
some results available in the literature and provided by the experiments on the specimens made from
structural materials of different grades are reviewed. Primarily, it should be noted that the data of this
kind are scarce and are not systematically organized. Due to the limited volume of the article and some
important issues related to corrosion damage of various kinds and damage to welded structures, the
present paper does not consider any examples of diagnosing real structures. The authors of the paper
have anticipated to address these issues in subsequent publications.

The change in material hardness under tensile test conditions was used to assess the damage degree

D inpaper[20]:D =1 — %Z—y where H—hardness of the conditionally undamaged material (measured

on the specimen before reaching yield strength o), H—nhardness of the most damaged material
(measured on the specimen in the zone of deformation localization upon reaching the conditional failure
threshold o). It was assumed that the initial hardness and yield strength had a linear relationship.

In paper [46], an attempt was made to directly link the level of material damage to the degree of
dispersion of standard mechanical characteristics (elasticity modulus, yield strength, Poisson's ratio,
conditional strength limit), which was estimated by the value of the parameter m using formula (5). In
tensile experiments, identical specimens of the length equal to five diameters, made from chromium
steel (40X) and high-strength aluminum alloy (B95), were used. The impact of “instrumental” errors
was minimized to a certain extent by providing identical experimental conditions, careful specimen
selection, and control of the measurement of forces and deformations. As a result, the obtained data did
not contain any systematic outliers (anomalous observations). The level of deformation was used as a
development parameter. According to the test results, there was no correlation between the damage
levels calculated on the basis of the scatter of mechanical characteristics. Furthermore, the damage level
was the transition highest at the stage from elastic to elastic-plastic deformation, and as deformation
increased further, the rate of accumulation of damage accumulation decreased.

This fact is considered in greater detail below, and an attempt is made by the authors to explain it, as
similar results were obtained in other experiments.

In certain studies, the correlation coefficient v was used as a parameter to evaluate the hardness data
dispersion [47, 48]. Study [47] provides data (Fig. 1) on the level of threshold damage and the average
hardness of two-phase (a + B) alloy VT6 (Ti-6Al-4V) during the static long-term strength tests under
uniaxial tension conditions at ¢ = const. Dependency v(o) was found to be close to linear. Assuming
that long-term strength decreases at an increase in the load value, this is obviously associated with
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greater damage in the material and, consequently, with an increase in the number of microstructural
defects. This leads to a larger dispersion of micro-hardness values, as evidenced by the increase in the
variation coefficient. At the same time, the average hardness (expected value) hardly changes. This
indicates a lack of correlation between the scatter level of the hardness values and its average value.

Qualitatively similar dependencies were obtained by the authors of study [48] under the condition of
cyclic pulsating loads at 0.3 Hz frequency on the specimens of heat-resistant steel 10GN2MFA
(10FH2M®A) commonly used in nuclear power sector (Fig. 2).
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Fig. 1. Dependence of the correlation coefficient and on the stress level at different hydrogen
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Fig. 2. Dependence of the correlation coefficient and average hardness on the maximal cyclic
stress levels.

The results confirmed the presence of linear correlation between the maximum cyclic stress and the
level of material damage, which was evaluated based on homogeneity parameter m, while hardness was
determined in the zone of appearance of the first fatigue crack. This experiments also demonstrated that
the previous impulse load affected the type of correlation, since the phase composition would change
under the conditions of dynamic unbalanced processes, resulting in the physical and mechanical
properties of materials. It has been concluded by the authors of the present paper that, in the absence of
phase transformations, the homogeneity parameter could be used in structural-mechanical models for
the assessment of cyclic durability.

The presented data provide evidence of validity of the main rationale behind the method, namely,
that the dispersion of hardness measurement results increases with the increase in the operating time
parameter. In the studies referred to above, the value of stresses was used for the latter, while
dependencies v(o) and m(a) were close to linear for the studied load modes. It should be noted that,
despite the difference in physical processes of damage accumulation for these loading processes (long-
term and cyclic), there are certain similarities in terms of damage accumulation occurring in the surface
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layers of the specimens, where cracks subsequently appear. A large number of microdefects leads to a
significant increase in the correlation coefficient, which, in turn, indicates a decrease in the accuracy of
determination of the parameters of statistical distribution. Regrettably, studies [47, 48] do not provide
any data on the initial damage in the specimens, since it would require operating with relative values of
the correlation coefficient in order to assess the degree of material damage.

An investigation [49] was conducted and provided results (Fig. 3) on the processes of damage
accumulation in aluminum alloys D16ChATW and 2024-T351 under cyclic loading conditions (at 110
Hz frequency and 0.1 cyclic asymmetry coefficient).

460
440

420

400 o

o MPa
w
o0
S

0,45 0,55 0,65 0,75 0,84
m

Fig. 3. Dependence of the damage level on the maximal cyclic stress.

It should be noted that the stress value is not a definitive estimate of the level of operating life of the
respective loading modes. This is due to the potential accumulation of equivalent parameters at the long-
term load, creep deformation, or time to failure, while under cyclic loading, the number of cycles to
failure or cracking have the potential to accumulate.

In study [50], the results of investigation of micro-hardness distribution using the specimens made
of different grades of structural materials (steel 45, steel 20K, steel 12Cr18N10T (12X18H10T),
aluminum alloy D16T ([I16T) are presented according to the following test procedure: loading to the
specified value of axial deformation; hardness measurement in 30 points of specimens; unloading of the
specimen, registration of residual deformation, and repeated measurement of hardness.

Each material was subjected to four stages of testing, with the maximum deformation reaching
approximately 1%. The evaluation of hardness measurement results was performed based on
homogeneity parameter m (see (5)). The results of the experiments have suggested that the dispersion
of hardness data is greater in a loaded state versus an unloaded state.

The results of evaluation of the scatter of hardness values in unloaded specimens presents on Fig. 4.
The graphs are based on the data by study [50].

The degree of data dispersion clearly does not depend on the nature of strain hardening of the material

when such an assessment is performed using the relative indicator % where mg — value of homogeneity
0

parameter m for the undeformed state of the material. It is noteworthy that for all the investigated
materials, the greatest changes in indicator mﬁ occurred at very small deformations, in the transition
0

zone from elastic to elastic-plastic deformation.

The type of stress state also strongly influences the characteristics of the scatter of measurement
results of micro-hardness for the specimens made from different materials. Study [51] has provided data
from the experiments on thin-walled tubular specimens made of steel 45, copper M1, aluminum alloy
D16T(/116T), and stainless steel 12Cr18N10T (12X18H10T) under conditions of uniaxial tension,
compression, and torsion (Fig. 5). The materials differed by nature of strain hardening, with the greatest
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hardening observed in medium carbon steel 45, the lowest — in copper M1. For all the investigated
materials, the greatest scatter in hardness data was observed during torsion, while the lowest — during
compression, and the difference value was influenced by the nature of strain hardening of the material.
At the same time, there were hardly any changes in the average value.
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Fig. 4. Dependency between the degree of dispersion of hardness data and the level of plastic
deformation (1—steel 12Cr18N10T (12X18H10T), 2—steel 20K, 3—aluminum alloy D16 T
(J116T); 4—steel 45).
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Fig. 5. Dependence of the homogeneity coefficient on the level of plastic deformation.

The main conclusion drawn from the experimental data analysis was that the scatter of the material
hardness changed under the influence of any energy impact that led to structural changes in the material.
However, the average hardness value changed insignificantly if there were no phase transformations or
no changes in chemical composition or density of the surface layers of the material during thermo-
mechanical loading.

Various types of thermal treatment are known to cause alterations in the mechanical properties of a
material, including hardness. The degree of dispersion of micro-hardness data also depends on the heat
treatment mode due to the change in the size of crystallites, development of residual stresses, potential
emergence of new phases with different mechanical properties, etc. In view of the numerous factors that
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may influence the nature of hardness data scatter, establishing a definitive relationship between the heat
treatment mode and the parameters of statistical distribution would currently be challenging.

During static deformation of metallic materials caused by the heterogeneity of the crystalline
structure and presence of initial defects, certain microstructural changes occur as early as during the
elastic deformation stage (dislocation movement, point defects, atom movement along grain boundaries,
etc.), accompanied by the appearance of plastic deformations in individual grains. The intensity of these
processes depends on the initial homogeneity of the material, presence of phases with different
mechanical properties, various inclusions, grain size distribution, etc. According to the experimental
data and numerical simulation results, plastic deformation begins in stress concentration zones of the
surface layers of the material as they are characterized by the lowest shear strength. Surface stress
concentrators generate the deformation defects (dislocations, disclinations, meso-localized shear strain
bands, point defects) on the surface of the specimen that subsequently propagate into its deeper layers,
leading to the development of plastic deformation throughout the specimen volume.

As a result, the scatter of hardness in the elastic region increases, and the dependence of the
homogeneity parameter on stress becomes close to linear (see Fig.4). Upon reaching its conditional yield
strength 0,5, the material becomes more homogeneous, as a large portion of the grains have already
transitioned into a plastic state. Hence, the dispersion of micro-hardness decreases, and damage
accumulation in the material slows down. This process of structural changes in the initial stage of
material deformation should be considered when modeling damage accumulation processes in real
structures.

Significant changes in the correlation coefficient or homogeneity parameter occur under cyclic and
long-term loading conditions at low stress levels. Under these kinds of loading modes, damage
accumulation also occurs primarily in the surface layers of the material. If the stress level does not
exceed the static yield strength, a strong linear correlation is present between the statistical parameters
of the micro-hardness data scatter and the level of maximum stresses. The nature of this relationship
v(o) and m(o) is evidently influenced by the type of stress state and temperature.

Method for the performance assessment of lubricating compositions. One of the factors that
affect the performance and service life of machine components is wear of the contact surfaces due to
friction. The wear process of the friction surfaces is quite complex, and its intensity depends not only
on the shape and nature of the mechanical interaction between the friction components. This process is
affected by a variety of other factors, which can sometimes be challenging to formalize, such as the
presence of moisture, dust, lubrication regime, lubricant type, etc. Therefore, the possibilities for a
theoretical solution of this problem, for example, by mathematical modeling of the contact interaction
between friction pair components, are quite limited.

Local plastic deformation is known to potentially cause changes in the hardness of the surface layers
of components during the friction process of rough surfaces. This phenomenon is directly related to the
intensity of wear. However, stable correlations between these processes have not yet been established,
as experimental data are not available or have not been systematized [52]. The contact interaction of
solid rough bodies is characterized by discreteness and stochastic distribution of surface forces and heat
sources, as well as high gradients of stress, strain, and temperature. As a result, surface layers of the
material have a high concentration of defects in the crystalline structure and exhibit specific phase
transformations that are often accompanied by changes in chemical composition. Meanwhile, the
presence of lubrication, additives, and lubricating materials in the contact zone significantly influences
the course of these processes.

In view of the damages primarily to the surface layers of the material in the case of sliding friction,
it would be reasonable to assume that the degree of their damage could be determined by referring to
the degree of hardness dispersion. Specific correlation relationships can be established by a combined
analysis of data on wear intensity, changes in surface hardness of the specimens, and parameters
characterizing the level of structural damage to the material.

To improve the operational properties of traditional lubricants used for lubricating rails and wheels
of a rolling stock, various additives have been used recently, in particular, additives containing various
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nano-materials. The introduction of this kind of lubricating compositions into the friction zone can
fundamentally change the nature and intensity of the processes of friction, wear, and defect formation.
Natural metal-containing compounds (serpentine, dolomite, magnetite, aluminosilicates, etc.),
polyvalent metal salts of fatty acids, nano-powders of various metals and alloys, as well as carbon-based
materials of natural or artificial origin (graphite, diamond, graphene) are used as nano-additives. At
present, there is no single opinion on the composition and method of manufacturing lubricants
containing nano-additives, as their performance depends on the type of friction pair, operating
conditions of tribounit, compatibility of lubricating materials and parts, etc. Therefore, performance
assessment of a lubricant for improvement of the tribological characteristics of friction pairs should be
based not only on the results of laboratory research but also on data from field experiments. However,
in the case of wheel-rail friction pairs, the possibility of conducting field experiments is extremely
limited due to a certain uncertainty in the conditions of power loads, the environmental impact, long
duration, and the cost of work. Therefore, the choice of a specific lubricant from a variety of options
should be made at the stage of laboratory research. One of the objectives of these experiments was to
develop a method for performance assessment of a lubricant based on a combined analysis of data on
changes in the main tribological (wear and friction coefficient) and strength (hardness value and damage
parameter) characteristics during the experiment.

The choice of criteria for performance assessment of lubricants should be based on the assessment
of the operating conditions of a specific friction pair. For many types of tribounit, the effect of a
significantly increasing wear resistance is achieved only if there is a simultaneous significant reduction
in the friction coefficient. Therefore, in practice, a simplified approach to the performance assessment
of different types of lubricants is often used. Namely, a high-performing lubricant is considered to be
one that provides a minimum friction coefficient and maximum stability of the lubricating film under
certain temperature-force operating conditions of the friction pair. However, the value of the friction
coefficient changes during operation/experiment as a result of deformations of the microrelief and
damage accumulation, changes in temperature and physical-mechanical properties of the lubricating
material and materials of the friction pair components.

The study [53] presents the results of hardness measurement and assessment of the level of damage
to the surface layers of the specimens made of two grades of medium carbon steel. The experiment was
conducted under sliding friction conditions using lubricating materials based on industrial lubricants
with nano-additives of different chemical compositions. Application of this kind of lubricating
compositions provides the possibility to control the tribological processes occurring in the friction zone
to a certain extent. Therefore, one of the objectives of these experiments was to evaluate the
effectiveness of lubricating compositions with nano-additives of different chemical compositions for
improvement of wear resistance of steel friction pairs.

The shape of specimen, loading method and modes, measuring equipment, chemical composition of
the steels and nano-materials, manufacturing method of nano-powders, as well as other details of the

experiment, are thoroughly described in [53]. Average hardness H=%Z?=1 H; of the working surface of

the specimens was determined based on the results of 30 measurements, in this case d = 1.1124. To
assess the damage according to the methodology in [45], the hardness measurement data were presented
as a series lgH,,lgH,, ..., lgH,, and according to the Smirnov criterion, these data were checked for

gross measurement errors [45]. The average value of the series members [g H= 1 * , lgH; and the mean
n

squared deviation were determined by S = \/ﬁZ?:l(lgHi - lgﬁ)z. The level of material damage was
evaluated based on the homogeneity parameter by using formula (5), with an accuracy m of +0.05.

The results were presented in relative values: AH = HI;H" 100% and Am = ™. 100%, where

0 mo
index 0 corresponded to the initial (conditionally undamaged) state of the material.

Table 1 presents the main results of the experiments for different friction modes using lubricating
materials based on Greaseline Lithium BIO Rail 000 industrial oil and nano-additives of copper grade
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M2, magnesium alloy grade MAZ2, graphite grade GK-1, steel 20, and rail steel. Powdered nano-
additives, particle size 100 to 300 nm were obtained by electro erosion dispersion [53].

Table 1. Key results of the experiment.

Frict d Maximum Relative Change of Change of
Specimen ubri riction moge, wear friction mean hardness homogeneity
material ubricating Cgmposmon coefficient coefficient
numboer Ah, mm £/ AH, % Am, %
0.7
No. 1, pure oil 0.08 — +9.8 +31
Rail steel : : é g?t
No. 2, oil + rail steel <0.001 0.84 147 +29
powder 0.87
. 0.92
No 3, pure oil 0.095 i +13.9 +34
No. 4, oil + powder 0.91
GK-1 (TK-1) 0.084 Yl +1.3 +58
0.91
Steel 20 No. 5, oil + powder M2 0.23 115 +4.2 +63
No. 6, oil + powder 0.92
MA2 0.0015 072 +31.6 +32
No. 7, oil + steel 0.9
. — +16. +
powder 20 0.001 0.73 164 32

The coefficient of friction f (KOF) is an important indicator of the performance of friction pairs,
with its value significantly affecting the energy efficiency of machines and mechanisms. A decreasing
friction in the contact areas would evidently be expected to a decrease in wear. However, this pattern
mat be influenced by nano-additives. For different specimens, initial values f were slightly varied,
which could be attributed to the presence of undeformed particles of nano-additives and possible
differences in the surface roughness of the specimens. Therefore, for the purpose of analysis of the
influence of different additives on the change in KOF, the experimental data are presented in Table 1
depicting relative values f/f,, where f, represents the initial value of KOF, and f — its values after 1
(upper value) and 3 (lower value) hours of operation.

According to Table 1, the greatest increase in average hardness, the lowest damage level, and the
least wear were recorded for lubricating compositions No. 2, No. 6, and No. 7. This signals that these
lubricating compounds possess certain corrective properties. Lubricating compositions No. 2 and No. 7
are produced on the basis of an industrial lubricant with additives of steel nano-powders used for friction
tests. In these cases, the additives to lubricating materials do not further affect the oxidation of the
specimen surfaces, unlike the magnesium alloy additive used in composition No. 6. Magnesium, as the
main component of this additive, oxidizes due to high electrochemical potential relative to iron.
Therefore, the properties of this kind of a lubricating compound are inherently unstable. Moreover,
under the experimental conditions under consideration, the composition containing magnesium alloy as
an additive provides a friction coefficient that is too low for lubricating wheels and rails.

Lubricating composition No. 2 has the best set of properties. It is based on industrial lubricant with
the addition of rail steel nano-powder. It provides a moderate increase in hardness and minimal surface
damage, virtually no wear, and an optimal friction coefficient value. In addition, this nano-additive is
non-toxic, provides the lubricant with corrective properties, and cost moderately, since it can be
produced from scrap metal resulting from the mechanical processing of rails. Hence, it can be
recommended for lubricating rails and wheels of railway rolling stock.

Conclusions. In this study has investigated a prospective method of qualitative and quantitative
assessment of lubricants containing nano-additives of different chemical compositions to improve the
wear resistance of steel friction pairs. The method involves an aggregate analysis and kinetics of damage
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accumulation during the change of mechanical and tribological characteristics in the course of friction,
and the parameters are used to assess the level of material damage and the statistical distribution of
hardness measurement results during mass tests. In particular, the correlation coefficient and the Weibull
distribution shape parameter could be used as these statistical parameters.

An analysis of published works on the application of this method to assess the level of damage of
structural materials of different grades has been carried out under static, cyclic, and long-term loads, as
well as under friction conditions.

It has been demonstrated that, in cases of long-term, cyclic, and static loads, the degree of hardness
data dispersion increases, thereby reducing the non-uniformity of the structure associated with material
damage. An important conclusion from the analysis of the experimental data is the absence of correlation
between the statistical parameters that characterize the scattering of hardness values and the average
hardness value. Therefore, the average hardness cannot be considered a reference parameter for
assessing damage. Furthermore, in view of multicycle the conditions of uniaxial loads and long-term
loads, when the surface layers of the material are most damaged, the value of damage is proportional to
the maximum stress. This indicates the possibility of using linear damage accumulation models under
these kind of load conditions. It has also been shown that the Kinetics of the damage accumulation
process largely depends on the type of stress state.

The joined analysis of statistical characteristics of metal hardness scatter of friction pairs with the
change in tribological characteristics during friction has allowed the authors of the present paper to
evaluate the efficiency of lubricants with nano-additives of various chemical compositions. The
proposed method allows identifying the corrective properties of lubricants with nano-additives at the
laboratory research phase.

The method of this kind of comprehensive analysis, presented in this work, may be useful for an
express assessment of the impact of lubricating materials on the wear resistance of friction pairs.

REFERENCES

1. Chaboche, J. L. (1989). Phenomenological aspects of continuum damage mechanics. Theoretical and Applied
Mechanics, 41-56.

2. Betten, J. (1992). Applications of tensor functions in continuum damage mechanics. International Journal of Damage
Mechanics, 1(1), 47-59. https://doi.org/10.1177/105678959200100103

3. Krajcinovic, D. (1983). Constitutive equations for damaging materials, J. Appl. Mech, 50(2), 355-360.
https://doi.org/10.1115/1.3167044

4. Lemaitre, J., & Desmorat, R. (2006). Engineering damage mechanics: ductile, creep, fatigue and brittle failures.
Springer Science & Business Media. https://doi.org/10.1007/b138882.

5. Murakami, S., Liu, Y., & Mizuno, M. (2000). Computational methods for creep fracture analysis by damage
mechanics. Computer methods in applied mechanics and engineering, 183(1-2), 15-33. https://doi.org/10.1016/S0045-
7825(99)00209-1.

6. Kattan, P. I., & Voyiadjis, G. Z. (2012). Damage mechanics with finite elements: practical applications with computer
tools. Springer Science & Business Media. https://doi.org/10.1007/978-3-642-56384-3.

7. Lebedev, A. A. (2008). New characteristics of material degradation at the stage of development of scattered
damage. Tekh. Diagn. Nerazrushayushchii Kontrol, (4), 35-44.

8. Barter, S. A.,, Molent, L., & Wanhill, R. J. (2018). Typical Fatigue-Nucleating Discontinuities in Metallic Aircraft
Structures. In Aircraft Sustainment and Repair (pp. 41-65). Butterworth-Heinemann. https://doi.org/10.1016/B978-0-08-
100540-8.00003-0.

9. Merson, E., Danilov, V., Merson, D., & Vinogradov, A. (2017). Confocal laser scanning microscopy: The technique
for quantitative fractographic analysis. Engineering Fracture Mechanics, 183, 147-158.
https://doi.org/10.1016/j.engfracmech.2017.04.026.

10. Das G., Sridhar, D., Ghosh Chowdhury, S., Goswami, N.G., Eds. (1999) Image analysis in quantitative metallography.
In Materials Characterization Techniques-Principles and Applications. National Metallurgical Laboratory, 135-150.

11. Kharchenko, V.V.; Makaev, A.G.; Katok, O.A. (2015). Experimental study of the mechanical behavior of materials by
the method of pressing disk microsamples. Strength of Materials, 3, 32-38.

12. Wang, Z.-X.; Shi, H.-J.; Lu, J.; Shi, P.; Ma, X.-F. (2008) Small punch testing for assessing the fracture properties of
the reactor vessel steel with different thicknesses. Nuclear Engineering and Design, 238(12), 3186-3193.
https://doi.org/10.1016/j.nucengdes.2008.07.013.

13. Gafur, S., Andrey, S., Liliya, S., & Vadim, F. (2017). Assessment of damage of metallic elements in oil and gas facilities
using small punch test. International Journal of Applied Engineering Research, 12(21), 11583-11587.

103


https://doi.org/10.1177/105678959200100103
https://doi.org/10.1115/1.3167044
https://doi.org/10.1007/b138882
https://doi.org/10.1016/S0045-7825(99)00209-1
https://doi.org/10.1016/S0045-7825(99)00209-1
https://doi.org/10.1007/978-3-642-56384-3
https://doi.org/10.1016/B978-0-08-100540-8.00003-0
https://doi.org/10.1016/B978-0-08-100540-8.00003-0
https://doi.org/10.1016/j.engfracmech.2017.04.026
https://doi.org/10.1016/j.nucengdes.2008.07.013

e-1SSN 2617-9059 Transport Systems and Technologies, 42, 2023

14. Romanishin, R. I., & Romanishin, 1. M. (2019). Assessment of scattered damage in structural materials. Russ Journal
of Nondestructive Testing, 55, 111-121.Romanishin, R.1.; Romanishin, I.M. https://doi.org/10.1134/S1061830919020086.

15. Arora, V., Wijnant, Y. H., & de Boer, A. (2014). Acoustic-based damage detection method. Applied acoustics, 80, 23-
27. https://doi.org/10.1016/j.apacoust.2014.01.003.

16. Lebedev, A.A.; Nedoseka, A.Ya.; Chausov, N.G.; Nedoseka, S.A. (2001). Estimation of damage to the metal of
operating gas pipelines using the method of acoustic emission scanning. Technical Diagnostics and Non-Destructive Testing,
1, 8-12.

17. Diogo, A. R., Moreira, B., Gouveia, C. A., & Tavares, J. M. R. (2022). A review of signal processing techniques for
ultrasonic guided wave testing. Metals, 12(6), 936.. https://doi.org/10.3390/met12060936.

18. Koshowyi, V. V., Romanyshyn, I. M., Romanyshyn, R. 1., Mokryi, O. M., Sharamaga, R. V., Kyryenko, A. V., &
Semak, P. M. (2013). Development of ultrasonic tomography techniques for diagnostics of nuclear power plant piping. Strength
of Materials, 45, 512-516. https://doi.org/10.1007/s11223-013-9487-5.

19. Lord, W. A,, Stinchcomb, W.W., Duke, J.C., Henneke, E.G., Reifsnider, K.L., (1980). Survey of Electromagnetic
Methods of Nondestructive Testing. In Mechanics of Nondestructive Testing. Eds.; Springer: Boston, USA.
https://doi.org/10.1007/978-1-4684-3857-4_3.

20. Billardon, R., Dufailly, J., & Lemaitre, J. (1987). A procedure based on Vickers' micro-hardness tests to measure
damage fields. In Structural mechanics in reactor technology.

21. ASTM E18 - 16 : Standard Test Methods for Rockwell Hardness of Metallic Materials (2016). ASTM International,
West Conshohocken.

22. Broitman, E. (2017). Indentation hardness measurements at macro-, micro-, and nanoscale: a critical
overview. Tribology Letters, 65(1), 23. https://doi.org/10.1007/s11249-016-0805-5.

23. Oliver, W. C., & Pharr, G. M. (2004). Measurement of hardness and elastic modulus by instrumented indentation:
Advances in understanding and refinements to methodology. Journal of materials research, 19(1), 3-20.

24. Golovin, Y. . (2008). Nanoindentation and mechanical properties of solids in submicrovolumes, thin near-surface
layers, and films: A Review. Physics of the solid State, 50, 2205-2236.

25. Gromakovskij, D.G.; Tbatullin, I.,D.; Priluckij, V.A.; Dynikov, A.V.; Ovchinikov, LN.; Bakirov, M.B. (2000). A new
method for assessing the plasticity of structural materials and predicting the resource characteristics of machine parts and
structures. Heavy Engineering, 10, 2-6.

26. Moshchenok, V.; Lalazarova, N.; Doshchechkina, I.; Demchenko, S. (2016). Comparison of strength indicators
determined during tensile tests and hardness values. Bulletin of KhNADU, 73, 115-118.

27. Bulichev, S.1.; Alekhin, V.P.; Shorshorov, M.H.; Ternovsky, A.P. (1976) Investigation of the mechanical properties of
materials using the Kinetic diagram "load-indentation depth" with microindentation. Strength of Materials, 9, 79-83.

28. Rails are common for broad gauge railways. General technical conditions. State Standard of Ukraine: Kyiv, Ukraine,
2005. DSTU 4344:2004; (In Ukrainian)

29. Wheel pairs of freight cars: rules of maintenance, repair and formation. State Standard of Ukraine: Kyiv, Ukraine, 2015.
DSTU ISO 6001-2015; (In Ukrainian)

30. lwnicki, S. D., & Bevan, A. J. (2012). Damage to railway wheels and rails: a review of the causes, prediction methods,
reduction and allocation of costs. Int J Railw Technol, 1, 121-46. https://doi.org/10.4203/ijrt.1.1.6.

31. Izotov, V.L; Fillipov, G.A. (2005). Expert assessment of operational damage to railway wheels. Deformation and
destruction of materials, 8, 2 — 7.

32. Lebedev, A.; Muzyka, M.R. (2006). Technical diagnostics of the material using the LM-hardness method. Problems of
resource and safety of operation of structures, buildings and machines, 97-101.

33. Lebedev, A. A., & Kosarchuk, V. V. (2000). Influence of phase transformations on the mechanical properties of
austenitic stainless steels. International Journal of Plasticity, 16(7-8), 749-767. https://doi.org/10.1016/S0749-6419(99)00085-
6.

34. Kurmoiartseva, K. A., Trusov, P. V., & Kotelnikova, N. V. (2017, December). Multilevel modeling of damage
accumulation processes in metals. In IOP Conference Series: Materials Science and Engineering (Vol. 286, No. 1, p. 012018).
I0P Publishing. https://doi.org/10.1088/1757-899X/286/1/012018.

35. Davison, L., Stevens, A. L., & Kipp, M. E. (1977). Theory of spall damage accumulation in ductile metals. Journal of
the Mechanics and Physics of Solids, 25(1), 11-28. https://doi.org/10.1016/0022-5096(77)90017-5.

36. Sakai, T., Nakajima, M., Tokaji, K., & Hasegawa, N. (1997). Statistical distribution patterns in mechanical and fatigue
properties of metallic materials. Journal of the Society of Materials Science, Japan, 46(6Appendix), 63-74.
https://doi.org/10.2472/jsms.41.1014.

37. Lebedev, A. A., Kosarchuk, V. V., & Gudramovych, V. S. (1999). Micro-and macrostructural aspects of plastic
deformation of metastable steels. In IUTAM Symposium on Micro-and Macrostructural Aspects of Thermoplasticity:
Proceedings of the IUTAM Symposium held in Bochum, Germany, 25-29 August 1997 (pp. 355-362). Dordrecht: Springer
Netherlands. https://doi.org/10.1007/0-306-46936-7_34.

38. Rinne, H. (2008). The Weibull distribution: a handbook. CRC press: Boca Raton, USA.

39. Weibull, W. (1951). A statistical distribution function of wide applicability. Journal of applied mechanics.

40. Evans, J. W., Kretschmann, D. E., & Green, D. W. (2019). Procedures for estimation of Weibull parameters (p. 17).
United States Department of Agriculture, Forest Service, Forest Products Laboratory. https://doi.org/10.2737/FPL-GTR-264.

41. Horvat, A.A.; Molnar, 0.0.; Minkovich, V.V. (2019) Methods of processing experimental data using MS Excel:
Tutorial. Uzhhorod: Hoverla, Ukraina. (In Ukrainian)

104


https://doi.org/10.1134/S1061830919020086
https://doi.org/10.1016/j.apacoust.2014.01.003
https://doi.org/10.3390/met12060936
https://doi.org/10.1007/s11223-013-9487-5
https://doi.org/10.1007/978-1-4684-3857-4_3
https://doi.org/10.1016/S0749-6419(99)00085-6
https://doi.org/10.1016/S0749-6419(99)00085-6
https://doi.org/10.1088/1757-899X/286/1/012018
https://doi.org/10.1016/0022-5096(77)90017-5
https://doi.org/10.2472/jsms.41.1014
https://doi.org/10.1007/0-306-46936-7_34
https://doi.org/10.2737/FPL-GTR-264

e-1SSN 2617-9059 Transport Systems and Technologies, 42, 2023

42. Available online: www.stata.com (accessed on 18 November 2023).

43. Gumbel, E. J. (1954). Statistical theory of extreme valuse and some practical applications. Nat. Bur. Standards Appl.
Math. Ser. 33.

44. Patent of Ukraine N 52107A, Lebedev, A.A.; Muzyka, M.R.; Volchek, N.L. The method for assessing the degradation
of the material after the damage accumulation in the process of exploitation, “LM-method of hardness”, 15 January 2003. (In
Ukrainian)

45. Metal materials. Determination of the level of scattered damage by LM-hardness method, State enterprise ""Ukrainian
scientific research and training center for problems of standardization, certification and quality. DSTU 7793:2015; State
Standard of Ukraine: Kyiv, Ukraine, 2016. (In Ukrainian)

46. Lebedev, A.A.; Makovetskiy, 1.V.; Muzyka, M.R.; Volchek, N.L.; Shvets, V.P. (2006) Evaluation of damage to the
material by the dispersion of the characteristics of elasticity and static strength. Strength of Materials. 6, 5-14.

47. Lokoshchenko, A.M.; Ilyin, A.A.; Mamonov, A.M.; Nazarov, V.V. (2008) Analysis of creep and long-term strength of
titanium alloy VT6 with pre-embedded hydrogen. Physical and chemical mechanics of materials. 5, 98-104.

48. Lebedev, A.A.; Makovetskiy, 1.V.; Muzyka, M.R.; Shvets, V.P. (2008). Study of the Processes of Deformation and
Damage Accumulation in Steel 10GN2MFA under Low-Cycle Loading. Strength of Materials, 2, 5-10.

49. Chausov, M., Pylypenko, A., Maruschak, P., & Menou, A. (2021). Phenomenological models and peculiarities of
evaluating fatigue life of aluminum alloys subjected to dynamic non-equilibrium processes. Metals, 11(10), 1625.
https://doi.org/10.3390/met11101625.

50. Muzyka, N. R., & Shvets, V. P. (2014). Determination of stresses and strains in elastoplastic deformed body from
hardness characteristics. Strength of Materials, 46, 512-517.

51. Muzyka, M.R.; Shvets, V.P. (2014) Influence of the type of loading on the process of damage accumulation in the
material, Strength of Materials. 1. 130-136.

52. Meng, Y., Xu, J., Jin, Z., Prakash, B., & Hu, Y. (2020). A review of recent advances in tribology. Friction, 8, 221-300.
https://doi.org/10.1007/s40544-020-0367-2.

53. Kosarchuk, V., Chausov, M., Pylypenko, A., Tverdomed, V., Maruschak, P., & Menou, A. (2022). Nanopowders of
Different Chemical Composition Added to Industrial Lubricants and Their Impact on Wear Resistance of Steel Friction
Pairs. Lubricants, 10(10), 244. https://doi.org/10.3390/lubricants10100244.

Banepiii Kocapuyx*', Muxona Yaycoe?, Bonooumup Teepoomeo®

! Mpodecop, Kadempa TeopeTndHoi Ta MIPpUKIaAHOi MeXaHiku, JlepxaBHull yHiBepCUTET IH(YPACTPYKTYpHU Ta
TeXHOIOT#, Bys1. Kupmiisceka, 9, M. Kuis, 04071, Ykpaina. ORCID: https://orcid.org/0000-0003-2703-3542.

2 TIpodecop, Kadenpa mexaniku, HaionansHuii yHiBepcuTeT 6iopecypciB i HpUPOIOKOPUCTYBaHHs Y KpaiHu,
Bya. I'epois O6oponn, 15, m. Kuis, 03041, Ykpaina. ORCID: https://orcid.org/0000-0002-6790-6216.

3 ouenT, Kadeapa 3amisauunoi kouii Ta koniifiHoro rocrnogapctsa, JlepxaBHuil yHiBepcuTeT iHppacTpyKTypu
Ta TEXHOJOTiH, ByiI. Kupmiiscbka, 9, M. Kuis, 04071. Ykpaina. ORCID: https://orcid.org/0000-0002-0695-1304.

EdexTuBHNi MeTOX OIIIHKU PiBHA MOMIKOIKEHHS MaTepiaay
3a pi3HUX YMOB eKcIyaTanii

Y cmammi  npoamanizoéano  6idomi  excnepumenmanvui - pe3yibmamu  OYiHKU — CHYNEHIO
NOUKOONCEHHST KOHCMPYKYIUHUX MAMepPIianié pisHUX Mapox 3a YMO8 00820MPUBANO20, YUKIIYHOZO,
CIMAmMu4Ho20 HABAHMAJICEHHA ma Macmuivhoco mepmsa. I[loxkazano, wo cmpykmypui 3minu, AKi
gi0bysalomvcsa 6 mamepianax nid yYac HAGAHMAICEHHS, KOPEeMomy 3i 3MIHAMU CIMAMUCIUYHUX
Xapaxmepucmuk po3cilo8ants pe3yibmamie eumipioeants meepoocmi. Lle doseonsic npoenozysamu
KIHEeMUKY HaKONU4eHHs: NOWKOONCEHb Y Mamepianax nio dac excniyamayii, a omoice, npocHO3y8amu
mepmin ix cuyocou. Takutl nioxio € akmyanbHum 0Jis1 po3poOKu Memodié OYiHKU NOMOYHO20 CIAHY Md
3AMUUKOB020 pecypcy KOHCMPYKYIl 3aMI3HUYHO20 MA IHWUX MPAHCNOPMHUX 2AY3el. 3anponoHo8aHO
BUKOPUCMOBYBAMU YI0 MEMOOUKY OJisl OYIHKU PIBHA NOUWKOOICEHHS MIKPOCMPYKMYPU MAmepianie y
30HI KOHMAKmy ma Uo20 Gnauey Ha mMpubOI0iuHI XapaKmepucmuky Memanieeux nap mepmisl.
3anpononosano HoGUT MEMOO OYIHKU eeKMUSHOCIT MACMUILHUX KOMIOZUYILU HA OCHOBI NPOMUCTOBUX
macmun, AKi Micmams HAHO000ABKU PI3HO20 XIMIYHO20 CKAAOY 0/ NiOBUUEHHS 3HOCOCTIUKOCMI
cmanesux — BANCKOHAGAHMAdCeHUX nap mepmsa. Memoo 6azyemvci HaA  CRITbHOMY — AHANI3E
eKCNEePUMEHMANbHUX OAHUX WO000 KIHEMUKU 3HOULYBAHHA, 3MIHU BIOHOCHOI mMeepOoCmi ma pieHA
NOWKOOICEHOCMI NOBEPXHEBUX ulapie memanie nap mepms. Ilopywenus cmpykmypu mamepianie y 30Hi
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KOHMAKMy — GU3HAYAIOMb 3 OONOMO20I0 CMAMUCMUYHUX NAPAMEMPIE  PO3CIl08AHHS  3HAUEHb
meepoocmi. Memoouxa anpobogana 01 cmanesux nap mepms, 0e GUKOPUCTOBYIOMbC MACTUTbHE
mamepianu Ha OCHOBI IHOYCMPIANbHO20 MACAA MA HAHO000ABOK MIOI, MACHIEBUX CNIABIS, epaghimy ma
080X MAPOK cepeonbogyeneyesux cmaell.

Knwuoei cnosa: meepdicmo, napa peiika—Kkoneco, Cmamucmuyna 00pooxa 0anux, MacmuibHuil
CKAA0, 8UNPOOYEAHHS HA MePMsl MA 3HOWYBAHHS, 3HOCOCIIUKICIYb, MPUOONOSTUHI XAPAKMEPUCTIUK,
NOUKOONCEHHSL.
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