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Abstract

The problem of the numerical estimation of contact strength for parts with stress concentra-
tors, such as non-metallic inclusions, is considered. Using the approaches of mechanics and
mathematical modeling, a variational formulation of establishing a relationship between
the characteristics of stress concentrators and the strength parameters of the surface layers
of parts is presented. In solving the problem, the numerical tools used were the Fenics
finite element analysis package and its implementation in Python. The implementation
of the developed methodology was carried out on the practical task of determining the
strength of railway wheels with subsurface inclusions. The studies have shown a nonlinear
dependence of changes in the serviceability of the components’ surface layers on such
characteristics of elliptical inclusions as their depth, linear size of the weakened zone,
and the ratio of the principal radii. It has been established that the most dangerous in
terms of operation are inclusions located at a depth of 3.5 mm from the edge of the contact
interaction and having a weakening zone around them.

Keywords: contact strength; non-metallic inclusions; finite element method; railway wheels;
sub-surface stress concentrators

1. Introduction

The problem of maximizing the service life of parts is considered a key issue in modern
engineering. Its solution is inextricably linked to the assessment of the impact of the
geometry and material structure of products on their performance parameters. Engineering
trends that are typical of the current state of technology development indicate an increase
in the use of stress concentrators of various kinds and scales in critical structures. This
is due to the requirements of practice for local weight reduction of parts and reduction
of their manufacturing cost. Additional factors that contribute to the emergence of stress
concentrators are imperfect control over the processing of parts, their maintenance, and
intensified operating conditions. This causes a significant change in the stress state not only
in certain local areas, but also in the entire product. As a result, its failure often occurs in
areas and time intervals other than those expected to be most favorable for failure. Failure
of machine and equipment parts during operation is, in most cases, caused by fatigue or
loss of strength and is determined by the parameters of the stress state of the object of
study [1]. The stress state is a key factor in the operation of products, characterized not
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only by the value of the stress tensor or its scalar equivalent at each point, but also by the
specifics of its distribution [2,3].

Often, even the distribution of the stress—strain state of a structure determined with
sufficient accuracy does not guarantee the finding of engineering-based parameters for the
long-term serviceability of parts. To solve this problem, it is necessary to know both the
local and integral distribution of strength parameters in the product material, and this is
also a rather complex task in its own right.

It should be noted that despite a large number of publications on the study of the
strength and durability of bodies, the issue of the influence of stress concentrators on the
distribution of the stress state, local and integral strength, and the serviceability of parts
as a whole is still open and not fully resolved [4,5]. The morphology of geometric and
physical stress concentrators can vary considerably [6,7]. They can be circular, elliptical,
rectangular, or polygonal in shape with complex configurations. Each of these concentrator
shapes has its own characteristics in terms of its effect on the formation of the stress—strain
state in structural elements. Thus, the presence of circular inclusions is a source of stress
state disturbances, the distribution gradient of which depends on the radius of the stress
concentrator and the ratio of the mechanical characteristics of the inclusion and the base
metal. That is, a stress state is formed, which is characterized by a one-dimensional directed
change around the stress concentrator. Due to this, this type of stress concentrator is the
least dangerous during operation. Rectangular and polygonal inclusions are sources of
more complex stress states, especially in the vicinity of their vertices. Depending on the
angle at the vertex, a stress state is formed, characterized by two-dimensional gradience
and significant coordinate heterogeneity. At the same time, stress concentrators in the
form of polygons with the most dangerous acute angles are formed quite rarely, which
allows this type of concentrator to be classified as having a medium level of danger during
product operation. The most dangerous during product operation, especially under friction
conditions, are elliptical inclusion concentrators due to the formation of stress state areas
with significant gradient parameters in the vicinity of their vertices. It is in these areas that
weakening and microcrack propagation processes occur, as confirmed by both theoretical
calculations and experimental data [8,9]. Such types of inclusions are most often the
cause of accelerated destruction and wear of the surface layers of friction pairs, which is
called pitting [9]. The process of surface destruction significantly depends on the ratio of
the mechanical characteristics of the base metal and the inclusion, the orientation of the
concentrator, and the load regime of the part [10].

However, approaches, both analytical and numerical, that allow the above-described
parameters of elliptical-type physical stress concentrators to be taken into account in the
performance of products are practically absent in the literature.

In this regard, it can be concluded that research on the development of methods for nu-
merical evaluation of strength parameters of parts containing physical stress concentrators
is relevant and in demand.

Historically, the first methods that allowed assessing the influence of stress concentra-
tors on the performance properties of materials were approaches based on the practical
application of analytical functions with complex variables. These methods are still used
today, and allow for the assessment of the stress—strain state in the vicinity of concentrators
for bodies with geometry described by smooth functions. That is why it is possible to
analyze the change in stresses and strains for most typical forms of stress concentrators
used in classical engineering structures. A thorough summary of the results obtained with
the engineering calculations presented is given in [3-5].

For example, article [3] compares theoretical methods for assessing stress concentra-
tors with their actual data obtained from experiments, in particular, by the method of
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photoelasticity. The authors noted that the stresses calculated using analytical methods
often differ from the actual values due to the failure to take into account the characteristics
of the zones close to the concentrators. It should be noted that in this paper, the parameter
of the state of the interface of the zone “stress concentrator-base metal” was not taken into
account. This can likely be explained by the peculiarity of the scientific interests of the
authors of this article, as well as the complexity of the modeling and experimental plan that
arises when additional consideration of the properties of this zone is taken into account.

A comprehensive reference book [4] provides engineering calculation formulas for
most cases of geometric stress concentrators that may occur in the manufacturing of parts.
This paper points out the limitations of analytical relations, which are the difficulty of
simultaneously taking into account the peculiarities of load distribution and the type
of concentrators. Due to the engineering orientation of the research, the condition of
surfaces and near-surface zones of stress concentrators is not analyzed. As a result, certain
limitations are created in the calculation of structures operating under localized loads and
containing concentrators, since their simultaneous impact on the reliability of the product
is not taken into account.

Paper [5] studies the influence of stress concentrators on the strength and durability of
products from the standpoint of fracture mechanics. It is shown that the state of the material
of parts at the level of structural components plays a significant role in the processes of
its weakening and is practically not taken into account by analytical relations. Since the
monograph is a continuation of the classical studies of mechanics for bodies with stress
concentrators, the state of the near-surface regions of the material close to these zones was
not studied in the paper.

Further development of approaches to assessing the impact of stress concentrators on
the performance of parts is associated with the expansion of the concept of a concentrator.
Currently, this term is understood not only as a sharp change in the geometry of parts, but
also as the presence of inclusions in the material. In the first case, we speak of geometric
concentrators, and in the second, of physical ones [11-13]. Studies on the influence of
physical stress concentrators are presented in [12,13], aimed at establishing the relationship
between the stress concentration factor in the body, the nature and shape of inclusions, and
the peculiarity of the connections between inclusions and the matrix.

For example, in [12], an analysis of the effect of inclusion placement on the distribution
of stresses and strains for a plate in rigid contact with the inclusion and base material was
carried out. However, the issue of the peculiarities of the stress state parameters at the
interface ‘stress concentrator—base metal” and its influence on the strength of structures
were not considered. The authors of [13] studied the effect of inclusions at the level of
structural components on the stress—strain state of the material. The monograph [14]
considers the criteria for material failure in the vicinity of stress concentrators, taking into
account the physical state of the zone before the crack. Approaches to assessing the stress—
strain state of the entire structure containing stress concentrators have been developed, but
no determination of its strength characteristics in local boundary zones has been made.
This is due to the complexity of forming a reasonable criterion in the transition from studies
of the state of local zones to the entire product.

The influence of stress concentrators on such critical parts as machine shafts was
studied in [15]. It shows the distribution of stresses caused by local changes in the geometry
of products by analytical and numerical methods, taking into account the peculiarities
of the state of the surface layers. Paper [16] presents the development of analytical and
numerical methods for determining stress and strain fields in the vicinity of soft and hard
stress concentrators with different properties. The study of the parameters of the influence
of elliptical inclusions in shell systems on the strength of the structure is shown in [17].
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The influence of inclusions on the redistribution of the stress—strain state and the change
in the maximum stress intensity was established. At the same time, as noted in all of the
above studies, the role of the characteristics of stress concentrators in the formation of
structural performance is open and not fully explored. The issues of the influence of a set
of stress concentrators with different parameters and origins on the operational properties
of products are particularly poorly studied.

The analysis of papers [3-17] allows us to note that there are certain limitations that
are common in the study of stress concentrators by analytical methods. They consist of not
taking into account the state of the transition zone of the metal-inclusion interface and its
impact on the performance of parts.

A special feature of modern analytical approaches to assessing the impact of stress
concentrators on the performance of products is that they do not take into account the
state of the boundary region ‘base metal—physical stress concentrator’. This is due to
both the complexity of the mathematical formulation of this type of problem and the
limited use of complex variable approaches. This creates a certain gap in the study of the
behavior of real parts with stress concentrators, since the properties of boundary zones
often differ from both the base metal and the inclusion. The state of these boundary zones,
taking into account the formation of a stress state with significant gradient parameters,
leads to weakening and the attainment of a limit state precisely in these local areas. The
incompleteness of ideas about the processes of strength loss of structural elements with
stress concentrators and the limitations of the mathematical apparatus in the formation of
such problems are one of the significant gaps in the study of bodies with inclusions.

The rapid development of computational mathematics and computer mechanics has
had a significant impact on the study of bodies with stress concentrators. It has become
possible to estimate the change in stresses and strains in the vicinity of stress concentrators
of any geometry for parts with sufficient speed and accuracy, which has already been
implemented at the level of modern CAD and CAE systems [4].

The current state of materials engineering, processing technologies, and operation of
products poses new challenges in the development of calculation schemes for the influence
of stress concentrators on the parameters of product properties.

New, often artificially created hierarchically nested compositions of materials are con-
stantly emerging, and their processing technologies and working conditions are becoming
more complex [17,18].

This necessitates the introduction of new mathematical modeling technologies that
allow establishing links between existing stress concentrators and the heterogeneous stress—
strain state at a representative level characteristic of a given material. Such approaches
are important for functional gradient, composite materials formed using additive and
surface engineering technologies in the analysis of generalized performance parameters
of components.

Another little-studied issue is the development of mathematical approaches to assess-
ing the impact of stress concentrators on the service life of products, while taking into
account the specifics of the modes and nature of the loads that accompany the operation of
parts, components, and structures. This is an urgent problem, since modern technological
development leads to the appearance of intense and localized loads in components. Their
consideration is based on the formulation of computational mechanics problems that relate
the features of load modes and the characteristics of surface stress concentrators [19,20].

As a result of localized loads, a heterogeneous stress—strain state is formed in the
bodies, the technological optimization of which allows significant control over the strength
and service life of components [20,21].
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The development of mathematical approaches for solving these problems is especially
in demand for scientific support of surface engineering technologies in the formation of a
given structurally heterogeneous state of components and products [21,22].

However, despite the availability of publications related to theoretical and applied
studies of the influence of stress concentrators on the performance of structures under
distributed and localized loads, there are currently a number of tasks that are not presented
in the literature but require a solution. These include the development of numerical
methods that allow for assessing the impact of non-metallic inclusions on the distribution
of the stress state in the inclusion-base metal interface and, as a result, on the performance
of components.

This suggests that it is advisable to conduct research on the development of math-
ematical modeling methods for assessing the influence of inclusion parameters on the
performance characteristics of products operating under localized loads.

When considering any practical problem, it is important to create mathematical models
for its solution that clearly demonstrate the influence of the main processes on the behavior
of the objects under study. One of the advantages of two-dimensional mechanics problems
is the ability to simultaneously display the studied fields of displacement, deformation, and
stress throughout the body. This creates convenient conditions for a thorough assessment
of the role of inclusions in the performance of the product. In this regard, this article uses a
2-D model of the influence of elliptical inclusions on the contact strength of products.

2. The Aim and Objectives of the Study

The aim of the study is to develop a methodology for numerical evaluation of strength
parameters of components with subsurface physical stress concentrators to identify their
impact on the performance of structures. This will enable us to establish the distribution of
performance properties in local near-surface zones of components, as well as to recommend
methods for technological control of these parameters using surface engineering methods.

To achieve this goal, the following tasks were set:

- to build an algorithmic scheme for numerical study of the operational behavior of
friction pairs with subsurface defects—non-metallic inclusions of the elliptical type;

- to establish the influence of the presence of this type of defect on the possibility of
developing weakening processes in their boundary zones;

- to study the change in the strength of the product as a function of inclusion character-
istics such as the depth of their occurrence, the linear size of the weakened zone, and
the ratio of principal radii;

- to propose approaches to reduce the impact of inclusions by means of technological
modification of the surface layers of products.

The practical application of the strength assessment of parts with subsurface stress
concentrators in this work is implemented on parts such as railway wheels. The first
task is related to the construction of a mathematical problem of loading a wheel fragment
containing a stress concentrator and a numerical (computer) scheme for its solution. Based
on the findings of the distribution of the contact strength field in the studied area, the
second task helps establish the field of weakening in the body. The third part of the task
involves conducting applied research related to the influence of the inclusion parameters
and their boundary zone on the performance of wheels. The fourth part is intended to
justify technological recommendations for reducing the negative impact of inclusions on
the reliability of the surface layers of wheels.



Appl. Sci. 2025, 15, 9030

60f17

3. Materials and Research Methods

The operational strength parameters of components with stress concentrators serve as
the subject of the study.
The main working hypotheses of the study were as follows:

- stress concentrators are additional sources of stress state perturbations that affect the
contact strength of surface layers;

- the most pronounced effect of concentrators on the performance of products is mani-
fested in highly loaded structural elements operating under localized loads;

- the peculiarities of material behavior in the ‘inclusion-base metal interface’ are often
decisive in the operation of products;

- to assess the operational parameters of the surface layers of components with phys-
ical stress concentrators, it is necessary to use reasonable criteria for the material’s
limit state.

Railway wheels are one of the types of components that can fully fall under the object
of study of this paper, with simultaneous satisfaction of the conditions of all hypotheses.
They receive and transfer localized loads from rolling stock to the track. The safety of
rolling stock operations depends on their technical condition [23,24]. In the EU countries,
standards are used to regulate the strength of wheels as an element of the rolling stock
structure [25,26].

These regulatory documents define approaches to assessing the strength of wheels
based on stress—strain analysis with subsequent study of their durability, which should be
more than 107 load cycles without the appearance of cracks exceeding 1-10~3 m in size.

The main weakness of the calculation methods proposed by these standards is the a
priori assumption that the wheel material is characterized by the homogeneity and isotropy
of properties.

This assumption is used to simplify the analytical calculation of the stress state of wheels
during their long-term operation, but it is not always fulfilled for the following reasons:

(1) many national regulations recommend that the rolling surface be hardened during
(or before) operation;

(2) during operation, the structure of the original layer of the wheel surface material
changes, also known as tribomutation.

As a result, tribologically transformed layers (TTL) can contain a deformed microstruc-
ture, stress concentrators of physical and geometric origin, which are sources of stress state
perturbations, and zones with reduced strength parameters [23,24].

For many tribological systems, the contact surfaces of parts consist of several layers: the
first surface zone contains organic and inorganic molecules absorbed from the environment;
the next zone is the product of chemical interaction between the metal and the environment;
the third zone has properties that differ from those of the base metal; the last zone is the
base metal. It should be noted that the anisotropy of properties in such layers is a rare
phenomenon, but the heterogeneity of properties is the most common characteristic of
these zones.

The structure of the surface layers of wheels formed as a result of targeted technological
and operational influences is characterized by gradient properties, and it is not advisable
to use mathematical models of homogeneous media to describe it adequately.

In this regard, the following author’s model of a continuous non-homogeneous
isotropic medium is proposed, taking into account both the possibility of coordinating
changes in the basic elastic properties and the spatial distribution of damageability [27]:

%-(%(3-u>i+%(3®ﬁ—é(§ﬂ)i»—0, (1)
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where 1 is the displacement vector; [ is the unit tensor; 3 is Hamilton’s differential operator;
K(x) is bulk compression modulus; G(x) is shear modulus; ® is the tensor product symbol;
- is the scalar product symbol; w(x) is damageability; x € X. In expression (1), X is the area
occupied by the body under study and 0X is the surface of the body under study. Damage
is understood as a certain continuum assessment of structural degradation, which can be
carried out using the scalar function w(x). We will interpret w(x) as the classical studies in
the mechanics of damaged media, when it is assumed that the material is completely intact
at w = 0 and the material is destroyed at w = 1 [28].

In general, damageability is understood as a decrease in the elastic response of a
material due to a reduction in the effective area that transfers force from one part of
the body to another, which in turn is caused by the appearance of a scattered field of
microdefects of various origins (microcracks, dislocations, micropores, etc.) [29]. The
practical significance of introducing this value lies in the continuous consideration of all
structural imperfections that are difficult to assess individually at a discrete level. At the
same time, the limitation for this value is most often represented by model assumptions,
according to which this parameter is introduced into mathematical relations. Damage in
the body can be measured as a change in the body’s response to various external influences.
According to the authors of this work, the best technology for measuring damage is by
scattering microhardness or hardness values, which is called the LM hardness method [30].

For most functioning structures, w(x) varies in the range of (0;1). Additionally, it is
assumed that in the area under study, there are N stress concentrators K; (i = 1, N), each
characterized by a vector Y; with M parameters Y; = (yﬁ, s, yﬁw) , where i is a concentrator
number. The coordinates of the concentrators can serve as parameters y}, their sizes (or
radii for elliptical or circular concentrators), angles at the vertices (for concentrators in the
form of polygons), the state of roughness of the concentrators’” internal surfaces, etc.

The surface 0X is represented as the following set of domains:

0X = 90X UdX UdXs, (2)

where 0X is the surface area where the load is set; dX5 is the area of the surface where
the displacement is set (in particular, the conditions for fixing the component); dX3 is the
unloaded surface area.

As a result of force loads, a stress state is formed in the body, which is characterized
by a tensor at each point & = &(x).

Since the stress state does not unambiguously determine the performance parameters
of a component, the following expression will be used to analyze the strength of a body in
a local zone: .

k(x) = o (x) — 0" (x) 3)
ao(x)
where k(x) is the coefficient of safety margin; c*(x) is the scalar equivalent of the stress
tensor; 0p(x) is the scalar strength equivalent of the material.

When analyzing the relationship (3), one can see that k(x) satisfies the condition
k(x) < 1. Let us assume that the criterion of optimal functioning of the component
corresponds to the largest ‘average integral’ value of the expression k(x):

J k(x)dx

Vv
L= Jdx
1%

— max. 4)
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The advantage of relations (3)—(4) is the possibility of their use both for optimizing the
stress state of structures and for technological processes of surface strengthening of parts,
which allows increasing the operational reliability of products.

They have been tested on a wide range of surface engineering applications, and the
results are partially presented in [21,22].

It should be noted that from the standpoint of applied research, there are practically
no numerical values for relations (3)-(4). From the standpoint of theoretical concepts of
mechanics problems, the presence of second-order discontinuities in the function c*(x) and
the exit of the deformed state from the zone of model concepts of elasticity theory can act
as constraints.

The functional (4), characterizing the contact strength, depends on the distribution of
damage in the body w(x), boundary conditions, material properties K(x), G(x), and stress

concentrators, which are characterized by a collection of sets Y; (i = 1, N):
L =L(w(x),0X1,0Xp,0X3,K(x),G(x),{Y1,...,YN}). (5)

This problem statement is generalized.

Let us focus on the problem of analyzing the stress state and the level of contact
strength of railway wheels in the possible presence of a subsurface stress concentrator of
physical origin (inclusion) of elliptical shape at a certain depth d from the surface, with a
zone of weakened material around the inclusion with a level of damage w.

To study the stress—strain state in the zone of the physical stress concentrator of the
wheel, we consider this problem as a contact problem in a 2-D formulation under force
loading of a part fragment that is directly close to the edge of the contact interaction
(Figure 1).

V, (R%,R;,0°)

Figure 1. Contact problem for a body with a stress concentrator: V1 is physical stress concentrator, V3
is area around the stress concentrator with an increased damage value, R; main radii of the areas Vy
and V,, o is a rotation angle of areas V; and V) relative to the normal to the load plane, D is size of
the contact zone, H is depth of the physical stress concentrator, i,j = 1, 2.

Area V is the area containing inclusions, V; is the area of the ‘inclusion-base metal’
interface. The properties of area V, differ from both the base metal and the inclusion.

The value of the initial power load in the contact zone is set to 12.5-10* H, the friction
coefficient is 0.25, and ! = o® = 60°. Assume that the center of the elliptical stress concen-
trator is 2 mm deep from the center of the contact area. The dimensional parameters of the
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elliptical concentrator are taken to be equal to Ri = 1 mm, R} = 0.5 mm. Parameters of
domain V; are R% = 1.5-Ri1 (i = 1,2). Damage level w is 0.8.

The values of force loads and friction coefficient were selected based on literature
sources [21,31]. The depth of occurrence and the dimensional parameters of the defect were
adopted based on [32]. When selecting the parameters of the boundary zone ‘inclusion—
base metal’, we relied on the thorough work [33], choosing those at which the phenomenon
of loss of working capacity may occur with less than 10° load cycles. This number of cycles
was chosen because it is less than the inter-repair mileage of the rolling stock.

Suppose that the inclusions are of the SiO, type with the following mechanical
characteristics: E = 0.7-101! Pa, oy = 330 MPa. The main material is wheel steel with
E =2.1-10'! Pa, 0y = 1100 MPa. Here, E is the modulus of material elasticity and o+ is
material tensile strength. The initial data presented above are based on the analysis of
scientific and regulatory literature on the reliability of railway wheels with operational or
technological defects [32,34,35].

4. Distribution of Stress State and Contact Strength of Components with
SiO; Inclusion
4.1. Algorithmic Scheme for Numerical Study of the Operational Behaviour of Friction Pairs with
Non-Metallic Inclusions of Elliptical Type

To solve the problem described in paragraph 2, we will use computational mechanics
approaches, namely the Fenics finite element analysis package and its implementation in
Python [36]. This toolkit provides ample opportunities due to the use of various mathemat-
ical models of the material continuum, scalability, and the absence of any commercial and
educational restrictions. The main developers of the Fenics package are universities in the
USA and Sweden. Post-processing of the results of finite element analysis was performed
using the free package MatPlotLib for Python [37]. The material continuum model (1) was
used as the basic model.

The problem was solved by the finite element method (FEM) using the method of
weighted nonunions (weak formulation of the FEM) [36,37], where the weighting function

/ (3-&) odx =0, ©6)

. —
is the vector v:

Q
() is the area of integration, & is the stress tensor, which according to model (1) is
equal to:
. K(x) [(2=\, 2Gkx) (2 = 1(z2=\;:
=————(V —— -V : 7
b(x) 1—w(x)(vu)l+l—w(x) V®u 3 Vou |l (7)

The essence of the weak FEM formulation is to select a function distribution that allows
us to ensure the basic condition (6) in a given functional space as accurately as possible.

Weak formulation is one of the ways to help solve FEM mechanics problems by passing
from the continuum description of mathematical models to systems of linear algebraic
equations. Since the solutions of these equations are a discrete distribution of the desired
value. In the case of Equation (1), these are displacements that are converted into stresses
according to Hooke’s law, and then, according to Equation (3), into the coefficient of safety
of the structure.

After integrating by parts of expression (6), one can obtain the following result:

z <§-a) Ddx = —z o <3 ® ?) dx +a£ (o1 - vds. ®)
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—
n,

— —
Taking into account the ratio T = ¢-#, where T is the surface vector, one can get.

— -
/ <v-f7>-3dx _ —/&-.(V®Z>dx+/??ds. )
O 200

Q

Equation (9) is the basic one for solving the problem of finding the operational param-
eters of structures operating under power loads.

The number of finite elements in each numerical experiment was equal to 25,218; the
type of finite elements was a triangle with quadratic basis functions of the Continuous
Galerkin (CG) type [36]. The average size of a finite element is 0.1797 mm.

The integral Mises criterion [33,34] was used as a strength criterion in the following form:

0y = (10)

N W
(V203
@

where § = & — 3tr(0)1, tr(6) = (&--f)z.

The advantage of this criterion is that its reliability has been confirmed by a sufficiently
large number of experiments in the analysis of the strength of a wide class of both ductile
and quasi-brittle materials.

4.2. Determination of the Inclusions” Influence on the Weakening Processes in the Boundary Zone

As a result of the calculations, we obtained the following distribution of the field of
displacements, deformations, and stresses (Figure 2).

Displacement

@)

Stress in von Mises Form

w

25

2.0

15

1.0

0.5

(b)

Figure 2. Formed fields in the studied object as a result of force loads: (a) shows displacements;
(b) shows stresses in the Mises form (10° Pa).
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The stress distribution in the Mises shape at the inclusion-base metal interface is
shown in more detail in Figure 3.

Figure 3. Stress distribution in the Mises shape in a fragment of the studied object around
the inclusion.

The analysis of the results (Figures 2 and 3) showed that the displacement field of a
body with an inclusion in the considered problem is practically not distorted (Figure 2a). At
the same time, the stress field in the contact interaction zone (Figure 2b) has zones of growth
directly in the loading zone and a sharp change in the stress state at the metal-inclusion
interface (Figure 3).

4.3. Study of the Change in the Strength of Near-Surface Layers Depending on the Depth of
Inclusion, the Linear Size of the Weakened Zone, and the Ratio of the Main Radii of the Physical
Stress Concentrator

The next changes for the functional (4), depending on the following parameters,
were studied:

(1) the depth of the inclusion L(d), where d is the distance of the inclusion from the
contact surface (Figure 4);
(2) the linear size z of the weakened zone around the concentrator L(z), (Figure 5);

(3) the ratio of the main radii of the concentrator L(n), where n = %, (Figure 6).
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Figure 4. Dependence of the level of contact strength for the wheel (L) on the location of the inclusion
(d, mm) relative to the contact surface.
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Figure 5. Dependence of the change in the level of contact strength (L) of a structural element on the
size of the weakened zone around the inclusion z.
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Figure 6. Dependence of the change in the level of contact strength of a structural element (L) on the
ratio of the main inclusion radii (n).

For the first numerical experiment, the parameter d was changed from 0 to 10 mm in
steps of 0.25 mm (40 numerical experiments were performed in total).

As can be seen from Figure 4, the dependence of the value of the contact strength on
the location of the inclusion is as follows: at first, the contact strength decreases, reaching
a minimum value at a depth of 3-3.5 mm, then begins to increase, and at a depth of the
defect of more than 7 mm remains almost constant.

For the second experiment, it is assumed that the value of Ri2 = z-Ri1 i =12
(Figure 1), where z changes from 1 to 3 with step 0.1 (that is, 20 numerical experiments were
conducted). As a result, the following distribution of the functional L on the parameter z
was obtained (Figure 5).

As can be seen, as the weakened zone around the inclusion increases, the contact
strength decreases, as shown in Figure 5.

When studying the change in contact strength as a function of the ratio of the principal
radii of the physical stress concentrator L(n), where n = %, parameter n was changed from
1 to 10 with step 0.2 (that is, 47 numerical experiments were conducted).

As a result, we obtained the following distribution of the functional L of n (Figure 6).

The results obtained suggest that with an increase in the parameter 1, the contact
strength of a structural element increases. At the same time, there is a value of n (greater
than or equal to 3) after it is attained, and the contact strength remains constant.
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4.4. Proposed Approaches to Technological Modification of Surface Layers to Reduce the Impact
of Inclusions

Traditional mechanical approaches to increasing the strength and durability of struc-
tures by introducing new materials and solutions based on them have now reached a
certain limit. Therefore, a new trend has already emerged in modern engineering: the
development of new technologically modified layers that restore and protect critical parts
of machinery and equipment.

It should be noted that controlling the distribution of both material properties and
the stress—strain state in a component is one of the principles of creating products with
controlled performance parameters. From the standpoint of technological mechanics, this
problem itself consists of three independent, though interrelated, subtasks:

(1) establishing the performance of modified surface layers;

(2) determination of the impact of the performance of modified surface layers on the
strength properties of the component (product);

(3) assessment of the bearing capacity of the system ‘modified layer-base metal’.

The advantage of the numerical methodology proposed in this paper is its sufficient
versatility, determining the optimal parameters of layers via different methods of techno-
logical modification and formation of the operational properties of products on the basis of
the same principles.

Currently, two approaches are being developed in the formation of coatings:

(1) the creation of multilayer coatings that provide a smooth transition from the base
to the surface;

(2) the formation of coatings with variable composition in depth.

The main disadvantage of the first approach is its complexity, as multilayer coatings
require a variety of equipment combined into a single process cycle. The second option is
more attractive and economically feasible.

Therefore, it is proposed to form coatings using ‘mono-technological” solutions ac-
cording to the scheme of plasma hardening or electro-erosion alloying, which is given
in [19-22,38]. The main requirement for such coatings (modified near-surface layers)
should be the formation of gradient structures with increased and decreased local strength
parameters.

This reduces the negative impact of stress state disturbances caused by stress concen-
trators and, as a result, increases the performance of products.

Using the approaches developed by the authors, the possibility of increasing the
contact durability of 12Kh17T (AISI 430) steel by 3.7 times was demonstrated and experi-
mentally confirmed by optimizing the laser alloying modes [39]. The rational thickness of
the plasma-hardened layer of locomotive wheel tires was also established depending on
the operating parameters [40].

5. Discussion

The research is a further development of the studies on assessing the impact of stress
concentrators on the performance properties of products in the direction of taking into
account the peculiarities of the stress state distribution in the zone ‘stress concentrator-base
metal’. It has been shown that the presence of subsurface inclusions in a body significantly
changes its stress—strain state, transforming it from homogeneous to heterogeneous with
the presence of a spatial gradient under localized loads.

The fact (Figure 3) of a sharp change in the stress state at the metal-inclusion interface
was established. This may indicate the possibility of crack formation (structural weaken-
ing) not by the mechanism of tearing or shearing, but due to zones with lower strength
parameters, in particular, with increased damage. A sharp distortion of the stress field
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leads to the development of negative phenomena such as corrosion, diffusion saturation of
this zone with impurity elements, etc.

Due to the methodology proposed in this paper and the research conducted, the
dependence of the change in the strength of the product on characteristics of inclusions,
such as their depth, linear size of the weakened zone, and the ratio of the principal radii,
was established for the first time.

The results obtained for the first time showed the following:

1. The most ‘dangerous’ inclusions are those located at a depth of 3-3.5 mm from the
surface of the contact interface, since at this value of the defect depth, the level of contact
strength decreases significantly. At a distance of more than 7 mm from the edge of the
contact interaction, its effect on the contact strength is almost constant.

2. It has been established that with an increase in the weakened zone around the
inclusion, the contact strength decreases, which negatively affects the level of serviceability
of parts. Therefore, it is necessary to technologically achieve the minimum value of the size
of the weakened zone around the inclusion.

3. The contact strength of a structural element increases with an increase in the ratio of
the principal radii of the elliptical inclusion. At the same time, there is a value of n (greater
than or equal to 3) after which the contact strength remains constant. The geometric shape
of an inclusion has less effect on the contact strength of components than its size.

4. The proposed methodology is universal for the numerical evaluation of the strength
parameters of components with inclusions of various types. Its use enables the determina-
tion of the influence of the parameters of stress concentrators and their boundary regions
on the strength of products under localized loads, with adjustable accuracy.

Experimental validation of the developed methodology on other classes of materials
and with a different problem formulation is presented in [39,40]. A good correlation
between numerical estimates and data obtained from research on wear of parts under loads
close to those specified in the regulations was established. At the same time, the limitations
of the authors’ proposal are the a priori assumption of media isotropy and the lack of
consideration at the model level of material viscosity and diffusion processes typical, in
particular, for the functioning of structural elements under impulse loads in chemically
active environments.

The results also have disadvantages. In the course of research, it becomes necessary
to conduct a large number of numerical experiments, requiring a significant amount of
computing time. One of the ways to reduce the use of machine time is to use surrogate
mathematical models in the study of systems with stress concentrators.

The practical significance of the results obtained can be divided into regulatory and
technological directions. The first area is related to the introduction of requirements for the
limit parameters of non-metallic inclusions in their surface layers in regulatory documents
governing the production or operation of rolling stock wheels. The second is aimed at
developing and maintaining a technological modification of the wheel material that reduces
the negative impact of these concentrates.

It should be noted that the distortion of the stress field in the presence of physical stress
concentrators is one of the factors that negatively affect the performance of components.
Therefore, to reduce the distortion, we can recommend a technological modification of the
surface layers according to the scheme given in [21,22,38].

Many questions about the influence of geometric and mechanical parameters of in-
clusions on the performance of components remain open. Practically unexplored is the
influence of properties of the internal surfaces of inclusions—the base metal and the areas
around them on the strength and durability of structures [38,41].
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The development of approaches to managing this condition allows us to form ‘mosaic

zones’ in the areas of contact interaction of bodies with increased or decreased strength

parameters, corresponding to the classical approaches (principles) of Charpy. The develop-

ment of this principle for friction units allows us to significantly control the efficiency of

their work and ensure the reliability of operation.

6. Conclusions

The paper presents a methodology for numerical study of the behavior of friction
pair components with subsurface defects such as non-metallic elliptical inclusions.
This methodology allows us to determine the distribution of displacement, stress, and
deformation fields in the local near-surface zones of parts, as well as to recommend
methods for technological control of these parameters.

On the basis of the developed methodology, the stress—strain state of railway wheels
with the presence of an elliptical inclusion of SiO, technological origin was evaluated.
It was established that there is a sudden change in the stress state at the metal-inclusion
interface and the weakening of the structure in this zone at the main radii of the
physical elliptical concentrator equal to RI = 1 mm, R} = 0.5 mm. It is shown that the
contact strength of products significantly depends on the dimensional parameters of
this zone, and that it decreases with increasing size of the boundary zone.

The results of the estimation of changes in the components” strength showed a nonlin-
ear dependence of the serviceability components in the surface layers on characteristics
of inclusions, such as their depth, linear size of the weakened zone, and the ratio of
principal radii. It is shown that the most dangerous in terms of operation are inclusions
located at a depth of 3.5 mm from the edge of the contact interaction and having a
significantly weakened zone around them. At the same time, local weakening of parts
with inclusions occurs not by the mechanism of tearing or shearing, but due to the
formation of zones with lower strength parameters and increased damage. So, it is
necessary to avoid the appearance of inclusions at this depth when manufacturing or
operating rolling stock wheels.

The conducted research suggests that the elimination of the negative impact of the
inhomogeneous stress distribution around the inclusion can be achieved by controlled
modification of the surface layers of components. To do this, it is necessary to ensure
the formation of functional gradient structures with high strength parameters and
resistance to the formation of scattered and localized damage in the contact zone.
This will reduce the negative impact of stress state disturbances caused by stress
concentrators and, as a result, increase the performance of products.

Further development of the research presented in this article is possible in the direc-
tion of improving the mathematical model (1), taking into account the anisotropy of
media, thermal and diffusion processes typical for contact interaction of bodies in
the presence of chemically active media. Another important direction for expanding
the approaches proposed in this paper is to consider the combined effect of multiple
stress concentrators on the performance of friction pair components. This will enable
the development of computer modelling technologies for the functioning of tribosys-
tems with a virtually complete consideration of all the main processes occurring in
tribo-couplings.
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