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Abstract

The article analyzes the features of planar regular microreliefs with the shape of grooves, the axis of which
lies in a plane that is parallel or coincident with the surface on which the microrelief is formed and can be described
by a periodic function. It was established that the main parameter that determines the operational properties of a
surface with regular microreliefs is the relative area of the microrelief. The hypothesis is put forward that the
geometric shape of the grooves of the microrelief practically does not affect the operational properties of the
surface. Microreliefs of groove axes that a periodic function can describe are technologically imperfect because
when forming the tops of microrelief grooves, the tool must make stops to change the trajectory of movement. The
complex geometry of microrelief grooves reduces the productivity of their formation, and the complexity of
ensuring regularity ensures the surface's heterogeneous physical and mechanical properties. Directions for
improving the forms of microreliefs are proposed, which will ensure an increase in the productivity of their
formation and provide an opportunity to control the operational properties of the surface.

Key words: regular micro reliefs, operational properties, geometric parameters, surface engineering,
periodic functions, friction pair

Introduction

Ensuring the operational properties of machine parts is an important task of modern engineering. For this
purpose, technologies for processing responsible surfaces and methods for ensuring their geometric and physico-
mechanical quality parameters are constantly being improved. The direction of engineering science aimed at
ensuring the necessary operational properties of the working surfaces of machine parts is called surface
engineering. In this direction, an important place is occupied by the technology of creating periodically repeating
organized surface structures, which are called regular microreliefs. In the scientific literature, these organized
structures are called "Surface Texture", "Surface topography " or " Regular Micro Relief (RMR)". The creation of
new micro reliefs that would provide better operational properties is an important task for modern mechanical
engineering.

Literature review

The work [1] gives the results of studies of the influence of different forms of grooves of regular microrelief,
which was formed on the surfaces of the test sample, on the coefficient of friction, the temperature in the friction
zone, and the ability of the surface to remove wear products. Reducing the coefficient of friction leads to a
reduction in the consumption of energy resources that are spent to set mechanisms in motion, which can be very
relevant both in the aviation industry and in any other field of transport.

In works [2, 3], the results of the research are presented, which indicate that the formation of a
microstructure in the form of an ordered microrelief on the inner cylindrical surface of the cylinder liner contributes
to the ability of this surface to retain an oil film. This property of the working surface of the hydraulic cylinder
sleeve improves the operational properties of the surface and increases the resources of the unit as a whole.

Copyright © 2024 V.O. Dzyura, R.O. Bytsa. Computational studies of stuffing box packing seal wear mechanism using
@I}. the Archard model Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any
=3 medium, provided the original work is properly cited.
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A large number of studies have confirmed that the formation of an ordered microstructure on the working
surface reduces the roughness of the treated surface and increases the surface microhardness [4, 5, 6].

To ensure the specified operational properties of the working surfaces, microreliefs with grooves of various
shapes and sizes are formed.

For example, in [7], the authors conducted a comparative study of the operational properties of flat rotating
surfaces of discs. Regular microreliefs were formed on these surfaces, the elements of which in the first case were
periodically repeated spherical holes, and in the other, traces of segments of different lengths (chevrons)
intersecting at acute angles in the range of 60° - 90°. The result of the study was the determination of the coefficient
of friction of surfaces with formed microreliefs and the search for the optimal shape, sizes and mutual location of
the elements of such a microrelief.

Studies similar in object were conducted in work [8]. The authors investigated surface structures with a
depth of 8 nm, the traces of which in the vertical plane will be in the form of a circle, an ellipse, and a triangle.
The influence of the shape of the texture on the coefficient of friction was studied. It was also established that,
given the same area, the same area ratio, and the same depth, elliptical and triangular pits have a lower load-bearing
capacity compared to a round pit.

Surface structures in the form of square holes and grooves were studied in [9]. The surface area covered by
microrelief elements was 25%. After forming on the surface of the test samples a texture in the form of grooves
and square holes with a depth of 20 nm, they were subjected to the action of friction with a similar surface,
simulating the process of wear. Each sample carried out relative movements in the amount of 20 thousand cycles.
After simulating the wear process, the samples were compared with a control sample with a flat surface without
formed microrelief. The result of the research is the conclusion that surfaces with formed surface structures have
better operational properties. Surface operational defects during the period of research were observed only on the
surface without formed microreliefs.

In the work [10], the authors proposed an approach in which regular microrelief is considered from the
standpoint of factors that determine its characteristics, in particular: size and shape and mutual placement of
microrelief elements; orientation of microrelief elements relative to the surface on which it is formed; the
relationship between microrelief parameters; hierarchical ranking. Examples of regular microreliefs in the form of
ordered microstructures in the environment are given, the sizes of their constituent elements are given, and their
orientation is shown. Factors affecting the functional properties of surfaces with regular surface structures are
considered.

Article [11] is interesting from the point of view of carrying out classifications. The classification of
directions of scientific research of textured surfaces is presented, in particular: technologies for creating regular
microreliefs; input/output characteristics of such surfaces; modelling of their interaction and further research in
this direction. This work also provides a classification of the main methods of creating textured surfaces, such as
methods of thermal, mechanical, electrochemical interaction, micro- and nano-finishing and micro-casting. The
article provides technological diagrams of the processes of formation of surface microstructures with justification
of the main technological parameters. The result of the authors' research is a table describing the various tool
materials, work materials and cutting parameters used in machining with a micro-textured tool and a table of
texture generation methods along with the dimensions and geometry of the grooves.

The microstructure of the surface in the form of rectilinear grooves was studied in [12]. These
microstructures with a depth of 80-120 nm at the angle of the grooves 0°, 45°, 90° were created by a laser beam.
The authors studied the frictional properties of these surfaces. The research was carried out by applying a load that
presses the ball to the test sample with a force of 20 to 100 N and performs relative cyclic movements in the
amount of 10 thousand cycles, simulating wear. The obtained results of the change in the coefficient of friction
were compared with a control sample with a surface without creating surface microstructures. The work also
established a mechanism for filling the grooves with the products of surface interaction and searched for the
optimal location of the grooves to remove them from the contact zone of the conjugated surfaces.

The technology of creating a regular microrelief is proposed in [13, 14]. The use of a special tool with an
indenter in the form of a ball with the ability to adjust the interaction force on the surface creates a regular micro
relief with sinusoidal grooves on the surface. In this way, a completely regular microrelief with hexagonal cells is
formed on the surface. The article presents the results of the study of the influence of the main technological
parameters on the geometric parameters of the created microrelief.

Studies confirming the ability of textured surfaces to hold liquids better are given in [15]. The authors
conducted a study of the rolling speed of liquid drops from surfaces with different microreliefs. Test samples with
nine types of regular microreliefs of different shapes were produced. It was established that surfaces with formed
microreliefs, in particular longitudinal grooves, retain drops longer than flat surfaces and surfaces with other types
of microreliefs.

Scientific articles [16, 17] are devoted to the classification and mathematical modelling of partially regular
micro reliefs, the regularity of which is ensured only for certain geometric parameters formed on the end surfaces
of the bodies of rotation. Such micro reliefs are created on the end surfaces of the bodies of rotation. At the same
time, the axial step of the grooves gradually decreases as they approach the center of rotation. To ensure the
regularity of this parameter, the concept of the angular step of the groove is introduced, which is the same for
grooves placed at different distances from the center of rotation of the end surface.
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One of the main characteristics of the regular microrelief formed on the surface is its relative area F), -
expressed as a percentage of the ratio of the area of the grooves of the microrelief to the total area of the surface
on which it is formed. It is this parameter that several researchers consider to be the one that determines the
operational properties of a surface with a regular micro relief [18, 20].

In [20] it is indicated that the relative surface area F, is a parameter of a partially regular microrelief that
most fully characterizes almost all operational properties of the surface and, first of all, the actual contact area of
the conjugated surfaces.

Summing up, it can be concluded that in all cases, regardless of the schemes and modes of application of
the "pattern", the optimal value of the area of the grooves of the micro relief 7, was within 25-45%. At lower F,
values, the oil capacity of the mating surfaces is insufficient, and at higher values, their bearing capacity is
significantly reduced.

Purpose

The problem of finding new types of regular and partially regular microreliefs is an important task for
modern mechanical engineering.

Results

Regular micro reliefs [ 18] are periodically repeated grooves of the same depth, certain sizes and shape, the
axial line of a continuous regular irregularity which is described by a periodic function. They are formed on the
working surfaces of the parts and are characterized by the following constant parameters: amplitude Ax; step Sk
which corresponds to the period of the periodic function; groove width by; the shape of the grooves - sinusoidal,
triangular and other; by the type of microrelief, which determines the placement of rows of grooves between each
other (I, II, III), which is determined by the interaxial step of the grooves of the micro relief S,. The general
appearance of the elements of the grooves of the regular microrelief is shown in Fig. 1.

Axial line of regular
inequality

The axial line of the
groove

So

Fig. 1. Image of groove elements of regular type I microrelief (with grooves that do not touch )
[18]

Since the depth of the grooves of such a microrelief is a constant value, and the change in the direction of
the axial line of the grooves of the microrelief occurs in a plane parallel or coincident with the surface on which
the microrelief is formed, it can be stated that such microreliefs are planar.

The creation of regular microreliefs on the working surfaces of machine parts ensures certain operational
properties of these surfaces, in particular:

— reduction of the force of relative movement of conjugated surfaces;

— increase in the surface setting temperature under difficult operating conditions;

— increase in corrosion resistance of the surface;

- increase in oil capacity of the surface;

— increase in microhardness of the surface;

- increasing the fatigue strength limit of the surface and others.

Modern scientific research in the field of surface engineering is aimed at overcoming technical
contradictions that arise when using regular microreliefs to ensure better operational properties of the working
surfaces of machine parts.
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The contradictions consist in finding a balance between the bearing capacity of the surface, which is greater
with a larger contact area of the surfaces of the mating parts, and the area of the grooves of the microrelief, the

growth of which provides the above advantages.

The classification of current areas of scientific research, in particular, forming technologies, tools, forming
properties, process modelling, and others is given in the work [19].

‘ Textured tools

Different techniques

Mechanism of

used to create textures performance
enhancement
Thermal energy based
micromachining
AMcc hanlga!

mlcromachlmng

El.ectro Che{n{cal

mlcromachmmg

»| Micro/nano finishing

L

Metal forming

Inputioutput Experimental Mohdellmg and || Future
characteristics Setups simulation work
- L Basic Theoretical
,| cutting components methods
force
! Work Numerical
Tool wear materials methods
- Tool
Cutting materials
temperature
_ N qul
Friction coatings
coefficient
Cutting
parameters

Fig. 2. Classification of areas of scientific research in the field of formation of regular micro

reliefs [19]

To ensure the specified operational properties of the working surfaces, microreliefs with grooves of various
shapes and sizes are formed. For example, in [19], the authors conducted a comparative study of the operational
properties of flat rotating surfaces.

The analysis of scientific publications in the direction of the geometry of regular microreliefs allows us to
identify the following directions for improving the geometry of regular microreliefs.

Directions for improving
regular micro reliefs

/\

Improvement of the shape
of the grooves

Improvement of mutual
placement of grooves

Y

Provides high technological
efficiency

Provides specified
operational properties

Creates the ability to
manage operational

properties

Ensures the regularity of
the microrelief

Fig. 3. Directions for improving the geometry of regular microreliefs

Most of the scientific research in this field is currently focused on ensuring the specified operational
properties of surfaces with regular microreliefs and the regularity of microrelief grooves. The classic approach to
this problem involves further gradual deterioration of the operational properties of the surface during operation.

In our opinion, the perspective lies in finding such a geometry of microrelief grooves, which would provide
an opportunity to control the operational properties of the surface during its operation.

The reduction of the relative movement force is ensured by the reduction of the actual contact area of the
conjugated surfaces with regular microreliefs, which is confirmed by numerous studies in this field [21] The
relative area of the micro relief parameter shows a decreased in the share of the contact area of the conjugated

surfaces of the friction pair.
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The parameter related to the relative area of the microrelief is the relative reference area of the profile
element — the ratio of the reference area of the profile elements to the base area of the surface elements, which is
determined as a percentage [18]. As the relative area of the microrelief increases, the relative support area will
decrease. An increase in the relative area of the microrelief increases the ability of the surface to hold an oil film,
which improves its oil capacity. So finding a balance between the relative area of the microrelief and the relative
support area is an important task. The relative bearing area can be increased by treating the surface of the friction
pair with PPD methods. Therefore, an approach that provides full surface treatment by PPD methods with
subsequent formation of microrelief grooves is promising. This idea is based on the fact that in the process of
operation, the contact of the friction pair is carried out precisely by plane surfaces, and the formed microrelief only
provides certain properties. Such properties include a reduction in the force of the relative movement of the coupled
surfaces of the friction pair, an increase in the oil capacity of the surfaces, and others. We also put forward the
hypothesis that the shape of the groove of the microrelief does not have a significant effect on the operational
properties of the surface. One of the main parameters that determines the operational properties of a surface with
regular microreliefs is the numerical value of the relative area of the microrelief.

We substantiate our proposed direction of improvement of regular microreliefs, which concerns the
simplification of the shape of the grooves to a rectilinear one, that is, the improvement of their manufacturability.
To form a profile of a microrelief with the shape of grooves, the axis of which lies in a plane that is parallel or
coincident with the surface on which the microrelief is formed and can be described by a periodic function, the
vibration method is used (usually on general-purpose machines) with special devices that ensure the oscillatory
movement of the deformable element (usually a ball) of the tool, during which it performs reciprocating
movements by the amplitude 4  with simultaneous longitudinal movement along the longitudinal axis of the
microrelief groove. Also, for the formation of PMR, machines with CNC are often used, which perform the
formation of the groove profile by the calculated coordinates of the control program.

The rate of deformation of the surface material by the deforming element during the formation of the micro
relief is important since it determines the amount of plastic deformation, the surface structure of the formed groove,
and its physical and mechanical properties. Experimental studies [22, 23] established that the optimum from the
point of view of ensuring the overall roughness of the surface with a regular microrelief is the deformation speed
of 1000 mm/min.

The technological imperfection of these microreliefs is that the real rate of deformation of the groove
material will be reached only in the central part of the groove at point 2 (Fig. 1), and at points 1 and 3 (Fig. 1) the
deforming element of the tool will change the direction of movement, respectively its speed will be zero.
Accordingly, the planned physical and mechanical properties of the surface will also be obtained only in the central
part of the groove of the microrelief, i.e. in the vicinity of point 2. Near the tops of the groove - points 1 and 3, the
surface properties will be different, and the overall structure of the surface will be heterogeneous.

Therefore, to ensure the calculated rates of formation of microrelief groove surfaces and deformation of the
surface material, the shape of the groove elements mustn't have tool stop points. This form can be grooves in the
form of straight lines (Fig. 4 ) or grooves in the form of trochoids, cycloids and elements of circles.

Micro-groove array

Rake surface

100 um
a b
Fig. 4. Regular microrelief with rectilinear grooves
Shape of linear texture created using Micro Diagonal texture created on the rake surface of the
EDM [24] (a) carbide tool [25] (b)

Another technological difficulty in the formation of planar microreliefs, the axial line of a continuous
regular unevenness described by a periodic function, is ensuring the regularity of the grooves of the microrelief.
Violation of the regularity of the grooves of the microrelief is manifested in the change in the mutual arrangement
of the elements of the grooves in a row and the rows of grooves of the microrelief between each other. The reason
for this phenomenon on machines with mechanical gearboxes is the probabilistic nature of tool feed. This causes
an increase in the value of the accumulated error and, accordingly, the pitch of the groove of the microrelief S, (
Fig. 5).
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Fig. S. Irregularity of microrelief grooves formed due to the difference in steps Si1 and Si2

From the point of view of providing the necessary numerical value of the relative area of the microrelief,
the violation of regularity is not a significant problem, since the regularity does not affect the value of the relative
area of the microrelief. However, the violation of the regularity of the grooves of the microrelief creates
heterogeneity of the physical and mechanical properties of the surface and its operational properties. It should be
noted that when using CNC machines to form regular microreliefs, the problem of irregularity of the grooves is
not observed.

Researchers are conducting other properties of textured surfaces. Studies confirming the ability of textured
surfaces to hold liquids better are given in [26]. The authors conducted a study of the rolling speed of liquid drops
from surfaces with different microreliefs. Test samples with nine types of regular microreliefs of different shapes
were produced.

The results of these studies indicate that surfaces with formed microreliefs, in particular longitudinal
grooves, can retain drops longer than flat surfaces and surfaces with other types of microreliefs.

Research studies in the direction of determining the optimal geometry of microrelief grooves that provide
the minimum friction coefficient are given in [28].

The authors conducted a very important experiment to find the optimal geometry of the microrelief to
ensure the minimum coefficient of friction. For comparison, 6 test samples with microrelief grooves of different
geometric shapes were made.

Diameter Width Width

Depth\ X Depth E Depth\ 2
v = R EEEE] % Y
>
—re
|
Dimple Groove Sinusoidal
X X L X
N > |
| |
| [
|
|
| |

Dimple-groove Dimple-sinusoidal Sinusoidal-groove
Dimple diameter=@, Groove/Sinusoidal width=w

Dimple/Groove/Sinusoidal depth=d, Separation distance=x/y

Fig. 6. Test samples with different geometries of grooves for determining the coefficient of sliding
friction [28]

The results of research on the effect of the shape of the microrelief grooves on the friction coefficient are
shown in Fig. 8 and indicate that the minimum friction coefficient is provided by the sample with the sinusoidal
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shape of the microrelief grooves. However, the authors of this study made a false conclusion regarding the optimal
shape of the microrelief, since the test samples, although they had the same dimensions, had different contact areas
due to the different relative areas of the grooves of the microrelief.

We determined the relative area of the microrelief grooves of each of the grooves shown in Fig. 7 test
samples and it was established that the test sample with sinusoidal grooves (ST) has the largest value of the relative
area of the microrelief (Fig. 8). This explains the minimum value of the coefficient of friction since the contact
area of the mating surfaces was minimal due to the maximum area of the grooves of the micro relief.
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NT: non-textured ; DT: dimple-textured ; GT: groove-textured ; ST: sinusoidal-textured ; DGT:
dimple — groove-textured ; DST: dimple — sinusoidal-textured ; SGT: sinusoidal — groove-textured

Fig. 7. Average friction coefficient of Fig. 8. Value of the relative area of microrelief
non-textured and textured surfaces [28] grooves on the surface of the test samples

This study confirms our hypothesis that the numerical value of the relative area of microrelief is decisive
in the formation of operational properties of a surface with regular microrelief. The pattern of microrelief grooves
does not have a significant effect on the friction coefficient of the mating surfaces. Taking this into account, it is
advisable to apply such a form of a groove, which is more technologically simpler and will provide higher labour
productivity when forming a surface with regular microrelief and the possibility of controlling the operational
properties of the surface.

Conclusions

1. To ensure the improvement of the operational properties of the working surfaces of parts of machines
and mechanisms, it is advisable to use surface regularization methods, and the geometric characteristics of the
created microrelief should be determined depending on the specific operating conditions.

2. Analysis of planar regular microreliefs with the shape of grooves, the axis of which lies in a plane that is
parallel or coincident with the surface on which the microrelief is formed and can be described by a periodic
function, allows us to state that they are technologically imperfect. This is manifested in the fact that the formation
of periodically repeated vertices of elements in their geometry requires periodic stops of the tool, which leads to a
decrease in productivity.

3. The analysis of the operational properties of surfaces with regular microreliefs established that these
properties are provided mainly by the optimal value of the relative area of the microrelief and the uniform
placement of the grooves of the microrelief on the surface. The shape of the grooves of the microrelief does not
significantly affect the operational properties of the surface.

4. More optimal forms of grooves of microreliefs are proposed, which are technologically easier to
manufacture (straight-line, cycloid, trochoid) and provide the possibility of controlling the operational properties
of the surface by changing the geometry of the groove in the plane perpendicular to the surface on which they are
formed. Pre-treatment of the surface by PPD methods followed by the formation of PMR will allow to increase in
the relative support area of the friction pair.
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B.O. I310pa P.O. buna. AHaii3 HanpsMKiB BIOCKOHAJICHHS PETYJIPHUX MiKpOPEIbEDIB.

B craTTi mpoBeneHO aHami3 0COONMBOCTEH IUIOMIMHHUX PETYISPHUX MiKpopenbediB i3 pOpMOI0 KaHABOK, BiCh
SIKMX JIXKUTD B TUTOIIMHI, IO MapajielibHa UM CITIBIAA€E i3 MOBEPXHEIO Ha sIKiid POpMYIOTh Mikpopenbed i 11 MoxHa
OIUCATH MEePIOUYHOI0 (QYHKIi€. BeTaHOBIEHO, IO OCHOBHUM IIapaMeTpOM, SKUH BH3HA4a€e eKCIUTyaTalliiHi
BJIACTHBOCTI MOBEPXHI 3 PETYJSIPHUMH MiKpopenbehaMu € BiIHOCHA IUIoNIa Mikpopenbedy. BucyHyTra rinoresa
po Te, [0 TeOMEeTpUYHA (OopMa KAHABOK MIKPOpEIbe(y MPaKTHYHO HE BIUIMBAE HA €KCILIyaTaIliiHI BIACTHBOCTI
noBepxHi. Mikpopenbedu BIiCh KaHABOK SIKUX MOXKHA OINKCATH MEPIOJUYHOI0 (YHKI€I0 € TEXHOJOTIYHO
HEJIOCKOHAJIMMHM, OCKUIbKH TIPH ()OPMYBaHHI BEpPIINH KaHABOK MIiKPOpPEIbe(yY IHCTPYMEHT ITOBUHEH 31 HCHIOBATH
3YIHMHKY JJIs 3MiHK TpaekTopii pyxy. CkilajiHa TeOMeTpisi KaHaBOK MiKpopesbedy 3MEHIY€e TMPOAYKTHBHICTB X
(hopMyBaHHS, a CKIIaTHICTH 3a0€3IIeYeHHS PETYIIIPHOCTI 3a0e3mevye HeOJHOPiIHI (pi3UKO-MeXaHiIuHI BIaCTHBOCTI
MOBEpXHi. 3aIllpOIIOHOBAHO HAIPSIMH BIOCKOHaJEHHS (opM MikpopenbediB, ski 3a0e3nedars MiABHUIICHHS
NPOJYKTUBHOCTI 1X (OpPMyBaHHA Ta HaJalyTh MOXJIMBICTh KEpyBaTH EKCIUTyaTaliiHUMHU BIACTHBOCTSIMHU
MOBEPXHI.

KoaiouoBi ciioBa: peryispHi MikpopeibedH, eKCIUTyaTalliifiHi BIaCTUBOCTI, TEOMETPHYHI IapaMeTpH, iHKeHepis
MOBEPXHI, NepioguyHi QYHKIII, mapa TepTs
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Abstract

Mechanisms of structural adaptation of contact surfaces and lubricating materials during friction with the
dominance of deformation processes in tribocontact have been analyzed. The purpose of the work was to model
the elastic-plastic properties of dissipative structures taking into account the anisotropic properties of the surface
layers of the friction pairs and the boundary layers of the lubricating material. The modeling took into account the
structural state of the latter formed due to heating and saturation with wear products, along with the physical and
mechanical interaction of this layer with the outer surface of the part. An algorithm for determining the distributed
tangent force along the length of the boundary layer of the lubricating material adjacent to the part has been
developed based on the hypothesis of the wave-like state of the surface layer of the lubricating material on an
absolutely flat (non-deformed) rough surface. Herein, under the action of tangent forces, the strip of lubricant is
subject to horizontal compression and transverse movement. The distributed tangent stress along the length of the
adjacency of the layer of densified lubricant to the part causes micro-slipping of the layer. Amplitude horizontal
displacements of the boundary of the lubricant layer are determined when the beam-film is loaded with longitudinal
stresses, which leads to partial disorientation of the film and loss of its originally rectilinear structured form, the
transition of the lubricant layer to the state of the wave surface of a sinusoid shape. Also, a procedure for calculation
of tangent forces causing the loss of elastic stability of the lubricant boundary layers resulting in the direct
mechanical destruction of the lubricant boundary layer in the slipping zone of the contact surface is proposed based
on the elastic-frictional interaction of this layer with the near-surface layer of the metal.

Key words: wear, self-organization, lubrication, deformation, boundary layers, tangent forces, rough
surface.

Introduction

In terms of energy, contact interaction during friction can be represented as a set of processes of surface
interaction with the flow of mechanical energy, whose law of distribution on the friction plane is adequate to the
diagrams of tangent stresses and relative sliding speeds.The action of such source provokes changes in the internal
structural and energy states of the contact layers of materials and the microgeometry of the contact, while most of
the flow of mechanical energy is transformed into heat. The non-dissipative component of the mechanical energy
is spent on the formation of secondary structures and wear [1].

The resistance of the lubricating film to mechanical destruction due to an increase in the shear rate gradient
is a determining factor that ensures the normal performance of friction pairs under critical conditions. The
destruction of the lubricating film during friction is one of the leading factors causing the intensification of energy
processes occurring in the contact zone. First of all, this manifests itself in the violation of the structural adaptation
of the contact surfaces and lubricant under critical friction conditions and the destruction of previously formed
metastable structures [2].

Under the conditions of loading of flat surfaces by tangent forces with significant overloads (over the level of
critical forces), flat surfaces are loaded by sliding forces and lose their original shape taking the shape of wavy
surfaces, i.e. they acquire, in addition to longitudinal, noticeable transverse deformation.

Copyright © 2024 Yu. O. Malinovskiy, O.A. Ilina, D. P. Vlasenkov, S. Yu. Oliinyk, O.0. Mikosianchyk. Computational
@I}. studies of stuffing box packing seal wear mechanism using the Archard model Creative Commons Attribution License, which
=3 permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Many effects under friction and wear of interacting surfaces in the presence of lubricant in the contact zone
can be explained in terms of a deformation-wave approach, according to which, wave-like deformations appear in
the zone located in front of the moving part. Tangent forces applied through a moving part (stamp) cause deformation-
wave processes, in both stationary and moving parts. The deformation waves appear on the front surfaces of the
interacting half-spaces of the contact surfaces and attenuate in the surface layer of the material at a length of 2-3
deformation half-waves. During the movement of the stamp, the deformation wave precedes the moving part by 2-3
half-waves.

In such a case, questions about the deflection arrow of the wave-like surface, the length of the deformation
section of the beam-strip of the densified lubricating material, and the deformation half-wave length remain open. To
determine these parameters, additional information is needed, which can be obtained on the basis of data from the
energy indicators of interacting parts in the contact zone and data on the attenuation of the tribosystem’s total energy
along the deformation wave length.

Literature review

The service life, reliability in operation, structural strength, technical and economic indicators of the
operation of parts of machines and mechanisms are largely determined by the mechanical properties of the steels
and alloys of which they are made. Improving the quality of the surface of parts of machines and mechanisms
increases the service life, especially when determined by the mechanical and tribotechnical properties of the
surfaces [3].

The main changes in the material during friction are localized in a thin (up to several micrometers) surface
layer. Localization of stresses and their impulsive character during friction lead to the generation of deformation
defects such as point defects, dislocations, slip bands, etc. [4]. In [5], the peculiarities of the microdeformation of
the surface layers and the mechanisms of titanium wear have been investigated. As shown, a decrease in the
workaction of elastic-plastic deformation leads to a decrease in the resistance to the destruction of titanium during
friction by 2-3 times, compared to the initial state. Wear occurs due to the formation of cracks and brittle
destruction of surface layers. After the abrasion of the flooded layer, the plastic deformation of microprotrusions
predominates.

Paper [6] considers thermodynamic systems where only deformation processes or tribochemical reactions
dominate. Herein, irreversible damage to the metal is associated with the accumulation and interaction of structural
defects, chemical or electrochemical interaction between the metal and the environment, and the formation of new
surfaces during dislocation discharge. The thermodynamic system is homogeneous and isotropic, and fatigue
processes occur under isobaric-isothermal conditions.

Initially, a sign-changing contact load plastically deforms the near-surface layers, causing their
strengthening to a state that is akin to active static strengthening. The following reversible loads are associated
with elastic re-deformation of the surface layers. The transition to the regime of elastic cyclic deformation is
caused, on the one hand, by the strengthening of the metal and, on the other hand, by a decrease in the effective
amplitude of the sign-alternating load due to the easing friction conditions when wear products appear. Further,
the processes develop by the usual fatigue laws [7]: previously weakened layers are first disordered to a certain
level, and after that (under pre-deformation conditions), their re-strengthening takes place, and these processes are
periodically repeated [8]. Fatigue processes are accompanied by intensive formation of vacancies, the coalescence
of which leads to the appearance of pores and microcracks [9].

The surface levels of the half-spaces in the tribocontact zone cannot move freely along the joint surface of
the parts and meet on their way horizontal connections in the form of strong tangent forces which prevent a free
shift of the elements of deformation layers. That is why, when tangent forces reach certain critical values, such
layers become capable of bending, which gives them the ability to implement longitudinal stresses [10]. Under
such a mechanism of interaction of parts, their surface layers either lose the longitudinal stability, or fall under the
influence of cycic elastic deformations which disappear after the load is removed. Note that during the interaction
of contacting parts, their surface layers (dissipative structures) are initially prone to plastic deformations due to the
action of the dissipating component of the kinetic energy of the part movement and converting it into thermal
energy. With further movement of the parts, surface strengthening of the outer layer occurs with a softer (pliable)
base of the lower material layers of the contacting surfaces. It should be noted that the operation of friction pairs
in the elastohydrodynamic and boundary lubrication mode leads to the densification of the lubricating layer on the
contact surfaces activated by friction and the formation of boundary films of the Iubricant in the zones adjacent to
the surface layers of the parts as a result of structural adaptation. The loaded layers of the parts become covered
with a densified and viscous boundary layer of the lubricant, whose consistency thickens due to the acquisition of
non-Newtonian properties by the anisotropic layers, the appearance of small products of parts’ wear and chemical
interaction of metal surfaces and components of the lubricant. As a result of such interaction, the formation of a
metal layer (beam-strip) and an elastoplastic coating of lubricant material takes place on the densified surface.

If we adhere to the idea of the formation of dissipative structures on metal parts under friction, then the
parts under consideration represent an anisotropic medium that bears the load in the boundary layers (a densified
beam-strip with an upper elastic-plastic layer of lubricant) from the tangent forces in the surface layer. These two
outer layers lie on the inner layers of the parts ("elastic" base) through longitudinal and transverse connections.
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Thus, the evaluation of the elastic-plastic properties of lubricating anisotropic layers under the conditions
of tangent stresses is an important task in modeling the processes of physical-mechanical interaction of the base
metal, oxides, and boundary layers of the lubricating material.

Purpose

To model the elastic-plastic properties of dissipative structures taking into account the anisotropic
properties of the surface layers of friction pairs and the boundary layers of lubricants.

Modeling of elastic wave-like deformation processes under loading of contact surfaces by tangent
forces during friction

Considering an anisotropic (three-layer) zone for interacting parts, we assume that the acting tangent force
does not exceed certain critical force for the beam-strip T; < T,,;. This means that the part that has a densified oil
layer is located on an absolutely flat (non-deformed) rough surface. In this case, the beam-strip is under the action
of limiters of transverse movements caused by the transverse connections of the elastic base. We also assume that
there is a reactive tangent force between the densified layer of lubricant and the beam-strip

T = AT + ql + cu(x), (1)
where g = f,,Pb is the limit force of friction per unit length of the strip on the densified lubricant (I — is a number
corresponding to the length of the beam-strip); P — is tht vertical load on the part; b — is the width of beam-strip;
u = u(x) is the longitudinal replacement of the densified lubricant; f. — is the coefficient of contact friction
(adhesion) between the densified layer of lubricant (with wear particles of parts) and the beam-strip (surface layer
of the part); ¢ — is the longitudinal stiffness of the densified layer.

Using the values of dimensionless parameters according to [12] and assuming that T; < Ty, where Ty, is
the critical force for the beam-strip, we can obtain the dependence of the critical force on the length of the beam-

strip. So, if
T L4a|k
l= - \/E:CI )
and
= T
T = \/TCI’ (3)
then by [12]
T, ~ 2.JkE_I. “)

In expressions (1) — (4), AT — is the excessive tangent force (the degree of overload T compared to 7..); k — is
the coefficient of stiffness of the elastic base by Winkler; E. — is the modulus of elasticity of the surface layer of the
part.

Considering the anisotropic three-layer problem (densified lubricant, densified surface layer of metal, and
elastic base), we assume that there is an elastic-frictional connection between the metal layer and the densified layer
of lubricant (Fig. 1). For such a task, the critical Euler force is determined by the coefficient of friction for liquid (or
boundary) lubrication and does not depend on the length of the beam-strip (at least when the number of half-waves n
on the outer side of the beam-film is n > 3 [1]). Therefore, significant inaccuracies in the formulation and solution of
sthe problem are not allowed: the length of the beam-film / can be determined as the limit length under the conditions
of relative mutual slippage for the beam-film with the three-layer anisotropic surface.
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Fig. 1. Longitudinal bending of a beam-film: a — shape with two half-waves; b — shape with three half-waves

Let us consider a densified layer of lubricant on the surface of the part, assuming that this layer undergoes a
mechanical-thermal destruction, densifies, becomes saturated with wear products, and interacts with the outer flat
film strip of the part. This layer can be called the outer layer of the part that takes on itself the external normal and
tangent loads on the friction pair.
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The normal load is applied to the place where the parts join, whereas the tangent load acts in front of the
moving part (stamp). Thus, the densified layer of lubricant, which is attached to the outer layer of metal, can be
considered a thin elastic-plastic plate subjected to tangent forces in front of the stamp (Fig. 1).

Then the differential equation that describes the longitudinal bending of such a beam-strip (plate) under the
action of tangent forces, has the form:

EJIy" +Ty" +ky =0, ®)
where E. — is the reduced modulus of elasticity of the densified layer of lubricant; T = AT + gl + cu(x) is the
tangent force applied to the plate from the surface layers of the lubricant, which is spent on the loss of longitudinal
stability of these layers and their accumulation of irreversible deformations; AT — is an excess tangent force, which
is spent on the accumulation of final wave-like deformations in the surface layers; 7¢-— is Euler's critical force for
a beam-strip, at which the beam-strip loses its longitudinal stability; k — is the coefficient of stiffness of the elastic
base of the part for the densified lubricant (herein, the reactive forces in the bases between the layers vary
sinusoidally), / — is the moment of inertia of the cross-section of the hardened lubricant layer.

In expressions (5) and (15), the force T is such a longitudinal force that corresponds to the case when
anisotropic layers of beam-films of parts and the elastic base do not meet the hypothesis of flat sections (that is, they
undergo deplanation of flat sections).

The boundary conditions of the beam-film have the form:

y(0)=0:y;:(0)=0; (6)
y(D=0; y"' (D=0,

Considering the support of the rod as hinged, let us consider the set of functions:

v (x) = A, sin g, wheren =1,2,3, ... @)

Let us denote a;, = nlﬂ where 7 is the number of half-waves on a curved beam of length /.

The set of functions (7) represents a system of the eigenfunctions of problem (5). For a beam-strip lubricant
on a part of length /, two cases of lubrication can be calculated: 1 — the lubricant strip lies on an elastic base (k #
0); 2 — the lubricant strip hinges on a part without an elastic base (k=0).

Turning to equation (7) and using the notion of deflection functions as the eigenfunctions of the problem

y(x) = A,sina,x, (3)
then substituting (8) into equation (5), we obtain:
T, = E,Io2 + % 9)
The minimum (9) is found from the equation
(;’% =0. (10)

which yields

E
a, = 3/4561' (11)

As follows from [13], the stiffness coefficient of the elastic base
k=2 (12)

2
or

E
4E.I

E 3
k=E.
2

(13)

Based on (12), a, can be interpreted as an unknown number of half-waves per film section of length 7. In

4?1 as the half-wave length of the section of hardened lubricant that lost its stability.

. 3
this case, we present A, = T

The length of the film section that lost stability is equal to
l =nA,. (14)

The critical load for a beam-film (an analogue of the Euler force) is determined based on (4) and (13).

Therefore, the initial growth rate of A4, (increase in corrugations) becomes less intense as they are filled,
their longitudinal wave-like deformation is preserved, the hypothesis of a wave-like surface layer is realized, and
the Winkler-Fuss hypothesis of a beam on an elastic base remains valid.

Turning to the function y(x), we will treat 4, as the arrow of the beam-film deflection under the action of
the tangent force (friction force). Initially, the deformed beam-film has a corrugated surface. In the process of
further exfoliation of metal particles, their chemical interaction with oxide particles, and partial mechanical
destruction of the boundary layers of the lubricant, the adjacent depressions between the corrugations will be filled
with solid, heated to significant temperatures, metal wear elements, coked lubricant, and dust. At the same time,
this process is reduced to the filling of the open elements of the corrugations with the mentioned sludge and the
growth of an insignificant layer of a spot-strip, which under the influence of tangent force of liquid or semi-liquid
friction also acquires a wave-like shape from the outside of the open corrugations. The height of these corrugations
will be 4, < A,,, and each subsequent layer of the oil film will fill the open corrugations of the deformed surface.
Therefore, the initial rate of growth of 4,, that is the growth of corrugations, becomes less intense as they are filled,
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their longitudinal wave-like deformation is preserved, the hypothesis of a wave-like surface layer is realized, and
the Winkler-Fuss hypothesis of a beam on an elastic base remains valid.

Let us complicate the problem by taking into account that under the action of horizontal forces, the lubricant
strip is subject to horizontal compression u(x) and transverse displacement y(x). During longitudinal displacements
of the lubricant strip, a compressive force acts on it, which consists of the overload force AT (as a result of applying
a force to the strip from another moving part with a dynamic coefficient); ¢/ is the adhesion force of the rigid
lubricant to the surface layer of the metal; cu(x) is the elastic force under horizontal loading of the lubricant (in the
middle of the strip thickness). Taking into account such loading of the beam-strip, the horizontal tangent force that
acts on the lubricant layer is determined as follows:

T = AT + ql + cu(x), (15)
where g=f.« Pb — is the boundary limit value of the friction force (adhesion) between the metal and the solid
lubricant layer; P — is the vertical load on the lubricant layer and the part; b — is the width of the lubricant layer;
u=u(x) — is the longitudinal displacement of the lubricant layer along the part during their mutual slipping; / — is
the length of the lubricant layer during its slipping (in other words, the boundary length of the lubricant layer in
front of the moving part); ¢ — is the stiffness (horizontal) of the lubricant layer during its slipping; u=u(x) — is the
longitudinal (elastic) slippage of the Iubricant layer during its deformation.

Note that the longitudinal stiffness ¢ = E_F is equal to the product of the elasticity modulus of the elastic
lubricant layer and its cross section F = bh (where h is the lubricant layer thickness).

Then AT' = cu(x) is the distributed tangent force along the length of the lubricant layer adjoining the part.
AT’ is the reactive force preventing the loss of stability of the lubricant layer due to the action of the horizontal
connection (in the zone under the stamp). Based on these considerations (and neglecting half the thickness of the
lubricant film to exclude film compression processes), we can write a modified equation for the longitudinal stability
of the lubricant film (instead of (5)) in the following form:

EJdy"V +Ty" + ky — E.Fu = 0. (16)

This equation includes the transverse displacement of the beam-film y(x) and the longitudinal displacement
of the film beam u(x). Both of them arise under the action of the longitudinal force T and the bending deformation of
the film beam. When the longitudinal force acts in the film beam, its movable end longitudinally shifts by the value
! - u. Herein, the other end of the beam remains stationary. Then a nonlinear relationship is established between the
longitudinal displacement of the beam-film and the transverse deflection. We find the longitudinal displacement of
the movable end as the difference between the initial length of the film beam and the projection of the curved axis of
the beam [14]:

2
u=l—folcoscpds=l—fol 1—(‘;—3;) ds, 17)

where ¢ is the angle between the tangent to the arc of the curved beam-film and the longitudinal axis Ox.
Let us expand the integrand in a series using the Newton binomial formula:

=@ 1) &

If we substitute into expression (18) instead of y(x){y(s)} its value (8), then having performed needed
transformations, we obtain:
nZa% | 3 ntA}
4l ' ea I3

u= + - 19)
With longitudinal displacements of the beam-film, an increment of the longitudinal force AT occurs, which
can be expressed through the deflection arrow 4,

AT' = E.Fu = E_.Fu(4,) (20)

Substituting the expression for u(4,) in the differential equation (16) taking into account AT’ and
performing simple mathematical transformations, we arrive at an expression containing the deflection arrow of the
film beam (for transverse deformations):

m* m? n?A% | 3 mtaAh
El oAy + T2 Ay + kA, — (024 210

)El =0. 1)

In evaluating the contribution of each term to the result when calculating 4,, we assume that the influence
of the term containing A% is less significant than the others’, so we write the result for 4, as follows:

4m?> T 4l
An=ECIl—3+7+kn—2. (22)
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Thus, we have obtained an expression for the deflection arrow of the beam-film on the elastic base of the
part.

Since the film beam has bending, its transverse deflection is expressed by formula (22) through the modulus
of elasticity of the first kind E., the moment of inertia of the beam cross section /, the compressive force that can
reach its critical value T, and the stiffness coefficient of the elastic base k. When n = 1, 4, takes the greatest value.

Since the transverse deflections of the beam-film (and in some cases -- of a flat membrane) y(x) are
presented in the form:

y(0) = T3 Apsin=>, (23)

where sin g are the eigenfunctions of the film beam, then the curved surface (axis) of the film beam in front of

the moving part (stamp) can consist of one, two, three or more half-waves (n=1,2,3,...).

The amplitude horizontal displacements u(A4,,) are determined in the first approximation from formula
(19), retaining only the first term in the expansion.

When the beam-film is loaded with longitudinal forces, it loses its original rectilinear shape and acquires
the shape of a wave surface. In this case, the vertices-sinusoids of the film break away from the still flat base.
Herein, one end of the beam film remains movable, and when the surface layer of the part is shortened, micro-sli
of the densified lubricant layer relative to the part occurs due to longitudinal deformation of the film-strip. In this
case, the adhesion forces of the densified lubricant layer keep the beam-film from shifting relative to the part, as a
whole. This indicates that the complete displacement of the lubricant layer of length / will occur when

T =ql, (24)
that is, when

T
<. (25)

In this problem, we determine the largest value of the amplitude of bending (transverse) waves

The eigenmodes can have the form of sinusoids, as shown in Fig. 1. The amplitude horizontal displacements
u (A,) are determined in the first approximation from formula (19), taking only the first term in the expansion.

Based on these considerations, the length of the film-strip can be determined by formula (25).

Note that the tangent forces acting in anisotropic lubricant layers manifest themselves differently. In
particular, in a densified lubricant layer adjacent to the metal, due to the physical and mechanical interaction of
the base metal and oxides that fall into the boundary lubricant layer, the friction (adhesion) coefficient will be very
high and exceed the dry friction coefficient in the outer layers of metal parts.

The coefficient of liquid friction between interacting parts is characteristic for the medium of oil films that
have not been subjected to thickening and the ingress of solid particles, therefore it can be determined according
to the theory of G.E. Svirsky [14] or other similar theories. Calculations by the Svirsky formulas are carried out
taking into account the change in the kinetic energy of the material body under the assumption that the dissipation
of the kinetic energy of a moving body occurs in the contact layer of small thickness 4. The author [14] proceeded
from the fact that the space between the rubbing bodies is filled with a mixture of gases, liquid vapors, and wear
particles which are set in motion by the moving surfaces and provide additional viscous resistance expressed by
the second term in (26). Then, for liquid lubrication, we obtain the following expression for the friction coefficient:

f=f(1+adv2)e " + %v, (26)

where f, — is the coefficient of static friction, @, — is a function of the densities of bodies 1 and 2; o —is a
statistical coefficient associated with the probability law of the displacement of moving bodies; v — is the relative
speed of moving bodies; & — is the viscosity coefficient of the liquid medium between the rubbing bodies; and g,
— is the specific load.

Further, we will assume that the contact layer of thickness 4 consists of densified wear particles and
chemically reacted lubricant particles.

Modeling of elastic-frictional connections between the surface film-strip and the base material of the
part

Let us consider a qualitatively different approach to supporting the outer lubricant layers on an elastic base
in terms of the action of elastic-frictional connections on the outer flat and rough surface of the interacting half-
spaces. Therefore, we will take into consideration such connections that also protect the beam-strip (film) from
losing elastic stability and direct layer displacement.

First, consider an analogy between the metal outer layer of the part and part’s main mass, and the densified
layer (film) of lubricant and the main mass of the part. It can be argued that in both cases, there is an elastic-
frictional connection between the surface film and the base.

Therefore, we will proceed from the elastic-frictional interaction of the film-strip of lubricant with the
boundary layer of metal, which lies on the metal massif supported by an elastic base (from vertical connections).
On the other hand, the layer of oil film is connected to the base metal by horizontal connections. This means that
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we introduce in the consideration the elastic-frictional interaction of the film-strip and the non-deformed layer
from the linear displacement and deformation of the densified layer of lubricant (along the horizontal axis Ox).
That is, the displacements of the left end of the beam occur under the action of the tangent force T (Fig. 2), which
can be applied smoothly with the coefficient of application intensity in the range 0 < a < 1.

Diagram
(g +cu)dx
/ q

P
r (OUE 7 _7 [ |7+ar |
SIS, L Envelope

0 —_ (gFcu)dx curve

Fig. 2. Diagram of a beam-strip with horizontal connections

The dissipative structure of the lubricant densified layer (the beam-strip on an elastic base) is in equilibrium
under the action of a system of horizontal forces. The equilibrium equation of an element is:

Z—Z—cu—qzo, 27)
where cu(x) = s (per length unit) — is the intensity of tangent connections; c is the stiffness coefficient of elastic
connections; g — is the limit friction force per strip length unit.

Longitudial force T can be expressed through deformation of the strip:

T = EF Z—’; (28)
Then (22) may be written as:
au_nr 4 (29)
dx? Bru = EF’

where 3 = ’E is a parameter characterizing the relative stiffness of elastic connections.

Equation (29) can have a solution in the form
u(x) = CyshBx + D;chBx — %. (30)
Arbitrary constants Cy, D, as well as unknown length of the slipping zone a,, are determined from three

initial conditions
u(a,a) =0;u'(a,0) =0; u'(0,a) = —g. 31
The first two conditions relate to the right boundary of the zone, whereas the third one — to the initial strip
Cross section.

Then equation (29) acquires the form:

ulx,a) = g[ 1+ (a,B 2)2 chBx — aﬁgshﬁx - 1]. (32)

c

In particular, at x = 0, that is at the beginning of the strip,

u(0,0) = %[ 1+ (aﬁg)z - 1]. (33)

In equation (32), the force T can be considered applied suddenly (o=1), then (32) determines the initial
displacement of the strip at x=0.

The equation is valid when the tangent force 7 is significantly less than the critical force for the strip, T<<Tg;.
That is, in this case, the hypothesis of flat sections is satisfied for the strip and longitudinal bending of the strip is
not realized due to the action of tangent elastic connections.

Conclusions

1. An algorithm for determining the distributed tangent force along the length of the boundary layer of the
lubricating material adjacent to the part was developed taking into account the anisotropic properties of dissipative
structures and the hypothesis about the wave-like state of the surface layer of the densified lubricating material on
an absolutely flat (non-deformed) rough surface on an elastic base.

2. A procedure for calculation of the tangent forces leading to the loss of elastic stability of the boundary
layers of the lubricating material, which causes the direct mechanical destruction of the boundary layer in the zone
of slipping of the contact surfaces, is proposed taking into account the elastic-frictional interaction of the boundary
layer of the lubricating material and the surface layer of the metal.
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MaadginoBebkuii 10, O., Iasina O. A., BaacenkoB /I. II., Oailinuk C. KO, Mikocsanunk O. O.
CamoopraHizalist TpHOOCHCTEMH B HECTAllIOHAPHUX YMOBAaX TEPTs 3 HO3ULIH Ae(opMalliiHO-X BUIILOBUX YSIBJICHb.

[IpoananizoBaHO MeXaHI3MH CTPYKTYPHOI HPHCTOCOBAHOCTI KOHTAKTHUX IOBEPXOHb Ta MAaCTHIBHOTO
Marepiany Ipu TepTi MpH JTOMiHYBaHHI Ae(OpMaliifHUX MpoleciB B TPUOOKOHTAKTI. MeTa poOoTH moJsirana B
MOJICTIIOBaHHI NPY)KHbO-TUIACTUYHUX BJIACTUBOCTEH NUCUIATUBHUX CTPYKTYP 3 YpaxyBaHHSIM aHi30TPOIHHX
BIIACTHBOCTEH IIOBEPXHEBHX INApiB Map TepTsd Ta TIPaHMYHUX MIapiB 3MallyBajbHOro Marepiany. Ilpm
MOJICIIIOBaHHI BPaXOBYBABCS CTPYKTYPHHI CTaH TPaHHMYHOTO MACTWJIBHOTO IIapy, HaOyTHH B pe3ynbTaTi Horo
HarpiBaHHS Ta HACHYEHHS IPOIYyKTaMH 3HOCY, a TAKOK BpaxoByBaJyacs (pi3HKO-MeXaHIqHA B3AEMOIS IIbOTO MIapy
13 30BHIIIHBOIO TIOBEPXHEIO AeTaii. Po3po0ieHo anroputM BH3HAYCHHS PO3MOIUICHOTO JOTHYHOTO 3YCHILIA IO
JOBKUHI NPUMHUKAHHA TPAaHUYHOTO IIapy MAacTHIBHOTO MaTepially [0 AeTami 3 ypaXxyBaHHAM TilOTE3W MpPO
XBHJICTIONIOHMH CTaH MOBEPXHEBOIO MIapy MAacTHJIBHOTO YIIUIBHEHOI'O Marepialy Ha aOCOJIOTHO IUIOCKIH
(HenmedopMoBaHiif) MOPCTKIN MOBEPXHI 3 MPYKHO OCHOBOIO. BpaxoBaHo, IO MMiJ| Ai€I0 JOTUYHUX CHJI CMYKKa
MacTHJIBLHOTO Matepiany MiAgaeTbess Jii TOPU3OHTAIBHOIO CTHUCHEHHS Ta MONEPEYHOro IEpeMillleHHS.
Po3noainene noTudHe 3yCHIUIS 110 JAOBKUHI IPUMHUKAHHS [Iapy MacTHIBHOTO MaTepiaily 10 JaeTaii 00yMOBIIOE
MIKPOKOB3aHHS IIapy YIIIIEHEHOT0 MACTHIBHOTO MaTepiaity. AMILTITYIHI TOPH30HTANIBHI 3MIIIEHHS! TPAaHUYHOTO
Iapy MacTWJIFHOTO MaTepialy BH3HAUYarOTHCS NMPHU HaBaHTAXKECHHI OaJIKU-TUTIBKU TO30BXKHIMH 3yCHIUISIMH, IO
MIPU3BOMSTH JI0 YACTKOBOI I€30Pi€HTALlI IUTIBKHY 1 BTPATH CBO€ET IEPBICHO MPSAMOMIHIHHOI CTPYKTYpOBaHOi popmu,
IO CHpHSE MEepexoay LIapy MacTHIFHOTO Marepially B CTaH XBWJIbOBOI MOBEpXHi y (¢opmi cunycoina. Takox
3aIPONOHOBAHO PO3pPaxyHOK BH3HAUCHHS NOTHYHUX 3yCWIIb, CHPSMOBAaHHX HA BTPATy MPYXKHOI CTIHKOCTI
IpaHUYHUX IIAPiB MACTUIILHOTO MaTepiaiy, Mo MPU3BOAUTE 10 Oe3MocepeHR0I MEXaHOACCTPYKLIT TPaHHYHOTO
IIapy B 30Hi IPOKOB3yBaHH KOHTAKTHHX IOBEPXOHb, 3 YpaxyBaHHIM Py KHO-QPHUKIIHHOT B3a€MOIT TpaHUYHOTO
apy MacTWIIBHOTO MaTepiaily 3 MPUIIOBEPXHEBHUM LIAPOM METaly.

KuarouoBi ciioBa: wear, camoopranuzaiiisi, 3MaityBaHHs, Aeopmallisi, FpaHW4HI Iapy, JOTHYHI 3yCHILIS,
IIOPCTKA TTOBEPXHSL.
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Abstract

The article is dedicated to the establishment a regression dependence of wear of friction units of the
mechanism of loading a garbage truck on the properties of antifriction materials. By using a first-order planning
of experiment with first-order interaction effects using the Box-Wilson method, an appropriate regularity of wear
of friction units of the garbage truck loading mechanism on the properties of antifriction materials has been
determined. It is established that, according to the Student's criterion, among the studied factors of influence, the
wear of friction units of the garbage truck loading mechanism is most influenced by the pressure in the friction
zone, and the least — by the Brinell hardness of the antifriction material. The response surfaces of the objective
function — wear of friction units of the garbage truck loading mechanism and their two-dimensional cross-sections
in the planes of the influence parameters are shown, which allow to clearly illustrate the specified dependence of
this objective function on individual influence parameters. It has been established that an increase in the pressure
in the friction zone and sliding speed by 60% leads to an increase in the wear of friction units of the garbage truck
loading mechanism during reverse motion by 6.3...34%, depending on the properties of antifriction materials. The
expediency of conducting further research to determine ways to further improve the wear resistance of friction
units of the mechanism for loading solid household waste into a garbage truck has been shown.

Keywords: wear, friction units, loading mechanism, garbage truck, solid household waste, dependence,
experiment planning.

Introduction

Among the actual tasks of the municipal engineering industry of Ukraine, in particular for mobile
equipment of the manipulator type, which include garbage trucks, the problems of increasing the wear resistance,
reliability and durability of machine parts have a prominent place [1, 2]. In Ukraine, collection and transportation
of municipal solid waste (MSW) is carried out mainly by body garbage trucks with manipulators as loading bodies.
There are almost 3,700 garbage trucks in use in Ukraine that are capable of compacting solid waste, reducing
transportation costs and the required landfill space. At the time of the technological operation of loading MSW
into a garbage truck, the friction units in the form of hinge joints of its manipulator are subject to intensive wear.
This is due to the considerable weight of the container with solid waste (up to 500 kg) that is lifted, operation in
reverse mode (reverse rotation), a significant number of work cycles per route, as well as operation in a wide range
of relative humidity, temperature, and environmental dust. Deterioration of material quality or insufficient
lubrication leads to increased friction forces in hinge joints and increased vibrations in the system, which in turn
can affect the dynamic stability of the manipulator and its ability to withstand high loads in reverse friction
conditions. Wear and tear on friction components can affect the efficiency and safety of a refuse garbage truck's
manipulator, which can have negative consequences for both operators and the environment. According to
statistics, the wear and tear of the fleet of garbage trucks owned by municipal enterprises in Khmelnytskyi region

Copyright © 2024 O.V. Bereziuk, V.I. Savulyak, V.O. Kharzhevskyi, O.V. Serdiuk, V.Ye. Yavorskyi. This is an open-access article
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over the 2015-2020 years, despite the measures taken, has decreased only from 63 % to 59 % [3]. According to
the Resolution of the Cabinet of Ministers of Ukraine No. 265 [4], the problem of ensuring of the usage of modern,
highly efficient garbage trucks in the domestic municipal sector as the main link in the structure of machines for
the collection, transportation and primary processing of solid waste is a key task. This allows to solve a number of
environmental problems and improve the overall reliability of the country's utilities. Planning for the renewal,
maintenance and repair of garbage trucks is facilitated by determining the regression dependence of wear of the
friction units of the garbage truck loading mechanism on the properties of antifriction materials.

Analysis of the recent research and publications

In the work [5] a method for optimizing a robotic cell by changing the placement of the robot manipulator
in the cell in applications with a fixed endpoint trajectory is described. The aim of the study was to reduce the
overall wear of the robot's joints and prevent uneven wear of the joints when one or more joints are under more
load than others. Joint wear was approximated by calculating the integral of the mechanical work of each joint
along the entire trajectory, which depends on angular velocity and torque. The method is based on the usage of
dynamic modelling to estimate the torques and velocities in the robot's joints for its certain positions. It is
established that, provided the robot base is correctly positioned, the total wear of the joints of the robotic arm of
the robot manipulator can be reduced by 22...53%, depending on the trajectory.

The scientific article [6] investigates the performance of reversible friction joints in the control systems of
transport machines under various operating conditions. It is noted that hinge assemblies and joints are among the
most critical and highly loaded connections of industrial transport machines, and are also the most metal-intensive
and heavily loaded machine elements that connect the main structural elements and functional units. As a result of
the analysis of the wear of parts of reversible joints of transport machines in a corrosive and abrasive environment,
their increased wear and unreliability in operation were observed. The study of the operating loads of the hinge
parts of coupling devices has made it possible to establish that plastic contact occurs in the friction pair, which
leads to increased wear of the friction surfaces. Improvements to the design of the joints are proposed, which
provide auto-compensation for wear of the friction surfaces of mating parts and improve their operation by
constantly supplying lubricant to the friction zone.

The authors of the paper [7] determine a dependence of maximum impact dynamic stresses in the most
loaded section of the garbage truck boom depending on the wear of the manipulator joint and the level of its load,
according to the Fisher criterion. It is established that, according to the Student's criterion, among the considered
factors of influence, the wear of the manipulator joint has the greatest impact on the maximum impact dynamic
stresses in the most loaded section of the manipulator boom, and the level of its load has the least impact. The
response surface of the target function — the maximum impact dynamic stresses in the most loaded section of the
manipulator boom and their two-dimensional sections in the planes of the impact parameters are shown, which
allow to clearly illustrate the specified dependence of this target function on individual impact parameters. It is
established that the wear of the joint by 1000 um leads to an increase in the maximum impact dynamic stresses in
the most loaded section of the garbage truck manipulator boom by 2.6...4 times, depending on the level of its load.
The expediency of further studies of the influence of antifriction materials on the wear of friction units of the
mechanism for loading solid household waste into a garbage truck has been shown.

Article [8] analyses the types of wear of hinge joints of forestry manipulators, which made it possible to
identify possible ways to increase their wear resistance, which will help design engineers to increase the working
life of hinge joints depending on the requirements for them in the process of work. It is noted that manipulator-
type machines often operate in conditions of ambient temperature differences, which negatively affects the
properties of lubricants and joint materials. At low temperatures, the materials of friction pairs become more brittle,
the yield strength decreases and the stiffness of working surfaces increases. This complicates the processes of
dislocation movement and annihilation, the occurrence of exoelectronic emission and, in turn, intensifies the wear
process. At low ambient temperatures, the lubricant hardens or its viscosity increases, significantly reducing its
lubricating properties. In the summer time, at high temperatures, the lubricant heats up and can leak out of the
friction zone, which negatively affects the lubrication and cooling of working surfaces. To prevent this, it is
proposed to protect the hinge joints of manipulators from the polluting and corrosive effects of the environment,
as well as from leakage of lubricant, with special sealing devices. The expediency of introducing contact and
labyrinth sealing into the design of hinges has been established.

In the work [9], a mathematical model is proposed to determine the geometric parameters of the
manipulator's structural elements depending on the maximum outreach, load capacity, and other kinematic
parameters of the machine. Given the frequency of operation of the manipulator's hinge joints, it is noted that there
is no hydrodynamic friction process there, since the process proceeds under conditions of semi-dry and boundary
friction. In contrast to the established hydrodynamic friction process, the operation of sliding bearings under semi-
dry and boundary friction increases the wear of friction surfaces. This, in turn, causes a violation of kinematic
accuracy, additional dynamic loads, impacts, vibrations, which lead to fretting corrosion and destruction. It is
proposed to reduce the friction force by applying lead, phosphate, indium coatings to the mating parts of
manipulator joints. It is established that contact wear can be reduced by introducing oil and fat-based lubricants or
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grease lubricants, which at a temperature of 25 °C take on a thick ointment-like consistency. The expediency of
using phosphate and anodic metal coatings for better lubricant retention on the surface has been determined.

The work [10] describes a method for synthesizing the trajectory of a manipulation robot by degrees of
mobility. It was found that the bending of the rod causes support reactions in the contact zone, as in a beam on two
supports. After determining the contact pressure, it is possible to determine the possibility of wear of the surfaces
of the hydraulic cylinder, rod and groundbox. It was found that the contact stress, reaching one third of the tensile
strength, with complete safety of the rod from bending, can cause a significant acceleration of wear of friction
surfaces. This makes it possible to clarify the cause of the identified wear patterns and the specifics of their
identification.

In the paper [11] it is found that when creating new promising designs of hinge joints, it is necessary to
apply an integrated approach to scientific and technical solutions to take into account a significant number of
parameters that affect their performance. As a result, it is possible to create new design solutions that provide
increased performance of hinge joints of logging machine manipulators. They can significantly improve the
mechanical and tribotechnical characteristics, as well as optimize the thermal operation of the assembly.

The authors of [12] specified that the usage of plastics as an antifriction material eliminates the need for
periodic supply of lubricant to the gap of a hinge joint. As a result, the need for oil channels disappears. In addition,
the metals used to make the shaft and the enclosing lug are mated to a softer sliding material, so that wear on the
surface layers of the mating parts due to elastic and plastic deformation will occur primarily in the sliding sleeve
and be transmitted to the pin and enclosing lug to a lesser extent. Antifriction materials can significantly increase
the service life of hinge joints.

The research paper [3], by means of the regression analysis usage, identified a dependence that describes
and allows predicting the dynamics of garbage trucks' wear and tear in the Khmelnytskyi region as a whole, as well
as planning the infrastructure (composition and renewal of garbage trucks, production facilities for maintenance
and repair) of municipal enterprises, which is necessary to solve the problem of solid waste management.

The paper [13] presents the results of the analysis of the designs of the grippers of body manipulators of
garbage trucks. The results of a study of the reliability of garbage trucks are shown. A calculation scheme of a
garbage truck as an oscillating system is developed. The type of oscillations of the garbage truck frame in the
operating mode is determined. The regularities of force formation in the grab-tank-grab system are determined. It
is established that the maximum loads occur on the traction rod and rod of the hydraulic cylinder, which increase
with the increase in the mass of the container. Changes in the mass of the garbage truck do not affect the magnitude
and amplitude of the loads, but only their frequency response changes. Observations of garbage trucks can
determine that the largest number of failures occurs due to wear and corrosion of the working surfaces of the
working equipment parts. 32% of all failures of hydraulic drive parts are caused by hydraulic cylinder failures
caused by wear of the working surfaces of the mating surfaces, deformation of the rod and cylinder during
operation, which is caused by uneven loading of the body, as well as abrasive wear of the working surfaces in hard
conditions of the garbage truck. The main reason is the wear of the working surfaces of the main parts in the
hydraulic drive structure, in particular — spools and hydraulic distributor housings, hydraulic cylinder rods, etc., as
well as water-abrasive damage due to untimely replacement of the working hydraulic fluid and the use of poor-
quality or worn sealing parts such as hydraulic cylinder seals, which causes dust particles and wear products to
enter the sliding zone, accelerating the wear process of the working surfaces of the parts. In order to produce
chrome coatings with high deposition quality and performance, cold self-regulating electrolyte chrome plating is
proposed as one of the most promising methods of restoring worn parts.

However, the authors did not find any specific mathematical regularities describing the wear of friction
units of the garbage truck loading mechanism depending on the properties of antifriction materials as a result of
the analysis of known publications.

Aims of the article

Determination of the regression dependence of wear of friction units of the garbage truck loading
mechanism on the properties of antifriction materials.

Methods

The regression dependence of wear of friction units of the garbage truck loading mechanism on the
properties of antifriction materials was determined by planning a first-order experiment with first-order interaction
effects using the Box-Wilson method [14]. The coefficients of the regression equations were determined using the
developed computer program "PlanExp", which is protected by a certificate of copyright registration for the work
and is described in [15].

Results

Preliminary processing of the results of experimental research [12] showed that the wear of friction units
of the garbage truck loading mechanism is a function of the following 4 main parameters:
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u= f(f,HB,v,p), (1)

where f— the friction coefficient of a pair of steel - antifriction material; HB — the Brinell hardness of the
antifriction material; v — the sliding velocity, m/s; p — the pressure in the friction zone, MPa.

Investigating the influence of the above factors on the wear of friction units of the garbage truck loading
mechanism when processing the results of single-factor experiments by regression analysis is associated with
significant difficulties and amount of work. Therefore, in our opinion, it is advisable to conduct a multifactorial
experiment to obtain a regression equation for the response functions — wear of friction units of the garbage truck
loading mechanism by planning a multifactorial experiment using the Box-Wilson method [14].

The wear values of the friction units of the garbage truck loading mechanism during reverse motion for
different values of the properties of antifriction materials are given in Table 1 [12].

Table 1

Values of wear of the friction units of the garbage truck loading mechanism for different values
of the properties of antifriction materials [12]

Fr.1ct10n coefﬁc1§n‘F O.f | Hardness HB of the antifriction Shd.l e Pressgre. n Wear amount in
pair of steel - .antlfrlctlon material according to Brinell velocity v, | the friction reverse motion u, pm
material f m/sec zone p, MPa

0.1 250 0.08 1.06 127

0.1 250 0.13 1.7 170

0.08 235 0.08 1.06 63

0.08 235 0.13 1.7 67

0.1 170 0.08 1.06 117

0.1 170 0.13 1.7 150

Based on the data in the Table 1, using the planning of a first-order experiment with first-order interaction
effects, using the developed software, which is protected by a certificate of copyright law, after rejecting
insignificant factors and interaction effects by the Student's criterion, the regularity of wear of friction units of the
mechanism for loading a garbage truck on the properties of antifriction materials was determined:

u=45821+0.1696 HB +4366v—546.2p +33782 fv [um]. (2)

Fig. 1 shows the response surfaces of the target function — wear of the friction units of the garbage truck
loading mechanism u and their two-dimensional sections in the planes of the influence parameters, plotted using
the regularity (2), which allows us to clearly illustrate this dependence.

It was found that according to the Fisher's criterion, the hypothesis about the adequacy of the regression
model (2) can be considered correct with 95% confidence. The coefficient of multiple correlation was R =0.99857,
which indicates the high accuracy of the obtained results.

2004 M, UM u,pm 200

¥, m/sec

a) b)
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e) f)
Fig. 1. Response surfaces of the objective function - wear of the friction units of the garbage truck loading mechanism
u in the planes of influence parameters: a)u = /(/,HB); byu= f(f,v);c)u = f(f.p):dyu=f(HB,v);

Qu=f(HB,p); f) u=f(v,p)

According to the Student's criterion, it was found that among the studied factors of influence, the pressure
in the friction zone has the greatest impact on the wear of the friction units of the garbage truck loading mechanism,
and the Brinell hardness of the antifriction material has the least.

It has been established that an increase in the pressure in the friction zone and sliding speed by 60% leads
to an increase in the wear of friction units of the garbage truck loading mechanism during reverse motion by
6.3...34%, depending on the properties of antifriction materials.

The determination of the ways to further improve the wear resistance of the friction units of the mechanism
for loading solid household waste into a garbage truck requires further research.

Conclusions

An adequate dependence of the wear of friction units of the mechanism for loading garbage trucks on the
properties of antifriction materials has been determined according to the Fisher criterion. It is established that,
according to the Student's criterion, among the studied factors of influence, the wear of friction units of the garbage
truck loading mechanism is most affected by the pressure in the friction zone, and the hardness of the antifriction
material is the least. The response surfaces of the objective function — wear of friction units of the garbage truck
loading mechanism and their two-dimensional sections in the planes of the influence parameters are shown, which
allow to clearly illustrate the specified dependence of this objective function on individual influence parameters.
It has been established that an increase in the pressure in the friction zone and sliding speed by 60% leads to an
increase in the wear of friction units of the garbage truck loading mechanism during reverse motion by 6.3...34%,
depending on the properties of antifriction materials. To determine the ways to further increase the wear resistance
of friction units of the mechanism for loading municipal solid waste into a garbage truck, further research is
required.
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Bepesiok O.B., CaByasik B.1., Xap:xkeBcskuii B.O., Cepatok O.B., SIBopcskmii B.€. 3anexHicts 3HOCY
map TepTs MEXaHi3My 3aBaHTa)KCHHS TBEPAMX NOOYTOBMX BIOXOJIB y CMITTEBO3 BiJ] XapaKTEPUCTHK
AHTU(PUKIIHHUX MaTepiaiiB

CraTTs TIpPHCBSYCHA BCTAaHOBJIICHHIO perpeciiHol 3aKOHOMIPHOCTI 3HOCY BY3JIB TEpPTA MeEXaHi3My
3aBaHTAXKCHHSA CMITTEBO3a BiJl BJIACTUBOCTCH aHTHU(PPUKIIIHHMX MarTepiamiB. 3a TOMOMOTOI0 BHUKOPHUCTAHHSI
IUIAHYBaHHS KCIIEPUMEHTY MEPIIOTo MOPSAKY 3 epeKTaMu B3aeMOJiT epioro nopsaky meroxoM bokca-Yiincona
BH3HAYEHO aJIcKBaTHY 3aKOHOMIPHICTh 3HOCY BY3JIB TEpPTs MEXaHI3My 3aBaHTaKCHHS CMITTEBO3a BiJ
BJIACTMBOCTEH aHTUPUKIIHHUX MarepiamiB. BctaHoBieHo, 1m0 3a kpurepieM CThIOEHTa Cepell MOCIiIKEHNX
(hakTOpiB BIUIMBY HAWOLIBIIIE HA 3HOC BY3JIIB TEPTS MEXaHI3My 3aBaHTKCHHS CMITTEBO3a BIUIMBAE THUCK B 30HI
TEepTsl, @ HaMEHIIIe — TBEpAicTh aHTH(pUKLiHHOTO MaTepiaiy 3a bpunenem. [Tokazano moBepxHi BiIryKy HIbOBOT
(yHKIIT — 3HOCY BY3JIB TEPTS MEXaHI3My 3aBaHTa)KEHHsS CMITTEBO3a Ta IXHI JBOMIpHI Nepepi3u B IUIOIIMHAX
napaMeTpiB BIUIUBY, SIKi JO3BOJISIFOTH HATIISAHO IIPOLTIOCTPYBATH BKa3aHy 3aJIeKHICTh JaHOT UILOBOT (QYHKIIT Bix
OKpEeMHX IapaMeTpiB BILIMBY. BcTaHOBIICHO, 1110 MiZBUIIEHHS TUCKY B 30HI TEPTS Ta MIBUAKOCTI KOB3aHHS Ha 60%
MPU3BOJUTH JI0 3pOCTAHHS 3HOCY BY3JIB TEPTA MEXaHi3My 3aBaHTa)KEHHS CMITTEBO3a IIPU PEBEPCUBHOMY pyci Ha
6,3...34% B 3aneXHOCTI BiJ BlacTUBOCTEH aHTH(pUKUiIHHMX MarepianiB. [Ioka3aHO NOULIBHICTH NPOBEICHHS
HACTYIHUX JOCIiIKEHb 3 BU3HAYCHHS IIUISIXIB ITOIABIIOTO ITiABUIEHHS 3HOCOCTIHKOCTI BY3JIiB TEPTSI MEXaHi3My
3aBaHTa)XKEHHS TBEPIUX MOOYTOBHX BIIXOMIB Y CMITTEBO3.

KawuoBi cioBa: 3HOC, By3nmu TepTs, MEXaHI3M 3aBaHTa)KECHHsI, CMITTEBO3, TBEpHi MOOYTOBI BiIXOAM,
3aKOHOMIPHICTb, TIAHYBAHHSI EKCIIEPUMCHTY.
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Abstract

Technological control scheme for forming worn parts during their restoration by deforming broaching is
proposed. Particular attention is paid to the study of the stress-strain state, which provided the conditions for
creating the necessary plastic flow of the product material towards the worn areas and made it possible to
compensate the wear amount in these areas of the product and provide an allowance for subsequent machining.
Taking into account the peculiarities of parts restoration technological process, the relationship between the
required circumferential strain of the outer surface and the total tension on the hole is established. The influence
of the number of deforming elements that perform the required deformation on the accumulated strain on the inner
surface of the part was investigated. This made it possible to establish that the maximum accumulated strain of the
inner surface is provided by the maximum number of elements with a minimum tension on the element. On the
outer surface, the value of the accumulated strain does not depend on the number of deforming elements, but is
determined only by the total tension and the workpiece thickness. Based on the simulation of deforming broaching
in a wide range of changes in operating parameters, tool geometry and workpiece thickness, an analytical
dependence was obtained to determine the angle that ensures the absence of axial strains when the workpiece is
deformed. The necessary broaching modes and tool geometry were determined, which will ensure the required
dimensions of the machined or restored part.

Key words: parts restoration, deforming broaching, stress-strain state simulation, forming scheme,
machining modes, tool geometry.

Introduction

Currently, it is important to introduce advanced technologies into the industry that save material, fuel and
energy, and raw materials. One of these technologies is the technology of worn parts restoration, the prospects of
which are due to the use of significant resources in their production, which can reach up to 30% of labor and
technological equipment in general industrial production [1]. The use of parts restoration technology is an
important reserve for increasing the efficiency of modern production. Its economic feasibility is due to the
possibility of reusing up to 80% of working parts. The cost of restoring worn parts is significantly lower than the
cost of new ones (not exceeding 60%) due to the savings in product material and energy costs for its production
[2]. Existing restoration technologies use numerous technological methods that take into account the shape,
materials of the worn surfaces and other features of the worn surfaces [3]. For the same part, several variants of
restoration technologies can be developed, and then the most effective one can be selected. To make an objective
choice of restoration technologies, it is necessary to evaluate the advantages and disadvantages of each technology.
One of the most basic requirements when choosing a restoration technology is to ensure that the quality parameters
of the restored part are not lower than the new one. In this regard, the use and implementation of waste-free
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technological processes for restoring the dimensional accuracy of worn parts, especially those whose production
is mass or large-scale, is extremely relevant. Such parts include the piston pin. The annual program for its
production in the European automotive industry alone is more than 30 million pins. The overall dimensions of the
part have the following range: diameter 20-58 mm, length 45-220 mm, its weight varies between 0.2-1.8 kg
depending on the engine brand, and, for example, for diesel locomotives and marine diesel engines, the weight of
piston pins is quite significant and can reach 4.5 kg [4].

Literature review

Let's consider the existing technologies for restoring piston pins. All pins, regardless of their size, have the
same design (Fig. 1) and represent an axisymmetric hollow cylinder with chamfers, which has a wear-resistant
outer surface hardened to HRC 60-62 and a fairly plastic core [5]. Worn pins can be restored in various ways. The
most common of them are: grinding to the repair size, hardening, thermoplastic and electrohydraulic distribution,
and electrocontact heating [6].

L 2

Fig. 1. Typical piston pin design [6]

Grinding the piston pin to a repair size (reducing the outer diameter compared to the nominal diameter)
ensures that the worn surface is free of marks, scratches, and macro irregularities. However, the use of such piston
pins requires pistons with reduced hole sizes in the bosses. For this reason, the considered method of restoring
piston pins is limited in use [7].

The restoration of piston pins by ironing and chromium plating [7], despite its high efficiency and
productivity, as well as the ability to build up a metal layer 2-3 mm thick, is not currently widespread. This is due
to the low mechanical properties of iron, both in terms of strength and wear resistance, and requires the use of
additional thermal operations.

There is also a thermoplastic distribution method [6], which is used to restore worn piston pins. It is realized
as follows. Worn piston pins are heated by high-frequency currents above the temperature of pearlite-asthenite
transformation. Depending on the cooling technology, the liquid is passed either through the pin hole or by counter
or parallel flows through the pin hole and the outer surface with a time shift. This cooling creates a difference in
the cooling rates of the inner and outer layers, which, by fixing the volumetric expansion of the metal, ensures an
increase in the outer diameter. According to the authors of [6-8], the process of pin distribution simultaneously
involves heat treatment of hardening and low tempering. However, it should be noted that the process of
hydrothermal distribution causes a heterogeneity of diameter increase along the length of the pin and thus a type
of dimensional error such as corsetry occurs. After that, the pins are subjected to five times of grinding and
polishing. It should be noted that the unevenness of the machining allowance along the outer diameter of the part
leads to uneven and increased metal removal, a decrease in the depth of the cemented layer, and the appearance of
areas with reduced hardness and wear resistance. In addition, during thermoplastic distribution, the increase in the
outer diameter of the worn pins is due to the presence of internal stresses arising from cooling and the phase
transition of austenite to martensite.

According to [9], simultaneously with the distribution of the pin, its heat treatment is carried out — hardening
and low tempering. However, in the process of thermoplastic distribution, there are no conditions for low-
temperature tempering. Moreover, as studies [8] have shown, the presence of harsh water cooling conditions for
alloyed cemented steels of the I2ZKHN3A type when they are heated above the pearlite-austenite transformation
temperatures can lead to cracks in the cemented layer. This is evidenced by Fig. 2, which shows the surface of the
piston pin of a D-240 diesel engine restored by hydrothermal distribution, where the appearance of cracks in the
cemented layer can be cl_eer!y seen.

i R Sk WA

Fig. 2. Microstructure of piston pin cemented layer made of 12KHN3A steel restored by thermoplastic distribution [10]
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As proof of low-temperature tempering absence in the process of thermoplastic distribution, and therefore
of structures present in the pins restored in this way, which tend to move to a more equilibrium state, the following
experiment was conducted by the author [10]. The pin, restored by the thermoplastic distribution method, was
annealed in a protective environment. In this case, the outer diameter of the annealed pin decreased by an
unacceptable amount (Fig. 3) as a result of internal stress relaxation.

L, mm
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Fig. 3. Changes in the size of the pin generatrix restored by different methods after annealing: e — after hydrothermal
distribution and annealing; A — after deforming broaching; o — after deforming broaching and annealing [10]

A similar fact can occur during the operation of the pins, since the operating conditions of an internal
combustion engine are characterized by the presence of high temperatures and alternating loads. This can cause a
reduction in the strictly regulated outer diameter of the pin, which can lead to engine failure.

According to [4], the restoration of piston pins by the method of electrocontact heating and combined spray
cooling is more advanced than hydrothermal distribution, but also has a number of disadvantages typical to the
methods of restoring parts based on the use of thermal strains. The microstructure of the quenched cemented layer
of the restored pins is martensite with the inclusion of cementite, residual austenite, and troostite [7]. This indicates
non-compliance with the basic requirements for the technological process of cemented steels heat treatment during
heat treatment and leads to the appearance of defective features in the restored pins (the presence of residual
austenite).

As follows from the analysis of works [4, 7] related to the dimensional accuracy restoration of worn piston
pins by heating and subsequent cooling, they all have common disadvantages. The most significant of them is the
lack of allowance on the outer surface of the restored pin for subsequent machining, the presence of areas with
reduced hardness and wear resistance, the possible appearance of cracks in the cemented layer, and the mismatch
of the restored pin microstructure with technical requirements. All of this leads to a significant percentage of
restored products rejects and does not ensure the stability of the operational parameters of the restored piston pin
quality. In addition, these methods are energy-intensive, require special equipment and are not environmentally
friendly.

At the same time, the use of cold plastic deformation (CPD) methods, as noted in works [11, 12], allows to
ensure the required level of products working surface quality parameters.

The undoubted advantages of CPD methods are [11, 12]:

— maintaining material integrity by redistributing the product material to the worn areas;

— improving the physical and mechanical properties of the processed product material;

— the possibility of combining thermal and chemical-thermal operations makes it possible to create hybrid
technologies;

— improved technological inheritance makes it possible to maintain the quality parameters of parts, even
when using additional finishing operations;

— ensuring that the process does not have a negative impact on the environment;

— the ability to automate the process, which ensures the use of CPD in mass production.

According to a number of works [13-15], the development of a technology for the restoration of worn parts
should be based on the study of the stress-strain state (SSS). This will provide the conditions for creating the
necessary plastic flow of the product material towards the worn areas, which will compensate for the amount of
wear in these areas of the product and provide allowance for subsequent machining.

The Institute of Superhard Materials of the National Academy of Sciences of Ukraine created a highly
efficient technological process for restoring piston pins based on deforming broaching [8, 16], which made it
possible to solve the problems of ensuring the dimensional accuracy of the pin's outer surface, as well as to develop
a new scheme for deforming the pin with a change in the bearing face [17]. Based on this scheme, the installation
design for pin distribution in mass and large-scale production was developed. The pins restored by deforming
broaching do not have the same disadvantages as the pins restored by thermoplastic distribution (Fig. 3). Regarding the
choice of the forming scheme, the authors of [8, 16] conducted experimental studies on the basis of which the
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required geometric parameter of the tool was selected. However, the absence of a definite relationship between
the strain of the pin hole and the strain of its outer surface will not allow optimizing the workpiece forming scheme
by selecting the necessary broaching modes and tool geometry.

Purpose

The aim of the work is to develop a methodology for technological control of worn parts shape formation
during their restoration by deforming broaching. Achieving this goal requires solving the following tasks:

—to develop a methodology and study the SSS in the deformation zone during deforming broaching and its
influence on the change in processed workpiece dimensions;

— to establish the relationship of operating parameters and tool geometry to changes in processed workpiece
dimensions;

— to develop a methodology for technological control of workpiece forming, with the help of which to
determine the necessary modes of broaching and tool geometry, which ensure the required processed part
dimensions.

Research Methodology

To analyze the SSS of the workpiece material and study the change in machined part dimensions, a finite
element model (FEM-Model) of the deforming broaching process (DBR) was developed according to the
following scheme (Fig. 4). The SSS simulation of an axisymmetric workpiece made of plastic material during
deforming broaching was carried out using the DEFORM 2D/3D™V 11.0 software package [18].
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Fig. 4. Scheme of deforming broaching

To analyze the influence of the tool's geometric parameters on the characteristics of the SSS and the
workpiece's geometric dimensions, the angle of the working cone inclination of the deforming element a was
changed and amounted to 2°, 4°, and 8°, respectively.

Taking into account the above conditions, a finite element model of the considered process was built

(Fig. 5).
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Fig. 5. FEM model construction: a) workpiece with dimensions: 1 — deforming element; 2 — the studied axisymmetric workpiece;
3 — base; b) model scheme

The simulation process considered the machining of two workpieces with the same internal diameter. The
inner diameter of the workpieces is dp = 40 mm, the outer diameter of the first workpiece is Dy; = 44 mm, the
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second is Dy> = 68 mm, and the length is /= 150 mm. The deforming element is made with the angle of the working
and return cone a = 4°. The diameter of the working element is equal to d. = 41 mm, i.e., a nominal tension of 1
mm is created during its passage. The movement speed of the deforming element is V= 0.5 mm/s.

As the material for the study, we chose 12KHN3A steel, the chemical composition and mechanical
properties of which are presented in Table 1. The DEFORM material library [18] contains an analog of the above
material, DIN 14NiCr14, which has similar mechanical characteristics. It was used in the simulation of the SSS.
In the DEFORM software, the flow curve for this material is defined by points (Table 2). The analysis of SSS was
carried out in the middle of the length of the workpiece at three points (Fig. 5, b).

Table 1
Chemical composition and mechanical properties of 12KHN3A steel [19]
Chemical composition, % Mechanical properties
. . . Elastic
C Mn Si Cr Ni HB };j[r}?;less’ Tensile }S/E;)e;lgth Pr(;{[sizon s modulus,
o M E-10°, MPa
0.09- | 0.3- 0.17- 0.6- 2.75-
0.16 0.6 0.37 0.9 3.15 220-230 930 0.28 2
Table 2

Flow curve points of 14NiCr14 steel
e 0 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.85
o 356.8 | 506.4 | 648.8 | 780.8 | 824.6 | 835.6 | 835.0 | 830.2 | 8254 | 8184 | 814.5

At each point, the strain intensity e;, hydrostatic pressure oy, stiffness coefficient of the stress state, axial
stress o, axial strain e, and circumferential strain e, were determined.

The obtained FEM-model of the process was used to study the SSS of each of the deformation zone areas
in the DBR simulation of a workpiece made of plastic material.

Results

Let us consider the results of the simulation. Fig. 6 shows the change in the accumulated strain during the
simulation of the deformation process of thin-walled and thick-walled workpieces.
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Fig. 6. Variation of the parameter ei in the deformation zone when simulating the deformation process of 12KHN3A steel workpieces
by a deforming element with tension a/dy = 0.025 and thickness #/dy = 0.025: a) 0.05; b) 0.35

Fig. 6 shows that strain accumulation begins in noncontact zone I, then the main part of the deformation
occurs in contact zone II, and in noncontact zone III, the deformation in the deformation zone is completed. It
should be noted that the values of the accumulated strain in noncontact zones I and III are approximately equal to
each other. Comparing Fig. 6 a and b, it follows that the changes in the accumulated strain for thin-walled and
thick-walled workpieces are similar, but there are differences. In both cases, the value of the maximum
accumulated strain corresponds to the inner surface of the workpiece. It decreases as the workpiece radius
increases. But thin-walled workpieces have their own peculiarities. On the outer surface (Tracking point 3), the
accumulated strain is greater than on the middle surface (Tracking point 2). This is not the case for thicker-walled
workpieces. There, the strain gradually decreases with increasing thickness and its minimum value corresponds to
the outer surface (Tracking point 3). This can be explained by the following. In a thin-walled workpiece, the strain
along the wall thickness is almost through and uniform. The hydrostatic pressure (Fig. 7) for thin-walled
workpieces varies from —1000 MPa in the contact zone to a value of 400 MPa, and for thick-walled workpieces
from —1600 MPa to 400 MPa.
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Fig. 7. Changes in hydrostatic pressure oy in the deformation zone when simulating the deformation process of 12KHN3A steel
workpieces by a deforming element with tension a/dy = 0.025 and thickness #/dy = 0.025: a) 0.05; b) 0.35

The stress state coefficient in both cases (Fig. 8) is # = +2 on the outer surface corresponding to the contact

zone, and n = -5 (Fig. 8, a) and = -8 (Fig. 8, b) on the inner surface where the maximum strain occurs.
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Fig. 8. Changes in the value of the stress state coefficient # in the deformation zone when simulating the deformation process of
12KHN3A steel workpieces by a deforming element with tension a/dy = 0.025 and thickness #/do = 0.025: a) 0.05; b) 0.35

For thick-walled parts, the hydrostatic pressure at the middle surface (Tracking point 2) is zero, the stress
value is also close to zero, and the accumulated strain is greater than Tracking point 3. At the same time, the thin-
walled workpiece has a positive value of hydrostatic pressure at points 2 and 3, and at point 3 it is greater and
causes the appearance of a stress state close to biaxial tension, as evidenced by the value of the stress state

coefficient = +2.
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Fig. 9. Changes in the value of the circumferential component of the strain tensor e, in the deformation zone when simulating the
deformation process of 12KHN3A steel workpieces by a deforming element with tension a/dy = 0.025 and thickness #/dy = 0.025:
a) 0.05; 6) 0.35

Consider a change in the circumferential component of the strain tensor, which determines the increase in
the outer diameter of the workpiece. In Fig. 9 shows the results of simulating the deformation of thin-walled and
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thick-walled workpieces.

The nature of the change in this parameter does not depend on the thickness of the workpiece, although the
difference between the ¢, values for Tracking point 1, 2, 3 is insignificant for thin-walled workpieces, indicating
a through homogeneous strain in this case (Fig. 9, a). For thick-walled ones, this difference is significant. The
maximum value corresponds to the inner surface of the workpiece, and the minimum value to the outer surface
(Fig. 9, b). The maximum value of the circumferential strain occurs in the contact zone. In non-contact zones, the
value of e, is insignificant.

The influence of technological factors and tool geometry on the circumferential strain on the outer surface
is characterized by Fig. 10.
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Fig. 10. Dependence of the circumferential strain ¢, on the thickness of the workpiece #/dy when simulating the workpiece strain with
tension on the element a/dy: 1 —0.0375; 2 — 0.025; 3 — 0.0125 with different angles a: 0 —4°; x —8°; A —2°

As can be seen from Fig. 10, the circumferential strain of the outer surface practically does not depend on
the angle a, but is determined only by the thickness of the workpiece and the tension on the element. The
approximation of the data shown in Fig. 10, made it possible to obtain a dependence by which it is possible to
determine the required tension depending on the required circumferential strain:

ew=0,95a/d0—(1,95a/d0)t0/d0. (1)
The required total strain of the inner surface is determined by the equation:

Saldy=— 2 @)
0,951,951, /d,

When designing a workpiece restoration process, the circumferential strain required to compensate for wear
and provide allowance for subsequent machining is determined. Then, according to dependence (1), the required
total tension is determined to ensure that this circumferential strain is obtained for a specific workpiece thickness.
If there is a need to perform several deformation cycles, the total tension is divided into several transitions,
whereby:

Yaldy=a,/d,+a,ld,. 3)

Studies [11] have shown that assessing the plasticity utilization rate is important when plastic strain is
followed by thermal or chemical-thermal treatment. In this case, the properties of the prestrengthened material
largely depend on the plasticity reserve utilization rate accumulated during previous operations. The authors of
works [10, 11] recommend limiting the value of the used plasticity resource within the limits:

Yimax < [T, “4)

where [y]* = (0,25+0,3)[y], [w] — maximum deformation of the workpiece corresponding to a specific
stress state coefficient.

After determining the required strain of the outer surface and the corresponding total hole tension, the
workpiece must be checked for the remaining plasticity on the outer and inner surfaces of the workpiece.

Consider how the number of deforming elements that perform the required total strain of the hole affects
its strain intensity. Let us consider three cases in which the same total strain Y a/dy = 0.075 is performed. In the
first case, the strain is performed by 6 deforming elements with a tension on the element a/dy = 0.0125. In the
second case, it is performed by 3 deforming elements with a tension on the element a/dyp = 0.025. And in the third
case, it is performed by 2 deforming elements with a tension on the element a/dy = 0.0375. As follows from Fig.
11, the maximum accumulated strain ep = 0.76 occurs when deformed by 6 deforming elements. A smaller strain
ep = 0.27 is observed when the total tension is applied by 3 deforming elements. And the smallest strain on the
inner surface of the hole ey = 0.18 is observed when deformed by 2 elements.

At the same time, no such significant difference in the values of the accumulated strain from the number of
deforming elements is observed on the outer surface. The number of deforming elements practically does not affect
its value and on the outer surface of the part is in all three cases eg = 0.06, 0.07, 0.072, respectively.
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Fig. 11. Dependence of the accumulated strain on the inner surface of a 122KHN3A steel workpiece during simulation of its strain by
working elements with an angle of « = 4° on the tension on the element and the number of deforming elements that perform the total
strain, workpiece thickness #o/dp: 1—0.35;2—0.2

The change in the accumulated strain at the thick-walled state #y/dy = 0.2 has a similar character, i.e., the
wall thickness has practically no effect on the nature of the change in the accumulated strain depending on the
number of broached elements. Therefore, taking into account the significant effect of the number of deforming
elements on the value of the accumulated strain on the inner surface of the part, we check the used plasticity
resource on the deformed hole surface.

After determining the number of elements and the tension on them according to dependence (3), we select
the deformation scheme. It can be compression, tensile, or schemes with a change in the supporting face [17].

Further, according to the thickness of the workpiece and the tension on the element determined by
dependence (1), which provides the required increase in the outer diameter of the workpiece, we determine the
angle a, which will provide the required axial deformation of the workpiece. As is known from scientific works
[11, 12] on determining the workpiece strain, deforming broaching causes shortening of parts, i.e., during the
dispensing of the inner hole, the outer diameter of the workpiece increases and its length decreases. However,
some works [20, 21] note that in addition to shortening the workpiece, it can be lengthened, which can be used to
restore the worn axial dimension of the part. Therefore, we considered the possibility of changing the axial strains
of the workpiece. To do this, we simulated the deformation process of a 12KHN3A steel workpiece to determine
its axial dimensions in a wide range of changes in the part thickness, element tension, and angle a. Examples of
simulation results are shown in Fig. 12. |
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Fig. 12. Variation of the axial component of the strain tensor ¢; in the deformation zone when simulating the deformation process of
12KHN3A steel workpieces by a deforming element with tension a/dy = 0.025 and thickness #/dy = 0.025: a) 0.05; b) 0.35

Fig. 12 shows that when thin-walled parts are deformed (Fig. 12, a), the workpiece is shortened. At the
same time, when thick-walled parts are deformed, the workpiece is elongated. If there is shortening and
lengthening, then there should be a zero change in the axial dimension of the workpiece. The simulation results,
which indicate the presence of a zero size of the machined workpiece depending on its thickness and tension on
the element, are shown in Fig. 13.

The approximation of the data shown in Fig. 13, allowed us to obtain an analytical dependence for
determining the angle a, which ensures the absence of axial strains depending on the thickness of the workpiece
and the tension on the element:

. 0,35(1+100a/d,)
a = .
i/ d,

)

The process of controlling the forming for a given workpiece thickness is as follows. First, the
circumferential deformation required to compensate for wear and provide an allowance for further processing is
determined. Then, according to the dependence (1) obtained as a result of simulation, the required total tension on
the element ) a is determined according to dependence (2).
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Fig. 13. The dependence of the angle a, which ensures the absence of axial strains on the thickness of the workpiece, was obtained by
simulating the deformation process of a 12KHN3A steel workpiece with different tensions: 1 — 0.0375; 2 — 0.025; 3 - 0.0125; ¢, A, ¥V
— used experimentally obtained data [16]

If the part is subjected to thermal or chemical-thermal operations during processing, it is mandatory to
check the used plasticity resource on the restored surface of the part.

Then, based on a given thickness and a certain tension, which is responsible for obtaining the required outer
diameter size, we determine the angle a, which ensures a zero change in the length of the workpiece. This is done
according to the previously obtained experimental dependence (5) obtained from the simulation results.

Subsequently, depending on the requirements for the workpiece, we fulfill the conditions under which the
workpiece either elongates a > a*, shortens a < a*, or its axial dimension remains unchanged o = o*.

The conducted studies made it possible to build an algorithm for technological control of workpiece
forming (Fig. 14).
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The developed scheme of the algorithm for constructing a technological process for restoring a hollow
axisymmetric part using plastic strain has been successfully tested during the design of such technological
processes for restoring worn parts:

— worn piston pins of 10D100 diesel locomotive engines at the Dnipro Locomotive Repair Plant. During
the restoration of 10D 100 piston pins, the recommendations presented in the forming scheme (Fig. 14) provided a
zero change in length, i.e., the length of the pin did not change after increasing the outer diameter. The dimensions
of the 10D100 pins are #/dy = 0.4, the length of the pin is 182 mm, the outer diameter of the pin is 80 mm, and the
weight of the pin is 4.5 kg. Material of the pins — 12KHN3A steel;

— restoration of the dimensions L and D; geometric accuracy of the cardan joint worn crosspieces (Fig. 15)
[20] at the Institute of Superhard Materials of the National Academy of Sciences of Ukraine. During their strain,
there is a simultaneous increase in the outer diameter and an increase in the original axial dimension 4 to /4;, which
made it possible to finishing the worn faces to the required size.

fy

AN

Fig. 15. Scheme of a worn crosspiece deformation [20]

Conclusions

Controlling the parts forming scheme is an important aspect of developing a technological process for
restoring worn parts and machining new parts using CPD. This allows to obtain the required dimensions of the
parts after their deformation. When machining new parts, the required allowances for subsequent machining are
obtained, and when restoring worn parts, the dimensions of the worn surface are obtained to compensate wear and
provide allowances for subsequent machining.

The conducted studies allowed us to draw the following conclusions:

— developed methodology for studying the SSS by simulating the deformation process of workpieces with
different thicknesses in a wide range of changes in the broaching modes and tool geometry using the DEFORM
2D/3D™V 11.0 software package;

—based on the study of SSS, the relationship between the required circumferential strain of the outer surface
e, and the total tension on the hole is established. It is shown that the parameter e, does not depend on the angle
a, but is determined by the thickness of the workpiece and the total tension. The dependence for determining the
required tension, which ensures the desired value of the parameter e,, is obtained;

— the influence of the number of deforming elements that perform the required circumferential strain on the
accumulated strain on the inner surface of the part is determined. It is shown that the maximum accumulated strain
of the inner surface is provided by the maximum number of elements with minimal tension on the element. On the
outer surface, the value of the accumulated strain does not depend on the number of deforming elements, but is
determined only by the total tension and thickness of the workpiece;

— the necessity of checking the obtained dimensions of the part after plastic strain by the parameter of the
used plasticity is proved,

— it is shown that after obtaining the required value of the circumferential strain, it is necessary to determine
the angle a, which will ensure a zero change in its axial strain. Based on the process of simulating strain in a wide
range of changes in operating parameters, tool geometry, and workpiece thickness, an analytical dependence is
obtained for determining the angle o, which ensures the absence of axial strains during workpiece deformation.
To obtain the required axial dimensions of the processed workpiece, we choose an angle a from the following
conditions: to obtain a zero change in length — angle a = a*, to obtain a shortening a < a*, to obtain an elongation
o> a*;

— an algorithm for technological control of the hollow axisymmetric part forming was developed, which
allowed determining the necessary broaching modes and tool geometry to ensure the required dimensions of the
machined or restored part.
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Hemuposcbkuii SI.b., Oramanckuii B.B., Meabuuk O.Jl., llenenenko I.B., Iocarenko H.I.
Y 1OCKOHAJIEHHS TEXHOJIOT11 BITHOBJICHHS 3HOIICHHX JICTAJICH Ha OCHOBI XOJIOJJHOTO IUTACTUYHOTO 1e(hOPMYBaHHI

3anpornoHOBaHO CXeMa TEXHOJOTIYHOrO YNpPaBIiHHS (OPMOYTBOPEHHSM 3HOIICHHX JeTaled NIpH iX
BiTHOBJIEHHI AedopMmyrounM mpoTiaryBaHHAM. OcOOMMBY yBary MpHUOUICHO IOCHTIHKEHHIO HaIpy>KeHO-
e OPMOBAHOTO CTaHy, 110 3a0e3MeUnI0 YMOBH ISl CTBOPEHHS He0OXiTHOI ITaCTHYHOI Tedii MaTepiay BUpoOy
TI0 HaIIPaBJICHHIO JI0 3HOIICHHUX AUITHOK Ta JO3BOJIMJIO KOMIICHCYBATH BEJIMYMHY 3HOCY Ha IIUX IUISTHKaX BUPOOY
Ta 3a0€3MeUnTH MPUIYCK IIiJl HACTYIHY MEXaHIdHy OOpOoOKy. 3 BpaxyBaHHSIM OCOOJHBOCTEH TEXHOJIOTIYHOTO
TIPOIIECy BiHOBIICHHS JIeTaJieii BCTAHOBIICHO 3B’ 30K HEOOXiTHOI OKPYKHOI Jedopmarlii 30BHIIIHROI IOBEPXHIi 3
CyMapHHM HaTSTOM Ha OTBip. J{OCIiPKEHO BIUIMB KiNBKOCTI 1e(hOpMYIOUNX €JIeMEHTIB, sIKi BHKOHYIOTh HEOOXiTHY
nedopmanito, Ha HakonuueHy aedopMallifo Ha BHYTPIIIHIM noBepxHi aetaii. Lle 103BOJIMIO BCTAaHOBUTH, ILO
MaKCHMYM HakonuueHol fedopmarii BHyTPIIIHBOT MOBEPXHI 3a0€31euy€eThCsl MAKCUMaIbHUM YHCIIOM €JIEMEHTIB
3 MiHIMaJIbHUM HATSTOM Ha ejeMeHT. Ha 30BHIilIHIIT MOBepXHI 3HaYeHHs HAKOMMUEeHOI AedopMallii He 3aIeXKHUTh
BiZl KIJIBKOCTI e(OpPMYIOYMX €JEMEHTIB, @ BH3HAYAE€THCS TUIBKM CYMapHHM HAaTATOM 1 TOBCTOCTIHHICTIO
3aroToBKM. Ha ocHOBI cuMyismii neopMyrodoro mpoTAryBaHHS B IIMPOKOMY Iianma3oHi 3MiHH PEXHMHHX
mapameTpiB, reoMeTpii IHCTPYMEHTY Ta TOBCTOCTIHHOCTI 3arOTOBKHM OTpPHMaHAa aHATITHYHA 3aJIC)KHICTh JUIS
BU3HAUCHHS KyTa, SKHH 3a0e3medye BIICYTHICTH OCBOBHX naedopMamii mpu 1nedopMyBaHHI 3arOTOBKH.
BusnaueHHi HEOOXimHI peXMMH TPOTATYBAaHHS 1 TEOMETDil0 IHCTPYMEHTY, sKi 3abe3medyaTh OTPHMaHHSI
HEOOXITHUX po3MipiB 00po0IeHOT a00 BiTHOBIICHOI AETAII.

KarouoBi cioBa: BimHOBieHHs Jertaneil, AedopMyrode MOPOTATYBAaHHs, MOJCTIOBAHHS HAIPYKEHO-
Je(OPMOBAHOIO CTaHy, cxeMa (POPMOYTBOPECHHS, PSKUMHU 0OPOOKH, TEOMETPIsl IHCTPYMEHTY.
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Abstract

Modeling the performance of the "valve-guide" engine pair using modern software is an effective tool
both for identifying weak points in the design and for predicting the behavior of the friction unit in operation. In
this study, the method of finite element analysis was chosen as a tool to study the contact and antifriction
parameters of the friction pair of the internal combustion engine "directional valve". Using the FEM application
program, the raw data on the material, surface dimensions, loads, and motion kinematics are described. Based on
the constructed finite-element model of the "valve-guide" conjugation, an analysis of the influence of
determining tribological factors: sliding speed in contact, temperature, skew angle, friction coefficient on contact
stresses both for each part of the friction pair and in the process of contact interaction was carried out. A
consolidated matrix of the results of the numerical experiment was built, and the conclusions regarding the
influence of each factor on the tribological characteristics were substantiated. Algorithms of influence on the
design, technological and operational factors for prolonging the resource of the friction pair of the internal
combustion engine "klpapn-napramna” are outlined.

Keywords: internal combustion engine, valve guides, finite element model, contact parameters, friction
coefficient, stressed surface state

Introduction, analysis of research

Modeling the performance of the "valve-guide" engine pair using modern software is an effective tool both
for identifying weak points in the design and for predicting the behavior of the friction unit in operation. This issue
has received considerable attention in the scientific literature. In the article [1], filling materials are considered to
reduce the weight of intake or exhaust valves of an internal combustion engine. Micro-computed tomography was
used to reverse engineer the original component and assess the valve's internal geometry and material integrity.
The valve has been redesigned using Finite Element Analysis (FEA) to select a lightweight weighted design that
provides weight savings over the original equipment valve. The article [2] describes the concept of a non-invasive
method of diagnosing the value of valve gaps in internal combustion engines, based on the analysis of engine
surface vibration signals using artificial neural networks. The method uses as diagnostic signals the readings of
vibration sensors, which record the acceleration of the engine head depending on the angle of rotation of the
crankshaft, with pre-set values of the valve clearances measured in the cold state. In article [3], a study of the
causes of engine intake valve damage was conducted, during which the intake valve heads were overheated and
deformed as a result of material creep. On the example of a malfunction detected in the analyzed engine, it was
established that traditionally known causes, such as a failure of the combustion process, cannot cause the described
damage. The performed calculations showed that with an increase in the rotation frequency, the failure of the
control system leads to an increase in temperature higher than recommended for the materials used. Based on the
conducted research, the authors have developed recommendations for increasing the reliability of intake valves
with variable gas distribution phases. In [4], a methodology for the analysis of valve wear of internal combustion
engines is proposed, which is the result of the combined use of numerical and experimental methods. Numerical
solutions are obtained using a specialized finite element method where a solution contact algorithm is used to
model the flexible-flexible contact along with the adhesive wear law. Experimental results are obtained on a wear

Copyright © 2024 K.E. Holenko, A.A. Vychavka, M.0). Dykha, V.0. Dytyniuk. This is an open access article distributed under the
m Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided
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test rig specially designed to evaluate wear parameters under valve operating conditions. A good agreement was
found between the experimental wear profiles and the numerical calculations of the wear on the contact surfaces.
In [5]. engine reliability was improved using Al-Sic composites for engine guide valves. Finite element analysis
of Al-Sic composite with titanium alloy,copper-nickel silicon alloys and aluminum bronze alloy as an alternative
material for the engine valve guide was carried out using Ansys 13.0 software. The finite element method is one
of the most widely used methods for analyzing mechanical load characteristics in modern engineering components.
The directional valve model was modeled as shown in Fig. 15. A finite element model was built to perform the
analysis of the guide valve. The stress analysis of the engine valve guide at different pressures and temperatures
was carried out. It was found that the stresses were significantly lower than the allowable for all materials, but the
Al-Sic composites were found to be the most optimal. The purpose of the work [6] was to determine the main
parameters affecting this wear. The approach was based on the tribological triplet and material flows within the
contact, using both numerical and experimental approaches. A dynamic model and valve train test bench showed
that wear flows can be activated by the architecture of the valve opening system. Therefore, limiting these flows
can be achieved by controlling the geometry of the system without changing the properties of the materials. In the
same way, the finite element model of the local response of the seat-valve contact emphasized the influence of the
"local" contact geometry. As noted in [7], intake and exhaust valves are important engine components used to
control intake and exhaust gas flow in internal combustion engines. They are used to seal the working space inside
the cylinders and are opened and closed by means of a valve mechanism. The study is devoted to various types of
failure of internal combustion engine valves: due to fatigue, exposure to high temperature, shock load. In works
[8-9] it was shown that sliding in the valve sealing area is one of the main causes of wear. Sliding wear is expected
to play an even more important role in modern engines. Experimental data obtained using a special technique on
a test stand are presented. Experimental data are supplemented by FEM modeling. The simulation involves
checking the sliding behavior of the valve seal area on a test bench and investigating how different parameters
affect the sliding length. These parameters include combustion pressure, contact angle, contact length, valve head
thickness, friction coefficient, run-in wear, and change in modulus due to temperature variations.that stresses were
significantly lower than allowable for all materials, but Al-Sic composites were recognized as the most optimal.
The purpose of the work [6] was to determine the main parameters affecting this wear. The approach was based
on the tribological triplet and material flows within the contact, using both numerical and experimental approaches.
A dynamic model and valve mechanism test bench showed that wear flows can be activated by the architecture of
the valve opening system. Consequently, limiting these flows can be achieved by controlling the geometry of the
system without changing the properties of the materials. In the same way, the finite element model of the local
response of the seat-valve contact emphasized the influence of the "local" contact geometry. As noted in [7], intake
and exhaust valves are important engine components used to control intake and exhaust gas flow in internal
combustion engines. They are used to seal the working space inside the cylinders and are opened and closed by
means of a valve mechanism. The study is devoted to various types of failure of internal combustion engine valves:
due to fatigue, exposure to high temperature, shock load. In works [8-9] it was shown that sliding in the valve
sealing area is one of the main causes of wear. Sliding wear is expected to play an even more important role in
modern engines. Experimental data obtained using a special technique on a test stand are given. Experimental data
are supplemented by FEM modeling. The simulation involves checking the sliding behavior of the valve seal area
on a test bench and investigating how different parameters affect the sliding length. These parameters include
combustion pressure, contact angle, contact length, valve head thickness, friction coefficient, run-in wear, and
change in modulus due to temperature variations.that stresses were significantly lower than allowable for all
materials, but Al-Sic composites were recognized as the most optimal. The purpose of the work [6] was to
determine the main parameters affecting this wear. The approach was based on the tribological triplet and material
flows within the contact, using both numerical and experimental approaches. A dynamic model and valve train
test bench showed that wear flows can be activated by the architecture of the valve opening system. Therefore,
limiting these flows can be achieved by controlling the geometry of the system without changing the properties of
the materials. In the same way, the finite element model of the local response of the seat-valve contact emphasized
the influence of the "local” contact geometry. As noted in [7], intake and exhaust valves are important engine
components that are used to control the flow of intake and exhaust gases in internal combustion engines. They are
used to seal the working space inside the cylinders and are opened and closed by means of a valve mechanism.
The study is devoted to various types of failure of internal combustion engine valves: due to fatigue, exposure to
high temperature, shock load. In works [8-9] it was shown that sliding in the valve sealing area is one of the main
causes of wear. Sliding wear is expected to play an even more important role in modern engines. Experimental
data obtained using a special technique on a test stand are given. Experimental data are supplemented by FEM
modeling. The simulation involves checking the sliding behavior of the valve seal area on a test bench and
investigating how different parameters affect the sliding length. These parameters include combustion pressure,
contact angle, contact length, valve head thickness, friction coefficient, run-in wear, and change in modulus due
to temperature variations.They are used to seal the working space inside the cylinders and are opened and closed
by means of a valve mechanism. The study is devoted to various types of failure of internal combustion engine
valves: due to fatigue, exposure to high temperature, shock load. In works [8-9] it was shown that sliding in the
valve sealing area is one of the main causes of wear. Sliding wear is expected to play an even more important role
in modern engines. Experimental data obtained using a special technique on a test bench are presented.
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Experimental data are supplemented by FEM modeling. The simulation involves checking the sliding behavior of
the valve scal area on a test bench and investigating how different parameters atfect the sliding length. These
parameters include combustion pressure, contact angle, contact length, valve head thickness, friction coefficient,
run-in wear, and change in modulus due to temperature variations. They are used to seal the working space inside
the cylinders and are opened and closed by means of a valve mechanism. The study is devoted to various types of
failure of internal combustion engine valves: due to fatigue, exposure to high temperature, shock load. In works
[8-9] it was shown that sliding in the valve sealing area is one of the main causes of wear. Sliding wear is expected
to play an even more important role in modern engines. Experimental data obtained using a special technique on
a test stand are presented. Experimental data arc supplemented by FEM modeling. The simulation involves
checking the sliding behavior of the valve seal area on a test bench and investigating how different parameters
affect the sliding length. These parameters include combustion pressure, contact angle, contact length, valve head
thickness, friction coefficient, run-in wear, and change in modulus due to temperature variations.

Output data for modeling and calculation

Valves in automotive and industrial applications are usually made of materials that can withstand high
temperatures, pressures and active corrosive environments. The choice of material largely depends on the specific
application and operating conditions. Stainless steel is widely uscd because of its resistance to corrosion and
strength at high temperatures. Grades such as AISI 304 (UNS §30400) and AISI 316 (UNS S31600) are common
in the chemical and food industries. For applications at higher temperatures, such as engine exhaust valves, heat-
resistant stainless steels such as AISI 347 (UUNS S34700) or AISI 321 (UNS 8§32100) are used.

Titanium-based alloys are alternative materials for the manufacture of valves - they are most often found
in the cylinder heads of sports and "custom" car engines with increased requirements for reliability at high speeds
and temperatures. The last indicator is primarily influenced by the coefficient of thermal expansion, which is a
measure of how much the material expands for one degree of temperature increase. A specific example of a
titanium alloy commonly used for high-performance engine valves is Ti-6A1-4V, also known as grade 5 titanium.
This alloy is known for its excellent combination of strength, light weight and corrosion resistance, making it a
popular choice in aerospace, automotive and the medical industry.

Valve guides, which are critical to maintaining proper alignment, positioning, and clearance of the valve
stem as it moves through the cylinder head, are typically made from materials that offer high wear resistance and
improved thermal conductivity. The choice of material for guide valves largely depends on the operating
conditions and requirements of the engine or mechanism. Manganese bronze is a group of high-strength, hard
bronzes that are typically used in assemblies that require a combination of high strength, wear resistance, and
corrosion resistance. Such alloys provide excellent durability and heat dissipation properties.

The object of research is a prefabricated solid model of the valve together with a guide (Fig. ge a, b) as part of the
head of the Brodix 10X cylinder block (Fig. qe ¢, d, g). The 10X modification belongs to the line of high-
performance cylinder heads produced by Brodix, which is well-known in the field of automotive auto parts,
including heads, blocks and manifolds. Brodix 10X cylinder heads are designed for installation in high-
performance and frequently modified Chevrolet (General Motors) “Small-Block™ racing gasoline engines.
Introduced back in 1955, the Chevrolet Small-Block V8 engine has become a staple of GM vehicles thanks to its
versatility and performance, and remains the most widely produced in the world. Displacement can vary between
262400 cubic inches (4.3—6.6 L). Brodix 10X heads have a modified valve mechanism: stronger valve springs
and rocker arms for reliable high-rpm operation, valves made of titanium-containing stainless steel (such as AISI
321 steel with the formula X6CrNiTil18-10) or directly titanium alloys such as Ti-6Al- 4V. Such heads have gained
particular popularity among tuning enthusiasts for street racing (Drag Racing) or professional wheel racing, but
remain reliable and adaptable enough for daily use. The Ansys model of the valve guide is made of C86300 bronze.

Fig. 1. Brodix 10X guide valve and head assembly

Additionally, for the contact surfaces between the valve stem and the guide, the detailing of the grid has
been increased with the maximum element length Element size = 1.0 mm. The type of contact is Frictional with
successive application of different friction coefficients: = 0.1 and (0.2 according to the boundary conditions, the
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summarized data for which are presented below. To achieve convergence of forces in the contact arca, the Normal
Stiffness > Factor parameter is set to 0.1 for some of the test modes p,, .
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Fig. 2. Frictional contact: a) valve stem with a guide; b) contact surface of the valve stem; c) target (Target) surface of
the guide.
Statistics of the grid of finite elements (Fig. 3): 153399 nodes; 91621 elements.

Fig. 3. FEM mesh of the valve with a guide (Ansys Coupled Field Static)

The surface temperature of the exhaust valve can reach 600-900°C, while the intake valve usually operates
at lower temperatures as it is cooled by the incoming air or fuel mixture. During the fourth and final exhaust stroke,
the valve opens to allow the exhaust gases to leave the combustion chamber— it is during this period that the highest
temperature on the surface of the valve head (Valve Surface Temperature) of the Ansys model is reached (600°C
in Fig. 4). The following calculations will consider both temperature cases: 600 and 900°C T,,¢

I e 00

a)
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b)

Fig. 5 Temperature model a) and application of convection b)

For the Chevrolet V8 engine, which is a typical liquid-cooled engine, the valve stems are primarily cooled
by engine oil and the surrounding material of the cylinder head with additional heat transfer to the coolant. The
convective heat transter coetticient of the valve guide where the stem operates will depend on the oil film (or lack
thereof) that lubricates the contact area, typically ranging from 100 to 500 W/(m? K). Apply the value of 300
W/(m?-°C) to our calculation model. Other surfaces are set to a convection value of 100W/(m?-K) for the same
temperature loads on the valve surface:600 or 900°C (depending on the mode).

In order to fix the model, we will apply restraints with restriction of movements and rotations relative to all
three axes (hard clamping, corresponding to the type of Fixed Support in Ansys) to the following surfaces of the
valve guide in accordance with its attachment in the body of the cylinder head (Fig. . 6).

BNEDE 1Al P

[ Fiesd Sumeant

and)

Fig. 6. Attaching the Fixed Support type yokes to the valve guide: a) selected surfaces; b) cross-section of the block
head with marking of guide mounting surfaces (red lines)

To form the boundary conditions of the kinematics and dynamics of the movement of the "valve—
directional” in Ansys, we will analyze the main processes of the exhaust stroke): at the beginning or just before
the start of the stroke, the exhaust valve is opened, controlled by the camshaft, which has cams designed to press
on the valve pushers, effectively opening them at the right moment.

The exhaust valve moves down as the cam presses against the valve tip. The kinematics of this process is
determined by the valve guide— a cylindrical part that ensures smooth and precise movement of the valve stem
without lateral movement or rotation. In fact, there is a gap between the valve stem and the inner cylindrical surface
of the guide, which in the studied model of the Brodix 10X block head is 0.03358 mm (Fig. 7) and is symmetrical
about the longitudinal axis of the valve.

and) b)

Fig. 7. The gap between the valve stem and the guide: a) longitudinal section; b) enlarged view of the Solid model

In the next step, we will form the boundary conditions regarding the kinematics of the valve movement:
e the valve opening duration is = 0.04 s, which approximately corresponds to the idle speed of a low-
speed enginet,,, ‘Small-Block™ Chevrolet V8 (600-800 rpm);
e the stroke of the rod is linear from 0 to 10 mm within = 0.04 s (Fig. 8):5,0tv0
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e the skew angle during the stroke of the rod is stepwise and is analyzed for two variants of its intensity
{curve #1 and #2 in Fig. 8)a,, Sy,
e step-by-step application and (Number of Steps = 3): 0 —0.01 ¢; 0.01 - 0.025 ¢; 0.025 - 0.04 c:5ppapy
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Fig. 8. Kinematics of valve movement: a)stroke of the rod; b) skew angleswaw

It should be noted that the misalignment angle occurs as a result of the pressure of the cam on the valve tip:
turning, the camshaft in addition to the normal forces that actually ensure the strokea,,,rod, also creates tangential
ones. The stabilizing factors of the valve are the upper support plate of the spring and directly the valve guide with
a gap. At the same time, the lower part of the valve (the base) is in a relatively free position during the opening
stage (out of the seat) and exhibits oscillations during the opening time, which will be demonstrated below in the
discussion of the research results. We consolidate the boundary conditions of the Ansys model in Fig. 8 and in
table. qg and consider the following designations using T-1-600-0.1-0.04 as an example:S,qty0.

e T—valve manufacturing material (T-Ti-6A1-4V or A—AISI 321);
e 1-skew angle curve number (#1 or #2 according to the graph in Fig. 8):a,,
e 600 temperature on the surface of the valve head (600 or 900°C); T
e (.1 coefficient of friction between the rod and the guide (0.1 or 0.2):u,
e (.04— valve opening duration (0.04 or 0.01 s).t,,,
B T-1-830-0.1-0.04
Coupled bald State
;.':":r.‘;ﬂ 235 P
I Joim - Displacement 0. mm
B oo - Rotation 0.°
B Tempetatirs; B, T
B Comeedion: 32004 Wimm"TC
E Cofremction & 1e-004 Wiand'C
B #ioc Suppoet
Fig. 9. Consolidated boundary conditions on the example of mode T-1-600-0.1-0.04
Table 1
Legend of calculation modes of the Ansys model
Name of the mode Material Qyo, # | typ.C | Tps,°C ey '&:Efurposc oitheiopme's
T-1-600-0.1-0.04 Ti-6A1-4V 1 0.04 600 0.1 influence of the material
A-1-600-0.1-0.04 AlSI 321 1 0.04 600 0.1
T-2-600-0.1-0.04 Ti-6Al-4V 2 0.04 600 0.1 )
influence of the angleskew
A-2-600-0.1-0.04 AISI 321 2 0.04 600 0.1
T-2-900-0.1-0.04 Ti-6Al-4V 2 0.04 900 0.1
effect of temperature
A-2-900-0.1-0.04 AISI 321 2 0.04 900 0.1
T-2-900-0.2-0.04 Ti-6Al1-4V 2 0.04 900 02 the effect of the coefficient
A-2-900-0.2-0.04 AISI 321 2 0.04 900 0.2 friction
T-2-900-0.1-0.01 AISI 321 2 0.01 900 0.1 influence of engine
A-2-900-0.1-0.01 AISI 321 2 0.01 900 0.1 revolutions
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Temperature distribution by model

Application of temperature loadT,sto the surface of the valve head(Fig. 10) made it possible to obtain a
map of the temperature distribution on the surface of his body. The dynamics of the temperature drop along the
length of the valve significantly depends on the intensity of the applied convection. So, for an engine under low
load and active cooling due to the oil film.

Fig. 10. Temperature distribution along the length of the titanium valve (Ti-6Al-4V): a) = 600T,,°C; b)T ;= 900°C

The temperature near the end of the rod (valve tip) can drop to 150-200°C. Under the conditions of increased
operating revolutions (over 2500-3000 rpm) and weaker cooling, the temperature can rise to 450-720 °C.

The influence of the material
We will begin the analysis of the stress state of the model with modesT-1-600-0.1-0.04 and A-1-600-0.1-

0.04in accordance withtasks formedintable 1. "Equivalent (von-Mises) Stress” stress maps in Ansys of valves and
guides (cross section in Fig. 11):
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Fig. 11. Mises stress maps of the valve and guide

As of = 0.04 ¢, the maximum and average stresses are: 22,46 MPa in the titanium valve and 43.21 MPa in
the steel valve. In both cases, they are "thermal” and fixed on the edge of the valve head, where no mechanical
interactions occur according to the set boundary conditions. The result shows that the steel sample is almost twice
as heat-resistant, which is also reflected in the results (6.83 vs, 3.34 MPa for the titanium valve). guides are 13.98
MPa in combination with a titanium valve and 16.43 MPa — with a steel valve, respectively. The regularities here
are as follows: 1) higher valve stresses provoke higher guide stresses (combinationt,,0,0x Tave P ave TmaxA1S1
321-Bronze C86300); 2) guide demonstrated on the inner surface (zone of contact with the titanium valve), and
when in contact with the steel one - on the outer surface; 3) as aresult of valve misalignment, the maximum stresses
in the body of the guide are observed along the diagonal of its opening. The average stresses in the body of the
guide are 0.745 and 0.398 MPa when interacting with a steel and titanium valve, respectively. @, 440 gpe-

Let's analyze the situation with the contact surface of the valve stem (Fig. 12). The more ductile steel sample
of the valve received significantly higher stresses at the moment of first contact = 0-0.0005 s, where sliding
occurred, and showed a peak stress of 16.09 MPa (= (.00031). At that time, the titanium valve received only 2.73
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MPa (= 0.00043 s). After the end of the first step of distortion (angle ) at = 0.013 s, the steel valve receives the
next peak of maximum stresses = 13.99 MPa, which is clearly visible on the stress map in Fig. 12. In
measurely, byt Qo by Tmaxof the stroke of the stem and changes, the titanium valve changes the side of contact
with the guide closer to the tip (the steel valve shows a similar behavior). As of the end of the experiment, titanium
and steel valves acquire values of 5.21 and 9.41 MPa, respectively.S,, @00 max

T Ze-i 0

LR T

™ BT B
1anr

N amn
Ly

amn
! st
N apn

. EH
i
LT W

and) b)
Fig. 12. Mises stress map of the contact surface of the rod: a) steel (c); b) titanium (e)¢,,, = 0.013 t,, = 0.025

Let's examine the indicators and the contact surface of the guide (mode gy, 4y GupeA-1-600-0.1-0.04). At the
moment of time = (.00023 s, the first contact of the rod with the guide occurs - it is 6.47 MPa (Fig. 13 a). Thus,
having a free end (according to the design of the engine head in Fig. 12 t;,0imqy ), the guide received an impulse
and shows jump-like stresses. Further, the contact stabilizes and as the angle increases by = 0.01 s, the maximum
stresses are 5.88 MPa (Fig. 13b). At the end of the experiment (= 0.04 s), the stresses move to the edge of the
contact surface and increase to 12.35 MPa.a,,, £,

O A-1-800-0.1.0.04
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a) b)
Fig. 13. Stress map of the contact surface of the guide at the moment of time: a) 0.00023 s; b) 0.01 st,,
The behavior of the guide in the conditions of the regimeT-1-600-0.1-0.04 is very close to the steel valve
model.
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Effect of angleskew

According to the boundary conditions of the table. gg the following two modes were simulated, similar to
those described above, but with a different graph of the skew angle. In fact, the difference between the skew angle
is 0.01° at each of the 3 steps. Thus, curve #2 is more intense and in theory should cause higher stress values in
the modesa,,, T-2-600-0.1-0.04 and A-2-600-0.1-0.04. INthe influence of the angle change in the case of a steel
rod begins to appear from ¢, where the curves of maximum stresses diverge and, as of the end of the experiment,
the difference is 3.63 MPa (9.41 and 13.1 MPa in the mode of curve #1 and #2, respectively). In contrast to mode
A-1-600-0.1-0.04, where oscillations with the corresponding peak stress of 16.09 MPa were recorded in the first
0-0.0005 s, a more intensive change in angle stabilizes the valve better. The situation with the titanium valve is
more obvious - a systematic growth is observed until the end of the experiment = 0.04 s, when the stresses are 7.14
and 5.21 MPa for modes with curve #2 and #1, respectively.t,, = 0.0250,458400max tvo- Yoltage at characteristic
moments of time is shown in fig. 14. Of interest is the change in the shape of the contact spot in a very short period
of time (s) and the change in stress from 2.69 to 2.87 MPa.t,t,, = 0.0094 - 0.01.
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Fig. 14. Stress maps in the regimes with the skew angle curve #2: a) steel valve in ¢; b) titanium valve in ¢; ¢) guide
(modet,, = 0.013 £, = 0. 0094 T-2-600-0.1-0.04) at the momentt,, = 0. 04with

Thus. the preliminary hypothesis regarding the growth of stresses attransitions from curve #1 to #2 were
confirmed. For example, (increase in average stresses) is 24-30% for the valve surface and 28-41% for the
guide. Ay,

Effect of temperature

The next iteration of calculations is devoted to the effect of temperature on the stress state of the models.
So, to the previous modes with curve #2 (T-2-600-0.1-0.04 and A-2-600-0.1-0.04) apply a temperature of 900°C
(to the surface of the valve head - Fig. 14) and analyze the obtained results. Titane models almost coincide with
each other in values (7.14 and 7.16 MPa at 600 and 900a,,4,."C, respectively), which are fixed as oft,; = 0.04with.
The largest difference in maximum stresses between them is 1.57 MPa and was recorded at the time oft,, =
0.014Thus, it can be stated that the titanium alloy is resistant to temperature loads. The situation is different with
a steel valve—= 50.3% (increase from 14.42 to 21.67 MPa) at the peak moment ¢, which came earlier than that of
the titanium model (c). Steel turned out to be more sensitive to temperature changes in the valve. The bronze guide
when interacting with the titanium valve almost did not feel changes in its temperature during stress
analysisAagy,, ;. t,, = 0.013t,, = 0.014 o,,,,,increased from 18.5 to 18.7 MPa.

This testifies to the positive influence of the titanium alloy on the thermodynamics of the guide and its
working conditions— in fact, the titanium valve is as gentle as possible to the surface of the guide when heated. The
steel valve as a result of the experiment ( = 0.04 §) creates lower maximum stresses in the guide (14.02 and 14.5
MPa at 600 and 900¢,,°C, respectively), than titanium. WITHordinary tensionsagyeguide in combination with a
steel valve are higher by more than 24% and when it is heated from 600 to 900°C show fluctuations.

c)

Fig. 15. Stress maps at key moments of time: a) 0.013 s — steel rod; b) 0.01 s — guide in a complex with a steel valve; )
0.04 s — a guide in a complex with a titanium valvet,



32 Problems of Tribology

The influence of the coefficient of friction

The next step and change the coefficient of friction in the previous modesu,from 0.1 to 0.2. The modes
will receive the following designations, respectively: T-2-900-0.2-0.04 and A-2-900-0.2-0.04.
Magnification p,,from 0.1 to (0.2minimally reduceda,,,, steel valve: 21.67 vs, 21.42 MPa as oft,,,= 0.013 s. At the
end of the experiment(= (.04 s) the mode with greater friction showed a 25% higher value: 16.56 vs 13.19 MPa.
The titanium sample is much less sensitive to changes due to higher surface hardness — the curves of the graphs
almost coincide, and at the final moment = 0.04 s the difference is only 12.2% (7.16 vs, 8.03 MPa in the regimes
with = 0.1 and 0.2, respectively),t, o0 max My tvoly-

The maximum stresses of the guide body increased from 16.43 MPa (rega,, 4. A-1-600-0.1-0.04 on Fig. 16)
up to 26.26 MPa (Fig. 16 a) when interacting with a steel valve, which in turn received 67.4 MPa as a result of
temperature loading (edge of the head in Fig. 16 b). Titanium valve in current modeT-2-900-0.2-0.04 showed only
34.97 MPa (Fig. 16 b), and the corresponding guideline is 21.07 MPa,
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Fig. 16. Mises stress maps of valve and guide models in the mode: a)A-2-900-0.2-0.04; b) T-2-900-0.2-0.04

As a result, we get the following paradox: in general, the guide model receives lower maximum stresses
when interacting with a titanium valve than in a complex with a steel one, but its contact surface, on the contrary,
is more stressed precisely in the mode of interaction with a titanium valve. o, 4,

Effect of engine speed

We will perform the next iteration of the calculation - we will determine the effect of engine revolutions
(valve opening time) on the stress state of the model in modes T-2-900-0.1-0.01 andA-2-900-0.1-0.01 (g, = 0.1),
where the last component notation is just responsible forvalve opening duration =(0.01 s. We will approximately
calculate the frequency of rotation of the crankshaft for the given value.t,,t,,

The exhaust valve in a 4-stroke engine usually starts to open before reaching bottom dead center (BDC) on
the intake stroke and finishes opening when it reaches top dead center (TDC) on the exhaust stroke. The total angle
to which the exhaust valve is open is about 240-280° of crankshaft rotation, since it opens before the start of the
exhaust stroke (about 40-60° before TDC) and closes after it ends (later 10-20° after TDC ).

So, to determine the engine speed at which the valve opening time for 130° is 0.01 s, we will use the
following approach: determine how long it takes for 1 full revolution of the crankshaft (360°); calculate the engine
speed in revolutions per minute (rpm).

The time for a 130-degree rotation is 0.01 s. Let's determine the time for one complete revolution (360°): ;
s, where: — time for one complete revolution, c.

130° 0.01
360° ?fﬂ = 0.02771:};
Engine speed (rpm):
1 1
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So, the engine rotates at a frequency of approximately 2166 rpm, if the valve opening time (corresponding
to 130° rotation of the crankshaft) is =0.01 s.t,,

We update the boundary conditions - we update the graphs in Fig. 17, reducing the time along the abscissa
axis to 0.01 s: grapht,,of the stroke of the rod and the skew angle correspond to the step-by-step of the previous
modes, only the values themselves are reached 4 times faster S,y
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Fig. 17. Kinematics of valve movement at: a)yrmp = 2166 ﬁstmke of the rod; b) skew angles,,,a,,

All values of 0000 and OOvereached at the end of the experiment =0.01 s. The exception is the
modet,,, T-2-900-0.1-0.01, at whichemaxin the guidefixed as of =0.0099 s and ist,,, 14.16 MPa.gmax and gaveat
=(.01 s were always higher than the compared regimest,, A-2-900-0.1-0.04 and A-2-900-0.1-0.04 witht,,= 0.04
s except for the case with the guide in contact with the titanium valve: [1[1[1[ /decreased from 18.71 to 14.16 MPa
with decreasing timet,,from 0.04 to 0.01 s (Fig. 18 a). The dimensions of this location on the edge of the guide
are so small (0.3 mm) that the titanium valve literally "flies" past the contact spot when the engine revs increase.
At the same time, [1[Ivein the guide grew on171.5% (with1.44 to 3.91 MPa). The situation is similar in the A-2-
900-0.1-0.01 mode —Ao,,,guide folded111.9%, and 74.7%. Thus, the overall behavior of a titanium valve with a
bronze guide is unique - increased revolutions go to the lower contact surface of the guide due to the reduction of
maximum stresses and almost a 2-fold differenceAd,, oy Tape(3.91 MPa in mode T-2-900-0.1-0.01and 7.5MPa in
A-2-900-0.1-0.01).
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Fig. 18. Map of stresses according to Mises in modes z = 0.01 s: a) directionalt,,T-2-900-0.1-0.01; b) titanium
valvet,,=0.01 s

Consolidated data

Let's summarize the array of results obtained above for each of the test modes in the table. 2: and —
maximum and average stresses; and — stress difference in percentage between the current and previous mode of
the same material:0,,axOave A0maxOavels,,,and is the time to reach the maximum and average stresses and

-tr.rm,e OmaxTave-
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Summary results for stresses and for Ansys model modeso ;.0 qpe favlez
Contact surface of the valve
Regime Tmaxs Mpa JiN Comax: P Ogpes Mpa | AG4pe. %o | tgnor P
T-1-600-0.1-0.04 | 5.21 — 0.04 1.38 - 0.04
A-1-600-0.1-0.04 | 16.09 +208.8 0.00031 279 +102.2 0.04
T-2-600-0.1-0.04 | 7.14 +37.0 0.04 1.80 +30.4 0.04
A-2-600-0.1-0.04 | 14.42 -10.4* 0.013 347 +24.4 0.04
T-2-900-0.1-0.04 | 7.16 +0.3 0.04 191 +6.1 0.04
A-2-900-0.1-0.04 | 21.67 +50.3 0.013 399 +15.0 0.04
T-2-900-0.2-0.04 | 8.03 +12.2 0.04 191 0 0.04
A-2-900-0.2-0.04 | 21.42 -1.2 0.013 4.01 +0.5 0.04
T-2-900-0.1-0.01 | 8.82%* +23.22 0.01 1.92 +0.5 0.01
A-2-900-0.1-0.01 | 24.21%=* +11.7 0.01 429 +7.5 0.01
The contact surface of the guide
Regime Tmaxs Mpa A ax, % Lo P Ogves Mpa | AOpe. % |t .. P
T-1-600-0.1-0.04 | 13.98 - 0.04 0.95 - 0.04
A-1-600-0.1-0.04 | 12.35 p.m -11.7 0.04 223 +134.7 0.04
T-2-600-0.1-0.04 | 18.52 +32.5 0.04 1.34 +41.1 0.04
A-2-600-0.1-0.04 | 14.02 +13.5 0.04 2.85 +27.8 0.04
T-2-900-0.1-0.04 | 18.71 +1.0 0.04 1.44 +7.5 0.04
A-2-900-0.1-0.04 | 14.50 +3.4 0.04 354 +24.2 0.04
T-2-900-0.2-0.04 | 21.076 +12.7 0.04 232 +61.1 0.04
A-2-900-0.2-0.04 | 17.01 +17.3 0.04 4.81 +35.9 0.04
T-2-900-0.1-0.01 14.16%* -24.3 0.0099 391 +171.5 0.01
A-2-900-0.1-0.01 | 25.33%* +74.7 0.01 7.50 +111.9 0.01

Conclusions

Mode A-2-600-0.1-0.04 demonstratedAd,,q, = —10.4%relatively A-1-600-0.1-0.04, where oscillations

with a corresponding peak stress of 16.09 MPa were recorded in the first 0-0.0005 s. The next stress peak = 13.99
MPa in mode A-1-600-0.1-0.04 (curve #1) occurs already at the moment of ¢. Thus, without taking into account
the specified jump, the value +3.1% will be more balanced, as the difference between 13.99 and 14.42
MPa.G g tm = 0.013A0,,4 =
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T'oaenxo K.E. Buuaska A.A., Juxa M.O., Tarunwk B.O. CxinyeHo-eneMeHTHHA aHali3 KOHTAKTHHX
XapaKkTEPHCTHK 1 PERHMIB TEPTA MapH «KIanaH-HanpAMHa» JBHTYHA BHYTPIIHBOTO 3TOpaHHA

MoaenroBaHHs Npare31aTHOCTI NapH ABHIYHA «KIIalaH-HATIPAMHa» 3a JOMOMOT0OK CYYaCHHX HPOrPAMHHX
3aco0iB € Ji€BUM IHCTPYMCEHTOM fK /UL BUSBICHHA ¢I1abKHX MICIh B KOHCTPYKILL, TAK | IPOTHO3YBAHAS HOBC/IIHKH
By31a Teprs B excmiyatauii. B nanomy focmimkenni Juis ZOCHIDKEHHS KOHIAKTHUX 1 aHTHQPHKIGHHHX
mapaMeTpiB mapu TepTa JABUTYHa BHYTPINTHBOTO 3TOPAHH «KJanaH-HaNpsIMHa» K iHCTPYMEHT BHOPaHHI METoN
CKiHUEHO-€IEMEHTHOTO aHalli3y, 3a BHUKOpHCTaHHA nNpurnannoi nporpavu FEM onwcani BuXiani mani mo
Marepiany, po3MipaM NOBEpPXOHb, HABAHTAKCHHAM, kiHemaruii pyxy. Ha ocnoBi moGynomanoi ckiHueno-
€JIEMEHTHOT MOJICNI CIPSIKCHHS «KJIallaH- HATIPAMHA IPOBCICHHIT aHANI3 BIUIMBY BH2HAUAIBHUX TPHOOIOTIUHNX
(haxTopiB: WBKAKOCTI KOB3aHHA B KOHTAKIi, TEMOCPATYPH, KyTa Oepexocy, koedilieHTy TepTs HA KOHTAKTHI
HANPY/KEHHS AK A8 KOXKHOI JeTami mapu TepTda, Tak i B mponeci xontaxtHol B3aemoxii. ITobynosana
KOHCOJITOBaHAa MATPHIIA Pe3yJbTaTiB YHCENLHOTO EKCTIEpHMEHTY, OOTPYHTOBAaHi BHCHOBKH IOJO BILTHBY
KoxHOTo (hakTopa Ha TpHOonoOrigHi xapakTepcTHKH. OkpecleHi aNTOPHTMHM BIUIMBY Ha KOHCTPYKTOPCBKO
TEXHOIOTIUHI i ekcrulyaTarliiiHi (akTopH na TNOMOBXKESHHA pecypey mapu TepTsa JeuryHa JIB3 «womanH-
HaTpsAMHa».

KiouboBi ej1oBa: 1BUryH BHYTPINIHBOTO 3rOPAHHS, HANPAMHI KIalaHIB, CKIHYCHO-CIEMEHTHA MOAEb,
KOHTAKIHI DapaMeTpH, KoedilieHT TepTs, HanpyKeHHi NoBepXHEBUH cTal
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Abstract

When processing metals by cutting, there are a number of materials prone to growth. This phenomenon
leads to a change in the geometry of the cutter, cutting forces and surface quality, final dimensions of the part. In
friction nodes: shaft-sleeve, piston-sleeve, etc. this phenomenon causes jamming. In this work, experimental
studies of the processes of dry friction of tool steels with coatings were carried out to evaluate the effectiveness of
reducing the growth process. As a result, it was established that the nature of formation, destruction and size of
growth of materials prone to growth depends on the chemical composition of the material and modes of friction.
High-strength chromium-manganese steels are most prone to growth and microseizures. It is shown that the well-
known recommendation of increasing speed cannot always be used to prevent build-up, but it can be achieved by
using single-layer and multi-layer coatings with a defect-free structure and moderate friction modes. It was found
that electrolytic single-layer nickel and chromium coatings contribute to the formation of growth on the studied
materials and this phenomenon does not depend on the modes of friction. while the same chemical coatings, which
have an almost defect-free structure, are almost not prone to growth formation.

Key words: adhesion, build-up, friction, wear, contact pressure, tool steels, chemical and electrolytic
coatings.

Introduction

Under certain conditions of friction in air, in a vacuum and in environments that do not contain enough
oxygen for the formation of secondary structures with its participation, wear of the contact surfaces is observed,
which is associated with their direct destruction due to the development of the adhesion process.

From the practice of cutting metals, it is known that there are a number of materials prone to growth. This
phenomenon is undesirable, because in the process of metal cutting, it leads to a change in the geometry of the
cutter, cutting forces and surface quality, and the final dimensions of the part. In closed systems (shaft-sleeve,
piston-sleeve, etc.), this phenomenon causes jamming. In the practice of metal cutting, this phenomenon is
overcome by changing the cutting modes, and in mechanical engineering, as a rule, they try not to use such
materials. But such an approach is irrational, since materials that are likely to be prone to growth can exhibit quite
attractive mechanical, physical, and tribological properties.

In addition, the data provided in the literature about materials prone to build-up formation do not contain
information about the behavior of the build-up in the friction process, and if the behavior of the material under
certain operating conditions (modes) is unknown, the possibility of their use becomes problematic.

Therefore, in order to study the nature of this phenomenon, it became necessary to conduct a series of
studies to identify materials that are prone to growth, study the nature of this phenomenon, and recommend
prevention of growth. To identify the propensity of materials to build up, it is necessary to conduct a series of
complex experimental studies.

Review of known studies

Buildup can affect tool wear and surface integrity when machining ductile metals. The main purpose of the
work [1] is to study the close relationship between the formation of growth and the tribological behavior at the

Copyright © 2024 0.M. Makovkin, 0.V, Dykha, LK. Valchuk. This is an open access article distributed under the Creative Commons
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interface between the tool and the working material during the processing of plastic metals. Machining of AA2024-
T351 aluminum alloy with WC—Co carbide tool is considered as a practical example. A new method is proposed,
based on the introduction of a time-dependent friction coefficient at the interface between the tool and the working
material, Two cases were considered, which correspond, respectively, to a sharp change and a gradual development
of friction at the tool-work material interface.

When turning SAE 1045 carbon steel with uncoated carbide cutting tools at a cutting speed of 50 m/min—
150 m/min , the wear is characterized by crater wear [2]. In the mode of low cutting speed, the formation of a built-
up edge (BUE) is visible. BUE structures are unstable in the cutting process and lead to deterioration of the surface
of the workpiece. Laser surface texturing was applied to texturize the front surface of the cutting tool with different
textures to change the adhesion tendency of the growth to the cutting tool. The process is accompanied by better
wear behavior compared to a non-textured cutting tool with respect to corner radius wear. It is shown that the
adhesion of the workpiece material on the front surface can be changed in relation to the non-textured cutting tool
made of hard alloy in the process of dry metal cutting by applying laser textures.

The work [3] presents a study of the formation of a raised edge during the machining of $32750 stainless
steel. The BUE structures obtained at different cutting speeds were studied. The growth geometries were
determined using a scanning electron microscope and white light interferometry. Analysis of the growth structure
revealed a high level of grain refinement and elongation for both ferritic and austenitic structures. The effect of
growth on the machining process from the point of view of chip formation and surface integrity was studied. It is
shown that it is possible to significantly improve the friction conditions and the integrity of the workpiece surface
at low cutting speeds.

When processing titanium alloys, the task remained to find an effective technology to increase tool life
during machining using surface treatment tools. It was found that in the case of turning, this can be achieved by
applying a self-lubricating TiB2 PVD coating. TiB2 coating has been shown to increase tool life by more than
60% compared to an uncoated tool. An analysis [4] of the wear resistance of the coated and uncoated cutting tool
was carried out using the methods of optical 3D imaging. The coating also showed less impact on the substrate, as
it did not indicate better protection of the coated tool surface. The TiB2 coating is shown to combine beneficial
micromechanical characteristics and self-lubricating properties due to the formation of tribofilms on the tool
surface during operation.

A feature when cutting many alloys is that workpiece material adheres to the cutting tool at the sliding
contact surfaces, between the work material and the tool [6]. This built-up material formed during cutting is of
fundamental importance in machining operations, because it may significantly affect the surface roughness, tool
wear, workpiece dimensions and tolerances. tool forces, and chip form. The agglomeration of the work material
to the tool appears to be analogous to cold welding, metal transfer in tribology and dead zone in extrusion. In
machining terminology this phenomenon 1s often called “bwlt-up edge” (BUE). Several important factors affect
the built-up material formation, e.g. cutting temperature, cutting speed, strain hardening, adhesion between the
work material and the tool, micro-crack formation, plastic flow of the work material in the vicinity of the cutting
edge, etc.

Tool wear is one of the main parameters employed for evaluating tool life, due to its influence in the loss
of quality of the manufactured parts [7]. Different mechanisms can cause the tool wear in a specific machining
process. Adhesion wear is one of the tool wear mechanisms that can be present in a wider range of cutting
temperatures. This type of tool wear can be produced by the direct adhesion wear is caused by the incorporation
of tool particles to the chips. Tool geometry changes by the material incorporation. In a second place, when these
fragments are removed, they can drag out tool particles causing tool wear. This study has been developed using
aerospace aluminium alloys. Results is formed by mechanical adhesion mechanism. On the other hand, BUL is
initially formed by thermo-mechanical causes. Obtained results have confirmed that BUE changes the tool position
angle giving rise to a reduction of Ra.

Built-up edge has been noted as a major cause for surface finish deterioration in micromachining
processes—even a trace formation of hardened and brittle structure on the tool edge alters the chip load, creates
ad hoc and irregular material flow patterns, and results in deposits and smeared regions on the machined surface.
To date, few investigations have addressed the formation and effects of BUE in micromachining. The paper [8] is
one of the first experimental investigations of the BUE effects on surface quality and its prediction in
micromachining. The experiments consisted of micromilling 12mm long thin channels on 316L stainless steel
plates (30mmx40mmx().5mm) using uncoated tungsten carbide micromills at 16 different settings of carefully
selected combination of cutting speed and chip load with minimum quantity lubrication (MQL). These metrics
capture, respectively, the extent and dispersion of BUE on the surface. We also conducted empirical studies to
assess the extent to which these quantifiers can determine the variation in surface finish (Sa). Results suggest that
the BUE is the major determinant of surface finish besides the chip load effect in micromachining.

Titanium alloys are widely used in aerospace industries due to their excellent physical and mechanical
performances, however, their poor machinability always induce fast tool wear. In [9] design of experiments was
used towards analyzing pertinent effects involved in machining Ti6Al4V. Uncoated carbide inserts were
artificially treated with different initial flank wear (VB) in order to decouple the effects involved in progressive
wear condition from rake and flank faces. Dry cutting, flood cutting with emulsion and cryogenic cutting with
liquid nitrogen (LN2) were used as different cooling strategies. The results show that initial VB presents significant
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contributions to BUEs formation, diffusion wear and cutting forces fluctuation, especially under aggressive cutting
conditions.

Research methodology

The research was carried out on a modernized universal friction machine UMT 2168 with data fixation and
recording (linear wear, average temperature in the friction zone and friction moment) in automatic mode without
stopping the friction process [10]. The samples were used with a spherical friction surface, the counterbody is
made of AISI G51320 HRC 55 steel. Experiments were performed with a constant force of pressing the sample to
the counterbody (from 20 to 60 N) in the range of speeds from 0.6 to 1.5 m/s. Since the shape of the surface of the
sample is hemispherical with a radius of R=2.5 mm, according to Hertz's formula, high (1300-2000 MPa) contact
stresses occur in the contact zone at the initial stage of friction.

The dependence of the size of the contact area on the stress is shown in Fig. 1.
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Fig. 1. Dependence of the diameter of the contact spot on stress at different pressing forces (P) (1 —20 N, 2 — 40
N, 3— 60 N) of contacting bodies. Dependence of the size of the initial area of the contact spot (4) on the pressing force

Friction modes are given in table. 1, which were chosen from conditions close to the parameters that occur
when cutting metals (in particular, stress) and from the requirements of mathematical planning.

Table 1
Modes of friction
Mode No Friction parameters
Pressing force, N Initial stress, MPa Cutting speed, m/min
1 60 2000 80
2 20 1300 40
3 60 2000 80
4 20 1300 40

Tool alloy steels (AIS1 9262, AISI T31507) and high-speed AISI M3 in the heat-hardened state were used as
the object of the study, the mechanical characteristics of which are given in the table. 2.

Table 2
Mechanical characteristics of tool steels
Material HRC Endurance lunit oB, MPa
AISI 9262 55 1760
AISI T31507 52 1850
AISI M3 60 1300

To increase the tribological parameters and prevent the formation of growth, chromium and nickel coatings
were used, as well as composite coatings based on Ni and dispersed particles of Cu, A1203 (the thickness of the
coating was 10...15 microns). At the same time, the coating technology was used [11].

Research results and their discussion
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After conducting a number of test experiments on different steels AISI M3, AISI 9262, AISI T31507 and
under different test conditions, it was found that the tendency of AISI T31507 and AISI 9262 steels to form growth,
which manifested itself in an increase in the initial linear dimensions of the sample at the first stages of the
experiment. Moreover, this phenomenon was observed only at the initial stages. and therefore our calculations will
reflect the characteristics of friction and wear of the studied materials at the initial stage, that is, during a fairly
short period of time of the study (for 200...300 m of the tested path). We will not provide data on changes in
tribological parameters (moment of friction, temperature in the contact zone, intensity of wear) in this message.

As shown by the results (Fig. 2), at the first stage of research on AISI T31507 steel, at friction modes 2, 3, 4,
the first wear zone is distinguished, where an increase in the linear size of the sample by 0.02-0.05 mm is observed
when passing 25 m of the friction path and its gradual reduction to the initial dimensions at 150 m of the traveled
friction section, intensive wear of the sample occurs in mode 1.
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Fig. 2. Effect of friction modes on linear wear of AISI T31507 steel

The increase in the linear size of the growth is accompanied by a rapid increase in temperature and friction
moment and depends on the modes of friction - the amount of contact stress and the speed of sliding (larger growth
sizes corresponded to higher contact stress). Moreover, only at the maximum contact stress and the maximum
sliding speed (Fig. 2, curve 1) is there a chipping of the growth and a sharp change in the linear size of the sample
under study, for all other modes (Fig. 2, curves 2, 3, 4.) - smooth monotonic reduction of growth. This is clearly
shown on the graphs when the scale is increased along the ordinate axis (traveled path). By reducing the
discreteness of the measurement of the amount of wear to 0.5 s, the nature of wear of the material is clearly marked
on the wear curves and, as can be seen from fig. 2, the wear process takes place, in our opinion, by periodic seizure
of contacting micro-areas, destruction of the bridge, removal of wear products from the contact zone. This is
evidenced by the dust-like wear curves. To verify such assumptions, it is necessary to carry out fine studies of the
friction surface, which will allow us to judge the mechanism of wear.
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Fig. 3. Linear wear of AISI T31507 nickel-plated steel
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It is known that all materials can be divided into materials that are not prone to or prone to growth,
Technological methods of applying wear-resistant coatings were used to prevent growth.

After testing the electrolytic nickel coating of Fig. 3 for friction and wear, it was established that under the
same regimes growth occurs again, and in general, the general pattern of wear has not changed, and in some cases
the amount of wear has increased. The growth disappears after 100 m of the traveled path, while on the samples
without coating the growth stops after 150 m of the traveled path. The wear process is carried out in the same way
as the sample without coating.

Analysis of the above studies of the tribobehavior of AISI T31507 steel with a two-layer coating (sublayer
of copper (Cu) and nickel (Ni)), which is presented in Fig. 4, indicates that the conditions for growth formation
are created on the surface of this coating. A growth was formed, but the linear size of the growth was insignificant,
the maximum size was equal to 0.035 mm. Moreover, this value was obtained according to test mode 4.

In other research modes, growth formation was not observed. In addition, after wear to a certain limit, there
is a sharp decrease in the moment of friction, which, in our opinion, is a manifestation of the effect of copper on
the change in the coefficient of friction.
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Fig. 4. Linear wear of steel AISI T31507 with two-layer copper-nickel coating

After a relatively successful attempt to solve the problem of build-up formation by applying a two-layer
copper-nickel coating, the modes of build-up formation of a combined coating based on nickel (Ni) with particles
of corundum (Al203) were determined, fig. 5. which was applied to the surface of AISI T31507 steel according
to the technology proposed by the authors [11].
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Fig. 5. Linear wear of T31507 steel with combined A1203-Ni coating

It was established that the growth process does not occur at all during experimental studies in modes 2, 4, but

at the same time, an increase in the moment of friction, temperature, and more intense wear compared to the
original material is noted.
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Since nickel coatings, complex coatings based on nickel, copper and corundum on AISI T31507 steel are
insufficiently effective against scale formation, the aim was to test the influence of chromium on the process of
scale formation. For this, electrochemical and chemical chromium coatings were used, differing among themselves
in the defectiveness of the surface layer. When a coating was applied to the base by chemical deposition of
chromium and during the further study of tribological characteristics on a friction machine, no build-up was
recorded (Fig. 7) in any mode, and the friction moment and average temperature in the friction zone also decreased.

For comparison, a chrome coating was applied using the electrolytic method. During tribological studies,
intensive growth was established on friction modes 1, 2, 3; the intensity of growth formation depended on the
modes of friction (Fig. 6).

From our observations and as a result of the analysis, it was established that the greater the force of clamping
the sample, the greater the linear size of the growth.
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Fig. 6. Linear wear of AIST T31507 steel with electrochemical chromium coating
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Fig. 7. Linear wear of steel AISI T31507 with chemical chromium coating

Since the active formation of growth with chromium coating applied by the electrolytic method and its almost
absence on samples with chemically deposited chromium was detected, we decided to investigate its behavior on
siliceous spring steels with different structural states of the matrix (steel AISI 9262, tempering temperature 200,
300, 400 0C ), high-speed steel AISI M3.

During experimental studies, it was established that on the surface of a sample of AISI 9262 steel with a
tempering temperature of 2000C and a chrome electrolytic coating, growth was not formed only on the fourth
mode of friction (Fig. 8) curve 4. It should be noted that on friction modes 2, 4 wear curves 6. 8§ was 0.05 mm per
2,000 m of travel, while, using a clean sample, the wear was already 0.4 mm atter 200 m of travel.
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Chromium electrolytic coating on AIST 9262 steel with a tempering temperature of up to 300 0C (martensite
structure of tempering) behaved in a completely different way - at the same time, growth formation was observed
nts and temperature jumps, which are interrelated, but with intense friction modes,
range of 5...6 um, at 2000 m of the traveled path, while the wear of the uncoated
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sample when reaching 200 m was 0.2 mm (Fig. 9, mode 3, curve 3).
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When using AIST 9262 steel with a tempering troostite structure (tempering temperature 400 0C) for
electrolytic chromium coating, growth formation is observed in all modes of friction, but wear decreased by 3-5
times, depending on the mode of friction when using this coating (Fig. 10).

Research on the wear resistance of AISI M3 steel (Fig. 11) showed that on the regimes (1-4 wear curves 5 -
8) growth formation is observed, but the wear of AISI M3 steel decreased by 2...3 times.
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Fig. 11. Linear wear of M3 steel, wear lines 1, 2, 3, 4 - material without coating, 5, 6,7, 8 - with chrome
electrolytic coating

Conclusions

The technique of continuous, automatic recording of tribological characteristics allows to detect not only
the tendency of materials to form growth, but also the microseizure of surfaces during the tests.

The nature of formation, destruction, and growth size of materials prone to growth depends on the chemical
composition of the material and friction modes. High-strength chromium-manganese steels are most prone to
growth and microseizures.

In order to prevent growth, it is not always possible to use the well-known recommendation - to increase
the speed, but to achieve it by using single-layer and multi-layer coatings with a defect-free structure and moderate
modes of friction.

It was found that electrolytic single-layer nickel and chromium coatings contribute to the formation of
growth on the studied materials and this phenomenon does not depend on the modes of friction, while the same
chemical coatings, which have an almost defect-free structure, are almost not prone to growth formation.
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Maxorkin OM., luxa O.B,, Bamsuyk LK. Axreziiinnii HapocT Ha IHCTPYMEHTAIBHHX CTAIAX IIPH
TePTi i 3HOLIYBaHHI

IIpn oﬁpoc‘)ui MeTaJlE pizam{m ICHYE Psill MaTEpieL‘liB CXIUILHHX JIO HAPOCTOYTBOPEHHS. Ie spmme
TPISBOMNTS O SMIHM [EOMETPII PISTIA, CHT PI3aHHA Ta AKOCTI MOBEPXHI, KIHIEBIX POSMIDIB ICTAlL. Y BY3TaxX
TepTs: BAI-BIYIKA, TOPIICHE-TUIE3A | T.A. Lo SIBIINe CTPITIIE 3aKINIMIOBANIL. B mamiil poGoTi mpoBeneHi
eKCTTepHMEHTaBHI 0CTIIKEHHA TPOTIECIB CYXOTO TepTA IHCTPYMEHTANBHIIX cTalelt 3 MOKPHTTAMM LT OINHKN
eheXTHBHOCTI 3MEHIINeH s MPOIeCY HAPOCTOYTBOPEHHA. B pe3yibTaTi BCTAHOBIEHO, IO XapaKTep YTBOPEHHSL
PYIHYBAHHA T4 PO3MIP HAPOCTY MATEPIaNiB. CXIUIBHIX {0 HAPOCTOYTROPEHHS, 3aIeKHTh BT XIMIYHOTO CKIAJTY
MaTepiamy Ta peskIMiB TepTsa. HalGLTkIT cXITTEHIMI IO HAPOCTOYTBOPEHHS Ta MIKPOCXOTLTIORAHE € BHCOKOMIITHI
XpoMo-MapraHnenl ctanl. Iloxasano, mo gllns 3anobiraHHs HApOCTOYTBOPEHHs He 3aBiIN  MOXKHA
BHKOPHCTOBYBATH BLIOMY PEKOMEHIALIXO - 301NBIMIEHHA MBMAKOCTI. 8 JOCATHYTH IUIAXOM BHKOPHCTAHHAM
OIHOMIAPOBIX, Ta GAraTOMAPOBIX MOKPHTL 3 Ge30e(eKTHOIO CTPYKTYPOIO Ta TOMIPKOBAHI PEMIMII TepT
BIIHBJ'ICHO oo CHGKTPOJI]TIFIH] O,E[HOH.IBI}OBI HIKEJIER] Ta \"pONIIICTl MOKPHUTTA CIIPHAKOTH \"TBOPCHH}O Hapocw Ha
MOCTIKYBAHIX MATEPIATAX 1 I1e ABMINE HE 3a71¢KIITh BIT PEKIMIB TEPTA, B Toii Yac, AK TaKi K XIMIYHI MOKPHTTS,
IO MAIOTh NPaxTHYHO OesedeKTHY CTPYKTYPY, Majbke He CXIUILHI IO HAPOCTOYTBOPE HHSL

KIIo9LOoB1 CTOBA: afTe3lsd, HAPOCT, TEPTSL 3HOIMYBAHHS, KOHTAKTHI THCK, IHCTPYMEHTANILHI CTAMI, XIMITHI
Ta eI KTPOIITIIHI [IOKPHTTSL.
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Abstract

The paper investigates the effect of the surfacing composition’s chemical structure (the manganese and
carbon concentrations’ ratio) on the mechanical properties of the surfacing layer on Hadfield steel for increasing
the durability of the products made from it, namely the excavator bucket’s teeth. Two criteria, namely the impact
toughness and wear resistance of the coating, were chosen as optimization parameters. The assessment of the
impact strength of the deposited coating was carried out on the Sharpie samples on the pendulum copra, and the
wear test was carried out according to the Brinly-Haworth scheme in the conditions of samples’ abrasion with
quartz sand. Wear resistance of Hadfield steel, containing 1.1% C and 13% Mn, was taken as a unit of wear
resistance in these experiments. To determine the optimal coating modes, the active experiment with the
application of mathematical planning methods was conducted. The obtained response surfaces and graphs of equal
output lines make it possible to establish the level of studied factors’ influence on the optimization parameter. In
order to analyze the influence of given factors on the optimization criteria, scatter plots with histograms were
constructed, which make it possible to determine the rational values of the selected optimization criteria
graphically - impact toughness and wear resistance of the coating.

Key words: teeth of the excavator bucket, Hadfield steel, deposited layer, manganese, carbon, impact
toughness, wear resistance, optimal parameters

Introduction

Meeting the requirements for soil treatment largely depends on the efficiency and condition of the tillage
machines’ working bodies. Increasing their durability and ensuring proper recovery are critically important for the
agro-industrial complex (AIC) of Ukraine. This task becomes especially vital taking into account the specific
operating conditions of the tillage machines, which work in environments that contribute to rapid wear and huge
production scales (millions of pieces).

Open pit mining is the most efficient way of extracting minerals. The most important part in the
technological chain of open-pit mining is the excavation process; its continuity is largely determined by the
durability of the replaceable bucket teeth of quarry excavators that experience direct interaction with the rock.
When excavating a planted mass of particularly strong and abrasive rocks, the teeth of the excavator bucket work
in extreme conditions of abrasive wear (a large number of favorably oriented cutting edges on the surface of
planted rock’s fragments, the dominant role of metal micro-cutting, intense shock loads, etc.), which causes their
rapid failure. The intensity of tillage machines’ wear is significantly influenced by the type of cultivated soil, its
granulometric composition, stress-strain state, and the material of the tillage machines [1].

The destruction of a piece of rock occurs during collision and abrasion with the working body and they are
used for the destruction of materials with a compressive strength limit of up to 125 MPa.

The investigation of the wear process of bucket teeth made of steel 45, 85, Hadfield steel, high-strength
cast iron, showed that their outer surface (ends and side walls) perceive the impact of abrasive particles at the angle
from 5 to 60°, and the working surface - at a straight angle [2].

@m Copyright © 2024 S.F. Posonskyi. This is an open access article distributed under the Creative Commons Attribution License,
v which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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During wear and tear, a characteristic microrelief is formed on their surface. When struck at an angle from
5 to 60°, the pits and streaks have a distinct directionality, and at 90° - a uniform bumpy appearance with traces of
repeated direct introduction of abrasive particles of different weights.

In most cases, the performance of working bodies is determined by time. Therefore, the most important
task for increasing labor productivity in the processing is to increase the wear resistance of parts in conditions of
shock-abrasive wear. The amount of bucket tooth loss due to wear can reach up to 1/3 of its initial weight.

During the development of ferruginous quartzites, the service life of a set of bucket teeth of quarry
excavators with a total weight of 1 ton makes up 2-3 days, and the weight of worn metal relative to the total weight
of the teeth does not exceed 15%. Increasing their durability will give a significant economic effect and, therefore,
is quite vital [2].

The bucket teeth of quarry excavators are a defining product representing a whole group of parts made of
Hadfield steel, hardened to austenite and possessing a unique combination of viscosity and wear resistance. Since
its creation, this steel has not found worthy substitutes in the production of solid-cast parts that work in extreme
conditions of abrasive wear with shock loads.

The high wear resistance of this steel is explained by the exceptional ability of manganese austenite to
undergo plastic deformation by means of homogeneous and multiple sliding and to strong hardening during
slander, which occurs simultaneously with plastic deformation (without yielding). But in the conditions of the
absence of dynamic or large specific static loads, the wear resistance of steels of this type is low, approximately
the same as that of steel 45. Therefore, the teeth of excavators’ buckets which work under weak shock loads have
low wear resistance.

As for the teeth of the quarry excavators’ buckets, the design and material of wear-resistant areas, in
addition to their direct purpose, must provide an acceptable level of bearing capacity of the teeth of the quarry
excavators’ buckets as a whole.

Increasing the operational characteristics of the steel surfaces of the teeth of excavators working in difficult
conditions of abrasive wear and significant shock loads can be achieved by electric arc welding of coatings with
highly alloyed floatings. When developing electrode materials for surfacing, an important aspect is to ensure a
chemical composition that matches the basic material as much as possible. Chromium, nickel, manganese,
molybdenum are key alloying elements that help increase the hardness and wear resistance of the deposited layer.
Coatings obtained by electric arc deposition have a structure consisting of solid carbide particles that provide
resistance to abrasive wear. Self-strengthening of coatings (slander effect) during operation under shock loads is
especially important for high-manganese steels. Prospects for the application of electric arc surfacing are the
following:

- the development of the new electrode materials and improvement of surfacing technologies in order to
reduce cracks and internal defects;

- optimization of the coatings’ composition to improve their wear resistance with simultaneous maintaining
impact toughness, which is critically important for work surfaces operating in extreme conditions.

Thus, electric arc surfacing remains the leading method in the field of surface engineering for increasing
the wear resistance of steel surfaces operating under difficult conditions of abrasive wear and shock loads.

The purpose of this paper is to study the influence of manganese and carbon content on the impact
toughness and wear resistance of the deposited layer on Hadfield austenitic manganese steel in order to increase
the durability of the excavator bucket teeth.

Literature review

The problem of the optimal ratio of manganese and carbon concentrations specifically in the deposited layer
on Hadfield steel is not fully investigated, although research in this direction was carried out by V. A. Loktionov-
Remizovskyi, N. V. Kiryakova, G. E. Fedorov and their colleagues [3]. A comparative analysis of topographic
projections of mechanical properties (strength limits, yield limits and impact toughness) of austenitic manganese
steels with their structural diagrams has been made in the research. This allows us to understand the relationship
between the structural characteristics of the material and its mechanical properties. The concentration range of
Hadfield steel (in particular, the content of manganese and carbon regulated by Ukrainian standards) has been
compared with the structural diagram of manganese steels. These analyzes help to evaluate how changes in the
chemical composition and structure of the steel affect its performance characteristics, such as strength and
toughness. It was found out that in order to increase the stability of the structure, as well as to achieve constant
levels of properties of Hadfield steel (such as strength, viscosity and other important characteristics) from melting
to melting, it is necessary to optimize the carbon content. In particular, it is proposed to raise the lower limit of
carbon content to 0.95% and lower the upper limit to 1.25%. Meanwhile, according to DSTU (National Standard
of Ukraine) 8781:2018, the carbon and manganese content can vary from 0.9 to 1.5% and from 11.5 to 15.0%,
accordingly. This will ensure better repeatability of the properties of cast parts in the entire range of carbon and
manganese content regulated by the Ukrainian standard.

It is considered that the most optimal materials for depositing coatings on high-manganese steel parts are
those whose component composition can provide a significant amount of manganese austenite in the coating [4].
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However, despite the wide selection of electrode materials, such as EN14700 T Fe 9, OK Tubrodur 14 and others,
intended for the application of wear-resistant coatings by the electric arc deposition method, the range of materials
suitable for operation under conditions of shock loads is quite limited. Such materials are mainly represented by
alloys of the Fe-13Mn-1C system (iron-manganese alloys with a content of 13% manganese and 1% carbon). The
best mechanical properties of these alloys are achieved under the conditions of formation of a single-phase
austenite structure. As described in the studies [5] of the cast steel microstructure without heat treatment, the
ferrite-carbide mixture is released mainly along the boundaries of austenite grains; this makes these boundaries
more brittle and prone to destruction. The mixture of ferrite and carbide has a high dispersion and lamellar
structure, where the interlamellar distance is 30+7 nm. This indicates that such a structure is eutectoid and is
usually observed during cooling of steel, which contributes to a decrease in its plasticity. The presence of a ferrite-
carbide mixture in the structure leads to a significant decrease in plasticity, and with its amount ~20 wt. %, the
relative elongation decreases by 7 times.

In the research [6], in order to reduce the influence of the cementite phase on the formation of coatings of
the Fe-12Mn-1.1C system during electric arc welding, a complex alloying of the electrode charge with vanadium
(¥) and silicon (S7) in amounts of 1.2% and 2 .4% by weight, accordingly. As a result, multilayer coatings were
obtained, which consisted of austenite, which formed dendritic crystallites, and ferrite, which was located in the
interdendritic space. Vanadium carbide (¥C) in the amount of about 5.6% was localized in the central regions of
austenitic dendrites in the form of faceted phases up to 2 pum in size. This carbide phase increased the hardness of
coatings to the level of 31-34 HRC, which is 10 HRC units higher than the hardness of coatings with an unalloyed
manganese austenite structure. However, a significant amount of ferrite (~28 vol. %) negatively affected the
possibility of operational strengthening of coatings. The conclusion is that although alloying with carbide-forming
elements such as vanadium ensures the absence of undesirable cementite phases and increases hardness, the
presence of ferrite reduces the effectiveness of strain hardening. This indicates the need for further optimization
of the composition to minimize the effect of the ferrite phase on the coating characteristics.

Results

In this workpaper, the influence of the chemical structure of the surfacing composition (the ratio of
manganese and carbon concentrations) on the mechanical properties of the surfacing layer on Hadfield austenitic
manganese steel was investigated in order to increase the durability of the products made from it, namely the teeth
of the excavator bucket.

To assess the optimal ratio of manganese and carbon, and in a wider interval compared to DSTU (National
Standard of Ukraine) 8781:2018, a number of laboratory tests of surfacing samples with manganese concentrations
of 6.36...17.64% were carried out. The carbon content in each series was varied from 0.60 to 1.60%. For all
samples, impact tests at + 20 °C were carried out, as well as wear tests according to the Brinly-Haworth scheme
under the conditions of abrasion of samples with quartz sand. The wear resistance of Hadfield steel, containing
1.1% C and 13% Mn, was taken as a unit of wear resistance in these experiments.

The task of planning the experiment was mathematically formulated as follows: it is necessary to get an
idea of the response surface of the factors, which can be shown in the form of a function or a mathematical model

[71:
Miy}=n=0(x.x2,53,..%%), (D

where y — is the optimization parameter (in our case, the impact toughness (KCU) and wear resistance (/)
of Hadfield steel, which is used to make the teeth of the excavator bucket); x;— variable factors, that have strong

impact on the response and which can be changed during the experiment (content in percent of carbon and
manganese). Accordingly, the task is reduced to determining the dependence of the mathematical expectation of
the process result on the parameters (factors).

Finding the functions that determine the relationship between the factors (carbon and manganese content
in percentages) and the impact viscosity (KCU) and wear resistance (/) parameters, the area of homogeneity of the
processes can be conveniently described by an expression in the form of a polynomial.

Since it is necessary to evaluate two factors, the task of conducting a two-factor experiment [7] arises, the
factor levels are shown in Table 1.

Table 1
Levels of factors are intervals of variation
Levels
Factors 1,41 +1 0 -1 -1,41
x;— carbon content, % 1,6 1,45 1,1 0,75 0,6
X, — manganese content, % 17,64 16 12 8 6,36
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According to the planning matrix, experiments are performed with provided factors. The test results are

shown in Table 2.

Table 2
Experiment planning matrix in real values and test results

No C, % Mn, % KCU, J/ cm? 1, relat. units
1 0,75 8 75 0,9

2 0,75 16 316 0,85

3 1,45 8 133 1,25

4 1,45 16 170 0,98

5 0,6 12 232 0,88

6 1,6 12 151 0,8

7 1,1 6,36 108 1,36

8 1,1 17,64 270 0,89

9 1,1 12 215 1,01

10 1,1 12 218 1,01

Data processing of the experiment and search for optimal values were made in the Statistica 6.0

program.

Thus, thanks to the two-factor experiment, a regression equation was obtained for the impact toughness
(KCU) of the deposited layer depending on the carbon and manganese content, it is as follows:

KCU =—-699,3+657,5C —132,9C? +83,1Mn—1,1Mn> —36,4C- Mn .

(@)

And the regression equation for the intensity of wear of the deposited layer depending on the content of

carbon and manganese is the following:

1 =0,46+2,05C —0,66C% —0,08Mn +0,004Mn> —0,04C - Mn .

G3)

By means of the "Design Analysis of Experiments" module (experimental project) of this program, the
influence of each of the factors on impact toughness (KCU) Picture 1 and wear resistance (/) Picture 2 was
determined, and the optimal values of the factors were obtained.

C.% Mn, %
500,00
331.02( - l = =
3 s 1
p T i
-50,00
1,0000 |-
2=-699;28733351313+657,52445675148%-132,90990983129"%"2
+83,067258332129"y-1;1301242934047"y~2-36.42857142857 1°X"y+0; 5 85 16 6.36 1764
a) b)

Fig.1. The influence of the ratio of manganese and carbon on the impact toughness of the deposited layer: a)
response surface of the impact toughness (KCU) of the deposited layer; b) dot graphs with histograms characterizing
the impact of the studied factors for impact toughness

In the course of the study, it was found out that the impact toughness (KCU) of manganese steels depends

on the carbon content and changes along a curve with a maximum. This means that for each value of the manganese
content there is an optimal carbon concentration at which the impact toughness reaches its peak. In particular, for
steels with a manganese content of 13%, a carbon content of 0.85...1.0% is optimal. At the same time, an increase
in the manganese content in general contributes to an increase in impact toughness at all carbon concentrations,
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except for the highest carbon concentrations (1.5...1.7%). The maximum values of impact toughness were obtained
for steel containing 17...18% manganese and 0.6...0.7% carbon.

This indicates that the correct selection of carbon and manganese content is a key to achieving the maximum
impact toughness of steel, which is an important factor in ensuring high mechanical stability of the material. It
should be noted that even with a reduced manganese content (10.3...11.0% or 8.6...9.2%), the impact toughness of
the samples can remain high provided that the carbon concentration is chosen correctly. In particular, with a carbon
content of 1.0% for steel with 10.3...11.0% manganese and 1.3% for steel with 8.6...9.2% manganese, the impact
toughness exceeds 150 J/cm?. This suggests that such coatings can be economically viable for applying as cheaper
materials, while maintaining the sufficiently high impact toughness required for many industrial applications.

The maximum wear resistance is observed in deposits with a manganese content of 6%. In such deposits,
during abrasion, a surface martensite is formed, which significantly increases the hardness of the surface, providing
increased resistance to wear. However, with a further increase in the manganese content, wear resistance begins
to decrease.

On the other hand, an increase in carbon concentration has a positive effect on wear resistance, which makes
the carbon content an important factor for improving the performance characteristics of surfacing. Thus, the correct
ratio of manganese and carbon is a key to achieving optimal wear resistance.

C% n, %
2,0000
=L [ + I* 4
,20000
,98304 S e e R
z=,46493908432127+2,0519742346566%-,65966033360686"x"2 6 16 536 1764
-078292700872419%+,0037794157744962*y"2-,0392857 14285714 y+0; ' 135 ' '
a) b)

Fig.2. The effect of the ratio of manganese and carbon on the impact wear resistance of the deposited layer: (a)
response surface of the wear intensity of the deposited layer; (b) dot graphs with histograms characterizing the
influence of the investigated factors on the intensity of wear

The 1nvest1gat10n of the deposited layer’s mlcrostructure EPlcture 3! showed the absence of hot cracks.

Fig.3. Microstructure of the deposited layer: a) content: carbon — 0,85 %; manganese — 17,64 %; b) content:
carbon — 1,35 %; manganese — 6,36 %.

As the manganese content decreases, hardness and wear resistance increase, but the structure tends to
decrease the impact toughness.

Conclusions

By controlling the chemical composition of powder wire, it is possible to achieve different mechanical
properties of the deposited layer of the excavator bucket teeth for different types of cultivated soil. So, to ensure
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the highest value of the impact toughness of the deposited layer (when processing hard soil rocks), the following
concentration of powder wire elements is optimal: carbon - 0.85%; manganese - 17.64%, and to ensure the highest
value of wear resistance of the deposited layer (when processing soft soil rocks), the optimal concentration of
elements is as follows: carbon - 1.35%; manganese - 6.36%.
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Hoconckknii C.®. Bruine MapraHiito Ta BYIJICIIO HA MEXaHIYHI BIACTUBOCTI HAILIABJICHOTO IIapy 3y0iB
KOBIIIA eKCKaBaTopa 3i ctani ["andinna

B pobori BHUKOHAHO JOCII/DKCHHS. BIUIMBY XIMIYHOTO CKJIaJQy HAaIlUIaBOYHOI KOMITO3MIIT
(cTiBBiTHOIICHHS KOHIIEHTPAIII MapraHIlio 1 BYTJICI0) Ha MEXaHI9Hi BIACTHBOCTI HAIUIABJICHOTO APy Ha CTaJb
Tandinpaa 3 MeTOrO MiABUIIEHHS JOBIOBIYHOCTI BUTOTOBIICHHX 3 Hei BUPOOiB, a caMme 3y0iB KOBIIIA eKCKaBaTOpa.
3a mapameTp onTHMIi3amii 0OpaHO ABa KpUTEPii, yIapHY B’SA3KICTh Ta 3HOCOCTIHKICTh MOKPHUTTA. OLIHKY yAapHOT
B’SI3KOCTI HAIUTABIICHOTO MOKPHUTTS IMPOBOMMIN Ha 3pa3kax «lllapmi» Ha MasTHUKOBOMY KOIIpi, a BUIIPOOYBaHHS
Ha 3HOC 3a cxeMoto bpinsi-XaBopTa B yMOBax CTHpaHHS 3pa3KiB KBapIIOBHUM ITiCKOM. 3a OJIMHHUITIO 3HOCOCTIHKOCTI
B IIMX EKCIICPUMEHTAX IPHUHATA 3HOCOCTiHKiCTh cTam ['andinpma, mo wmictute 1,1 % C i 13 % Mn. s
BU3HAYCHHS ONTHUMAIILHUX PE)KUMIB HAHECEHHS ITOKPHUTTS IIPOBOJIUBCS aKTHBHUI €KCIIEPUMEHT 3 BUKOPHCTaHHIM
METOJIIB MaTeMaTUYHOI o IUaHyBaHHs. OTpUMaHi MOBEpXHi BIATYKY Ta rpadikd JiHIA PIBHOTO BHXOMY NAlOTh
MOXJIMBICTh BCTAHOBUTU DPIBEHb BIUIMBY JOCIHIIKYBaHHX (hakTOpiB Ha napameTp onrtumizaumii. [[ns aHamizy
BIUIMBY 3aJaHuX (akTopiB Ha KpuTepii onTuMizanii nodynoBaHi rpagiky po3ciroBaHHS 3 ricTorpaMam, 3 SKUX
MOXHa rpadiyHO BHM3HAUWTH pAalliOHAJbHI 3HAYECHHS OOpaHHX KPHUTEpiiB oNTHUMI3alii — yAapHY B S3KIiCTh Ta
3HOCOCTIHMKICTh IIOKPUTTSI.

KurouoBi caoBa: 3y0 xoBma ekckaBaTopa, cTanb [amdinboa, HalutaBlIeHE ITOKPUTTS, MapraHellb,
BYTJIELb, YAapHA B’A3KiCTh, 3HOCOCTIHKICTh, ONTUMAIIBHI TapaMeTpu



Problems of Tribology, V. 29, No 32/113-2024, 72-78

/—\ Problems of Tribology
Website: http://tribology.khnu.km.ua/index.php/ProbTrib

E-mail: tribosenator@gmail.com

DOLI: https://doi.org/10.31891/2079-1372-2024-113-3-72-78

The patterns of changes in the degree of lubrication of the crankshaft
bearings of car engines depending on the parameters of the load-speed
modes of operation

A. Gypka ", V. Aulin 2, O. Lyashuk !, A. Hrynkiv 2, V. Hud !
1 Ternopil Ivan Puluj National Technical University, Ukraine
2 Central Ukrainian National Technical University , Ukraine
*E-mail: Gypkab@gmail.com

Received: 20 July 2024: Revised 05 September 2024: Accept 20 September 2024

Abstract

The practice of operating machines and mechanisms indicates that bearing wear is one of the main reasons
for limiting their durability. This especially applies to the sliding bearings of crankshafts of car engines, where the
intensity of wear of their working surfaces significantly depends on the properties of the lubricant. An experimental
study of the wear resistance of the sliding bearings of the crankshafts of car engines was carried out on the KI-
5543 model break-in and braking stand. In experimental studies, BELZONA Super E-Metal insulating material
was used to provide electrical isolation of the main and connecting rod bearings of the crankshaft from the cylinder
block of the car engine. The experimental dependencies of the values of the criteria characterizing the degree of
lubrication of the friction surfaces on the parameters of the load-speed modes (the moment of the applied force
and the frequency of rotation of the crankshaft) were obtained. The ranges of values of the investigated parameters,
in which the effective operation of the sliding bearings of the crankshaft of car engines is implemented, have been
revealed.

Keywords: crankshaft sliding bearings, criteria for the degree of lubrication, bench tests, mode of friction,
wear, lubricant.

Formulation of the problem

The most important reason for the failure of the sliding bearings of the crankshafts of cars is the wear of
the friction surfaces of the liners and necks. The intensity of wear of the working surfaces of sliding bearings
depends on the properties of the lubricant and the modes of the lubrication process under the conditions of vehicle
operation. Wear of the friction surfaces leads to an increase in the diametric gap, ovality and conicity, destruction
of the anti-friction layer of the bearing. This helps to reduce the load-bearing capacity of the lubricating layer and
reduce its minimum thickness, increase the probability of destruction and, accordingly, increase the duration of
the contact interaction of the friction surfaces [1,2]. It is known that violation of the liquid lubrication regime
intensifies the process of wear of the main and connecting rod bearings of the crankshaft, and therefore the rate of
consumption of the resource of the engine and the car as a whole.

The practice of operating cars shows that the durability of main and connecting rod bearings of crankshafts
of car engines is limited by the type and intensity of wear. For automobile engines, structural and technological
methods of increasing the wear resistance of crankshaft sliding bearings are used. Operational methods of
increasing their wear resistance are also acceptable. The stage of operation of machines and mechanisms is the
most expensive and has a significant reserve for increasing their durability.

Analysis of recent research and publications

During the operation of the car engine, the operating conditions of the crankshaft sliding bearings must be
ensured in the liquid lubrication mode in the acceptable ranges of the load and speed modes of the car's operation.
The research of the wear resistance of bearings, including crankshaft sliding bearings of car engines, under

different lubrication regimes, is devoted to the works of domestic scientists V.M. Pavliskyi [3], A.G. Kuzmenka

Copyright © 2024 A. Gypka, V. Aulin, O. Lyashuk, A. Hrynkiv, V. Hud. This is an open access article distributed under the Creative
@m Commons_Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
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[4], O.V. Dykha. [4-6], V.V. Aulina [1,2,7], V.A. Voitova,[8] and other scientists, as well as a number of foreign
scientists [9-17]

The issue of the influence of various factors on the lubrication process in crankshaft sliding bearings is
considered in works [1,3,4,8,13,16,17]. At the same time, insufficient attention is paid to the criteria that
characterize the degree of lubrication of the friction working surfaces during the operation of the car.

Further research is needed to identify patterns of changes in the degree of lubrication of crankshaft sliding
bearings of car engines depending on the parameters of the load-speed modes of its operation.

The purpose of the work

The purpose of this work is to establish the patterns of changes in the criteria that characterize the degree
and regimes of the lubrication process in the main and connecting rod bearings of the crankshaft depending on the
parameters of the loading and speed regimes of their operation.

Research results

An experimental study of lubrication processes in crankshaft sliding bearings was carried out on the break-
in and braking stand of the KI-5543 model of a specially prepared automobile engine with main bearings
electrically isolated from the engine cylinder block. BELZONA Super E-Metal from BELZONA® (USA) was
used as an insulating material. This material has high strength and dielectric properties (Table 1, Table 2), and
therefore the main bearings of the car engine are electrically isolated from the cylinder block.

Table 1
General characteristics and chemical resistance of insulating material BELZONA Super E-Metal

Processing time

General characteristics at 293 K. min

Field of application

Hardening time
at 293 K, min

Chemical resistance

For emergency repairs,
sealing of leaks,
obtaining long-lasting
adhesives connections

A two-component, paste-
like material that hardens
quickly

20

Good resistance to relatively
highly diluted inorganic acids,
alkaline solutions and salts;
special resistance to lubricants

Table 2
Physical and mechanical properties of the insulating material BELZONA Super E-Metal
Specific Strength limit under tensile and shear . Hardness by Heat resistance,
. Strength limit at .
volume, deformations, MPa, compression. MPa Brinell, T,K
cm3/kg when connected to: P ’ NV
- structural steel - 17, Under conditions of
450 - stainless steel - 17, 76 15.9 immersion in lubricant
- aluminum - 12 up to 423K

A shielded wire (Fig. 1) was soldered to the liners of the crankshaft of the tested engine, which, during
assembly, was led out through a drilled groove in the place of the connector of the engine cylinder block cover

and the gasket of the oil sump seal to the outside of the block.

Fig. 1. Fixing the crankshaft main bearings with soldered wires

The wires were led to a five-channel connector, and a current collector was attached to the neck of the

crankshaft (Fig. 2).
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Fig. 2. Fastening the current collector on the crankshaft: 1 — rubber gasket, 2 — clamp, 3 — bracket

Through the test mode analyzer, one end of the power wire was attached to the wires of the liners, and the
other - to the current collector. The value of the criterion P, ™, which characterizes the relative duration of the
existence of the liquid lubrication regime or the duration of the existence of the lubricating layer between the
friction surfaces. When attaching the power wire to the cylinder block, the value of the criterion Eg, which
characterizes the duration of the existence of the lubricating layer in the sliding bearings of the crankshaft of the
car engine. In this case, the liners were electrically connected to the block of cylinder liners.

The studied engine, after applying a layer of BELZONA Super E-Metal insulating material on the original
friction surfaces, corresponded to the pre-worked state. The research was conducted in two stages. The first stage
is bench running of the engine according to the modes recommended by the manufacturer. The second stage is
engine run-in, which consists in periodically repeating engine load modes with certain combinations of parameters
of the load-speed modes of its operation: the values of the loading moment M and the frequency of rotation of the
crankshaft n according to a two-factor plan built using the provisions of mathematical planning of the experiment
[1,8 ]. The scheme for measuring the parameters of the lubrication process in the sliding bearings of the engine
crankshaft is shown in Figure 3.

[ [

Fig. 3 - Scheme of measurement of the parameters of the lubrication process in the sliding bearings
of the crankshaft of a car engine during bench tests:1 - engine; 2 — break-in and braking stand; 3 — analyzer
of friction modes; 4 - connection device; 5 - current collector; 6 — computer; 7, 13 — power wires; § — tire; 9 —
lubricant pressure sensor; 10 - connector; 11 — dielectric layer; 12 — coolant temperature sensor

Research modes: load on the crankshaft M - 0...60 N-m, speed of rotation of the crankshaft n - 1000...2600
min ! . To simplify the analysis of the results of the bench tests, it was assumed that the lubrication regime of the
crankshaft sliding bearings is characterized by two states: contact of the friction surfaces (dry friction or boundary
lubrication), complete separation of the friction surfaces (liquid lubrication). The grouping of lubrication modes
can be justified by several reasons: the difference in the intensity of wear of the friction surfaces by several orders
of magnitude [1,3,8], as well as the difference in the dielectric permeability of the lubricating layers [1]. An
experiment plan was drawn up for the study of the lubrication process in the main bearings of the crankshaft
according to two criteria:
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P,™ i =f(M, n) and E ,= f(M, n) (D)

This made it possible to build appropriate regression mathematical models after the running-in process is
completed, when the values of these parameters are at a stable level and characterize the balanced technical
condition of the car engine.

According to the results of the analysis of the database of bench tests, graphical dependences of the change
in the criterion Py ™7 (where i the serial number of the main bearing under study), from the load parameter M
(Fig. 4) and the frequency of rotation of the crankshaft of the car engine n (Fig. 5).

P g_m.b 1
P mb2
pglm.b 3
P4
Py mb5

i} 15 30 45 60
Theload on the erankshaftis M, N-m

Fig. 4. Patterns of changes in the value of the P;™ at a stable level from the load parameter
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Fig. 5. Patterns of changes in the parameter P; ™ at a stable level depending on the frequency of
rotation of the crankshaft of the car engine

It was found that the patterns of changes in the value of the criterion Py ™ from the loading and speed
parameters have a non-linear character in the presence of areas of effective operation of the car engine.

Two-factor bench tests of the engine were carried out. According to the results of the research, a regression
model was built in the form of the dependence of the E, on the parameters of the loading and speed modes of its
operation:

E=0.7951 +2.2615 10 3M + 1.1303 10 *n -5.0944 10 M - -4.0701 10 ¥n 2-3.6473 10 "M n ( 2)
The regression model of the E; with the specified parameters was obtained using application program

packages on a PC with verification of its adequacy
Figure 6 shows a graphical interpretation of the regression model of the E.
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Fig. 6. The nature of the change of the E; from the parameters of the load-speed mode of operation
of the car engine

The test of homogeneity of variances of criterion E, was carried out according to Cochran's criterion with
a confidence probability of 0.95 under conditions of load M = 30 N m, n = 2000 min". The homogeneity of
variances in the equilibrium points of the factor space indicates the independence of the variance of the
optimization criterion E, from its absolute value. Fulfillment of this condition, along with others, allows you to use
regression analysis when processing the obtained test results.

Conclusions

1. It was determined that to study the change in the degree of lubrication of crankshaft sliding bearings of
car engines depending on the parameters of load-speed modes of operation, it is possible to use the criterion P, ™
, which characterizes the relative duration of existence of the liquid lubrication regime, and the criterion Eg, which
characterizes the relative duration of existence of the lubricating layer in the crankshaft sliding bearings.

2. Modes of bench tests of engines and a scheme for measuring the criteria of P, ™" and E,, in the process
of lubricating the sliding bearings of the crankshaft of the car engine.

3. Experimentally revealed patterns of changes in the criteria for the degree of lubrication of crankshaft
sliding bearings depending on the load and rotation frequency during a stable mode of its operation. Areas of
effective flow of lubrication processes and stable formation and duration of the existence of a film of lubricant on
the working surfaces of the sliding bearings of the crankshaft of the car engine have been determined.
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I'ynka A., Ayxain B., JIamyk O., I'punbkiB A., I'yap B. 3akoHOMIpHOCTI 3MiHU CTYIEHIO 3MAIllCHHS
MiIIMIHYAKIB KOJIHYAaCTOr0 Bayly JBHUI'YHIB aBTOMOOLTIB BiJ HapaMeTpiB HaBaHTaKyBalbHO -IIBHIKICHHUX
PEXKHMMIB eKcIuTyaTanii

[pakTHKa excrutyaTarii MaliMH Ta MEXaHi3MiB BKa3ye Ha Te, L0 3HOIIYBAaHHS MiAIIUITHUKIB € OJHIEIO 3
TOJIOBHUX IMPUYHH OOMEKEHHS iX JOBIOBIYHOCTi. OCOOIUBO 1€ CTOCYETHCS IMiJIIUITHAUKIB KOB3aHHS KOJIHIACTHX
BaJiB JBHTYHIB aBTOMOOLTIB, /¢ IHTCHCHBHICTh 3HOIIYBAaHHS IX POOOYMX IMOBEPXOHHb iCTOTHO 3QJIEXKHTH Bif
BJIACTHBOCTEH MAaCTHJILHOT'O MaTepiaiy.

ExcniepuMmenTanbHe TOCIiIHKEHAS 3HOCOCTIMKOCTI i IMIIAITHUKIB KOB3aHHS KOJTIHYACTHUX BaJIiB IBHTYHIB
aBTOMOOLTIB OyJI0 TpoBemeHO Ha oOKaTHO-rambMiBHOMY ctTeHmi mozeni KI-5543. B excrmepuMeHTaIbHHX
JOCTIKEHHSAX BUKOpPHUCTaHO i3oismiitanii Matepiar BELZONA Super E-Metal mis 3abe3medeHHs e1eKTpHIHOL
307111111 KOPIHHMX Ta MIATYHHUX MIAMIMIHHKIB KOJIHYACTOrO Bajly BiA OJOKY LMJIIHIpIB ABUI'YHAa aBTOMOOLIS.
OTpyMaHO eKCHEepUMEHTaIbHI 3aJIe)KHOCTI 3HAYEHHS KPHUTEPIiB, SIKI XapaKTepU3yIOTh CTYIIHb 3MallyBaHHS
MOBEPXOHb TEPTS BiJ MapaMeTpiB HaBaHTa)KyBaJbHO-IIBUIKICHUX PEXKHMIB (MOMEHTY INPHKIAJCHOI CWIN Ta
YacTOTH OOEpTaHHs KOJIHYacTOTro Bayly). BusiBlieHO niama3oHW 3HaueHb JOCIIDKYBaHUX MapaMeTpiB, B SKHX
peanizyeTbest e(eKTUBHA eKCIUTyaTarlisl ANIMITHUKIB KOB3aHHS KOJIIHYACTOTO BaJly JIBUTYHIB aBTOMOOLTIB.

Kiro4oBi cj10Ba: miAMIUITHAKA KOB3aHHS KOJIIHYACTOTO Bajly, KpUTEPil CTYIIEHIO 3MAalTyBaHH:, CTCHIOBI
BUIPOOYBaHH, PEKUM TepT, 3HOLIYBAaHHS, MACTHIEHUN MaTepiall.
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Abstract

The work presents the study results of the stress-strain state of the soil, as a continuous medium filled with
abrasive particles under the action of the working bodies of soil tillage and earthmoving machines. One of the
main properties of the soil, which determines the specifics of the force interaction of the working surfaces of the
working bodies of soil tillage and earthmoving machines with the technological environment, is taken into account,
namely the tendency of the contact layer of the treated layer to compaction.

The relationship between stress in the soil and the wear of the working bodies of soil tillage and
earthmoving machines has been established experimentally. A theoretical analysis is presented for the stress-strain
state of the local region of the strengthened surface layer that is used in the working bodies of soil tillage and
earthmoving machines, in which the filler, inclusion or strengthening phase is placed.

An analysis of the contact characteristics of the stress-strain state and their changes during friction and wear
was carried out based on the formulation and solution of the contact interaction problems of abrasive soil particles
with the inhomogeneities of the composite coatings components based on ultra-high molecular weight
polyethylene with fillers during strengthening of the working bodies of soil tillage and earthmoving machines.

Computer modeling was performed to study the nature of stress distribution in the reinforced surface layer
of the working bodies of soil tillage and earthmoving machines in the area of the contact zone in stationary and
dynamic conditions. The contact problem is formulated, the boundary conditions and the solution in the form of
components of the stress field are given. The characteristics of the filler, their content in the composite material
and coating are taken into account, the relationship between the stress-strain state and wear is established.

Key words: stress, contact, wear-resistant coatings, filler, composite material, ultra-high molecular weight
polyethylene, working body of soil tillage and earthmoving machine

Introduction

Modern agrotechnological trends in soil cultivation by the working bodies of soil tillage and earthmoving
machines (WBSTEM) set requirements for the producers of the agro-industrial sector to increase reliability and
reduce energy and material costs of such machines for their cultivation.

One of the main properties of the soil, which determines the characteristic of the force interaction of the
working surfaces of the WBSTEM with the technological environment, is the propensity of the contact area of the
tillage layer to compaction [1]. In the process of tillage, the movement of cutting element (CE) of WBSTEM leads
to partial compaction of soil particles in its layer, which are in contact with the working surface, as well as in the
contact layer. The fractional redistribution of soil abrasive particles (AP) is accompanied by a decrease in the
distance between them, pressing into the part of the layer above the cutting element and the formation of a reaction
force.

Mechanics of contact interaction is one of the leading directions in agricultural mechanics. Despite the fact
that solutions to a large number of contact problems have been obtained by both analytical and numerical methods,
the creation and study of contact interaction models remains relevant even today in connection with the
development of new composite materials and technologies, such as strengthening, due to the variety of processes

Copyright © 2024 A.A. Tykhyi, V.V. Aulin, M.V. Pashynskyi, A.Y. Borovik. This is an open access article distributed under the
@m Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided
C the original work is properly cited.
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and phenomena occurring in the contact zone during friction and wear of the surfaces of the working bodies of
WBSTEM, introducing new requirements for their operating conditions.

When setting classical contact problems, the model of a homogeneous isotropic body is mainly used and
the interaction of smooth surfaces is considered [1, 2]. With the development of mathematical apparatus and rapid
growth in computational power it became possible to take into account surface roughness and the viscoelastic
properties of contacting bodies, the presence of films and coatings on the contact surface, the occurrence of
adhesion, friction and wear phenomena when solving contact problems.

Research of contact interaction with bodies that have inhomogeneities of a mechanical, geometric and
tribotechnical nature, creation of material models of triboelements (TE), working (technological) environments,
formation of secondary structures (SS), movement of the boundary between phases under thermomechanical
influences [3] is of increased interest both from the point of view of fundamental and applied science. Attention
should be paid to research in the following directions: the introduction of additional parameters of the surface
layers state of the WBSTEM and the contact zones with the particles of the soil environment, the determination of
the ratios for these parameters, the experimental verification of the created physical and mathematical models, as
well as the consideration of interphase boundaries during the strengthening of the surface layer of the WBSTEM
and the kinetics of the new phase [4].

The improvement of any technological process of soil cultivation implies a decrease in its energy
intensity.

The development of modern areas of materials science is associated with the development and application
of promising materials based on various initial components, with the involvement of a wide range of resources and
technologies, using different research methods, with the modification of components in order to obtain materials
with improved properties or acquiring new functional properties that allow expand the scope of their application
[1-8].

A promising material with a wide range of functional properties, which is used today in the field of
production of WBSTEM to solve various tasks of increasing wear resistance and energy efficiency, is ultra-high
molecular weight polyethylene (UHMWP). The advantages of UHMWP are a combination of high wear resistance,
resistance to aggressive environments, low coefficient of friction, high impact strength, low brittleness
temperature, which allows the use of products based on UHMWP, including extreme operating conditions (the
brittleness temperature of the material is up to -200 °C) [2]. The limiting factors for the use of UHMWP are the
low melting point (135-190 °C), due to which the upper limit of the material's operating temperature is 90 °C, as
well as the high viscosity of the polymer melt, which complicates the process of its processing [3].

Inclusions, fillers, new phases are not only stress concentrators, but also their source, the local density
changes, residual stresses arise. Technological residual stresses during the strengthening of WBSTEM can play
both a positive and a negative role in the process of operation.

Literature review

A classic work, which presents a model for determining residual stresses caused by phase transformations
in an unbounded body, is work [5]. This model, based on the solution of the planar problem of the theory of
elasticity, determines the residual stresses inside local areas, inclusions, fillers, and phases and are resolved by
means of a boundary transition. At the same time, it is assumed that the elastic characteristics do not change during
the transformation process.

The solution of the planar periodic contact problem for the stamp system, taking into account the frictional
forces, is given in works [1,4], where there is also an analysis of the stress-strain state of the surface layers. In [7],
a periodic contact problem for a surface with sinusoidal undulations in two mutually perpendicular directions is
considered. The general method of solving spatial and flat contact problems with wear at a constant contact area
is described in [8]. The contact condition using the linear law of wear and integral representation of elastic
movements due to contact pressure allows reducing the problem to the determination of eigenvalues and
eigenfunctions of some integral operators. It has been proven that the pressure distribution at the point of contact
assumes a stationary value during a steady mode of wear.

In works [9, 10], as well as in monographs [11, 13], mathematical formulations of a number of wear-contact
problems for heterogeneous elastic bodies with variable surface wear resistance are considered. Such tasks arose
in connection with the strengthening of WBSTEM with composite materials (CM) and composite coating (CC),
local strengthening of their working surfaces. Some types of continuous surface strengthening are also taken into
account, in particular with laser technologies, when it is impossible to achieve a uniform change in the surface
structure of the WBSTEM. The latter issues play a decisive role in the problem of increasing the reliability and
wear resistance of WBSTEM, and therefore require a solution.

Purpose

An analysis of the contact characteristics of the stress-strain state and their changes during friction and wear
was carried out based on the formulation and solution of the problems of contact interaction of soil particles with
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inhomogeneities of CM (CC) components based on ultra-high molecular weight polyethylene with fillers during
strengthening of WBSTEM.

Methods

In the interaction process of WBSTEM with the soil, the latter undergoes a certain deformation, the load
amount and bulk mass are constantly changing [4]. The movement of the working body causes compression
deformations of the internal stress of the soil environment, the direction of action of which coincides with the
direction of the absolute movement of soil particles of the compressed volume (contact layer), and the intensity
decreases as it moves away from the executive surface into the depth of the interacting part of the formation.

Deformation of dense soil at a low stress level leads to an increase in volume, that is, its dilatation
(volumetric expansion). Since the soil becomes less dense in places where the volume increases, which contributes
to further deformation and increase in volume, the process is unstable. This indicates that deformations in the soil
can concentrate, which leads to the appearance of fracture surfaces. Along the surfaces of the fracture, there are
very thin expansion bands that differ in properties from the main mass of the soil. Deformation in dilation bands
is greater in cases of shear failure than tensile failure, since friction processes are taken into account.

For a theoretical analysis of this influence, we will use the equation of mechanics of mixtures [13]. The
condition of quasi-static deformation of heterogeneous materials can be presented in the form of an equilibrium
equation:

aai(jk) - /0x; = 0, (1)

where O i(jk) R

the CM (CC). At the same time, the stress state in local areas has two components:

cr are the averaged component of the stress tensor and the content for the £-th component (phase) of

R 1 2
crl.(j ) = O'i(j) + ai(j). )
where O 15‘1) - stressed state of an infinite elastic plane with a filler (inclusion) of spherical shape;
(o3 ,;2) - stressed state of the half-plane resulting from the action of a distributed load on its boundary (z = 0):

2 1
pr(x) = =021z = 0,4, (x) = —1;)|z = 0,
which is introduced to implement boundary conditions. For this, it is necessary to fulfill the equality:

1 1

) =0 2= 0, qp () = 7|z =0 3)
. . . . . ).
Solving the contact problem for a filler of size » makes it possible to estimate the stress O ; ) in the
cylindrical coordinate system:

o {—A, x% 4+ 72 <r?;

Ox * =\_ g2 _x2-2? 2 2 2 “4)
g X +z°>r"

. {—A, x*>+z2 <r?

Oy " =\_ g2 _x2-7? 2 2 2 (%)
zrme X +2z°>7r7,
0, x?+z%2 <r?;
T = —24r? 52—, x?+ 272 >71? (6)
(x2+22)2’ ’
. 2 . . e
Solving the contact problem to find the stress O ; ) requires following boundary conditions:
pf(x) - ATZ xiZ’ |.X'| >, qf(x) =0 1 Z = 0. (7)
. . 2
If a normal load is applied to the boundary of the half-plane, then the stress components G)Ez) 5 O'iz) o ; )
and Tizz) that are acting in the half-plane are as following:
@ _ 2z (2 pOEs @) 220 po  py0)ds @) 227 o prO=9)ds

Oy " = T f_w ((x-5)2+22)2° 2 - T f_go ((x—5)2+22)2> %2 - T f_w ((x—5)2+22)2" (8)

The study of the distribution of stresses in the area of local contacts of the surface reinforced layer of
WBSTEM CM (CC) shows that the stress-strain state in these areas is a concentrator of residual stresses, and the
most dangerous place, from the destruction point of view, is the area of the main material near the surface of the
half-space. This result is in good agreement with experimental research and simulation data. A local maximum
Tmax OCcurs on the axis of symmetry of the filler in the main material.
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When studying the contact interaction of soil particles and an elastic half-space with fillers (inclusions)
coming to the surface, it was assumed that the main material and the filler material (inclusions) are elastic and
have the same Young's moduli E and Poisson's ratios z. At the same time, the boundary conditions on the surface
of the half-space at z = 0 are as follows:

_o_(Pxy) (xy)€Qn —0= —0=
JZ|Z—0—{0 (xy) & 2’ Tz|2=0=1y,]2=0=0, 9)

where p (x, y) is a pressure inside the contact area.

It is assumed that the stress state that occurs during contact interaction does not lead to a change in the
shape and size of the filler (inclusion) and the problem of determining the internal contact and residual stresses
can be solved separately.

The stressed state of the half-space with a filler (inclusion) during contact interaction is determined by

the superposition method:
c R
O-ij ( ) + O-L(] ), (10)
o9
where O;

(R)
0

When solving the specified contact problem, the stress components are determined by ratios:

- internal stresses arising as a result of contact interaction,

- residual stresses.

= __ff p&m) <Z (3(x o -(1- 2,11)) +(1-2v) ((y_")zﬂz - rit:i;)) dédn;(1 1)0350) =

r3(z+1)
3 _&24,2 _2
— [P & n)(z (05— (1 - 2w) + (1 — 2w) (S5 2 —fzy(zfi)z)) dgdn; (12)
3
0.9 = ——[[,3p (¢, m) S dédn; (13)
1 3(x=H(y- -Hy-n)(z—2r)
v = == M ) (5 (FFEE - (1 - 2w) + (1 - 20) D) dgan; (14) 7)) =

~ L 1,30 € m 2 dgdn, 79 = — L[], 3p (6,0 2% dgdn, (15)

where 7> = (x = &)’ +(y—n)* + z°, and the distribution of residual stresses O ( ) is calculated by the formula:

(R) - U(O'(R) + G(R)) (16)

At the same time, it is assumed that the indenter or a soil particle is spherical. Then the distribution of
contact pressures is determined by the theory in works [1, 13], and the contact plane is a circle of radius a.

Let's consider the stress-strain state of the surface layer of the WBSTEM upon contact with the AP of the

soil from an analytical point of view. The rate of change of the energy of the CM (CC) in the volume Vsl bounded
by the surface of S is equal to:

av
fVEdV = ax; o — AU | dVy, (7

where dU / dt, AU ;. — rate of change of internal energy and change of energy of interaction between
AP and components (phases) of CM (CC);

v{® — speed of the i-th AP interacting with the k-th component (phase).
On the other hand, there is a following equation for the plane of contact interaction:

J,du/dtavy =V [, v06l - ¢, -y dvy, (18)
where n; — projection of the normal on the x-axis to the plane of contact interaction of the AP with the
region of the k-th component (phase) of the CM (CC).
Taking into account the stress-deformed state of the surface layer of CM (CC) during friction and wear,
the right-hand side of expression (17) takes the following form:

k k k) _(k k k k
Vvi( )60L.(j ) cedVyy [ 0x; +J, cka( ) ( )dVl =05/, cka( ) (817( ) [ox; + av( )/axj) dvg, (19)
where ;¥ — components of the strain tensor of k-th component;

v;, v; — velocity components on the corresponding axis x; x; of the contact plane of the i-th AP with the
k-th component (phase). The specific potential energy of deformation of CM (CC) is equal to:

k k
Usen = 0,5 - cka(]) ei(].). (20)
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In the case of two-component CM (CP), we have the following equation:

ENG) G NORO)
Usen = 0,5 - <c,,1 <crl.(j) . ei(j) +4 (al.(j) . el.(j))) + c,,zai(j) . sl.(j)), 2D

where €, C,, — corresponding matrix and filler content in CM (CC): ¢, +¢,, =1.
The change in the specific potential energy of deformation at the "filler-matrix" interface is equal to:
AU,,, = 0,5 - ¢,y - 4 (O’T]l) : e(_]l)> (22)
Deformation hardening of CM (CC) is determined by the expression:
Ao, =k, 1708 = Ky - (£/2), (23)

where kq, Ky — respectively, parameters characterizing the physical essence of strengthening and

robustness and structural factors of CM (CC) [14]; A — the average distance between filler particles. Constant
ks 18 estimated by the formula:

0,5
kstr = CfCopEcm(cc) ' bB [,0 + (Cfcoppd + 1/bB)€] s (24)

where Cr, C,,, —respectively steel, characterizing the conditions of formation and operation of CM (CC);

Ecm(ce) — elastic modulus of CM (CC); bg — Burgers vector; pa— density of dislocations generated on the surface

of separation of components (phases). According to Orovan's theory, supplemented [4], the &y K» constant is
equal to:

Kir = @aEcmbp”°c;” - Ky, (25)

where a; — constant value characterizing the deformation conditions; Ky — filler shape parameter:
. 2 _3\05
K =2/((A-d) +5a) (26)
where d, — average size of components (phases); 5,210 — the average distance between the axes of
components (phases) of CM (CC). If correlation d./A €[0;1], then K € [2;5].
To evaluate the influence of the phase transition (PT) during the formation of CM (CC) and deformation

due to friction and wear, consider the strengthening of the matrix during the formation of the martensitic phase
[12]. At the same time, according to [11], the stresses in the matrix are equal to:

Om = ComNm(Ccp)™™, (27)

where com, n,, — constant coefficients characterizing the flow of PT in the CM (CC) matrix; c,» —
martensite content. Taking into account the autocatalytic nature of the martensitic transformation when coherent
deformations occur in retained austenite, we have:

Cm = kime™ecy. (28)
where klM — the proportionality coefficient characterizing the intensity of the flow of martensitic PT; n—

exponent that takes into account the catalytic effect; ¢4 — the content of austenite in the CM (CC) matrix. Because
cm + ¢4 = 1, then from (28) we have the following equation:

e/ (1 — ) = kyme™. (29)

This dependence is confirmed by experimental data and is consistent with the data of the work [14].

According to the autocatalytic nature of the martensitic transformation, n.~3. Considering formula (29), we have:

em = kime® /(1 + kyme®); cs =1 +kipme®)™" (30)

In the process of friction and wear, the deformation strengthening of the surface layer of CM (CC) can be
characterized by the ratio [13]:
0 = kg [In(1 + €)]7s; Ao =0 — 05 = hyAe%, 31
where kg, ps, hs, as — parameters of strain strengthening; A& — the amount of deformation without an
elastic component corresponding to the yield strength ay.
Based on relations (30) and (31), we have the following equation:

0 = ko [IN(1 + OIP[1 = (1 + 1/k1me®) ] + 0 (1 + 1/kye®) 50, (32)
where ng, — indicator of matrix strengthening by the formation of martensite.

According to the work [14], the parameter p,=0,18, and g, is the stress of the matrix material, which
consists entirely of martensite and depends on the strength of the martensite and the carbon content of the steel.
This is explained by the proportionality of the formation rate of martensite nuclei to its volume fraction [5].

The change in stress at the PT during friction and wear of the CM (CC) is equal to:
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cs a -1 —str
Ag, = —"Sfjgg (1 - (1 + q%) ) +a, (1 + Cl%) , (33)
where k&, = C¢C,,1 - Ejyb?; v — parameter of the cellular dislocation structure. With a uniform
distribution of dislocations r* = 1.
Since friction and wear is a non-stationary process, the accumulated energy of elastic-plastic deformation
is equal to:
Ua(t) = [ o(e)de, (34)
where o(e) is determined by equation (33). Knowing the values Uspec, or U, g — critical power of flow
density, the amount of wear can be estimated:

u= CfCop/qkr = CfCop/Us3p/ezc~ (35)
In the case of a two-phase CM (CC), we have:
U = [ A0, de = CrCop - em™? NIV w = CrCop a3 e Pe, %, (36)

where &,,; — the limit value of deformation of the matrix material.
The deformation of two-phase CM (CC) can be estimated using the formula:

Eem(ce) = €am — Ae = g4 — Cfcop "E€mCz = E&gm — A - Cn//ina (37)

where ¢4, — matrix deformation at ¢,=0; Ae = f(c,, 1) — reduction of plasticity due to the presence of a
brittle phase (filler); &,, — matrix deformation: &, = C;C,,/A"; a, n — steels determined experimentally. If
expression (37) is substituted into (36), we get the following:

U = CpCop A,/ (egm — - ¢,/ A7) . (38)
Results

During the interaction of WBSTEM with the soil, three types of soil deformations can be identified:

- microscale deformation within dilatation bands along the fracture surface;

- mutual rolling and sliding of the formed soil particles;

- deformation within soil particles, which is possible due to high soil moisture.

In the first two cases, the deformation is accompanied by an increase in volume, in the latter, compaction
of soil particles may occur. Therefore, in the process of interaction of WBSTEM with the soil, the following
deformations can also be distinguished: at a constant volume; during compaction; during expansion in the process
of destruction. In field conditions, the general deformation of the soil consists of a collection of its various types,
but one of them is the leading one.

When describing the interaction of WBSTEM with the soil layer, the theories of continuous deformable
environments are quite acceptable. This approach allows to describe the process of deformation, movement and
mixing of soil particles on the working surface of the WBSTEM. Without researching these processes, it is
impossible to establish the regularities of the interaction of WBSTEM with the soil and to describe the stress-strain
state of the soil.

Research shows that by comparing the natural volumetric mass of the soil with the optimal one, it is possible
to determine the rational method of cultivation and the degree of action on the soil. The results of the study of the
amount and nature of the wear of standard WBSTEM during operation indicate their dependence on the type of
soil, the ratio of phase components and the stress-strain state. The dependence of the wear of cutting elements (CE)
on the amount of stress in the soil layer adjacent to the WBSTEM is shown in Fig. 1.
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Fig. 1. Dependence of the wear of the toe of the one-sided paw (1) and the horizontal CE slot cutter (2) on the amount
of soil stress in ordinary black soil (L=8,52 km, v= 1,4 m/s, W=10%)
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It is shown that the wear of CE of WBSTEM increases with an increase in soil stress.

At that time, during the interaction of abrasive particles (AP) of the soil with the surface of WBSTEM,
strengthened by CM (CC), the values of the components of the stress tensor o;; change in the local areas of the
surfaces. The results of computer modeling of the stress fields during the action of high frequency on the working
surface of the WBSTEM, carried out according to the developed methodology [14], in cases with unreinforced
and strengthened CM (CC) TE in the mode of static and dynamic loading are shown in Fig. 2.

Fig. 2. Characteristic graphs of stresses in the contact areas of WBSTEM when acting on the surface of the
WBSTEM: a — without coating V = 0 ; b — without coating V # O ; ¢ — with a single-layer CCon TE-2, Vv = 0;d -
with a single-layer CC, V # 0 ; e — with two-layer CC on TE-2, V = 0 ; f— with two-layer CC, V # 0 ; g— with a
three-layer CC, V = O;h-witha three-layer CC, V # 0

It can be seen that the region of the stress-strain state of the zone of contact with the AP is concentrated in
the reinforced layer of the CM (CC), and in the dynamic load mode, the stress profile is transformed in the direction
of the relative movement of the TE (Fig. 2, b, d, e, h).

Experimental studies have determined that the wear resistance of CM (CC) is primarily due to the presence
of the strengthening component molybdenum disulfide MoS: in 5 and 10 wt.% with preliminary dispersion (filler,
inclusion, phase) and phase transformation in the matrix.

The development of a mechanism for increasing the wear resistance of composites based on UHMWP
during the interaction in the WBSTEM-soil tribosystem involves taking into account a number of factors:

- lack of interphase interaction between the polymer matrix and filler particles pressed deep, which
determines effective absorption of energy without destruction of the composite during triboloading;

- the effect of filler particles on a change in size and shape, which in the vast majority of cases is
accompanied by a noticeable decrease in mechanical properties, but may not lead to a decrease in wear resistance;

- interaction of the surface of the steel counterbody with the polymer matrix and filler particles protruding
above its surface.

The microstructure of the surface reinforced layers of CE of WBSTEM was studied using a PEM 106
microscope. The PEM method allows studying the topography and chemical composition of the surface without
prior mechanical processing or etching.
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c
Fig. 3. The microstructure of the friction zones of the surface strengthened layers of CE of WBSTEM
UHMWP: a, ¢ - MoS: 5 wt.%, b, d - MoS:2 5 wt.%,

In the compositions of UHMWP MoS: n wt.% the smoothest wear surface is observed in the composition at
the content of MoS2 10 wt.%. A different pattern of changes in the supramolecular structure is observed with
increasing filler content MoS,, which determines the nature of samples destruction of experimental compositions.

Conclusions

1. The stress-strain state of the soil as a continuous solid medium under the action of the WBSTEM was
considered, and the dependence of wear on the stress in the soil for different types of WBSTEM was
experimentally revealed.

2. The solution of the contact problem of an abrasive soil particle action on the strengthened CM (CC) and
the unreinforced surface layers of WBSTEM was considered using the method of computer modeling of stress
fields. It was found that particles of fillers (inclusions) redistribute stress fields in both static and dynamic cases,
and for a given CM (CC) there is a certain thickness of the strengthened layer when the stress field is completely
concentrated in it.

3. From a theoretical point of view, based on the boundary conditions, the field of residual and contact
stresses of the surface layers strengthened by CM (CC) under loading by the action of an abrasive particle as an
indenter is considered.

4. Taking into account the stress-strain state, strain hardening and evaluation of the effect of phase
transformation during the formation and deformation of CM (CC) during friction and wear are considered. These
are primarily martensitic-austenitic transformations. The relationship between stress in the surface layer of CM
(CC) and wear characteristics was established, which makes it possible to design an effective reinforced layer on
WBSTEM.

5. Experimental studies have shown that the wear resistance of CM (CC) is primarily due to the presence
of the strengthening component molybdenum disulfide MoS2 in 5 wt.% and 10 wt.% with preliminary dispersion
(filler, inclusions, phases) and phase transformation in the matrix.
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Tuxmit A.A., Ayuain B.B., Ilammnacskuii M.B., BopoBik A.€. TpuGorexHiuHI mpouecu B3aeMoii
cepelloBUIA IPYHTYy 3 pPOOOYMMH OpraHaMu TIPYHTOOOpDOOHHMX Ta 3€MJIEPUHHHMX MallWH, 3MiIHEHUMHU
KOMIIO3HUIITHIMU MaTepiaaaMu

B po0orti HaBe1eHO pe3yNIbTaTH JOCIIIKEHHS HAlPY KeHO-/1e()OPMOBAHOT0 CTaHy CEPEIOBHUINA IPYHTY, SIK
Oe3mepepBHOi MOJEIi HAIMOBHEHOI aOpa3sMBHUMH YAaCTHHKAMH, ITiJ €0 POOOYHMX OpraHiB IPyHTOOOPOOHUX i
3eMJICpUHHNX MamMH. BpaxoBaHO OZHY 3 OCHOBHHX BJIACTHBOCTSH IDYHTY, IO BH3HAYAE€ XapaKTEPHCTHKY
CHIJIOBOi B3aeMOJii PoOOYMX TIOBEPXOHB POOOYHMX OpPTaHiB IPYHTOOOPOOHMX 1 3EeMJICPHHHHX MAaIINH 3
TEXHOJIOTIYHHUM CEPEIOBHIICM, a CaMe CXMIIBHICTh KOHTAKTHOTO MIapy 0OpoOIIOBAHOTO IIACTY [0 YITUTEHEHHS.

ExcneprMeHTaIbHEM IUIIXOM BCTaHOBJICHO 3B'SI30K HANPYXKEHHS B CEPENOBHUILI IPYHTY 3 BEIUYHHOIO
3HOCY pPOOOYHMX OprafiB IPyHTOOOpOOHMX 1 3emylepuiiHHX MamuH. [IpencTaBIeHO TEOPEeTHYHHMHA aHAaIi3
Harpy>xeHo-/1e()OpMOBaHOTO CTaHy KOHTaKTYIO4Ol 00JacTi 3MIIIHEHOTO MOBEPXHEBOIO IIapy poOOYMX OpraHiB
IPYHTOOOPOOHUX 1 3eMJISPUHHUX MaIlIMH, 3 HAIIOBHIOBAYEM, BKIFOUEHHIMH a00 3MIIHIOBAIBHOIO (ha301o0.

[IpoBeneHo aHasi3 KOHTAKTHUX XapaKTEPUCTUK HANPYKEHO-Ie(OpMOBAHOTO CTaHy Ta IX 3MIiHU IPH TEPTi
Ta 3HOIYBaHHI HAa OCHOBI IIOCTAHOBKH 1 PO3B'SI3aHHS 33124 KOHTAKTHOT B3aEMO/Iil aOpa3sMBHUX YaCTHHOK IPYHTY
3 HEOJHOPIMHOCTSAMH KOMIIOHEHTIB KOMIIO3MLIHHMX MOKPHUTTIB Ha OCHOBi HaJBHCOKOMOJIEKYJSIPHOTO
MOJIETHIICHY 3 HAITOBHIOBaYaMH IPH 3MIlTHEHH] pOOOYUX OpraHiB IPYHTOOOPOOHUX 1 3eMIIEPUITHUX MAIlHH.

BukoHaHO KOMI'IOTEpHE MOJCNIOBAHHA JUIA JOCHI/DKEHHS XapakTepy pO3NOAUTy HampyXeHb B
3MIIIHEHOMY ITOBEPXHEBOMY IIapi pi3albHUX EJIEMEHTIB POOOYHMX OpraHiB IPYHTOOOPOOHHX i 3eMIICpHIHIX
MalIiH B 00JIacTi KOHTaKTHOI 30HH B CTAIlIOHAPHUX Ta JHHAMIYHUX yMoBax. ChopMysibOBaHA KOHTAKTHA 3a]a4a,
HaBeJICHO T'PaHUYHI YMOBH Ta PO3B'SI30K Y BUIIAAI CKIIAJIOBHX MOJIS HANIPYKSHHS.

BpaxoBaHo XapaKTepHCTHKH HAIOBHIOBAadYa, iX BMICT B KOMIIO3WIIHHOMY MaTepiami i MOKPHUTTI,
BCTaHOBJICHO 3B'S130K M)XK HAIIPY>KEHO-1e()OPMOBAHUM CTAHOM i BETMYMHOIO 3HOCY.

Keywords: HamnpyeHHs, KOHTAKT, 3HOCOCTIHMKI TOKPHUTTS, KOMIIO3UI[IHUN MaTepiayl, HAlOBHIOBAY,
HaJIBUCOKOMOJICKYJISIPHUH TOJIIETUIICH, MOKPUTTS, 3HOC, poOo4yuMii opraH IPyHTOOOPOOHOI Ta 3eMIIEPHIHOI
MaIlHY.
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