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Abstract

A comprehensive analysis of the Adhesion-Deformation, Elasto-hydrodynamic and Hydrodynamic
friction models is presented, which describe different modes of lubrication in accordance with the Stribeck
curve. The main provisions of these models are considered in conjunction with the Langmuir-BET theory of
adsorption and Hertz's elastic-deformation theory of curvilinear contacts. It is shown that the revealed
contradictions require their resolution, and the discovered multiple effects need a scientifically based
interpretation. It is proposed to develop a more generalized model of friction and wear based on naturally
occurring processes that have been hidden from direct observations for a long time. These are: Extrusion of
lubricating layers in the convergent elastically deformed and Rarefaction in divergent elastically deformed
regions of tribo-contacts. Understanding these processes makes it possible to predict the localization sites and
causes of the occurrence of primary subsequent acts of adhesion of friction surfaces and their wear in the
following cycle: “rarefaction and desorption of lubricating layers, which leads to deformation destruction of
oxide films and adhesion of juvenile surface areas, after which to tearing of a fragment material from the bearing
and the neoplasm of the protrusion on the shaft - in the divergent elastically deformed areas of the contact. Then
microcutting by this fragment of the bearing surface occurs with the release of the wear product in the
convergent elastically deformed region, which accordingly leads to a change in the actual geometry and tension
of the tribo-contact. Further, in other areas of the renewed contact, adhesive interaction occurs in other divergent
areas according to the same mechanism. A deep understanding of the reasons for the desorption of lubricating
layers will make it possible to develop and apply new highly efficient technological and material science
methods in order to increase the resource of highly loaded tribo-systems of machines and mechanisms.

Keywords: Macro-friction models; adhesive wear; pressure gradient; cavitation
1. Introduction

One of the main fundamental tasks of modern tribology is a deep and comprehensive understanding of the
relationship of all regular phenomena and processes occurring in tribo-contact. Solving this problem will
effectively increase the reliability and service life of civil and military equipment, an integral part of which are
highly loaded curvilinear tribo-contacts of power plants and other mechanisms.

Highly loaded modern tribo-contacts are elastically deformed curvilinear discrete micro- and macro-
contacts of solid surfaces with layers of active components (surfactants and others) adsorbed on them that are
present in modern oils. Obviously, increasing the efficiency of their work is a complex physical-mechanical and
physico-chemical problem, the key issue in which is to elucidate the role of hydrodynamic processes in a wide
range of tribo-contact operation. The solution of this problem is impossible without understanding the physical
model of the key processes that cause weatr.

Modern tribology does not consider these key processes and is based on the three most popular models
that describe the corresponding load-speed ranges and tribo-contact lubrication modes:

(1) The mode of "boundary"” lubrication or boundary friction at low speeds and high loads is described in
terms of the Adhesion-deformation model of friction and wear. This model covers the left descending branch of

Copyright © 2022 Oleksandr Stelmakh, Hongyu Fu, Yigiao Guo, Xinbo Wang, Hao Zhang, Pavlo Kaplun. This is an open access
@m_ article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction
= in any medium, provided the original work is properly cited.
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the Striebeck curve (Fig. 1) in the friction range from starting off, at ultra-low, low speeds to medium. At the
same time, the Adhesion-deformation model denies any hydrodynamic processes in the boundary layers, which
are visually observed and predetermine the occurrence of quasi-dry friction conditions, adhesive interaction of
friction surfaces and their wear [1-10].

(2) The mode of "liquid" non-contact friction at high sliding speeds and low loads is described by the classical
Hydrodynamic friction model [11-14] without wear, which reflects the operation of a radial plain bearing in the
range of the right ascending branch of the Stribeck graph (Fig. 1). In this friction mode, in contrast to the
Adhesion-Deformation model, elastic-deformation processes in tribo-contacts are unfairly ignored. It should be
emphasized that in modern highly loaded tribo-systems, the implementation of the hydrodynamic effect of the
"oil wedge" at high loads, at low sliding speeds is unlikely and practically unrealizable. Within the framework of
the Hydrodynamic model, the regular processes of extrusion and rarefaction of lubricating layers were not
identified and were not taken into account.

(3) Friction under conditions of mixed or transient lubrication between "boundary” and liquid lubrication
modes is described by the elasto-hydrodynamic friction model [15-19], which reflects the transition region of the
Stribeck curve between the left and right branches. In the elasto-hydrodynamic model, as well as in the
hydrodynamic model of friction, the tribo-system is theoretically wear-free. Within the framework of this model,
the elastic-deformed state of curvilinear tribo-contacts during friction and elasto-hydrodynamic processes in the
lubricating elasto-hydrodynamic layer, which is endowed with a bearing capacity during friction, are considered.
However, a number of the main provisions of the elasto-hydrodynamic model directly contradict the theory of
adsorption—desorption of mono- and multimolecular layers on the surfaces of solids by Langmuir and BET [20—
22], and also directly contradict the fundamental physical laws of Hooke and Pascal. In particular, it is incorrect
to consider the pressure in the elasto-hydrodynamic film as identical to the contact stresses, which is
fundamentally wrong from the standpoint of the BET theory. Moreover, it is assumed that no hydrodynamic
processes occur during friction of the elasto-hydrodynamic tribo-contact in the elasto-hydrodynamic film; the
elasto-hydrodynamic film is a kind of glassy substance in a highly compressed state [15-16]. In addition, the
discontinuity of the continuity of the lubricating layer is fundamentally denied in the elastohydrodynamic model,
and the natural phenomenon of EXTRUSION, hidden from the eyes, was not detected and was not
studied.However, cavitation that occurs in the outlet region of tribocontacts in recent decades, as an effect, has
become a research trend in modern tribology [23—46].

The choice of a friction model plays a leading role in understanding the processes that determine the
efficiency of the friction unit [47]. An analysis of the adhesion-deformation, hydrodynamic, and elasto-
hydrodynamic friction models leads to the conclusion that each of these models lacks important information
about the hydrodynamic processes that naturally occur in the elastically deformed regions of the tribocontact.
These are the extrusion of lubricating layers in a converging and their extrusion in an expanding elastically
deformed contact area [48].

The purpose of the work is to establish, based on the analysis of existing phenomenological models of tribo-
contact friction, the relationship between elastic-deformation and hydrodynamic processes of lubricant boundary
layers and the primary adhesion of friction surfaces in order to develop a promising new tribocontact friction
model, which takes into account the key processes of extrusion and rarefaction of lubricating layers in elastically
deformed contact areas.

The Stribeck curve (Fig. 1) — perhaps the only fundamental experimental dependence recognized in
tribology, which connects the friction force with the external friction parameters (load, speed) and lubrication
conditions (lubricating medium viscosity) simultaneously.

A

. Boundary . o Hydrodynamic
Coejﬁct.ent of lubrication Mg;g‘sg;zzon lubrication
Jriction (AD model) (HD model)

-

viscosity X sliding speed

load per area

Fig. 1 Graphical illustration of different types of lubrication depending on friction modes
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This remarkable dependence qualitatively illustrates the behavior of the tribo-system, covering the entire
range of its friction during operation: from the starting stage of switching on to operating speeds and subsequent
shutdown at each cycle of the entire machine. The generally recognized three characteristic regions of the
Striebeck curve (Fig. 1) describe the corresponding modes of friction and lubrication by three phenomenological
models: 1. contact "boundary" lubrication (the left descending branch of the Striebeck curve) is considered
within the framework of the adhesion-deformation model of friction and wear at high loads and low speeds [2-
5]; 2. Theoretically, non-contact "hydrodynamic"” lubrication is described by the hydrodynamic friction model,
respectively - the right ascending branch of the Stribeck curve [6-10]; 3. Theoretically, contactless "mixed"
lubrication, including "boundary" and "hydrodynamic" types of lubrication in an elastically deformed friction
contact at moderate speeds and loads, is described by the elasto-hydrodynamic friction model - the transition
region of the Striebeck curve [15-19].

Adhesive interaction of friction surfaces with adsorbed lubricant layers and adhesive wear of surfaces, as
the main negative process during friction, is considered only within the framework of the adhesion-deformation
model. Adhesive interaction of surfaces, their submicro- and microsetting, the formation of secondary structures
during friction, and wear kinetics are the main issues studied within the adhesion-deformation model.

Within the framework of Elasto-hydrodynamic and Hydrodynamic, the theoretically direct interaction of
friction surfaces is prevented by a lubricating layer, the minimum thickness of which should exceed the sum of
roughnesses. Therefore, Hydrodynamic and Elasto-hydrodynamic models are non-contact and wear-free.
Therefore, the adhesion-deformation model of friction and adhesive wear of friction surfaces, which determines
the resource and reliability of the entire mechanism, is of the greatest interest among designers and machine
builders.

Depending on the operating mode of the tribosystem, the graph (Fig. 1) shows the contact patterns of two
rough friction surfaces separated by a lubricant layer, the smallest thickness of which, in comparison with the
roughness, characterizes one or another lubrication mode during friction. However, the minimum thickness of
the lubricating layer in tribocontact is not reliably determined by direct measurement methods today, which
prevents the establishment of clear boundaries between friction modes, types of lubricant and, accordingly,
between the adhesion-deformation, elasto-hydrodynamic and hydrodynamic models that describe them.

Thus, the same bearing, depending on the friction rate, load and rheological properties of the lubricating
medium (viscosity), is considered from the standpoint of these different phenomenological models and the
corresponding basic provisions: from contact boundary friction at low speeds and high Amonton-Coulomb
contact loads [47] to hydrodynamic non-contact friction at high speeds and low loads (classical hydrodynamic
friction model with lubrication by O. Reynolds [11].

In practice, all critical and highly loaded friction units, which are usually enclosed in one lubrication
system (lubrication systems for internal combustion engines, gas-turbine engines, transmissions and other power
plants and mechanisms), as well as the entire machine, are periodically stopped and cyclically restarted for the
duration of operation. to perform the following tasks. After parking for different durations in different conditions,
when starting the machine, starting from the moment of starting, with acceleration, bypassing ultra-low speeds,
all friction units reach operational speed, load and thermal conditions. When stopping, each tribosystem goes
back: from operational load-speed and thermal modes of operation to a complete stop.

It turns out that completely different friction models are applied to the same tribosystem with lubrication
operating in different speed, load and thermal conditions: Adhesion-Deformation, Elasto-hydrodynamic and
Hydrodynamic, which have a limited area of use and do not have clear boundaries and applicability criteria. This
indicates the need to search for those underlying dominant and key processes that occur during friction that have
not come to the attention of tribologists in order to create a more complete and universal model of friction and
wear. This work is aimed at such a search, and the presented results and conclusions can sufficiently meet the
criterion of scientific novelty of this article.

2. Analysis of theoretical positions, experimental phenomena and effects of Adhesion-Deformation,
Hydrodynamic and Elasto-hydrodynamic models of friction.

The left descending branch of the Stribeck curve (Fig. 1), when friction occurs at ultra-low-low-medium
speeds and high loads, reflects the so-called friction mode under “boundary lubrication” conditions, which is
described by the Adhesion-Deformation model of friction and wear (Bowden, Tabor, Kragelsky, Demin and
others [1-10]). The beginning of the curve on the Stribeck diagram corresponds to the maximum value of the
friction force that occurs at the moment the tribosystem leaves the state of rest at the very beginning of the
relative movement of the surfaces at the points of contact - “rest friction”. The law of friction, originally
formulated by Leonardo da Vinci in 1508 in an implicit form as “Friction requires doubling the effort if the
weight is doubled”, 200 years later Amonton was proposed in a quantitative form [47]:

F._=fN )

is directly proportional to the load or downforce (normal reaction) N,

friction

where the friction force Fg;.ion
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multiplied by the dimensionless friction coefficient f.
In 1875, Coulomb proposed a refinement of formula (1):

F =A+ f[IN 2)

friction

where A - a constant component that occurs in the process of adhesion microseizure of surfaces and is one

of the reasons for the mismatch between static friction and sliding friction, that is, the presence of a jump at the
beginning of sliding (Fig. 1).

The adhesion-deformation or molecular-mechanical model of friction is based on the concept of the dual

nature of friction and the corresponding two-term friction force formula, which is essentially the Amonton-

Coulomb law (Eg. (2)), where A is the adhesive or molecular component of the friction force, and the second

term ( fCN ) reflects the deformation or mechanical component.
The study of the contribution of each of these components of the friction force to its total value according to
the Eq. (2), carried out by V. Hardy [50] showed the following relationship: ( fON ) :A=1:10000, while 1. V.

Kragelsky [1,10,50] values this ratio as 1:100. Consequently, the adhesive interaction of friction surfaces, which
leads to adhesive wear, generates the most significant 99% component of the total friction force A4, the reduction
of which is the most important task of boundary friction tribology. Noteworthy is the absence in Eq. (1) and Eq.
(2) of the friction velocity », which is the main condition for the friction process itself, as well as the
compression force N.

2.1 Adhesion-Deformation model of friction and wear

The main provisions of the Adhesion-Deformation model:

(1) The main position of the Adhesion-Deformation model of friction and wear is based on the concept of the
discreteness of the actual contact of rough elastically deformed surfaces compressed by an external force, which
are visualized by the classic schemes (Fig. 2(a)). Since the surfaces of real solids always have irregularities, the
nature of which depends on the material of the contacting surfaces and the method of their processing, the
contact of such surfaces is discrete at relatively low compression forces. It is believed that in the elastic contact
of the rough surfaces of a friction pair, only a small part of the protrusions of these surfaces is elastically
deformed - up to 0.001 fraction of the contour area according to [2].That is, the contact area of the surfaces is a
set of locally loaded curvilinear quasi-point and quasi-linear microcontacts, which, during friction, interact with
each other according to the deformation and adhesion mechanisms, dynamically replacing one contact zone with
another.
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Fig. 2. Classical schemes of the adhesion-deformation model of friction of surfaces based on the concept of
discreteness of actually contacting protrusions of real rough surfaces: 3D-scheme and 2D-scheme (1.V. Kragelsky,
A.M. Demkin) [1,2] - (a); a schematic representation of the appearance of mutually elastically deformed sections A

and the formation of adhesion sites of setting B after the destruction of the boundary monomolecular lubricant layer
on the protrusions of rough surfaces (Bowden) [3] - (b); cellular structure of nanorough surfaces when the vertices
merge into closed cells like honeycombs along the contour (dark areas) with multimolecular lubricant layers inside the

contours (light areas) [48] - (c).

During the friction of such elastic discrete contacts of two surfaces with layers of lubricant adsorbed on
them, between the contacting areas of the surfaces, adhesive interaction forces arise in the form of welding
bridges (Fig. 2(b)) [3,5], which manifest themselves as microseizure, microseizing, tearing of fragments of a less
durable material and neoplasms on a more durable one, followed by their cyclic cutting and formation of wear
products.

This position is limited to reflect the contact of highly rough surfaces or the contact of polished surfaces
under low compressive load. The fact is that the Adhesion-Deformation model of friction and wear originated in
the USSR in the first half of the last century in 1939 (A. M. Ertel [15]) and was further developed in the USSR
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(A. N. Grubin, 1947; A I. Petrusevich, 1951; Kragelsky, 1965 [1,16,18]), and in England (D. Dawson 1963,
1966, Bowden 1968, Tabor 1978) [3]. It should be noted that, at that time (1930-1970s), the metalworking
industry was at the initial stage of its development and, accordingly, the parts of friction units were manufactured
with large errors and deviations, and the surfaces themselves had a relatively large roughness with the parameter
Ra=10.25 ... 0.5 microns and more.

At the same time, a hypothesis arose about the process of running in new parts as a self-formation of a
certain “optimal roughness” in the process of running in machines and mechanisms (at present, a fashionable
name is often used - self-organization). Its essence lies in the fact that smooth polished friction surfaces should
not be made, for example, a shaft and a radial plain bearing, since during their running-in the roughness will
increase due to adhesive destruction with characteristic tears in the bearing and subsequent microcutting.
Conversely, a large shaft roughness during friction will somewhat decrease due to deformation shearing,
microcutting and adhesive wear. Losses for such self-formation of optimal roughness during running-in are
inevitable - increased friction and high wear intensity with known negative consequences at the initial stage of
product operation.

Currently, in the course of the revolutionary development of machine tool building, materials science,
metalworking technologies, as well as methods for finishing friction surfaces in production, nanometer
roughness is achieved with a parameter of R;<0.1...0.02 mkm and even with Ra<10 nm. A constant increase in
contact stresses and an increase in the nanometer quality of surfaces leads to a logical conclusion that with an
increase in the compression force of the initially discrete contact areas of nanoprotrusions, their elastic
deformation occurs and the dimensions of these actual compression areas will naturally increase. Therefore, the
generally recognized discrete model of contacting highly polished nano-rough surfaces at constantly increasing
contact stresses (for example, 1000 MPa and more in aviation tribo-contacts) should be supplemented with
logical processes for increasing not only their actual contact areas, but also their natural and inevitable merging
with the subsequent emergence of common for two surfaces of closed cavities (Fig. 2(c)).

That is, under static compression, in the course of deformation of the protrusions of surfaces with
monomolecular layers adsorbed on them, closed contours will appear, inside which there are cavities common to
two surfaces, such as many lakes with multimolecular layers of lubricant of different amounts (two, three, and
more) according to the type of Fig. 2(b)) and 2(c)). Therefore, precision engineering is of particular interest to
the behavior of boundary layers of lubricant between highly polished nano-rough surfaces with monomolecular
boundary layers located on them with a comparable nanometer thickness both under static compression and
friction.

(2) Within the framework of the Adhesion-Deformation model, the definition of the process of adhesive
wear is given as a consequence of the atomic-molecular interpenetration of juvenile contact areas of friction
surfaces with subsequent tearing out and transfer of a material fragment from one surface to another and its
subsequent cutting with the formation of a free wear particle [1-6].

A prerequisite for the occurrence of adhesive wear is the absence of any films on friction surfaces such as
oxides, secondary structures, including mono- or multimolecular lubricant layers [48]. It is believed that in real
friction units, adhesive wear always manifests itself under the condition that the rate of attrition of various films
on the friction surface exceeds the rate of its recovery due to the physical adsorption of the lubricant, or
chemisorption, or oxidative processes.

Depending on the extensiveness of the contact of molecular interaction, adhesive wear is distinguished at
the microlevel and macrolevel. At the micro level, the process of molecular adhesion develops on elastically
deformable rubbing protrusions of microroughness of rough friction surfaces. Depending on the strength of the
emerging molecular bonds, destruction is observed both in thin near-surface layers and deep tearing of the metal.
In this case, processes of material transfer from one friction surface to another often occur, for example,
technological methods of copper plating or friction brassing. The metal particles torn out and stuck to the friction
surface are partially cut off or peeled off in subsequent interactions, forming adhesive wear products. The
composition of the wear particles is in most cases identical to the base material. Adhesive wear at the macrolevel
manifests itself in friction units in the form of seizing, deep tearing and seizing. This type of wear, as a rule,
manifests itself at high contact stresses, with large tangential and normal forces in the contact zones, leading to
desorption of the boundary layers.

The intensity of wear during adhesive wear is quite high, and the process itself is accompanied by high
values of the friction coefficient, its oscillations with large amplitude and frequency, as well as significant
heating of the parts of the friction unit.

(3) The third position is related to the ideas about the structure and properties of the boundary layers of
lubricant on friction surfaces: the surfaces of solids are always in interaction with the environment, the nature of
which depends on the physicochemical properties of the material of the solid and the medium. Boundary layers
always appear on all lyophilic surfaces of solids wetted with a lubricating hydrocarbon medium, which
traditionally contains both surfactants and dissolved molecules of environmental gases (from 8 to 12%) [49].

Within the framework of the Adhesion-Deformation theory, it is believed that mono- and multimolecular
layers of lubricant with a thickness of 0.01...0.10 um [1-10] are always formed on the oxide films of the friction
surfaces of real parts according to the mechanism of physical and chemical adsorption. It is believed that when
the boundary layers of the lubricant are strongly compressed by two surfaces, they acquire the properties of some
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kind of amorphous “glassy” or “third body” [16-17]. These properties are different from what they would have in
an unlimited volume of lubricant. It is also generally accepted that the thinner the layer, the higher its elasticity.
The strength of such layers in compression is very high, their modulus of elasticity exceeds the modulus of
elasticity of structural materials of friction surfaces and even diamond, which is noted in the works of V. Hardy
[50] and A.S. Akhmatov [10]. A schematic representation of the process of static compression of surfaces with
such multimolecular layers of an Epitropic- Liquid Crystal structure [51] is shown in Fig. 3.
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Fig. 3. Schemes of the structure of Epitropic-Liquid-Crystalline oil layers, taking into account active molecules
adsorbed on the surfaces (plates with circles) and gases dissolved in oil (transparent circles) between two surfaces with
a gap (a); layer-by-layer desorption of supra-monomolecular layers during their static compression by force N1 (b);
as well as a diagram of the uniaxial stress state of monomolecular layers adsorbed on friction surfaces at higher
compression loads N2 >> N1 (c) [10,50,51].

Fig. 3 shows a diagram of the appearance of contact between surfaces and monomolecular layers during
compression in accordance with the concept of the epitropic liquid crystal structure of boundary layers of oils on
lyophilic friction surfaces [51]. Such a representation is consistent with the theories of Langmuir and BET,
namely: all multimolecular liquid crystal layers located above the monomolecular layer behave like fluid
fragments of a liquid in a volume. Accordingly, when these fragments are deformed, they flow into the bulk
phase in the region of lower pressure, under laboratory conditions, these are regions with ambient pressure -

atmospheric pressure P, .

(4) Since the monomolecular lubricant layer is capable of withstanding, without collapsing, significant
compression pressures [10], it is believed that at ultra-low friction velocities and high loads in the contact zone
of surfaces with boundary layers of lubricant adsorbed on them, there are no hydrodynamic processes.

This dubious position is too categorical, it is not sufficiently substantiated, and here's why. In accordance
with the well-known Langmuir and BET adsorption theories [20-22], monomolecular and polymolecular
lubricant layers on lyophilic friction surfaces indeed have a high bond strength with the active centers of the
surfaces and high elasticity under static compression. However, as extensive research results show, during
friction with relatively small loads and low speeds, areas of adhesive setting of surfaces always appear, material
is pulled out, which obviously must be preceded by the destruction of monomolecular adsorbed lubricant layers,
that is, their desorption. Therefore, it is quite logical that the first act of adhesive interaction of surfaces with
lubricant layers adsorbed on them or primary adhesion during friction of lubricated surfaces should be preceded
by desorption of both multi- and monomolecular layers.

There is a main hypothesis about the tangential force destruction of lubricating layers at the tops of
discrete contacts of rough surfaces under the action of tangential shear stresses [1-3] (Bowden, Tabor, Kragelsky,
etc.), which is experimentally insufficiently confirmed. Moreover, A.S. Akhmatov in his famous work
“Molecular physics of boundary friction” [10] focused on the fact that no one has reliably observed the
destruction of boundary layers by such a tangential mechanism and is a very controversial point of view. Another
hypothesis of thermal desorption of boundary layers [9] is based on the concept of local temperature flashes that
occur at discrete contact areas during friction and can reach 600...1200°C. However, in the initial period of
starting from a place, when primary adhesion of friction surfaces occurs, such flashes are not observed and are
also insufficiently confirmed experimentally.

(5) The maximum contact stresses are calculated according to the Hertz formulas [56-57] without taking
into account the roughness so that they do not exceed the yield strength of the material. In practice, this situation
is extremely rare, in real friction units, as a rule, the maximum contact stresses of tribo-contacts are an order of
magnitude less than the yield strength of structural materials.

Since the primary adhesive interaction of the surfaces of solids and their wear is possible only if there are
no multi- and monomolecular layers of lubricant on them, as well as any oxidizing [4] and other films, it is
obvious that the primary adhesive interaction of “juvenile” surfaces friction must be preceded by desorption of
the boundary layer of the lubricant [58-59].
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The cause-and-effect relationship between desorption of boundary layers and adhesion of friction surfaces
is a key moment for understanding the mechanism of the occurrence of primary, secondary, and so on acts of
adhesion in local areas of contacting friction surfaces.

Primary adhesion when the shaft rubs against the plain bearing leads to tearing out of a fragment of
material from the surface of the bearing, then the formed build-up (new formation) on the shaft is cut off when it
comes into contact with the formation of a free particle - a wear product, and the remaining build-up on the shaft
is micro-cutting the bearing. Thus, it becomes obvious that it is the desorption of the boundary layers that causes
the occurrence of conditions for local quasi-dry friction, as a process preceding the primary adhesive setting of
the friction surfaces.

Primary adhesion leads to an instantaneous change in all contact conditions and violation of all initial
friction conditions, which sharply reduces the possibilities of modeling within the Adhesion-Deformation model.
And if we take into account the fundamentally random places of localization of adhesion during friction, as well
as the fundamentally random behavior of the friction force due to adhesive wear, then the modeling of
tribosystems becomes very far from practice.

Thus, from the above analysis of the Adhesion-Deformation model, it follows that a clear understanding
of all the phenomena and patterns in the relationship that determine the desorption of lubricating layers during
friction under boundary lubrication conditions is extremely necessary. The mechanism of the appearance of
primary adhesion during friction of lubricated surfaces is an extremely urgent problem of modern tribology, the
solution of which will largely determine the success in creating advanced technology for various purposes.
Prevention of primary adhesion of friction surfaces requires a deep understanding of all the elementary processes
that occur during friction in combination to create effective technological methods in the manufacture of
tribosystems in order to reduce or completely prevent their wear during long-term operation.

(6) Adhesive wear is based on the concepts of molecular adhesion of friction surfaces or “welding”,
therefore it is quite obvious that this process must be preceded by the destruction of sufficiently strong mono-
and multi-molecular lubricant layers, as well as oxidative layers of surfaces. Consequently, the organization of
adsorption of boundary layers of lubricant on friction surfaces, the creation of frictional contact, the friction of
boundary layers and their desorption, followed by adhesion of surface materials, are successive fast processes
that can be represented as Fig. 4 shows:

Adsorption of Mono- and Multimolecular Lubricant Layvers on Lyophilic Oxidation Films of Friction Surfaces

b 4

Joint deformation of surfaces and boumdary layers under static conditions

a4

Formation of elastic contact of siurfaces with elastically deformed monomolecular adsorbed lavers

¥

FRICTION - relative displacement of elastically deformed discrete contact areas with adsorbed
monomolecular lubricant lavers

¥
Desorption of multi- and monomolecular adsorbed layers
¥
Deformation destruction of oxidizing lavers of fiiction siurfaces
$

Primary adhesive interaction of elastically deformed discrete "juvenile” contact areas
(micro-jamming oi micro-setting)
Microtearing of material bv a stronger surface from a lessdurable surface
Upon repeated interaction, the newly formed profrusion on one of the surfaces is partially
undercut. formine a fiee particle or wear produict.

¥

The rest of the neoplasm is microcut
Fig. 4 Process of the destruction of lubricant layers and oxidative layers on surfaces
According to the authors, unreasonable ignoring the occurrence of any hydrodynamic processes during

friction of surfaces with sufficiently strong mono- and multimolecular layers of a lubricating medium adsorbed
on them at ultra-low and low speeds is the main obstacle to the further development of the Adhesion-
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Deformation model.

Meanwhile, the Adhesion-Deformation model of friction and wear covers a number of well-known
theories, phenomena and effects, among which the following stand out: the theory of oxidative wear of friction
surfaces by B.I. Kostetsky [4], “The phenomenon of selective transfer of copper” or “the effect of wearlessness”
and the theory of hydrogen wear by D. Garkunov and others [52-53], “The phenomenon of abnormally low
friction” by Silin and others [54]. Also of interest is the effect of abnormally high wear resistance of a sliding
friction pair: a polished shaft - a highly rough bearing (I.V. Kragelsky) [1]. The question of why rubbing a
polished shaft against a highly rough lubricated bearing results in less wear on the latter than rubbing against a
similarly polished surface also needs to be explained. In addition, the mechanism of the regular behavior of
tribocontacts when starting from a place, when at the moment of the beginning of the movement of richly
lubricated surfaces the static friction force significantly exceeds the motion friction force, is not fully disclosed,
which also needs a deeper experimental and theoretical substantiation and interpretation.

The main drawback of the Adhesion-Deformation model of friction and wear is the denial of
hydrodynamic processes in the boundary layers during friction. Therefore, there is no relationship between the
elastic-deformation processes of curvilinear discrete micro-contacts and hydrodynamic processes in the lubricant
adsorbed on them by mono- and multimolecular boundary layers during friction. Below [2-5] it will be shown
that at the slightest displacement of such contacts, the extrusion of boundary layers immediately occurs in
narrowing (converging in the direction of friction - the input contact area) and their rarefaction in expanding
(divergent in the direction of friction - the output contact area) elastically - deformed contact areas.

2.2. Hydrodynamic model of lubrication without wear

The right ascending branch of the Striebeck curve (Fig. 1), when friction occurs at high sliding speeds in
a viscous medium, and with a small radial load N, is referred to as a hydrodynamic or “liquid” friction mode,
when smooth surfaces are completely separated by an oil layer of thickness h due to the occurrence it has a
sufficiently high hydrodynamic pressure and the so-called “oil wedge” effect is realized. Such a friction mode is
described by the Hydrodynamic friction model [11-14], the classical scheme of which is presented on the
example of a radial plain bearing (Fig. 5). In accordance with the Hydrodynamic model of friction, surface wear
is not considered in principle.

Fig. 5. Classical representation of the Hydro-Dynamic model of friction of a radial plain bearing, which illustrates the
occurrence of pressure in the lubricating film (pressure diagram is shown as radial arrows, reflecting the effect of the
"oil wedge"), at high shaft speeds ®, at low or moderate radial load N , where it is shown how the rotating shaft
“floats up” and shifts in the direction of friction by the eccentricity e, and the axis of the shaft centers, on which the

minimum hmin and maximum hmax clearances of the radial bearing are located, is shifted by an angle p.

Friction within the framework of the Hydrodynamic model is described by the equation of O. Reynolds
(1886) [11] using various boundary conditions and algorithms in order to determine the load capacity of the

lubricating film in the minimum gap between the rubbing surfaces hmin. At the same time, the friction

coefficient has significantly lower values compared to the “boundary” friction mode within the framework of the
Adhesion-Deformation model. The basic equation of the Osborne Reynolds Hydrodynamic theory allows you to
determine the pressure distribution in the lubricating film along the gap of a radial plain bearing according to the
formula:

h—h_
P_ G;w—( o) 3)

OX h®

where x — the coordinate in the direction of the shaft movement, h — the value of the current
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clearance, ..
the viscosity of the oil, v — the peripheral speed of the shaft sliding along the bearing [11].
Noteworthy is the absence of load N in Eq. (2), which is usually taken into account through the minimum

thickness of the lubricating film h_. . In this case, any deformation of the surfaces is also not taken into account,

as well as their stressed state: the bearing capacity of the lubricating film under pressure is estimated by the
excess of the pressure in it, multiplied by the friction area, over the value of the radial load applied to the
bearing. The main criterion of the Hydrodynamic model of friction is the value of the minimum thickness of the

lubricating layer in the bearing clearance h_. , which should not exceed the sum of the roughness of the shaft

— the minimum clearance between the shaft and the bearing; p - the pressure in the oil film, p —

min '
and bearing surfaces (Ral + Raz). Unfortunately, today the minimum thickness of lubricating layers h . , as

the most important criterion for their non-contact bearing capacity, is not reliably measured and in most cases is
a hypothetical speculative value.

2.2.1 The main provisions of the Hydrodynamic model of friction of lubricated surfaces

(1) The gap of the radial bearing is completely filled with lubricant, there are no end flows of the
lubricant, the viscous lubricating layer implements a laminar layer-by-layer Newtonian flow. O. Reynolds voiced
this position at the very beginning of his work, analyzing the Beauchamp Tower experiments on the instructions
of the Institute of Mechanical Engineers in 1883-1884[11-14];

(2) The surfaces do not come into contact, since the minimum thickness of the lubricating layer h_;,

exceeds the sum of the surface roughness (Ral +R,, ) , therefore, wear of the surfaces is not assumed and is not

considered;

(3) The bearing implements friction immediately at sufficiently high speeds, which is contrary to practice:
all friction units, like all machines, go through the natural stages of starting off, accelerating to operating speeds
and operating for the required time, followed by stages of deceleration to a complete stop.

(4) When the shaft rubs against the radial bearing, the pressure in the lubricating layer p(x) always

exceeds the ambient pressure [ ;

2.2.2 Actual experimental and theoretical problems of the Hydrodynamic model of friction

(1) The mechanism of occurrence of the hydrodynamic effect of the “oil wedge” has not been fully
disclosed, probably due to the lack of reliable and complete information about the regular extrusion flows of
boundary layers, which O. Reynolds mentioned at the very beginning of his well-known work [11];

(2) Adnesive interaction of surfaces, their wear, as well as their contact, the Hydrodynamic model is not
provided, although in practice all bearings wear out. It is believed that wear occurs only at the starting and
stopping stages of operation. This assumption has not been experimentally proven;

(3) Calculations of the bearing capacity of lubricating layers based on Eq. (3) are not widely used in the
design bureaus of machine-building enterprises - new friction units are created by improving tribosystems of
previous generations using new structural and lubricant materials, coatings and additives, as well as by
improving existing manufacturing technologies;

(4) In the main equation of hydrodynamic lubrication of the Hydrodynamic model (Eqg. (3)), there is a
sliding speed, medium viscosity, minimum thickness of the lubricating layer, but there is no load, which, like
speed, is the second main condition for the implementation of the process of friction of solids. The absence in
Eq. (3) of the value of contact stresses o(x) of the surfaces in the area of the elastically deformed state of the

contact [—b; +b], which are set by the designer and are quite well calculated by the formulas of G. Hertz, is the

main problem of the Hydrodynamic model. The fact is that bearings with a small contact load in modern
mechanical engineering are of no practical value, just like a bearing without relative movement of compressed
surfaces, that is, without speed (Amonton-Coulomb Eq. (2)).

(5) Problem of “negative pressure loop” by O. Reynolds and half Sommerfeld solution (half solution of
A. Sommerfeld of hydrodynamic friction).

In the well-known works of O. Reynolds, when describing Fig. 10 [11, p. 275], it is noted that in the
direction of rotation of the shaft relative to the minimum gap filled with oil, with a flat surface, two symmetrical
regions arise: narrowing to the minimum gap - convergent, and subsequent expanding - divergent. O. Reynolds
notes that "... if the load (on the liner with a rotating shaft) continues to increase, then the pressure at point A
([11, Fig. 1, p. 256]) decreases or even becomes negative." “Since the amount of negative pressure that the oil
can withstand depends on unexplained reasons, then the ultimate load that provides complete lubrication should
be considered one at which the smallest distance between the pin and the liner is equal to half the difference in
radii.” Further, O. Reynolds notes: “fluid pressure on the right side removes the surfaces” (we are talking about
the convergent area), but since “the pressure on the left side is negative” (divergent gap area), then “a moment is
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obtained that rotates towards the surface” shaft. Further, when considering Fig. 11 in [11], it is indicated that "the
pressure is everywhere positive ... therefore, the pressure everywhere tends to push the surfaces apart.” In further
reasoning, starting from the description of Fig. 12, O. Reynolds, based on the experiments of B. Tower, only a
few times mentions "negative pressure in the lubricating layers”, which then leads to "rupture of the oil layer"
[11], p. 284, it is interpreted as follows: “whether this negative pressure occurs or not depends on whether the
lower end of the insert is completely immersed in the oil bath or not. Usually, such a case does not occur. If this
happens, it still remains unclear how far the negative pressure can go ... we can only say that it is not lower than
atmospheric pressure. Such reflections of the great O. Reynolds regarding the "negative pressure” in the
divergent areas have not received a clear interpretation to this day.

Brilliant calculations of the pressure in the lubricating layer of a radial plain bearing by A. Sommerfeld
[11] also indicate the occurrence of a “negative pressure” in the lubricating film in the divergent contact area.
However, the categorical, initially introduced by O. Reynolds, the main position of the Hydrodynamic model of
friction about a completely filled gap between the trunnion and the bearing, led to the beautiful centrally
symmetric pressure distribution curve in the lubricating layer of A. Sommerfeld, with positive and "negative"
values, the scientific community has recognized only half of this curve, where the pressures are always not
"negative”, that is, greater than “zero". Then the "negative" part of the local pressure distribution curve in the
lubricating layers was equated to constant values of ambient pressure, that is, to atmospheric pressure.

The problem of the “negative friction loop in the lubricating layer” of Reynolds-Sommerfeld (according
to A. Cameron [55]) remains relevant, as well as the accepted terms “half Sommerfeld solution” [11].

Looking ahead, the authors believe that the resolution of these issues lies in the absence of a connection
between the stress state of the surfaces and the local pressure in the lubricating layers between them with the

ambient pressure [, . The fact is that the microvolume state of lubricating layers of real droplet liquids in contact

under compression is naturally characterized by flow properties due to their practical incompressibility. Also, in
accordance with the theories of adsorption by Langmuir and BET [20-22], under external influence, namely,
when surfaces with multimolecular boundary layers are compressed, which is characteristic of friction, all over
monomolecular layers of adsorbed liquid molecules (the second, third, and so on layers) behave like a liquid.
Only a monomolecular layer is capable of withstanding colossal compressive loads, since their modulus of
elasticity is commensurate with the modulus of elasticity of the strongest structural materials. But under
conditions of local rarefaction, all lubricating layers, including the monomolecular layer, in accordance with
adsorption-desorption isotherms, can easily evaporate from surfaces - that is, desorb, which causes the
conditions of quasi-dry friction and primary adhesion.

(6) The phenomenon of asymmetric wear observed and described by A. Sommerfeld on the bearings of
wheel pairs of trains after their long-term operation [11] lies in the fact that the greatest destruction and wear of
radial plain bearings in the vast majority of cases occurred in the area where the shaft came out of contact, that is
in the divergent area. When examining the bearings of the axle boxes of locomotives in the Wittenburg repair
shops after their long work, | visually observed some regularity in the wear of the plain bearing shells. In the
work “On the theory of friction during lubrication” [11], Sommerfeld wrote: “Out of 20 bearings, 16 were worn
more in front (in the direction of rotation, that is, in the divergent contact area), only two were worn more in the
back (that is, in the convergent), while for the remaining two liners, the position of the place of greatest wear was
unclear. In another series of cases, when examining 20 bearings, the results were as follows: 14 were worn more
in front, 5 more in the back, and for one liner, the position of the point of greatest wear was indeterminate. A.
Sommerfeld attributed this interesting fact to the confirmation of the hypothesis of a significant decrease in the
lubricating layer in the divergent area of the plain bearing shells. The mechanism of this phenomenon and the
reasons for its occurrence have not been disclosed to this day.

2.2.3 The main disadvantages of the Hydrodynamic friction model

(1)Denial of wear of the friction surfaces in the implementation of the hydrodynamic effect of the "oil
wedge". The authors believe that adhesive wear occurs during fluid friction, as well as in other modes of friction
during lubrication, only with a lower intensity.

(2)The minimum thickness of the lubricating layer h . , as the main criterion of the Hydrodynamic

model, has not been reliably measured to this day, so the model itself remains more theoretical.

(3)Lack of connection between the elastic-deformation state of tribo-contact surfaces and hydrodynamic
processes in lubricants adsorbed by mono- and multimolecular boundary layers on friction surfaces.

It will be shown below that all tribo-contacts are subjected to elastic deformation, and especially highly
loaded ones, in which, at the slightest displacement in the boundary layers of the lubricant, extrusion
immediately occurs in the narrowing and rarefaction in the expanding elastically deformed contact areas.

2.3 Elasto-hydrodynamic friction model without wear

The transition area of the Stribeck curve (Fig. 1) between the Boundary (left branch) and Hydrodynamic
(right branch) modes of friction with lubrication is described from the standpoint of the Elasto-hydrodynamic
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friction model [15-19], which is presented in the form of a scheme that has become classical (Fig. 6). This model
arose as a result of an attempt to combine the Adhesion-Deformation and Hydrodynamic models into a certain
generalized model and is very popular in modern tribology.
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Fig. 6. Scheme of the Elasto-hydrodynamic friction model, where its main provisions are reflected: 1. The elastically
deformed surfaces of the curvilinear contact are parallel; 2. The lubricating layers are strongly compressed from

above and below by parallel compressing surfaces and have a constant thickness h0 ; 3. The distribution of pressure in

the lubricating film p(x) (EHL pressure) is everywhere greater than atmospheric p, and is identical to the contact
stresses o(x) according to G. Hertz, that is, p(x)=6(x); 4. Contact stresses in the output region have a “Petrusevich

peak”, where the temperature T is maximum, and the thickness of the lubricating film is minimum h which

min !

should exceed the sum of surface roughness (Ral + Raz ) ; 5. Direct contact of the surfaces is not provided, therefore
friction according to the Elasto-hydrodynamic model is theoretically wear-free.

The elasto-hydrodynamic friction model of Grubin, Ertel, Petrusevich and others [15-19] has become a
classic and is presented in the form of a diagram (Fig. 6) in numerous textbooks on tribology for undergraduate
and graduate students of higher technical educational institutions in the specialties "Tribology", "Tribo-technics",
"Engineering".

2.3.1 The main points on which the Elasto-hydrodynamic model is built

(1) According to the scheme (Fig. 6), in curvilinear axisymmetric surfaces during their compression, the
Hertzian contact stresses o(x) are distributed axisymmetrically in the form of a semi-ellipse with respect to the
vertical axis of symmetry OY. The half-width of the elastically deformed contact b, the distribution of contact
stresses o(x) of elastically deformed curved surfaces under the action of an external compressive force N within

the contact width [—b; +b] , as well as the maximum contact stresses g, are calculated using the well-known

formulas of G. Hertz. As applied to the Timken scheme “a model cylindrical shaft with radius R and length | — a
flat surface”, these formulas have the following form:

2
0 (X) = Oy 1—(%) @)

Where the maximum design contact stresses of elastically deformed curved surfaces &, under the
action of an external compressive force ,,., within the contact width [—b;+b] without taking into account
roughness are calculated by the following formula:

2LE [N

T red 7 (5)

o, =0.418
IR
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The half-width of a line contact is given by the following formula:

NR
b=2.15 (6)
IEred
where in Eq. (5) and Eqg. (6) the reduced modulus of elasticity E,.4 is determined by the formula:
E, (- 17)E,[{1- 12
=2 1 A 2[( 2) @

E, (- )+ E,[(1-43)

where E; -the modulus of elasticity of the shaft material, E5 - the modulus of elasticity of the material of
the flat model bearing according to the Timken scheme, t; and g, — the Poisson's ratios of the shaft and flat
bearing materials, respectively. Such formulas are of tremendous importance and are widely used in the strength
departments of all design bureaus of modern aviation and other types of mechanical engineering.

According to Hertz, the main parameters of a stress-strain curvilinear contact are: contact half-width b,

maximum contact stresses o, and their distribution o(x) in the form of a semi-ellipse. At the same time, it

should be remembered that these parameters are calculated with a number of assumptions, such as: the surfaces
are perfectly smooth, which is practically not achievable; contact is realized in absolute vacuum without any
substances on them, which is also practically impossible.

Created on the basis of G. Hertz's formulas, modern software packages for calculating the stress-strain
state of tribocontacts are practically not connected with any of the above-mentioned Adhesion-Deformation,
Hydrodynamic and Elasto-hydrodynamic models due to the great inconsistency of their main provisions. In fact,
calculation software packages, for example, for rolling bearings, are based on formulas obtained exclusively
empirically, which include many coefficients that reflect both the influence of real roughness and the influence
of the lubricating medium, temperature and other operational factors. Such software packages are of enormous
value and are the subject of KNOW-HOW of well-known leading companies in the world of mechanical
engineering. Therefore, these modern methods for calculating tribosystems are constantly being improved and
still need to correctly reflect all the real processes in the lubricating film during friction of elastically deformed
tribocontacts, which are not taken into account either in Adhesion-Deformation, or in Hydrodynamic, or in
Elasto-hydrodynamic models of friction.

(2) The lubricating layer is limited by parallel elastically deformed surfaces and has a constant thickness
ho, and the pressure in the compressed lubricating layer p(x) in any contact area is constant and is always greater
than atmospheric po;

(3) The lubricating film under the action of high (more than 400 MPa) contact stresses (according to
Grubin) becomes a super viscous, “glass-like”, or “amorphous substance” [15-16], that is, not fluid, in which the
pressure is identical to the contact stresses p(x)~o(x). Hydrodynamic processes in this so-called Elasto-
hydrodynamic film are considered one-sidedly: only from the standpoint of pressure increases in the Elasto-
hydrodynamic film, which determines its carrying capacity by balancing the load;

(4) Since, during friction, the gap ho of curved compressed surfaces is parallel to the plane, accordingly,

the thickness of the compressed lubricating film is also practically unchanged with a slight thinning to h, . (Fig.
6) at the exit of the surfaces from the contact, which is explained by its heating during friction and a decrease in

effective viscosity in this area.
(5) It is generally accepted that with increasing load, the area of the curvilinear contact with increasing

contact width [—b;+b] increases, the distributed contact stresses o(x) and their maximum values o,

decrease, and therefore the bearing capacity of the lubricating layer in the Elasto-hydrodynamic film, increases.
(6) As in the Hydrodynamic model of friction, within the framework of the Elasto-hydrodynamic theory,
it is assumed that the surfaces at different speeds never come into direct contact due to small surface roughness,

the sum of which (Ral + Raz) is less than the minimum thickness of the Elasto-hydrodynamic film h_. . In

this case, the lubricating medium is considered as a Newtonian homogeneous fluid. Accordingly, the practically
observed wear of the surfaces is associated only with the starting modes of friction when starting from rest,
which is described by the Adhesion-Deformation model of friction and wear. At subsequent stages of friction
with acceleration at ultra-small, low-medium sliding speeds up to operational friction speeds, wear of the
surfaces theoretically does not occur.

2.3.1. Problematic issues of Elasto-hydrodynamic friction models

(1) The Elasto-hydrodynamic model, like the Hydrodynamic model, is a model of wear-free friction. The
Elasto-hydrodynamic models take into account the stress state of surfaces in contact one-sidedly from the
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standpoint of an increase in the contact area due to elastic deformation and an increase in pressure in the
lubricating Elasto-hydrodynamic film, which is incorrectly identified with contact stresses. Other processes, such
as rarefaction, reverse flows and end lateral overflows, are not considered.

(2) Identification of the pressure in the Elasto-hydrodynamic film and the contact stresses is a very
doubtful statement, since, to date, physical scanning and measurement of local pressure in the elastically
deformed region of the tribo-contact during friction in dynamics has not been performed by anyone, with the
exception of [48].

(3) The minimum thickness of the lubricating layer hrnin , Which is the main parameter of the tribocontact

and a criterion in the Elasto-hydrodynamic model, as well as in the Hydrodynamic model, is not reliably
measured today, but is speculatively postulated in a certain range from fractions to tens of micrometers.

(4) 1t is noteworthy that in the fluid friction mode, in accordance with the Elasto-hydrodynamic and
Hydrodynamic models, the surfaces do not wear out, however, operating practice indicates the opposite: all
friction surfaces wear out and it is not a fact that adhesive wear occurs only in starting modes, which is described
within the Adhesion-Deformation model.

2.3.2. Critical analysis of the main provisions of the Elasto-hydrodynamic friction model

The Elasto-hydrodynamic model arose as a result of a search for a model that would cover the entire
range of bearing operation from ultra-low to high speeds and loads in an elastically deformed contact area and
under different lubrication conditions. In the course of the analysis of the main provisions of the Elasto-
hydrodynamic model, contradictions are found with the fundamental physical laws of Hooke's deformation of
solids, Pascal's hydrostatics, and the theories of adsorption by Langmuir and BET [20-22].

Thus, according to the Elasto-hydrodynamic model, in the region of maximum contact stresses (Fig. 7),
the elastic deformation of the surfaces is the same as on the periphery of the contact, where the stresses are very
small. This contradicts Hooke's law, according to which the amount of deformation is directly proportional to the
applied force, in our case, contact stresses. Consequently, the curvilinear tribo-contact, in accordance with
Hooke's law, is clearly inhomogeneous (in the center, where the greatest stresses are, the elastic deformation will
be significantly higher than in the edge regions. Therefore, the gap profile will obviously be axisymmetric in the
form of a fillet tapering towards the middle on the left and right (Fig. 7(a)).

When choosing the direction and the beginning of friction, it is also obvious that three elastically
deformed characteristic regions will appear (Fig. 7(b)): a narrowing or confusing elastically deformed region, a
transition elastically deformed region and an expanding or diffuse elastically deformed region. Since adhesive
wear occurs only in elastically deformed regions (wear in non-contact regions with a gap is unlikely), it is these
regions that require close attention to determine the causes and patterns of primary adhesion. Having answered
the questions: in which of the three elastically deformed regions (confusing elastically deformed region, diffuse
elastically deformed region or transition elastically deformed region) and why does primary microadhesion
occur, we will be able to counteract it more consciously and effectively.
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Fig. 7. Scheme of the formation of an elastically deformed linear contact of the shaft surface with a flat model bearing

Scheme of the formation of an elastically deformed linear contact of the shaft surface with a flat model
bearing under static compression (without friction) with adsorbed layers of lubricant in the form of a fillet, as

well as diagrams of contact stresses in the form of a semi-ellipse according to Hertz " (x) and in the proposed
by the authors exponential distribution of Hertz-Gauss-Euler o (x) relative to the ambient pressure p, on

the corresponding elastically deformed surfaces with the width of the curvilinear contact [—bH;+bH] and
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[—bH PSS ] (a). Gap profile in the form of a fillet and the appearance of three characteristic regions in an
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Within the framework of the Elasto-hydrodynamic model, it is assumed that the thickness of the
lubricating film in a curvilinear contact is constant and has the same value, which already contradicts the mono-
and themselves as liquids. In accordance with this, even with static compression of surfaces with lubricating
adsorbed layers, all supra-monomolecular layers will be squeezed out and flow into areas with lower pressure,
and their microvolume pressure will tend to the oil pressure in the volume, in accordance with their main
property - fluidity and Pascal's law. Therefore, in the case of a curvilinear contact, fragments of the boundary
layers of the lubricant under the action of an external compression load in the convergent region realize
extrusion. Looking ahead a little, we say that the extrusion of the lubricating layers will occur only in the
narrowing convergent elastically deformed area of the tribocontact, where the lubrication fragments will be
squeezed out in the opposite direction of friction and flow along the shortest path to the area where the oil

pressure in the volume is minimal, which under normal conditions corresponds to atmospheric p, .

In addition, within the framework of the Elasto-hydrodynamic model, a number of experimentally
established effects were found that do not find their unambiguous explanation:

(1) Thermal effect of Murch and Wilson in the input area of the contact [19], which means that during
friction of an elastically deformed curvilinear contact, the highest temperature occurs in front of the contact. The
causes and mechanism of this effect have not been fully elucidated.

(2) Peak Petrusevich - the peak of the increase in contact stresses that occurs during friction in the output
region of the elastically deformed contact, is associated with thinning of the lubricating layer in the "rear half of
the contact"”, that is, in the output contact zone. This peak was observed at stresses of at least 200—-300 MPa and
is explained by its author [17-18] by the fact that the lubricating layers, passing through the contact zone, pass
into a “quasi-plastic” or “amorphous” state with special properties of a certain “third body” according to Grubin
[16]. In the input and central contact areas of the Elasto-hydrodynamic, the lubricant film heats up, its thickness
decreases, and the contact stresses increase in the form of a peak, not exceeding the maximum values of the
contact stresses determined by the formulas of G. Hertz (4-7) [17];

(3) The hydrodynamic effect of the “oil wedge” is also not fully disclosed, and such a main criterion for

the bearing capacity of a lubricating Elasto-hydrodynamic film, such as its minimum thickness hmin has not

been reliably measured for more than 100 years.

(4) Cavitation in lubricating layers of Elasto-hydrodynamic films, over the past 60 years, has become
another effect in lubricating layers during friction, which has literally become a real trend in tribological research
[23-46, 60-61]. During this time, the tribological literature on cavitation in lubricating layers during friction
presents extensive results, most of which are aimed at determining the role and influence of cavitation bubbles
on the bearing capacity of lubricating layers. Many researchers believe that frictional cavitation negatively
affects the bearing capacity of lubricating Elasto-hydrodynamic films in accordance with the postulates of the
Elasto-hydrodynamic model and can lead to adhesive wear. In widely known and popular works on this topic
with extensive reviews and in-depth analysis of previous studies [60-61], as well as in reports from various
research laboratories, friction cavitation is mostly explained from the standpoint of classical hydrodynamic
cavitation at very high friction velocities. (700-15000 min) [60-61]. A number of researchers associate the
phenomenon of cavitation with dynamic oscillatory processes of surfaces in the radial direction due to the
existing natural deviations of the shaft from the ideal geometric shape relative to the axis of rotation, which leads
to oscillatory-pulsating radial loads per shaft revolution. The role of cavitation in tribological contacts has been
discussed by many authors in relation to the bearing capacity of the lubricating film, namely its effect on the
continuity and thickness of the Elasto-hydrodynamic lubricant film to determine the role of cavitation in
frictional losses and wear of plain bearings [23-46].

2.4. The effect of cavitation during friction

The vast majority of works on cavitation during friction are in the nature of mathematical models and
algorithms with different boundary conditions, by improving the Reynolds equations, to calculate the bearing
capacity of the lubricating Elasto-hydrodynamic film in the gap of a radial plain bearing, taking into account
cavitation phenomena. One of the very first works that led to the emergence of the cavitation direction in
tribology was the work of Floberg [24, 60-61]. Many works devoted to the calculation of plain bearings and
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optimization of their parameters were aimed at determining the field of hydrodynamic pressures under the Swift-
Stieber boundary conditions by integrating the generalized Reynolds equation. However, the application of the
Swift-Stieber boundary conditions led to an imbalance in the consumption of the lubricant entering the lubricant
layer from the source and flowing into the bearing ends. Therefore, the Jacobson—Floberg—Olson (JFO)
boundary conditions became more correct, and the first efficient algorithm that indirectly included the JFO
boundary conditions was developed by Elrod and Adamson [27] in 1974.This algorithm is based on the finite
difference method (FDM) and divides the solution region into two - the active region, where there is no
cavitation and the lubricant completely fills the gap, and the cavitation region, where the lubricating layer breaks.
The division into active area and cavitation area is done by using the original switching function. The flow in the
cavitation region was considered as two-phase, consisting of liquid and gas (vapor) phases, with a uniform
density, and the flow in the active region was considered as compressible with a constant modulus of elasticity.

Despite the fact that Elrod's algorithm is successfully applied in the theory of lubrication, the problems of
convergence of calculation results remain unresolved [28]. Many researchers have worked and continue to work
on improving the Elrod algorithm, applying it to different tribo-systems. So in 1986, Brewe [29] applied the
Elrod algorithm to the study of dynamically loaded plain bearings. Brewe used an implicit alternating direction
method, then, together with Woods [30], applied multigrid methods to increase the speed of convergence of the
calculation results.

In modern mechanical engineering and, in particular, in engine building, in order to increase the resource,
studies of the influence of deviations of the micro- and macro-geometry of friction surfaces from the ideal
geometric shape are widely used. In addition to the structurally specified, macro-deviations are associated with
natural errors in the processing of friction surfaces, load and thermal deformations, as well as friction and wear
processes during the operation of tribocouples in the composition of the product. Therefore, Vijayaraghavan and
Keith [31-32] modified the Elrod algorithm using different finite difference schemes for two flow regions, which
improved its numerical stability, which was applied by Qiu and Khonsari [23] for textured thrust bearings. Qiu
and Khonsari used a multi-grid method with Seidel's iterative scheme, and later they [33] applied the algorithm
in conjunction with Patir and Cheng's method to investigate the effect of roughness within textures.

Also in 1991, Kumar and Booker [34-35] proposed an algorithm for transients optimized for the finite
element method, which was applied by the authors of [36] to textured surfaces, taking into account roughness.
Other FEM-based models have been developed by Shi and Paranjpe [37], Hajjam and Bonneau [38].Another
approach by Gherca et al. [39] was implemented to study textured flat bearings under stationary and transient
conditions. The cavitation algorithm was developed by Payvar and Salant [40] in 1992. Based on Elrod's theory,
they developed a finite difference version of the algorithm with optimized numerical stability. Their model was
adapted for mixed lubrication by Wang et al. in 2003 [41] using the method of Peter and Cheng as a rough
surface contact model under real misalignment conditions in radial and thrust plain bearings. In [42], the authors
used the Payvar and Salant algorithm to develop a universal Reynolds equation that allows one to simultaneously
calculate macro- and micro-cavitation in plain bearings with rough surfaces. The Payvar and Salant algorithm is
being applied to study lip seals with mixed lubrication [43], textured thrust bearings, and textured seals with
rough surfaces [44-45]. Xiong and Wang [46] carried out a detailed analysis of the numerical implementation of
this model by the finite volume method.

It should be noted that almost all of the above works [23-46,60-61] on cavitation in the lubricating layers
of plain bearings are of a fundamental theoretical nature, and it is too early to talk about their applied use.

About the probable occurrence of cavitation in lubricating layers during rolling friction, in the well-
known work of D. Klamman (1988) [62], on page 50, only a hypothesis was put forward that cavitation may
occur in the rolling contact, which can lead to the destruction of surfaces with scaly petal look and pitting. These
surface damage in the form of petals externally look like flakes raised in the rolling direction precisely in the
areas where the surfaces of the rolling bodies roll out, which we also observed, that is, in the divergent areas.
Then the scientific editor of the translation sharply criticized this hypothesis: "this statement is the personal
opinion of the author (D.Klamman) and is not confirmed by official science (tribology)."

To a lesser extent, experimental works have been published with a detailed description of the
methodology for conducting experiments and tangible results, which makes it difficult to reproduce them. Thus,
a visible violation of the continuity of the lubricant flow when the shaft slides along a glass radial bearing in the
zone of minimum clearance, that is, cavitation in the form of air gaps between oil streams, was observed as early
as 1920 [63] by Hyde. A glass bearing and fluorescent lubricating oil were used by Cole and Hughes [64] in the
study of the "negative pressure loop" of O. Reynolds in the area of the shaft exit from the contact, where the
pressure reached 35..70 kPa (at atmospheric pressure approximately 102 kPa). A.Cameron (1962) [55]
compared such pressure with real surface contact stresses, which usually amount to tens and hundreds of MPa
and are two orders of magnitude greater than the pressure in the lubricating layer. Therefore, A. Cameron
concluded that these negligibly small quantities can be neglected.

Cavitation in lubricating media during friction has also become the subject of many inventions and
patents for methods and devices for its detection in the USSR, the USA, and China [65-67]. However, the main
questions: where and why does cavitation occur during friction and how is it related to the primary adhesive
wear today remain unanswered. The main drawback of the Elasto-hydrodynamic friction model is the absence of
a relationship between the elastic-deformation processes between the contact surfaces and the hydrodynamic
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processes in the mono-multimolecular boundary layers of the lubricant adsorbed on them during friction. The
hypothesis about the Elasto-hydrodynamic film as some kind of amorphous substance is not valid, since it
directly contradicts the BET theory and Pascal's law. It will be shown below that the elastic deformation of
surfaces and especially highly loaded tribocontacts at the slightest displacement immediately leads to the
appearance of extrusion in narrowing and rarefaction in expanding elastically deformed contact areas.

2.5 Adsorption

All three characteristic areas of the Stribeck curve (Fig. 1) for real highly loaded friction units have a
common condition - the obligatory presence of lubricating layers on the friction surfaces. Therefore, the above
analysis of the main friction of Adhesion-Deformation, Elasto-hydrodynamic and Hydrodynamic models should
be supplemented with information about the surface adsorption of lubricants as the main process that ensures the
very presence of boundary lubricant layers on friction surfaces.

Adsorption, as a process of concentration of a substance in the boundary layer at the contact boundary of
different phases, as applied to tribology, covers two groups of phase separation - such as "solid - liquid" and
"solid - gas". The last group is not considered within the framework of this article, due to the fact that we are
talking about highly loaded friction units, which cannot work for quite a long time without a lubricant in real
technology. At the same time, the friction surfaces are an adsorbent, and surfactants are an adsorbate, which are
always present in a dissolved form in modern lubricants, which are adsorbents.

It is known that the adsorption of a lubricant boundary layer on friction surfaces, depending on the nature
of the acting forces, proceeds through two main mechanisms, which are distinguished as physical adsorption and
chemisorption. During physical adsorption between the molecules of the adsorbate and the active centers of the
adsorbent, van der Waals forces act mainly, which have a dispersion, orientation, and induction character. The
peculiarity is that these forces act between molecules or atoms that are in different phases. Physical adsorption,
in contrast to chemisorption, is reversible and is most characteristic of lyophilic friction surfaces of real parts
when they interact with modern lubricants, in which the most active adsorbate is surfactant molecules. At the
same time, one cannot ignore the formation of secondary structures on friction surfaces in lubricating media as a
result of chemisorption, which play an important role in the friction process and especially during long-term
operation of tribo-systems.

The theory of adsorption of a monomolecular Langmuir layer [20-22] on a friction surface describes well
the dependence of the adsorbate concentration on pressure using adsorption isotherms with increasing pressure.
Obviously, as the pressure on the surface decreases, the adsorption isotherms become desorption isotherms. The
BET multilayer theory of adsorption (Fig. 8) includes five main types of isotherms, which, depending on
pressure, make it possible to predict the rate of adsorption-desorption and the thickness of adsorption layers,
depending on the nature and properties of both the lubricating medium and the surface on which adsorption
occurs. The modern literature contains tens of thousands of adsorption-desorption isotherms obtained for a wide
variety of solids and liquids. However, most of the physical adsorption-desorption isotherms according to the
IUPAC classification are based on the classical adsorption isotherms from | to V (BET), and according to the
classification first proposed (1935-1940) by S. Brunauer, L. Deming , W. Deming and E. Teller (BDDT) already
have them VI. These types of isotherms are shown in Fig. 9. Type | characterizes adsorption on surfaces with
micropores, which are close to real rough friction surfaces. Type Il and Il isotherms are characteristic of
macroporous materials often used in plain bearings. Isotherm types IV and V, which have a hysteresis loop,
reflect capillary condensation in narrow gaps of near-contact elastically deformed sections of discrete protrusions
of friction surfaces with adsorbed layers, that is, near actual contacts with a microrelief that is always present
during compression of friction surfaces. The type VI isotherm describes the layer-by-layer filling of surfaces
with adsorbate molecules and is extremely rare, for example, when nitrogen is adsorbed on the surfaces of some
types of activated carbon. Common to all types of adsorption isotherms is that when the pressure is lowered, the
opposite to the adsorption process occurs - the desorption process, when lowering the pressure to ultra-low
values leads to the fact that the concentration of adsorbate molecules tends to zero (Fig. 9).
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Fig. 8. BET multilayer adsorption model or random distribution of surfactant oil molecules (adsorbate) on the friction
surface (adsorbent) in the form of circles included in one, two, three, and so on layers.
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Fig. 9. Types of adsorption-desorption isotherms according to IUPAC and BDDT classification.

Concentration of adsorbed molecules

Another of the most important provisions of the BET theory for tribology is the conclusion that all supra-
monomolecular adsorbed layers (second, third, etc.) under external force, including static compression, which is
typical for all tribocontacts, lead themselves like liquid molecules. Thus, in the case of static compression of two
surfaces with lubricating layers under the action of contact stresses, only the monomolecular layer is able to
perceive and transmit uniaxial compression loads, and all other layers located above it (above the first
monomolecular layer) will flow into areas of reduced pressure in accordance with the fundamental Pascal's
hydrostatic law (Fig. 5).

However, in practice, during long-term operation of precision friction units, such as spool, plunger and
other friction pairs with a roughness of Ra <0.02 xm, for example, fuel or hydraulic equipment with small

contact stresses in contact of friction surfaces (6 ... 20 MPa), such tribosystems are often subject to adhesive
micro-setting, seizing, jamming and wear. Therefore, naturally, the question arises why monomolecular layers on
nano-rough surfaces, which under static conditions withstand high compression loads, are destroyed by friction.
The mechanisms of desorption of monomolecular adsorbed lubricant layers on surfaces are experimentally little
studied, not fully disclosed, and therefore this issue is an extremely urgent task for modern tribology. It should be
emphasized that only in the BET theory there is information about the high sensitivity of multi- and
monomolecular adsorbate layers to pressure reduction. So, all isotherms of the dependence of the adsorbate
concentration on the adsorbent surface on pressure (Fig. 9) are also desorption isotherms, which indicate that
with a local and rapid decrease in pressure at the adsorbent surface, the desorption of the adsorbate layers
proceeds very intensively.

Thus, it is obvious that it is the desorption of multi- and monomolecular layers that is the key process that
precedes the adhesive interaction of surfaces and adhesive wear. But the processes leading to the destruction of
boundary layers and their desorption during friction are not fully understood.

2.6 General conclusions from a comprehensive analysis of the Adhesion-Deformation friction and
wear model, Hydrodynamic and Elasto-hydrodynamic models of friction with lubrication and the elastic-
deformation theory of solids by H. Hertz, the law of elastic deformation of solids by Robert Hooke and the
law of hydrostatics by Blaise Pascal

Summing up the above analysis of Adhesion-Deformation, Hydrodynamic and Elasto-hydrodynamic
friction models, the authors came to the conclusion that each of these models lacks some very important
information about regular and objectively occurring processes in the elastically deformed regions of the
tribocontact. These are the extrusion of the lubricating layers in the narrowing and their VACUUM in the
expanding elastically deformed contact areas.

If each of the known Adhesion-Deformation, Hydrodynamic, and Elasto-hydrodynamic models is
supplemented with regular and obvious processes of extrusion and rarefaction in combination with the adhesive
interaction of working surfaces, then a generalized model will very likely arise, for example, the model of
friction and wear proposed in [48].

Conclusions
1. The presented comprehensive analysis of the Adhesion-Deformation, Elasto-hydrodynamic and

Hydrodynamic friction models, which describe different lubrication regimes during friction in different load-
velocity ranges, in combination with the Langmuir-BET adsorption theory and the elastic-deformation theory of
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curvilinear Hertz contacts made it possible to identify the following main contradictions: within the framework
of the Adhesion-Deformation model of friction and wear, hydrodynamic processes in the boundary layers of the
lubricant at low speeds and high loads are unlawfully denied; in the framework of the Hydrodynamic and Elasto-
hydrodynamic friction models, the elastic-deformation state of the tribocontact is considered one-sidedly, only
from the standpoint of a geometric increase in the contact area, which increases the bearing capacity of the
Elasto-hydrodynamic lubricant film. At the same time, the wearlessness of friction surfaces is postulated
unconvincingly and unjustifiably at low loads and at moderate to high friction velocities. At the same time, the
minimum thickness of the lubricating film, which is the main criterion for non-contact and wear-free friction, is
in fact not currently determined or measured by direct methods.

2. The revealed contradictions between Adhesion-Deformation, Hydrodynamic and Elasto-hydrodynamic
models can be resolved if we take into account naturally occurring processes that have been hidden from direct
observations for a long time - Extrusion of lubricating layers in convergent elastically deformed and Rarefaction
in divergent elastically deformed regions of tribocontacts. Thus, a real opportunity arises to create a new, more
complete model and theory of friction and wear, where extrusion and rarefaction of boundary layers play a
dominant role in the occurrence of quasi-dry friction conditions that cause adhesive wear of various
tribocontacts, including highly loaded tribosystems.

3. The Hydrodynamic and Elasto-hydrodynamic models of friction are mostly of a theoretical speculative
nature, since they do not touch upon the topical issues of wear and service life of tribosystems. However, the
practice of operation and the personal experience of the authors testify to the opposite: adhesive wear of surfaces
of lightly and highly loaded tribosystems always occurs during friction: in all lubrication modes and in the entire
range of loads and speeds, just the wear intensity will naturally be different.

Nomenclature

N axial load of the shaft on the plain bearing, N
h(x) respectively, the gap between the sliding friction surfaces of the shaft and the bearing in the current

coordinate (x) in the direction of friction and its minimum value h_;, or the minimum thickness of the

lubricating layer according to Reynolds

01 the center of the axis of rotation of the plain bearing shaft

O, the center of the axis of the radial plain bearing

e the eccentricity between the central axes of symmetry of the rotating shaft O and the cylindrical friction
surface of the bearing O, which occurs during friction

po ambient pressure: atmospheric pressure or pressure of the lubricating medium in the lubrication system

max Maximum contact stresses, determined by the formulas of G. Hertz

b the width of the linear contact, determined by the formula of G. Hertz

I length of the linear contact of the radial plain bearing

r radius of plain bearing shaft

R radius of plain bearing

v Linear sliding speed

v Kinematic viscosity of the lubricating medium

ki, ko Rheological coefficients

x the coordinate of the contact points of the abscissa corresponding to the direction of sliding
CED convergent elastically deformed area of tribocontact
DED divergent elastically deformed area of tribocontact

(o3
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Ouaexcanap Creabmax, XyH'to @y, Iusio I'yo, Cins00 Ban, Xao Uskan, Ilasiao Kanayn. Excrpy3is Ta
pO3piMKEHHS MacTWja B TPaHWUYHOMY Imapi K KJIIOYbOBI MPOIECH  aATe3iHOTO  3HOIIYBaHHS
BHCOKOHABAHTA)XCHUX TPHOOKOHTAKTIB.

[IpencraBneHo KOMIDIEKCHHH — aHali3  aare3iifHo-pedopMariiiftHoi, MpyKHO-TiAPOJMHAMIYHOI Ta
TiAPOAMHAMIYHOT MOJIENeH TepTsi, SKi OMUCYIOTh Pi3HI peXKHMH 3MalnlyBaHHS BiamosimHo 1o kpuBoi LlITpideka.
OCHOBHI TOJIOXKEHHSI IIMX MOJEJel pO3MIIAalThesl B MOENHAHHI 3 Teopiero ancop6uii Jlenrmropa i mpysxHo-
nedopmaniifHOO Teopielo KpUBONiHIHHUX KOHTaKTiB ['epua. ITokazaHo, 110 BHSBIEHI MPOTHPIYYS MOTPEOYIOTH
CBOTO BHpILICHHS, a BUSBJICHI MHOXHHHI e(eKkTH MNOoTpeOyIoTh HAyKOBO OOIPYHTOBAHOI iHTepIIpeTaii.
[IponoHyeTbcs po3pOOHUTH OLIBbII y3arajJbHEHY MOJIENb TEPTS Ta 3HOIIYBAHHs Ha OCHOBI MPUPOJHHUX MPOLECIB,
SKi OBr'Wil yac OyJnu MPHUXOBaHi BiJ NMpsiMUX crioctepexeHb. Lle: ExcTpysis 3ManryBanbHUX IIapiB y 301KHUX
Npy’KHO JaedopMoBaHuX 1 Po3pimkeHHs y po30DKHUX MpYKHO JepopMOBaHHX OOJACTAX TPUOOKOHTAKTIB.
Po3yMiHHS IIMX TIPOIECiB Ja€ 3MOTY Tepen0aduTH MicIsi JIOKaji3alii Ta MPUYWHN BHHUKHEHHS NMEPBUHHIX
HACTYITHUX AaKTiB 3YCIUICHHS IOBEPXOHb TEPTA Ta iX 3HOLIYBAHHA 3a TaKHUM LUKIOM: «PO3PIIKCHHS Ta
nIecopOIlist MacTWIBHUX INapiB, O[O0 MPH3BOAUTH 10 IehOopMamifHOrO PYyHWHYBaHHS OKCHIHHX IUTIBOK Ta
3pOIIEHHS IOBSHITBHIX TUISHOK ITOBEPXHI, MICIS YOTO JI0 BiPUBY OCKOJKOBOTO MaTepially BifI MiJIIMITHUKA Ta
HOBOYTBOPEHHSI BHCTYIly Ha Baly — Y pO3ODKHHX TPYKHO IeQOpMOBaHHMX MiSTHKaX KOHTakTy. Jami
BinOyBaeThCS MIKpPOpI3aHHA IMM (PAarMEHTOM OIOPHOI MOBEpPXHI 3 BHUXOIOM TPOAYKTY 3HOIIYBAaHHS B
KOHBEPI'CHTHY MPYXHOIe(OPMOBaHy 00JacTh, IO BIAMOBIAHO MPU3BOIUTH O 3MiHU (PaKTHYHOI reoMeTpii Ta
HATATY TpUOOKOHTaKkTy. KpiM TOro, B IHIIMX OOJACTAX BIJHOBJICHOTO KOHTAKTy aJrce3WBHA B3aEMOIISA
BiZI0OYBA€ThCS B IHIIMX PO30DKHMX OOJACTSAX BIAMOBIAHO A0 TOrO CaMOro MexaHi3My. [nmOoke po3yMmiHHs
NPUYUH  JiecopOlii MAacTWIBHUX MIapiB JO3BOJHMTH PO3POOMTH Ta 3acCTOCYBaTH HOBI BHCOKOE()EKTHBHI
TEXHOJIOTIYHI Ta MaTepiajo3HaBYl METOIU 3 METOIO MiIBUIICHHS PECYPCY BUCOKOHABAHTAKCHUX TPHOOCHUCTEM
MAIIIH i MeXaHi3MiB.

Karo4oBi ciioBa: Mozerni MakpoTepTs; anre3iifHnil 3HOC; TPaIi€HT THCKY; KaBiTamis
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Abstract

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

Keywords: nitriding, limit friction, wear

Statement of the problem and analysis of the latest research.

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

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

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

Methodology of conducting experimental studies.

Copyright © 2022 M.S. Stechyshyn, V.V. Lyukhovets, N.M. Stechyshyn, M. I. Tsepenyuk. This is an open access article distributed
@m_ under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
& provided the original work is properly cited.
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Experimental studies were carried out on a universal machine for testing materials for friction, model
2168UMT with some modernization of the friction unit, which is described in detail in the work [5]. Working
out the modes of experiments was carried out on samples, the method of preparation of which is given in the
same place. To check the possibility of further comparison of wear processes, objects with significantly different
surface characteristics were selected: soft surfaces are represented by samples from steel 20 without
modification, modified - from steel 45 after nitriding in a glow discharge. The latter before nitriding had a
surface hardness of HV0.1 215, after modification HVO0.1 700...730. Since liquid lubricant was supplied to the
friction zone, the friction coefficient was fixed in the range of 0.05...0.12, which corresponds to the limit mode
of friction.

Presentation of the main material and received scientific research.

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

L L
0 10 20 30
0. X 30,

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

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

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

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

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

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

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

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

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

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

Further research developed in the direction of elucidating the influence of pressure on the wear process up
to its large values. The results of this series of experiments are shown in fig. 5.
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Fig. 5. Wear samples of nitrided steel 45 depending on the path at pressure in the contact zone and sliding speed: 1-65
MPa, 0.1 m/s; 2 - 50 MPa, 0.1 m/s; 3 - 120 MPa, 0.1 m/s; 4 — 80 MPa, 0.1 m/s; 5 — 40 MPa, 0.3 m/s; 6 — 65 MPa, 0.2
m/s; 7 -20 MPa, 0.2 m/s

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

Conclusions

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

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

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

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

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

Kro4oBi cji0Ba: a30TyBaHHS, TpaHUIHE TEPTA ,3HOC
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Abstract

Hardfacing process commonly employed because of its low cost and high efficiency. The microstructure
of an two sample of deposited metal by X-ray diffraction, scanning electron microscope (SEM). In this research,
the mechanical and tribological properties of two deposited metal of Fe—C—Cr—B-Ti alloying systems, high
chromium 140Cr13Si1lMnBTi alloy, and low chromium and high copper 110Cr4Cu7TiVBAI alloy hradfecing
by flux-cored arc welding process (FCAW) was studied. It provided a low content of chromium (4 wt.%) and a
high content of copper (7 wt.% Cu). Results of the studies had showed that the introduction of exothermic
addition (CuO-Al) to the core filler of the flux—cored wire electrode, change melting characteristic and provides
the highest resistance of the deposited metal to abrasion wear due to additional alloying by copper and reduction
in grain size.

Key words: hardfacing, two-body abrasive wear, Fe—C-Cr-B-Ti alloys, self-shielded flux—cored arc
welding, exothermic addition.

Introduction

The competitiveness of machines operated at mining and processing plants and enterprises engaged in the
processing of solid materials, in addition to price and energy consumption, is also determined by such indicators
as productivity and reliability (technological breaks or emergency stops for scheduled and emergency repairs).
The latter depends on the life of the parts, which are primarily short-lived which are parts subjected to intense
wear [1]. The cost of worn parts in mining is approximately the same as the cost of maintenance [2]. In
engineering abrasive wear is probably the most crucial type of wear, because it contributes to almost 63% of the
wear costs [3]. The manufacture of tools from wear-resistant material is impractical both from an economic
point of view and from a technological point of view. Since in most cases wear acts locally (on a certain area of
the surface), the rest of the structure can be made from cheaper structural materials. Therefore, it is advisable to
apply a reinforcing layer locally. Different technologies are used for coatings application. Hardfacing techniques
are employed mainly to extend or improve the service life of engineering equipment components. In addition,
hardfacing is also used to restore worn surfaces of parts, thereby extending the life of such parts. The flux-cored
wires segment is the most significant by type segment in the global market, and is expected to be the first
preference for new entrants due to their high deposition rate, efficiency in delivering work, high quality of the
deposited metal and arc visibility [4].

During a long period the hypereutectic Fe-Cr-C hardfaced coating was used for strengthening and repair
of parts and units subject to abrasive wearing. Its high wear resistance is due to availability of hard M;Cs
carbides. However, these alloys are subject to cracking during hardfacing. According to explanation of Yilmaz
[5] deposited metal cracking during hardening happens, because M-Cz carbide has a very high brittleness and

Copyright © 2022 B. Trembach, V. Vynar, I. Trembach, A. Grin, S. Knyazev. 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
£ the original work is properly cited.
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low fracture toughness. For this reason there is a great interest in alternative alloying systems implementation.
To improve the toughness of hypereutectic overlay would inevitably sacrifice its wear resistance because
reducing the amount of carbide hard phase is the solely effective way [6]. However, this will inevitably lead to a
decrease epy abrasive wear resistance. Therefore, the use of alternative alloys is of interest, among which alloys
with boron, which were first proposed by Lakeland, can be distinguished [7]. The matrix and wear-resistant
phase here could be controlled by changing carbon and boron concentrations. Fe—C—B-Cr alloys has excellent
wear resistance, good corrosion resistance, and oxidation resistance [8]. The more widespread by Fe-Cr-B-C and
Fe-Cr-B-C-Ti system alloys, which have the best mechanical properties and wear resistance [10-13]. Available
information suggests that the abrasive wear resistance of materials depends on factors like microstructure (their
size and content), and mechanical properties of materials [14].

Abrasive wear can be classified according to the interaction conditions as two-body and three-body
abrasive wear [15]. Two-body abrasion is caused by hard protuberances on the counterface or hard particles
attached to it, while in three-body abrasion the hard particles are free to roll and slide between two, perhaps
dissimilar, sliding surfaces.

The purpose of the work

The purpose of the work was to make a comparative researches of wear resistance of 110Cr4Cu5TiVBAI
alloy having a low chromium content and high copper content with 140Cr15TiSilMnVB alloy having a high
chromium content in two-body abrasive wear conditions.

Hardfacing technology

The FCAW-S of 4 mm diameter was used for investigations. The hardfacing was carried out by three-
layers on plates made from low carbon steel S 235 JRG2 EN 10025-2 with dimensions 10x100x200 mm on
reverse polarity by A-874 automatic machine.

Weld deposition were realized as three-layered to minimize impact of mixing the layer with base
material. Welding parameters where chosen to provide high deposition values (high deposition rate and low
spattering factor) [16], as well as for low solution of the deposited metal with the base metal and providing
welded bead optimal shape [17]. Thus, hardfacing was performed by FCAW-S were as follows: wire feed speed
WFS=1.85 m/min, arc welding voltage U, =28 V, travel speed TS=0.3 m/min, contact tip to work distance
CTWD=45 mm, DCRP Polarity, temperature preheating T,=250...300 °C. Average values of welding current
when surfacing with flux-cored wire FCAW-S-140Cr15TiSilMnVB was 410 A, while when surfacing with
experimental flux-cored wire FCAW-S-110Cr4Cu5TiVBAI - 360 A.

The core powder of filler materials is composed of gas-slag-forming components (fluorite concentrate,
rutile concentrate, calcium carbonate), deoxidizers components (ferrosilicon, ferromanganese), alloying
components (metal chrome powder, boron carbide powder, graphite, ferrovanadium, titanium powder),
exothermic addition component (oxide of copper GOST 16539 79, aluminium powder PA1 GOST 6058-73) and
iron powder. The difference between filler materials was as follows: an equivalent amount of metal chrome
powder was added to the flux-cored wire FCAW-S-140Cr15TiSilMnVB instead of the exothermal addition
(CuO-Al) components. The shell of the cored wire is made of steel HO8A. HO8A with 20 x 0.5 mm was filled
with mixed powders and then compressed down to a diameter of 4 mm by rolling. The coefficient wire filling
(filling factor) of the flux-cored wire electrode is 0.34-0.35.

There are 3 layers made during hardfacing. Each layer was formed by sequential deposition of weld bead
with a partial overlap of the previous weld bead (1/3). Samples for microstructure analysis, mechanical
properties investigation and two-body abrasive wear test where prepared by mechanical cutting from the
deposited plates with subsequent surface preparation at cutting modes that do not lead to their overheating.

The methodology and parameters of the two-body abrasive wear test are given in Student et al [18]. The
assumed reference sample is C45 (GOST 1050 88) in the annealed state having e= 1.0. The tested material
specific wear rate SWR is calculated using the Equation 1:

SWR=W. . @

WYV — wear volume, mm3;
N — normal load, N;
L - sliding distance, m.

Results of experimental studies

The analysis of the structure of coatings produced using electric arc and flame spraying revealed that the
latter provides particle sizes which are 5-6 times smaller compared to traditional spraying. Consequently, the
sizes and quantity of pores in EAS coatings decreased by 2-3 times.

Gas permeability is a structure-sensitive characteristic of coating, and there is a distinct enough
dependence of it on open porosity [12 8]. Under optimal spraying conditions, the porosity of EAS coatings is
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much lower than in the case of liquid metal spraying with cold air (2-4% and 9-11%, respectively), and the gas
permeability is lower by approximately 30-40 times. This may be related to the essential decrease in the sizes of
pore channels in coatings. Fig. 1 demonstrates the curves of pore size distribution for coatings obtained by
electric arc and flame spraying.
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Fig. 1. XRD pattern of deposited metal in 3 layers [1]: a) FCAW-S-140Cr15SilMnBTi;
b) FCAW-S-110Cr4Cu5TiVBAI with exothermic addition CuO - Al.

In weld metal deposited bt FCAW-S-140Cr15TiSilMnVB and FCAW-S-110Cr4Cu5TilMnVB, apart
from Fe;B and Fe3(B,C) borides, the carbides Cr,Cs; and TiC might be also present according to the reported
results through X-ray diffraction analyses [4]. While the matrix is a eutectic of borides, a-Fe u y-Fe. Whereas, in
the high chromium alloy without copper, a large intensity of Cr,Cs carbide was observed. Whereas for the
hardened layer FCAW-S-110Cr4Cu5TilMnVB, we observed a higher intensity for the Fe,B boride, which
indicated a larger proportion of this phase.

The microstructures of the deposited metal made using a scanning electron microscope (SEM) are shown
in Fig. 2.
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(a)
Fig. 2. SEM images of the microstructures (x1000) deposited metal hardfacing by: (a)
FCAW-S-140Cr15TiSilMnVB and (b) FCAW-S-110Cr4Cu5TilVB with exothermic addition (CuO-Al).

The grain morphology parameters of the deposited metals were obtained according to the results of
studies of the microstructure are presented in Table 1.

Table 1
The results of the analysis of grain length [1]
Number of analysed Average Minimum Maximum value
Sample -
objects value, pm value, pm um
140Cr15TiSilMnVB 1488 15.3 2.6 719.8
110Cr4Cu5TiVBAI 1784 12.9 2.6 988.5
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Data analysis showed that the introduction of an exothermic addition CuO-Al in the core filler of flux-
cored wire electrode had a positive effect on the grain morphology. At that the average length of dendrites
decreased from 15.3 pm to 12.9 um. The introduction of exothermic additions into the core filler of flux-cored
wire electrode has a positive effect on the grains morphology of the deposited metal. What could explain the
formation of a large number of small non-metallic inclusions (NMI), which played the role of grain
refiner/modifying agents.

Analysis and processing of the registered indentation curves allows to obtain mechanical properties of
studied samples (Instrumented indentation hardness, modulus of elasticity, plasticity coefficient), calculated
values are presented in Table 2.

Table 2
Mechanical properties determined by the depth-sensing indentation test
Flux-cored wire electrode Instrumented hardness Elastic modulus EIT, Plas_ti_city
HIT, GPa GPa coefficient 0
FCAW-S-140Cr15TiSilMnVB 9.938 +3.054 176.987 +£13.697 0.766 £0.045
FCAW-S-110Cr4Cu5TiVBAI 10.08 £0.794 186.989 +£10.221 0.774 £0.013

On Figure 3, a comparative diagram of tests on two-body abrasive wear of the studied alloys was
shown.
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Figure 3. Two-body abrasive wear of deposited metals.

On Fig. 4, images of wear surfaces of welded metal samples were shown after two-body abrasive wear
test was showing.
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Fig. 4. Worn surfaces of the hardfacings: (a) FCAW-S-140Cr15TiSilMnVB; (b) FCAW-S-110Cr4Cu5TilVB with
exothermic addition.

Combination of micro-cutting, microcracing and micro-ploughing wear mechanisms was observed in
reinforced two deposited metals tested under the two-body abrasive wear. Dominant wear pattern of
FCAW-S-140Cr15TiSilMnVB hardfaced surfaces was micro-cutting and microcracing (Fig. 4 (a)). At that,
micro-cutting is the main mechanism of deposited metal 140Cr15TiSilMnVB wearing. Dendritic structure with
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needle-like morphology led to such mechanism of metal wearing applied by FCAW-S-140Cr15TiSilMnVB.
Sharp tops of solid phase act as a stress concentrators, from which the deposited metal cracking with the further
crumbling begins. For the reason that eutectic borides (Fe, Cr).B and Fes;(B, C) were a barriers, resisting to
wearing due to abrasive particles during contact of borides and abrasive, due to significant stresses after some
time they were damaged and separated. Availability of cleavages at lines edges (Fig. 4 (a) indicates that the
surface was damaged due to wearing by the fixed abrasive.

Samples wear pattern united two mechanisms: micro-cutting and micro-ploughing with predominant
cutting (Fig. 4 (b)). Deposited metal received using proposed flux-cored wire FCAW-S-110Cr4Cu5TiVBAI had
a higher wear-resistance to abrasive wearing. It is proved by the less specific wear rate SWR=0,0013 (mm?3-N1).
Higher wear- resistance of the reinforcing layer applied by experimental flux-cored wire can be explained by the
grain size reducing as well as an increasing of more damage-proof and plastic ferrite phase in the matrix. Due to
the positive influence of the grain size reducing (first of all — borides needles size) the stress concentration in
boride is reduced. It is not chipped during contact with abrasive particles. One of the factors for improving the
resistance to impact load of the alloy may be its microstructure which included both the a-Fe phase and the y-Fe
phases. Increasing of ferrite phase in the matrix and eutectic allows to reduce the intensity of locations
concentrations and due to this fact to reduce sensitivity of deposited metal to the stress accumulation.

Conclusions

1. Experimental studies comparing the effect of introduction of exothermic addition to the core filler of
the flux-cored wire electrode on the structure, phase composition, mechanical properties of deposited metal and
resistance to abrasive wear by two-body abrasive particles were performed.

2. The microstructure of the deposited metal (AW) was formed by a matrix of o’-Fe, M2B borides, metal
carboborides M3(B, C) and TiC, associated with the high concentration of alloying elements of the
Fe—C—Cr—B-Ti system. The eutectic matrix consists of M3(C, B) carbides, together with ferrite and residual
austenite.

3. Microhardness increasing was associated with the grain size decrease (dispersion structure) as per the
Hall-Petch mechanism. The growth of the elasticity modulus was explained by a larger part of the ferrite phase
in the matrix. The positive effect on the elastic modulus of the FCAW-S-110Cr4Cu7TiVBAI alloy, in which
part of the chromium was replaced by copper, can be explained by an increase in the content of ferrite and
austenite in the matrix.

4. Wear resistance of hardfacings tested under two-body wear conditions increased firmly introduction of
exothermic addition CuO-Al to the core filler of the flux-cored wire electrode.
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Tpembau b.0., Bunap B.A., Tpem6au 1.O., KusazeB C.A. TlopiBHSHHS CTIMKOCTI JO 3HOIIYBaHHS
3aKpimieHuM abpa3uBOM BHCOKOXpoMHucToro OopemicHoro cruiaBy Fe—C-B—13mac.%Cr-Ti 3 HemnmoBHOO
saminoro Cr ua Cu cmia Fe-C-B-4mac.%Cr-7mac.%Cu—Ti.

[Iponec HamIaBICHHS IIMPOKO BHKOPHCTOBYETHCS 4Yepe3 HU3BKY BapTICTh Ta BUCOKY €(EKTHBHICTD.
KncoimkyBand MIKpOCTPYKTYpY [BOX 3pa3KiB HAIUIAaBICHOTO MeTaly 3 BHKOPHCTAHHSAM JOIOMOTOIO
pentreniBeskoi qudpakuii (XRD), ckanyrouoro enekrpoHHoro Mikpockona (SEM). ¥V npomy nocmimpkeHHi 0ynu
BU3HACYCHI MEXaHIYHI BIACTHBOCTI Ta TPUOOJIOTIUHI XapaKTEPUCTUKHU JBOX 3pa3KiB HAIlIaBJIEHOro MeTaly Fe—
C-Cr—B-Ti cucrtemu neryBaHHs, a came CIUIaBy 3 BHCOKMM BMicToM Xpomy 140Cr13SilMnBTi ta cmnaBy 3
HU3bKUM BMiCTOM Xpomy Ta BucOKHM BMicToM Minil10Cr4Cu7TiVBAI, HatomeHi 3a JOMOMOIOI0 MpoLecy
nopotkoBux JapoTiB (FCAW). PesynbTaTé AOCTIKEHb MOKa3ald, IO BBEICHHSA €K30TEPMIYHOI J00aBKH
(CuO-Al) no HanoBHIOBaYa CEPLEBUHHU €JIEKTPOJIa 32 PaXyHOK EKBHBAJIEHTHOI KUIBKOCTI MOPOILIKY METaJleBOTO
XpOMY y HAIOBHIOBAadi IIOPOIIKOBOTO JAPOTY 3MIHIOE XapaKTEPHUCTHKY IUIABJICHHS Ta 3a0e3ledye ITiIBUIICHHS
CTIMKICTI HAIDIABICHOTO METally A0 a0pa3sWBHOTO 3HOIIYBAaHHS 3a PaXyHOK IOJATKOBOTO JIETYBaHHS MIAJIO. i
3MEHIIIEHHS pO3Mipy 3epHa.

KaouoBi cjoBa: HamnaBineHHs, 3HONIYBaHHS 3akpimureHuM abpasmBoM, Fe—C—Cr-B-Ti cmnas,
3BapIOBaHHS CaMO3aXMCHHM ITOPOIIKOBUM APOTOM, EK30TEpPMIidHE TOJaBaHHS.



Problems of Tribology, V. 27, No 3/105-2022,41-48

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

E-mail: tribosenator@gmail.com

DOI: https://doi.org/10.31891/2079-1372-2022-105-3-41-48

Development of a technological process for the restoration of piston pins
using deforming broaching

Ya.B. Nemyrovskyi, 1.V. Shepelenko*, M.1. Chernovol, F.Y. Zlatopolskiy

Central Ukrainian National Technical University, Kropyvnytsky, Ukraine
*E-mail: kntucpfzk@gmail.com

Received: 10 July 2022: Revised:05 August 2022: Accept:8 September 2022

Abstract

The article discusses the technological process of restoring the geometric dimensional accuracy of piston
pins of internal combustion engines (ICE) due to the expansion of the internal hole by a deforming element. As
part of conducting research taking into account the resource of the used plasticity of the processed material, the
processing modes are determined, the deformation scheme is selected and the geometry of the deforming
element is calculated. The selection of the necessary deformation of the part during processing of the piston pin
was carried out under the condition of compensating for wear and ensuring an allowance for subsequent
mechanical processing. This made it possible to ensure the necessary processing quality of the pin hole surface
layer according to the resource parameter of the used plasticity. The deformation scheme was chosen from the
condition of ensuring the geometric accuracy of the pin outer surface, which determines the size and uniformity
of the allowance for subsequent processing. For these reasons, a scheme was chosen in which the deformation is
carried out by two elements with a change of the support end after the first pass. The optimal geometry of the
deforming tool was determined from the standpoint of minimizing errors and preserving the initial length of the
pin. The results of the conducted experiments showed that using selected expansion schemes, tensions and
geometry of the deforming tool, made it possible to ensure the necessary allowance for the next mechanical
processing, as well as the invariance of the part length after processing.

Key words: piston pin, expansion of the inner hole, expansion modes, expansion scheme, geometry of
the deforming tool, geometric dimensional accuracy

Introduction

An important and urgent task of machine-building production is the repair and restoration of parts that
limit the service life of the ICE. The economic feasibility of restoring parts is due to the possibility of repeated
use of worn parts. At the same time, the cost of restoration, as a rule, does not exceed the cost of manufacturing
new ones, and the material consumption is 15 ... 20 times lower than in the manufacture of new ones [1].

To the number of parts to be restored including piston pins, the manufacture of which requires high-
precision machine equipment, tooling, control and measuring tools. The resource of these parts is small [2], the
wear of the pins working surface over 0.01 mm leads to a deterioration in the conjugation operation. Therefore,
the search for new and intensification of existing technologies for processing piston pins is an important and
urgent problem.

Literature review
The main defect of the piston pins is wear on the outer surface in the contact areas with the sleeve of the

upper connecting rod head and the holes in the piston. Existing methods of restoring the outer diameter of worn
piston pins can be divided into the following groups:

Copyright © 2022 Ya.B. Nemyrovskyi, 1.V. Shepelenko, M.I. Chernovol, F.Y. Zlatopolskiy. This is an open access article distributed
@m_ under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
= provided the original work is properly cited.
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- mechanical processing to repair size;

- applying an additional layer of material followed by mechanical processing to the nominal size;

- increasing the geometric dimensions of the part by heat treatment with various methods of heating and
cooling.

It should be noted that in repair production, when restoring the outer size of a pin, technologies associated
with heat treatment are most widely used [3].

As studies [4, 5] have shown, hydrothermal expansion in connection with the harsh conditions of
12HN3A steel cooling (water) can lead to the appearance of cracks in the cemented layer (Fig. 1).

Fig. 1. Microstructure of a piston pin cemented layer made of 12HN3A steel, restored by thermoplastic
expansion [5]

The cemented layer microstructure of the pin restored in this way consists of finely dispersed martensite,
which is typical for the usual hardening of this steel in oil. After hydrothermal expansion, the core of the pin
resembles pearlite in structure. Obviously, the heating for the core of the pin does not reach the point ACs;
(diagrams of iron — carbon) and hardening takes place in the interval AC1 — ACs. The ACs point for the carbon-
saturated cemented zone is lower than for the low-carbon one. Therefore, heating is sufficient for complete
hardening [5].

Despite the fact that the structure of the cemented layer of these pins is similar to the structure of pins
processed by traditional technology, the thickness of the cemented layer is 0.5 mm, which does not meet the
technical requirements for pins. In addition, the uncontrolled and uneven increase in the outer diameter along the
length of the part leads to the need to remove significant allowances when grinding the outer surface of the pins.
As a result, even within the same product, places with a small amount or complete absence of cemented layer
can be observed.

The absence of a stabilizing release after hydrothermal expansion leads to the presence of thermal
residual stresses in such pins. The latter can cause the appearance of cracks, or relax during the pin operation
under the influence of alternating cyclic loads. This causes the loss of the pin working size.

More effective is the technology of piston pins restoration by the method of electric contact heating and
combined spray cooling [6], which also has a number of disadvantages that are typical for methods of parts
restoration based on the use of thermal deformations. The hardened cemented layer microstructure of restored
pins represents martensite with the inclusion of cementite, residual austenite, and troostite. 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 signs in restored pins (presence of residual austenite).

At the V. Bakul Institute for Superhard Materials of the National Academy of Sciences of Ukraine
developed a highly productive technology for restoring the outer surface of the piston pin using the deforming
broaching operation [4]. The efficiency and, consequently, the feasibility of such a technology depends on a
reasonable approach to choosing the modes of deforming broaching during expansion of ICE piston pins, taking
into account the quality indicators of the treated surface layer. In this case, special attention should be paid to the
choice of tool geometry for deforming broaching.

Purpose

The purpose of the work is to determine the modes, scheme, and geometry of the tool during the
deforming broaching of ICE piston pins, taking into account the resource of the used plasticity of the processed
material.

Research Methodology
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Plastic deformation of a worn piston pin is practically impossible due to the presence of a brittle
martensitic layer on its outer surface. Therefore, the worn pins are annealed, which restores the initial state of the
material, and therefore creates the possibility of their plastic deformation [5].

The selection of the necessary pin deformation is carried out under the condition of pin wear
compensation and provision of an allowance for the next mechanical processing. Experiments to determine the
relationship between the pin hole deformation Za and the required allowance of the pin outer surface made it
possible to obtain the following dependence:

0.07AL 0.033Za L
where AL is the allowance of the processed part outer surface;
do — the diameter of the processed part inner surface;

a — tension on the deforming element.

When choosing the amount of circumferential deformation of the pin hole (tension), the conditions
affecting the quality of the pin material should be taken into account. One of these factors, according to the work
[7], is the resource of used plasticity.

The technological process of restoring piston pins includes a heat treatment operation after a deforming
broaching operation. As shown by studies [8], for parts exposed to the action of alternating loads during
operation, the value of the resource degree of used plasticity in the operations preceding heat treatment should
not exceed the following values:

¥ =[¥]=0.33, @

where  — the resource of the used plasticity of the material.

When re-restoring the piston pins after the expansion operation, it is necessary to provide for additional
cementation of the pin working surface. According to the data of works [9], the value of the preliminary plastic
deformation ¥ is optimal from the point of minimizing the time for the cementation process, as well as for
obtaining a fine-grained uniform martensitic structure after heat treatment of the cemented surface without the
presence of residual austenite, which is within the limits of:

Yo <[Y], (3)

max —

where [y] = 0.2 + 0.25.

Therefore, the value of pin expansion, determined from the condition of ensuring the necessary
technological allowance, must be checked based on condition (3).

As shown in works [10], on the outer surface of workpieces with a final wall thickness (D/dy < 2.5), a
rigid stress state scheme approaching the biaxial tension scheme is realized. Under such conditions, there is an
intensive increase in the resource of the used plasticity even with small values of the accumulated
circumferential deformation. For recoverable pins, the relation D/do = 1.7, so it is necessary to check the quality
of the recoverable pin according to the parameter ¥ for its outer surface.

The resource of used plasticity during two-cycle deformation of the pin on its outer surface, according to
the data of work [7], is calculated by the formula:

—1+\/1+ 4[n£+(1+ 2@)(n£)1

V= 5 ) (4)
where 7= & — experimental parameter;
euIt (2)
e, — deformation brought to the outer surface.
The magnitude of the ultimate deformation in case of uniform biaxial stretching:
e, (+2) = 0.006545, , (5)

where 5, — relative elongation of the sample in standard tensile tests. For the pins material — steel
12HN3A 5, = 36%.
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The main accumulation of damage to the processed material during deforming broaching occurs at the
value of the stress state indicator n = +2, which is realized on the outer surface of the workpiece. Therefore,
when calculating the ultimate deformation, it is sufficient to know the deformation of the workpiece material
under conditions of uniform biaxial tension n = +2.

Determination of deformation during biaxial stretching was carried out according to the following
method. Plates with a diameter of 100 mm and a thickness of 5 mm were cut from the studied material. One of
the plate surfaces was ground and polished, and then marked with equidistant marks along two mutually
perpendicular axes. Marks were applied with a diamond pyramid using a hardness tester head mounted on a
BMI-1 universal microscope under a load of 50 N. The base of measurements, i.e. the distance between two
adjacent marks, was 1 mm.

The sample prepared in this way was installed in a special device and loaded with a spherical punch
(Fig. 2).
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Fig. 2. Testing samples under biaxial uniform stretching: 1 — plastic sample; 2 — researched area; 3 — spherical
punch

The punch polished surface and the sample were lubricated to reduce frictional forces. The load was
applied until cracks appeared on the surface with marks. Destruction (the appearance of cracks) was observed in
the immediate closeness of the punch top. At the same time, local thinning of the plate was not observed.
According to the change in the distance between the marks, the deformation at the point of destruction e, and e,
was determined.

The accumulated deformation was calculated according to dependence (5) given in work [10], based on
the assumption that the deformation in the center of the plate is simple:

50 = \/exz +ey2 +teite; . (6)

The value of the deformation at n = +2 made it possible to construct a plasticity diagram for the material
of the piston pins — 12HN3A steel (Fig. 3).
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Fig. 3. Plasticity diagram of steel 12HN3A

The degree of the plasticity resource using on the inner surface of the pin, where intense local plastic
deformation takes place, was performed according to the following dependence [8]:
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Ae,™

Y %, (13) @)

where e, (—1.73) — plasticity under compression under conditions of plane deformation, i.e. at n = -1.73.
The dependence of the limit deformation during the processing cycle on the angle a was determined:

Ae,™ =0.03z+0.1. ®)

The deformation scheme was chosen from the condition of ensuring the geometric accuracy of the pin
outer surface, which determines the size and uniformity of the allowance for subsequent processing.

The choice of the deforming tool geometry was carried out under the condition of preserving the pin
initial length. At the same time, the case of part expansion in the absence of axial deformations is considered:

0.35+34.8a/d,
o=——

t/d, ®)

Results

The selection of the necessary part deformation during processing of the piston pin was carried out under
the condition of compensating for wear and ensuring an allowance for subsequent mechanical processing.

Calculations performed according to expression (4) for real expansion conditions of pins A-01; D-37;
10D100, made of 12HN3A steel, showed that the resource of used plasticity on the pin outer surface during its
expansion is within ¥ = 0.2 + 0.21. This provides normal conditions for thermochemical treatment of deformed
pins, which subsequently allows achieving the required quality of restored pins.

The degree of pin thickness D-37 is equal to: t = 2.05. Therefore, the stress-deformed state (SDS) of the
pin hole surface layer approaches the SDS scheme of the workpiece with infinite wall thickness.

According to the recommendations of work [10], it is necessary to check the degree of the plasticity
resource use on the pin inner surface, where intense local plastic deformation takes place.

According to the data of experiments on the samples compression, performed according to the method
[11], eur (-1.73) for steel 12HN3A is equal to 2.34.

To calculate the plasticity resource according to dependence (7), it is necessary to know the value of the

accumulated deformation Ae,™ for 1 processing cycle in the considered inner surface of the pin.
In work [12] it was shown that when using a deforming element with an angle o = 5° for expansion, the
value Ae,™™ =0.25, and with an angle a. = 10° — Ae,™ =0.39.

The conducted experiments showed that from the point of minimizing errors and ensuring the invariance
of the pin length upon its expansion, the angle o = 2° is optimal. Using expression (8), we obtain the value of the

accumulated deformation on the pin inner surface Ae,™ =0.16.
This value was used to calculate the resource of used plasticity for one cycle of deformation, according to

0.16
expression (7). Then in one cycle of deformation AY = 3231 0.024 .

Since the pins expansion is carried out in two cycles of deformation, we obtain that the full resource of
the used plasticity in the surface layer of the hole processed in 2 cycles is ¥ = 2A¥ = 0.05. This value does not
exceed the limit value W. Therefore, the processing quality of the pin hole surface layer according to the resource
parameter of the used plasticity is ensured.

After determining the required deformation, the deformation scheme was selected. Taking into account
the shape and design features of the pin, the presence of chamfers up to 3 mm long in the A-01 pin and 14 mm —
10D100 pin, a scheme was chosen according to which the deformation is carried out by two elements with a
change of the support end after the first pass. A necessary condition when using this scheme is the constancy of
the axial force Q at each pass. The general deformation ¢ is carried out by two deforming elements with tensions
a; and ay:

£=4a +a,, (10)

B

where a; — tension on the first deforming element, &, = mg :
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a, — tension on the second deforming element, &, =

_&
1+ 8-

The calculation of tensions values a; and ay, their total value ¢, as well as the values of the deforming tool
angles a for different brands of pins, calculated according to dependence (9), are given in Table 1.

Table 1

Values of tension a, total deformation and angles of the tool a, necessary for the restoration of different
brands of pins

No. The brand of ICE ai, mm a, mm g, mm a, degree
restoring pin
1 D37 0.42 0.40 0.82 2°30/
2 D240 0.44 0.42 0.86 2°30/
3 | A01 0.47 0.43 0.9 2°30’
4 10D100 0.75 0.7 1.45 2°30/

mechanical processing, as well as the invariance of the part length after expansion.

The results of the experiments given in the Table 2 and Fig. 4 show that the use of the selected expansion
schemes, tensions and geometry of the tools, made it possible to ensure the necessary allowance for the next

Table 2
The value of allowances for the pin length for the next mechanical processing and the pin length after its
expansion
No. | The brand of ICE restoring Allowance A, mm L, mm
pin Iend middle 1 end
1 D37 0.19 0.2 0.19 89.0.1
2 D240 0.2 0.21 0.2 102,01
3 A01 0.21 0.22 0.21 110.01
4 10D100 0.24 0.26 0.24 182,91
a7
061
051
041
071
024
a7 7 e 4 5

g

Fig. 4. Histogram of the allowance change for the pin A01 length when processing a batch of pins in
production conditions in the amount of 100 pcs.: 1, 3, 4, 6 — allowance value on the edge areas of the processed pin; 2,
5 — allowance value in the middle of the processed pin; 1, 2, 3 — pin processing according to the compression scheme;
4,5, 6 — pin processing according to the scheme with a change of the support end

The conducted research made it possible to determine the deforming broaching modes and the geometry
of the tool during the expansion of ICE piston pin. Thus, the developed technological process of processing ICE
piston pins, which includes their deformation and subsequent heat treatment, ensures the obtaining of piston
pins, the quality of which meets the requirements for new pins.

Conclusions

1. Carrying out theoretical and experimental studies of ICE piston pins deforming broaching made it
possible to make a choice:
- necessary deformation under the condition of wear compensation and provision of allowance for
mechanical processing.
- scheme of the pin deformation from the conditions of ensuring the geometric accuracy of the part.
- geometry of the tool from the condition of ensuring the invariance of the part length.
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2. The relationship between the total deformation of the hole and the amount of the required allowance on
the pin outer surface has been established.

3. It has been proven that processing according to the scheme with a change of the support end ensures
geometric accuracy of the pin outer surface.

4. It has been proven that the selected broaching modes and the geometry of the tool ensure a zero change
in the pin length during its processing.
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HemupoBcokuii $1.b., Illeneinenko I.B., Yepuoson M.IL., 3aaronmoibcbkmii ®.U. Po3pobxa
TEXHOJIOT{YHOTO MIPOIIECY BiTHOBICHHS MOPIITHEBUX HAIBIiB 3 BAKOPUCTAHHIM Ae(OPMYIOTOTO MPOTATYBAHHS

B crarTi po3rNSHYTO TEXHOJIOTIYHHWN MPOIEC BiIHOBICHHS TEOMETPUIHOI pPO3MIpHOI TOYHOCTI
MOPIIHEBUX TMANBLiB JBHTYHIB BHYTPIIIHBOTO 3TOPAaHHSA 3a paxyHOK po3Aadi BHYTPIIIHBOTO OTBOPY
IePOPMYIOUHM EIEMEHTOM. 3 BpaxXyBaHHSAM PECypCy BUKOPHUCTAHOI IIACTUYHOCTI 0OpOOIIOBAHOTO MaTepiary
BU3HAYCHO PEKUMU OOpOOKH, 0OpaHO cxeMy JeopMyBaHHS Ta PO3PaXOBaHO I'€OMETPil0 AehOpPMYyHOUOro
esemenTy. Bubip HeoOXximHoi nedopmanii peranmi mpu oOpOOKH MOPIIHEBOrO MNajblii BUKOHYBAIW 3 YMOB
KOMIIEHcalli 3HOIIYyBaHHS Ta 3a0e3ledeHHs NPUIYCKYy IIii HACTYMHY MeXaHi4Hy o0OpoOKy. 3 Meror
3a0e3MneueHHs TeOMETPUYHOT TOYHOCTI 30BHIIIHBOI MIOBEPXHI MaJbllsl, 110 BU3HAYA€ BEJIMYMHY i PIBHOMIPHICTH
NPUITYCKY IIiJ] HACTYyNHY 00poOKy, 00paHo cxemy AedOopMyBaHHs, IIPH sKild AedopMallist 3IHCHIOETbCS ABOMA
€JIEMEHTaMU 31 3MIHOIO OTIOPHOTO TOPIL MICJIsl IEPIIOTo MPOXoay. 3 MO3MLiK MiHiMI3alii MOXHO0K, 30epekeHHs
BUXITHOI MOBXMHH TAJbIsI BHU3HAUCHA OTHTHMAaJbHA TEOMETpis NePOpMyIOdoro iHCTpyMeHTY. Pesymeratn
MIPOBEICHUX EKCIIEPUMEHTIB ITOKa3aJIH, 10 BUKOPUCTAHHS 3aIPOIIOHOBAHMX CXEM PO37adi, HATATIB Ta TeoMeTpii
IepOPMYIOUOTO IHCTPYMEHTY JO3BOIHIIO 3a0€3MEeUNTH HEOOXITHUN MPUIYCK il HACTYIHY MEXaHiYHY 00pOOKY,
a TaKO)XK HE3MIHHICTB JTOBKHHH JIETali Iicis 0OpoOKH.

KarouoBi ciioBa: mopriHeBuil manenp, po3aada BHYTPIITHHOTO OTBOPY, PEKUMH pO3/adi, cXema po3adi,
reoMeTpis 1ehopMyI0Y0ro IHCTPYMEHTY, TEOMETPHYHA PO3MipHA TOYHICTb.
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Abstract

The proposed Adhesion-Deformation-Hydrodynamic model of friction and wear is based on the
relationship of elastic-deformation processes in the surfaces of curvilinear contacts with hydrodynamic regular
processes of extrusion and rarefaction in lubricating layers in tribocontacts, as well as with the processes of
primary adhesion of friction surfaces and subsequent acts of adhesive wear. The proposed Adhesion-
Deformation-Hydrodynamic model of friction and wear and its main provisions on the relationship between
extrusion, rarefaction in lubricating layers and primary adhesion of friction surfaces of curvilinear contacts cover
the entire load-speed range and all modes of lubrication of friction surfaces.

Keywords: model of friction, lubricating layers, contact pressure, adhesion
1. The main provisions of the Adhesion-Deformation-Hydrodynamic model

Wear of friction surfaces always occurs in elastically deformed areas of tribocontacts. It is clear that in
areas, for example, in the gap of a radial plain bearing, where the surfaces are not elastically deformed and there
is a gap, the surfaces do not wear out, since they do not contact.

Under static conditions, when the surfaces are compressed, all supramolecular layers flow into areas with
lower pressure, that is, they are extruded in all directions from elastically deformed contact with mono- and
multimolecular lubricant layers, as noted by O. Reynolds at the beginning of his well-known work [11]. Contact
stresses are distributed axisymmetrically in the form of a semi-ellipse according to G. Hertz (Fig. 10(a)).

Fig. 1. Axisymmetric distribution of contact stresses.

Copyright © 2022 Oleksandr Stelmakh, Hongyu Fu, Yigiao Guo, Xinbo Wang, Hao Zhang, Oleksandr Dykha. This is an open
rw. access article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and
et [ reproduction in any medium, provided the original work is properly cited.
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Axisymmetric distribution of contact stresses o(x) from the applied load N under static compression in contact 2b
of a shaft with radius R and length | with maximum values of &__ in the ZOY plane in the form of a semi-ellipse

do(x)

according to G. Hertz (Fig 1, a) and a centrally symmetric distribution of the contact gradient stresses )
d(x

when choosing the friction direction along the OX axis (Figl,b).

When one or two surfaces break off, in the direction of friction, in the entire elastically deformed area of the
tribo-contact, characteristic areas immediately appear in the direction of friction of the shaft along the radial
bearing (Fig. 1(b)): 1. First - Convergent elastically deformed area - with a positive gradient of contact stresses,
which leads to the extrusion of lubricating layers in which the overpressure rapidly increases relative to the
ambient pressure; 2. The second is the transition region, where the contact stress gradient is approximately equal
to zero, and the pressure in the lubricating layer changes extreme from the maximum excess to the minimum
rarefaction, passing through the pressure area equal to the ambient pressure (in laboratory conditions, this is
atmospheric pressure Po); 3. The third one is an elastically deformed divergent area with a negative contact stress
gradient, which leads to a rarefaction of the lubricating layers, in which the pressure is less than the ambient
pressure.

When friction in a given direction with a shaft rotation frequency ® in the convergent elastically deformed
area of the tribocontact, the lubricating layers are compressed, which squeeze out all supra-monomolecular
layers of the lubricant into the volume in accordance with the Hertz theory (Fig. 1(a)) and the Langmuir and
BET adsorption theories, in an area with lower pressure (in laboratory conditions, this is the ambient pressure Py)
in accordance with Pascal's law along the shortest path, that is, the boundary layers are extrusion.

In the convergent elastically deformed region, the lubricating layers, under the action of a positive gradient of
contact stresses (Fig. 1(b)), contracting, realize Extrusion and return flow in the region with lower pressure
(since the pressure is even greater in front) along the shortest path (at the contact ends, the squeezed out
fragments of the lubricant flow immediately outward, and in the middle of the contact, the most compressed
fragments flow strictly in the direction opposite to friction), which is schematically shown in Fig. 2 (a)).

—{ Boundary layer
flow on the shaft

Reversed

| -b
extrusion flow

DEDR | CEDR
TEDR

(a) (b)
Fig. 2. Scheme of the occurrence of extrusion and reverse flows in the convergent non-contact and elastically
deformed regions (a) as well as rarefaction in the divergent non-contact and elastically deformed regions (b) of the
tribocontact according to the Timken scheme

Here, in the convergent area of contact, the incoming boundary layers of the lubricant together with the
shaft and the extrusion flows in front of and in the elastically deformed convergent area are directed towards
each other, which, when colliding and braking, lead to the emergence of the so-called "oil wedge" (Fig. 2(a)).

In the transition region, the contact stresses reach their maximum values, and between the surfaces there
is a minimum amount of lubricant remaining after extrusion in the convergent elastically deformed contact
region. This very short region is characterized by an almost zero contact stress gradient (Fig. 1(a)), and the
pressure in the residual lubricating layer is equal to the ambient pressure. Obviously, only in this region is the
classical Newtonian viscous flow of mono- or multimolecular boundary layers of lubricant with a rectangular
velocity diagram realized.

Then, from the transitional elastically deformed region, a part of the remaining small amount of lubricant,
together with the shaft, enters the divergent elastically deformed contact region and enters the conditions of
bilateral tension.

In the divergent elastically deformed region of the friction surface, from the maximum compressed state,
relative bilateral stretching of the remaining fragments of the boundary layers is realized, which leads to their
rapid rarefaction and a rapid decrease in pressure in them.
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Under these conditions, rarefaction, evaporation and DESORPTION of residual adsorbed substances
occur, then: nucleation of the vapor-gas phase: first in the form of cavitation nuclei, then to their merger and the
formation of a cavitation cavity attached to the moving surface, which is schematically shown in Fig. 2(b)). Such
an idea of the process of rarefaction of lubricating layers is in good agreement with the mechanism of desorption
of mono- and multimolecular near-surface boundary layers of lubrication in accordance with the Langmuir and
BET theories.

Mechanism of adhesive wear within the framework of the proposed Adhesion-Deformation-
Hydrodynamic model.

In the divergent elastically deformed region of the tribo-contact, the residual boundary layers are under
conditions of rapid rarefaction. They are desorbed, evaporate, and the areas of contacting oxide layers of the
surfaces are under conditions of quasi-dry friction. Under these conditions, oxide films are easily removed by
cracking, which leads to adhesion of juvenile areas of elastically deformed surfaces in the divergent contact area,
i.e. to micro- and submicro-seizure of the surfaces, followed by tearing of the material from the friction surface
of the bearing and neoplasm on the shaft.

Thus, during friction of surfaces with adsorbed layers of lubricant active substances, primary adhesion
occurs precisely in divergent elastically deformed regions of curvilinear micro- and macrocontacts. The
photographs of the worn friction tracks of the flat surface of the model bearing shown in Fig. 3 after friction on it
with the model shaft confirm the correctness of the assumed adhesive wear mechanism and the Adhesion-
Deformation-Hydrodynamic model of friction and wear.

(b)
Fig. 3. Primary adhesion in the divergent area of contact with a characteristic pull-out of a fragment of the bearing
material (a) and the regular appearance of friction tracks (wear traces): in the direction of friction: at the exit from

the shaft contact (in the divergent elastically deformed area) - characteristic pull-outs of the material of a model plain
bearing (b, c), and at the contact entry (in the convergent elastically deformed area) there are characteristic risks of

deformation microcutting. Friction conditions: steel IIIX-15 with HRC=59~62, Ra<0.02mkm, initial, design,
maximum contact stresses 2000MPa, linear velocity 0.3m/s, friction device ITU TPUBO-04

The above model of the occurrence of extrusion and rarefaction in an elastically deformed curvilinear
contact is experimentally confirmed by the following regularities (Fig. 13), when with an increase in friction
speed and load, the pressure in the lubricating layer in the convergent elastically deformed area of the tribo-
contact always increases, and in the divergent area it decreases. In the convergent elastically deformed region,
this is explained by the fact that with an increase in only the friction velocity at a constant load, the speed of the
incident flows and return extrusion flows simultaneously increases, and with an increase in only the load and
contact stresses, only the velocity of the return extrusion flows increases correspondingly to meet the boundary
layers incident with the shaft. In the divergent region, a similar but reverse picture occurs: with an increase in the
friction velocity and contact stresses, the extension rate and the gradient of negative stresses increase, which
leads to an increase in the degree of rarefaction.

The lower part of Fig. 4 shows the schematic appearance of return flows as a result of extrusion in the
convergent region of the elastically deformed contact and cavitation nucleation as a result of rarefaction in the
divergent elastically deformed region of the contact. This scheme is fully consistent with the measured
distribution of local pressure in the lubricating layers during sliding friction of a model shaft over a plain bearing
in dynamics, which will be described in more detail in the following reports of the authors.

In this case, as can be seen in Fig. 4, the degree of rarefaction in the divergent region also increases with
an increase in both the sliding speed and contact stresses. It is noteworthy that with an increase in the degree of
rarefaction in the divergent region of the elastically deformed contact, in addition to an increase in the rate of
desorption of the lubricating layers, the actual contact stresses in the microcontacts of the elastically deformed
vertices will also increase, which will experience an additional load due to the suction effect. This further
exacerbates the situation of the contacting quasi-dry tops of the surfaces and contributes to their more intense
adhesive interaction and wear.
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Fig. 4. Experimentally measured (solid lines) and calculated (dashed lines) values of local pressure in the
lubricating layer during friction of a model shaft on a model flat bearing according to the Timken scheme within
the width of the elastically deformed contact [-b;+b] at different axial loads (0.1N, 0.2N, 0.3N) and one
stabilized speed of 0.251m/s.

2. Summary of the Adhesion-Deformation-Hydrodynamic model of friction and wear

The main provisions presented above find their experimental confirmation (Fig. 3, 4) and will be detailed
in the following. Adhesion-Deformation-Hydrodynamic model of friction and wear in relation to a radial plain
bearing. Previously, the main assumptions of the Adhesion-Deformation-Hydrodynamic model were given on
the example of a plain bearing with the Timken scheme. With regard to the radial plain bearing Adhesive wear in
conjunction with the hydrodynamic processes of extrusion and rarefaction in the boundary layers in the
elastically deformed region of the Adhesion-Deformation-Hydrodynamic model of friction and the wear process
is presented as follows (Fig. 5).
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Fig. 5. Schematic representation of the physical friction model of a radial plain bearing with characteristic
convergent, transition and divergent non-contact and elastically deformed areas, taking into account extrusion and
rarefaction processes.

In the elastically deformed divergent region of the tribo-contact, rarefaction occurs in the boundary layers
of the lubricant and their desorption. Desorption of lubricating layers leads to the appearance of conditions of
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quasi-dry friction and primary adhesion of friction surfaces (Fig. 5). Such local adhesion leads to tearing of a
fragment of material from the bearing surface and neoplasm on the friction surface of the shaft. This neoplasm,
in the case of a radial plain bearing, enters the convergent region, where, due to the increased radial dimensions
of the initial shaft surface, it implements microcutting as follows: part of it is cut and carried out into the
lubricant volume in the form of a wear product, and the rest implements microcutting, which is shown in the
diagram (Fig. 5). This leads to a rapid change in the micro- and macro-geometry of the contact, which
immediately leads to a redistribution of contact stresses and a change in all parameters of the initial contact both
along and in the radial direction. After that, friction occurs, in fact, already in other newly formed elastically
deformed - convergent and divergent areas. Then, new areas appear in elastically deformed contact with quasi-
dry friction conditions in other new divergent contact areas, where adhesive micro- and submicro-seizure occurs.
Then, pull-out in the divergent area, micro-cutting in the convergent area, and so on (Fig. 5).

Conclusions

1. The development of a new Adhesion-Deformation-Hydrodynamic model of friction and wear should be
based on experimental and theoretical studies of hydrodynamic processes of extrusion and rarefaction of
lubricating layers in characteristic elastically deformed areas of tribocontact in the entire range of loads and
friction velocities. For this, it is necessary to establish the relationship 1 - the stressed state in the contact of
elastically deformed surfaces, 2 - the structural-phase state of the boundary layers of the lubricant adsorbed on
them, and 3 - the adhesion of friction surfaces.

2. The proposed Adhesion-Deformation-Hydrodynamic model of friction and wear and its main
provisions on the relationship between extrusion, rarefaction in lubricating layers and primary adhesion of
friction surfaces of curvilinear contacts cover the entire load-speed range and all modes of lubrication of friction
surfaces.

3. To create a new Adhesion-Deformation-Hydrodynamic model of friction and wear, it is necessary to
establish experimental patterns that directly or indirectly confirm the objectively occurring processes of
extrusion and rarefaction in boundary layers in elastically deformed curvilinear contacts of highly elastic real
and materials such as bearing steel I1IX-15 during friction, when the elastically deformed area is several tens of
microns, in conjunction with the adhesive interaction of surfaces. In addition, it is required to develop and use
new laboratory instruments and techniques, for example [2-4], which will allow observing Extrusion and
Vacuum in lubricating layers, as well as scanning and metrologically measuring the local pressure in them as
accurately as possible and other parameters of lubricating layers and tribo-contacts of model low-elastic and
optically transparent materials during friction in dynamics.
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AnresitiHo-nedopMariiiHo-TiApoAMHAMITHA MOJCIb TEPTS Ta 3HOITYBAHHS

3anpornoHoBaHa anare3iiHo-aedopManiiHO-TiqPOANHAMIYHA MOJIETb TEPTS Ta 3HOIIYBaHHS 0a3yeThCcs Ha
3B'SI3KYy TIpYyXHO-AePopMaIiiiHuX TpoIeciB Ha IMOBEPXHAX KPHUBONIHIHHMX KOHTAKTIB 3 TiAPOJHMHAMIYHUMHU
3aKOHOMIPHHUMH IIPOIIECaMH BHUAABIIOBAHHS Ta PO3PIKEHHS B MACTWIIFHUX IlIapaxX y TPHOOKOHTAKTaX, a TaKOX
3 TpouecaMH IIEPBUHHOTO 3YEIUICHHS IIOBEPXOHb TEPTS 1 IOJANIBINI aKTH aAre3iiHOro 3HOUIYBaHHS.
3anpornoHoBaHa ajre3iiHo-gedopManiiHO-TiApOANHAMIYHA MOJAENb TEepPTs. 1 3HOIIYBaHHA Ta I OCHOBHI
TIOJIOKEHHSI TIPO B33a€MO3B'SI30K MK BHIABIIOBAHHIM, DPO3PLIKEHHSAM Y MACTHJIBHUX IIapax i NEpBHHHUM
3YEIJICHHSIM IOBEPXOHb TEPTs KPUBONIHIHHMX KOHTAKTIB OXOIUIIOIOTH BECh JIialla30H HaBaHTAXXEHb-
MIBUAKICHICTB 1 BCI pE)KUMHM 3MalyBaHHS IOBEPXOHb TEPTSL.

Kro4oBi cjioBa: Monens TepTs, MACTIIIBHI MApH, KOHTAKTHAN THCK, aare3is
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Abstract

The work examines the process of cold three-dimensional stamping, which is a very effective method of
manufacturing blanks for machine parts. When using cold extrusion, high-cost stamping equipment wears out
quickly and defects appear on the finished products. The development of rational technological processes of
stamping helps to solve the tasks of expanding the possibilities of cold extrusion by reducing the specific force
perceived by the punches, finding the optimal shape of the punch, and testing different grades of steel in order to
select them according to the best operational properties. The process of radial extrusion was theoretically
investigated and its mathematical model was built based on the energy method, which allows for the analysis of
the force mode of extrusion and the kinematics of metal flow, to determine the relative specific force of
deformation, to construct the velocity fields for different metal flow zones, and already from these data to
calculate the total force deformations The resolution of the model made it possible to formulate
recommendations for reducing production defects and increasing the durability of die equipment.

Key words: metal flow, deformations, extrusion, matrix, punch.
Introduction

Cold three-dimensional stamping is a highly efficient process of manufacturing parts and is widely used
in the world engineering industry. Extrusion occupies a special place among volume stamping operations. In the
conditions of the free economic zone with the EU, the main criteria of product competitiveness are its price and
quality, which is achieved by introducing new and improving existing technologies.

Analysis of the latest research

One of the highly productive and economical processes for the production of parts is cold extrusion (CE)
from alloys of non-ferrous metals and various grades of steel [1]. The economic feasibility of using cold
extrusion is determined by improving the quality of parts, reducing metal consumption, reducing labor intensity,
and reducing cost. The highest efficiency of cold extrusion processes is achieved in the production of
axisymmetric parts and a complex shape with large differences in the intersections of cavities of different
configurations [2].

Highlighting the previously unsolved part of the general problem

In fig. 1 shows a drawing of an extruded M42x2 nut blank. This nut is used to complete the high-pressure
hose (Dy=25-4SH, R=320 Bar.), which ensures the operation of the power hydraulic system of grain harvesters.
However, during the manufacture of this part, some problems arise, namely:

- surface defects appear (cracks, depressions, burrs, and other defects (Fig. 2);
- low stability of expensive stamping tools (matrices and punches), which reduces work productivity and
increases its cost.

Copyright © 2022 V. Savytskyi, V.V. Mylko, S.S. Bys. This is an open access article distributed under the Creative Commons
@m_ Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
[ properly cited.
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Fig. 1. Workpiece of nut S50(M42x2)

Presenting main material

The choice of one or another method in the production of products by extrusion requires the development
of scientifically based technology [3], which allows predicting the mechanical characteristics of the resulting
parts at the stage of designing the technological process. In addition, the development of rational technological
processes contributes to the solution of the tasks of expanding the possibilities of cold extrusion by reducing the
specific force perceived by punches, finding the optimal shape of the punch, and testing different grades of steel
in order to select them according to the most optimal operational properties.

a) b) c)
Fig. 2. Surface defects of the nut blank obtained by cold extrusion:
a - surges, weights; b — cracks, roughness, ¢ — longitudinal lines.

It has been theoretically proven [4] that the processes of extrusion of parts with variable wall thickness
along the perimeter are characterized by a specific three-dimensional flow of metal. This flow is not
axisymmetric, which has not been taken into account in theoretical solutions until now. It has been proven that
extrusion takes place in two stages: the first, which occurs as a radial flow of metal, during which the festoon is
formed on the upper end of the part (Fig. 3); the second is three-dimensional (vortical), i.e. all three velocity
components are different from zero: vr # 0; v0 # 0; vz # 0) (Fig. 4). The initial parameters are the dimensions of
the punch r,, the matrix A, and the workpiece h,. For the first stage of deformation, we assume that radial flow
takes place in zones 1, 2, zone 3 can be plastic (due to shear), and zone 4 has no deformation, therefore it is a
rigid zone. Velocity fields in zones 1, 2, 3 in the cylindrical coordinate system have the following form (Fig. 3):

z
3 <
1R 2.
4 |,
R
7’n
2A

Fig. 3. Diagram of the process of radial extrusion at v;=0
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For zones 2 and 3, the components vrl, vz2 and vr2 are obtained on the basis of the law of constancy of
volume. Dependencies for metal flow rates, deformation rates, and intensity of deformation rates make it
possible to describe the deformed state in the entire volume of the workpiece and proceed to the construction of a
mathematical model of the process.

v
Zonel: h-hs<z<h, 0<r<ry; Vzl=—fz—ha—h;vrl=_;: T Vo1 = 0;
g
v v, A%—r®costf
Zone2: h-hy<z<h, m<r<Alcosf;v,;=—"—hs—h-f5; Vrzzi'f'fﬁ;

2 2
where f8 = %; Vo2 = 0;

Zone3d: h<z<h+he, m<r<Alcosf; v, =v, f0; v,3=0; vg3=0;
Zoned: 0<z<h-hy, m<r<Alcost; v,y =0; v,y =0; vg =0,
where v, — punch speed

h — is the depth of propagation of the center of plastic deformation;

h¢ — the height of the part wall;

h — bottom thickness;

r, z, @ — coordinates of the cylindrical coordinate system.

To build a mathematical model of the process, we use the first basic equation of the energy method [5]:

M

Fy= v—ln [Z Uﬂ o (Ef)‘f;'dlf)j + Zl (ﬂ‘ 7, \,deA)m +Z Uf 7, avda)n (1)

m=

where F — the variable active force in the process of deformation, H;
vit — punch speed, m/c;

o (i) — flow stress as a function of strain intensity &i, Pa;

V — volume of the zone in the center of deformation, m?;

x — friction stress on the contact surfaces, Pa;

A — surface area of this element of the deformed workpiece, m?;

Vi, Vi — speed along the generalized coordinate axes k and I, m/c;

S — shear stress on the surfaces of the speed gap, Pa;

Av — gap of shear rates, m/c;

G — surface area of the speed gap, m?;

J — the number of zones into which the deformation center is divided;
M — the number of contact friction surfaces;

N — the number of velocity discontinuity surfaces.

The power of the external deforming force applied to the punch:
N12=F5."Vn = ]‘ITHZ P VnOs , (2)

where p — the relative specific deformation force as a function of the dimensionless depth of the
distribution of the plastic deformation cell.

Based on (1), we can write:
Ty pvaos=Lic1 Ny 3)

By substituting into the ratio (3) the value of the calculated power of the internal forces of resistance to
deformation, contact friction and shear, which are calculated for each of the zones of the part - Ni, dividing the
right and left parts by vi s and the area of the working face of the punch zr,% , after conversion to the criterion
form, we find p

p=Ao + Aihs+ A2/ hy (4)

Values A0, Al, A2 are calculated constants. Ratio (4) is a mathematical model of the radial extrusion
process (under the conditions ve = 0). (4) can be considered as a function of the properties of the deforming
material (os), the dimensions of the workpiece and the tool (shown in Fig. 2), the friction conditions on the
contact surfaces of the matrix and the punch (u1 and u2), as well as the varied parameter h, - depth spread of
plastic deformation center.
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a) b)
Fig. 4. The diagram of the division of the part into zones (a) and the diagram of the three-dimensional flow in zones 2
and 3 (b) at the second stage of extrusion

Dependence (4) makes it possible to analyze the force mode of extrusion and the kinematics of the metal
flow, determine the relative specific deformation force p, construct the velocity fields for zones 1 - 4, and use
this data to calculate the total deformation force Fo.

It is shown that the theoretical analysis of three-dimensional flow processes when vx # 0, vy # 0, v, # 0 (or
in the cylindrical coordinate system v. # 0; vy # 0, v; # 0) (which is conventionally called "vortex", as
recommended by A. G. Ovchinnikov [4]), can be carried out in full. The analysis performed the second stage, in
which the wall formed by the overhang hc with the festoon @ acts as a rigid end and equalizes the velocity v,
along the angle 6. At this stage, the dimensions of the formed festoon no longer change (which is confirmed by
experiments), and since the thickness of the wall along 8 is variable, then this leads to a significant change in the
character of the flow - the formation of a three-dimensional flow, in which we have vy # 0 in zones 2 and 3 (Fig.
4, b). For a three-dimensional flow (when all components vr, v and vz are different from zero) the condition of
constancy volume has a more complex form than with radial:

dv,. dv, dvg 5
ar+az (a +v) 0. (5)
Equation (5) contains three unknown functions v; , vp and v,. If two functions vy and v, are specified, then

the function v, can also be determined from the condition of constant volume. For this, you can use suitable
functions that describe the flow of metal in zones 1, 2 and 3 (see Fig. 4, a). Zones 4 and 5 are hard, because in
them all components of strain rates, except v.4, are equal to zero. In addition, vz4 = const. Suitable functions must
satisfy the boundary conditions. Zone 1 (0 < r <Ry) is characterized by a radial flow of metal, which is described
by functions linear with respect to the independent variables r and z:

V= —2 [z —(h—hy); vi= H. Vo1 = 0; (6)

where Rx — the unknown radlus separatlng the regions of radial and three-dimensional flow.

Zones 2 and 3 (Rx < r < ry, as well as r, <r < A/cos(6) are characterized by an eddy flow that can be
described by complex suitable functions. The velocities v;2 and v,z are easily determined from the conditions of
constancy of volume, and the function for the velocity ve, can be given as a fit with five parameters (ao, a1, a2, as
and 1) that must be varied to obtain min (Fy):

2
e LR R ) A R 0 ™
vez=[ag+a 7+ a,r? + azrd](sindf + Asin86) - v,; ves=vez; (8)

where r, 8 and z — independent variables; ao, a1, a2, as and A — variable parameters.

It was established from previous experimental studies that 0 < 4 < 0.55. The functions v, and v;3 for zones
2 and 3 can be found from the condition of constant volume:

1 dv, 1dv z3
v,,2=—;[_l.[ a: + Iﬂ':z) rdr+Cy]; Vrz ——‘[f( + ) rdr+Cy; ©)

Integrating (9) taking into account boundary conditions by zones Ieads to obtalnlng complex functions of
the general form:

Vio=fr(ag, @y, az a3 hy,6,4,R,); vra=fy(ag, @y, az az hy,6,4,R,), (10)

la\a'eﬂ

where Ry — variable, which allows to determine the border of zones 1 and 2, based on boundary conditions 0 < R
< I

The velocity functions vy and v, have the following properties: 1) the eddy current (when vy # 0) starts
from some coordinate r = Ry; 2) at the point r = Ry function vy is continuous; 3) the metal of the workpiece does
not penetrate through the wall of the matrix.
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From these properties, we obtain additional information about the behavior of the corresponding
functions ve, vy and additional conditions: 1) at r = Rx vy = 0; 2) at r = Ry we have dvy /d; = 0, as well as dave /d/
=0; 3) at r=A/cos(0) Vi3 / ves =1g(6).

From these additional conditions follows the possibility to reduce the number of varied parameters by
connecting them through 2 generalized parameters. This simplifies the process of minimizing function (4)
depending on the depth of propagation of the plastic deformation center (Fig. 4), makes it possible to follow the
transition of the deformation process from the initial stage (purely radial flow) to the second stage - three-
dimensional flow, when ve # 0 as an energetically more advantageous option with a sufficient height of the rigid
end (extruded wall).

The accepted assumptions for determining the parameters of the functions vy and v;, which minimize the
function p (4), made it possible to perform calculations and describe the nature of the metal flow at all stages of
extrusion with sufficient accuracy.

The strain rate intensity & is determined by the well-known formula, which contains the components of
the strain rate tensor determined according to the Cauchy equations.

The obtained dependences for flow rates, deformation rates, intensity of deformation rates in each zone
made it possible to describe the deformed state in the entire volume of the workpiece and proceed to the
construction of a mathematical model of the process.

The power of the external deforming force applied to the punch;

Nl4:Fa"-"n = :I'TTRZ p ViOs (11)
Based on (1), we can write:
52 - p vuos = TN, (12)

By substituting the values of the calculated capacities into expression (12), dividing its right and left parts
by v.os and the area of the working face of the punch zr,?, converting the obtained complex function to the
criterion form, we find the relative specific deformation force p for extrusion in three-dimensional flow
conditions [5].

The considered process is a process in which the radial and "eddy" currents flow sequentially. The
MathCAD software package was used for the analysis and research of the process of metal pressure processing -
a practical and effective tool that allows you to predict the nature of formation during metal pressure processing
operations without the expense of experimental research.

The work analyzes the technological process of manufacturing a part of the "thin-walled glass" type with
a variable wall thickness along the perimeter by cold reverse extrusion, as well as the influence of the CE
parameters on the mechanical characteristics of this type of parts.

Conclusions and prospects for the development of the direction

1. The use of active forces of contact friction will reduce the specific force on the punch by 20-30%.

2. When choosing the optimal taper angle of the punch end, it is possible to reduce the specific force on
the punch by 7 - 13%.

3. When choosing the optimal dimensions of the outline on the end of the workpiece, it is possible to
reduce the specific force on the punch by 4 - 15%. Under the action of active frictional forces, the influence of
the technological outline decreases.

All of the above factors increase the stability of the cold-drop tool (matrices and punches) by 40-45%.
The stability of technological equipment directly affects the cost of production of blanks due to the significant
costs of its production. Currently, in order to reduce the deforming force, various lubrication materials, tool
shapes, methods of processing the surface of the workpieces are used, which allow to reduce the forces of
contact friction, and extrusion with active frictional forces is also carried out. In addition, due to a significant
improvement in the condition of the surface of the workpieces, the number of rejected products is reduced from
15% to 5%.
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CaBHHbKHH IO.B. MHJ]I)KO B.B. BHCL C.C. HiHBI/HlIeHHﬂ HOBFOBi“IHOCTi 06HaﬂHaHH}I I XOJIOOHOT O
9 9
00’eMHOT0 mTaMITyBaHHSA

B po6oTi BUBYEHO TpoIeCc XOJIOTHOTO 00’€MHOTO IITaMITyBaHHS, SKHN € TykKe e()eKTUBHHM METOIIOM
BUT'OTOBJICHHS 3aTOTOBOK AeTaieil MamuH. [1py 3acTOCYBaHHS XOJIOAHOTO BUIABIFOBAHHS BiOYBA€ThCs MBHIKE
3HONIYBAHHS BUCOKOBAPTICTHOI IITAMITIOBOi OCHACTKH Ta 3 SIBITIOTHCS Je(PEKTH Ha TOTOBHX BHpoOax. Po3pobOka
palioHaIbHUX TEXHOJIOTIYHUX TMpPOILECIiB IITaMIyBaHHS CHpUSE€ BUPIIICHHIO 3aBJaHb 110 PO3LIMPEHHIO
MOXIIMBOCTEIl XOJIOAHOTO BHWJABIIOBAaHHS 33 paxyHOK 3HW)KEHHS ITUTOMOI CHJIM, SKa CIIPUAMAETHCS
MyaHCOHAMH, 3HAaXO/DKEHHsS ONTHMAaNbHOI (OpMH ITyaHCOHa, ampoOalis pi3HHMX MapoK cTaleil 3 MeTow iX
minbopy Mo HaWKpamuM eKCIUTyaTaliiHUM BIIACTUBOCTSM. TE€OpEeTHYHO JOCIHIJKEHO MpOLEC paiiajJbHOro
BUJIABIIIOBAaHHS Ta MOOYJ0BaHO HOro0 MaTeMaTW4Hy MOJEJIb Ha OCHOBI €HEPreTHYHOTO METOAY, SKa J03BOJIIE
MPOBECTH aHaJli3 CUJIOBOTO PEXHUMY BHABIIOBAHHS i KIHEMaTHKH IUIMHY MeETally, BU3HAYUTH BiIHOCHE ITUTOME
3ycmutst aedopmariii , HoOyAyBaTH OIS MIBUAKOCTEH U Pi3HMX 30H Tedii METaly, a BKE 3a IIUMH JaHUMHU
po3paxyBatd TOBHe 3ycmurst nedopmarii. Po3B’s30k Monmemi J03BOJNMB CPOPMYIIOBATH PEKOMEHAAIil II0
3MCHIICHHIO BUPOOHNIOT0 OpaKy Ta MiIBUIIEHHIO JOBTOBIYHOCTI IITAMIIOBOTO OCHAIICHHS.

KoarouoBi cioBa: Teuist merany, nedopmariii, BUIABIIOBaHHS, MaTPHUIs, ITyaHCOH.
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Abstract

The article is devoted to the study of corrosion resistance and wear resistance (sliding friction) of
unhardened and glow discharge nitrided (ion or ion-plasma nitriding) structural steels 20, 45, 45X and
38X2MIOA in distilled water. The influence of temperature (T = 793 — 873 K), the composition of the saturating
mixture (nitrogen Ny, argon Ar and propane C3HS) and its pressure (P = 80 — 450 Pa), the duration of the
process on the structure and phase composition of the nitrided layers was studied (carried out using
metallographic and X-ray structural analyses). A comparison of the physical and mechanical characteristics of
the surface layer of unhardened and nitrided steels before and after the tests was carried out and it was concluded
that nitrided steels have an increased service life due to greater hardness, corrosion resistance and wear
resistance. It is recommended to increase the corrosion resistance of the studied steels in distilled water, to carry
out their ionic nitriding in a nitrogen-containing atmosphere, and to increase wear resistance - in a carbon-
containing atmosphere (carbonitriding).

Key words: structural steels, physical and mechanical properties, ionic nitriding, carbonitriding, distilled
water. corrosion, wear.

Objective

The influence of ionic nitriding (IN) and carbonitriding on the corrosion resistance and wear resistance of
structural steels 20, 45, 45X, 38 X2MIOA in distilled water.

Introduction and formulation of research objectives.

Iron and alloys and its bases are the most widespread metal structural materials. Therefore, the specific
features of their corrosion and wear are of primary importance for mechanical engineering.

Description of the research methodology. Materials

For the researched materials (steels 20, 45, 45X and 38X2MIOA), the following heat treatment was
applied [1]: normalization (steels 20 and 45), improvement (steels 45X and 38X2MIOA). Samples for testing
were made from bars of one melt. The chemical composition was analyzed on a DFS-51 quantometer. The
application of selected structural steels can be made more efficient by glow discharge nitriding (IN). But the
mechanism of its influence on corrosion resistance and wear resistance in distilled water has not been studied
yet. This leads to conflicting results of evaluating this method of chemical-thermal treatment (CTT) on the
performance of friction units operating in this environment.

Analysis of recent research and publications. Corrosion of steels in water

Copyright © 2022 O. Yu. Rudyk, P.V. Kaplun, K.E. Golenko, V.A. Honchar, M.M.Poberezhnyi. This is an open access article
rw. distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any
et [ medium, provided the original work is properly cited.
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It is known that the corrosion of steel in water is mainly controlled by the cathodic reaction, that is, by the
delivery of oxygen. The pH of water and its ability to form protective sediments are also important [2]. Small
additives in low-alloy steels do not noticeably affect the rate of general corrosion in water [3]. Thus, according to
[4], the corrosion rate of steel in distilled water is 0.256 g/m2*h. And, according to [5], the corrosion rate of
carbon steel when mixing chemically desalinated water at a speed of 0.5 - 1.0 m/s is (0.17 - 0.24) g/m2*h.

Distilled water (according to DEST 6709-72) still contains salts that provide low electrical conductivity.
But this value is enough for water to become a weak electrolyte and provide the possibility of electrochemical
corrosion. Another cause of corrosion is gas corrosion, that is, the combination of oxygen atoms dissolved in
water with iron atoms. Distilled water is devoid of salts, but it contains all atmospheric gases, of which oxygen is
of primary importance [5]. And according to [6], metals of increased thermodynamic instability (Fe, etc.) can
corrode even in a neutral water environment in the absence of dissolved oxygen.

Dissolved oxygen in water affects steel corrosion because oxygen reduction is the predominant cathodic
reaction that controls the anodic reaction. Thus, all factors that change the content of dissolved oxygen affect
metal corrosion. Mixing the solution intensifies the transport of dissolved oxygen, increasing the rate of
corrosion [7].

The influence of the speed of movement of the neutral electrolyte on the electrochemical corrosion of
metals is complex [8]: it facilitates the diffusion of oxygen.

To date, a large number of methods of protecting metal from corrosion have been developed, which
include the use of coatings, HTO, plasma treatment, rational selection of the composition and structural state of
alloys, etc.

Wear of steels in water

According to [9], corrosion of low-alloy steels in the presence of moisture is accompanied by the
formation of iron oxides. These deposits can play a negative role as an abrasive, increasing wear. The authors of
[10] investigated the wear resistance of steel 45 (normalization and hardening) and steel 45X (electrolytic
nitriding) when rubbing on foam padding in distilled water. It was established that the wear resistance of
normalized steel 45 is determined by the adhesive strength of the films formed on its pearlitic and ferritic
components. And hardened steel 45 has a uniform martensitic structure and increased anti-corrosion properties.
During friction, oxide films softer than the base are formed on it, which flow over the friction surface without
the formation of cracks.

Regarding studies of corrosion resistance and wear resistance of non-strengthened and nitrided test steels
in distilled water, they were not found.

Nitriding in a glowing discharge

Experimental studies were carried out on the UATR-63 glow discharge nitriding unit, designed and
manufactured at the Podilskyi Scientific Physics and Technology Center of the Khmelnytskyi National
University.

The nitrogenized layer is characterized by the following main parameters: thickness, surface and depth
hardness, phase composition, structure, etc. They depend on the grade of steel and the technological parameters
of the process: temperature (T), the composition of the medium in % (nitrogen N>, argon Ar and propane CsHs),
the pressure of the gas medium (P) and the duration (D) of diffusion saturation (in all studies, the duration of
ionic nitriding (IN) or carbonitriding was [ = 4 hours). These factors under the conditions of ionic nitriding are
practically independent [11].

Thus, as a result of IN, a high complex of properties of the strengthened layer (hardness, plasticity, etc.) is
ensured, which affects the strength characteristics and operational characteristics of structural elements.

Structure

The study of structural strength properties of nitrided layers was carried out with the help of
metallographic and X-ray structural analysis, which made it possible to establish correlations between the
studied properties and the observed macro-submicrostructure of the hardened layer.

The sub-microscopic structure of the nitride zone (size, number and nature of discharges) was studied on
a SEM-200 scanning electron microscope. X-ray structural phase analysis of the surface layers of the samples
was carried out on a DRON-3 X-ray diffractometer using chromium a-radiation. A semi-quantitative analysis
was performed based on the ratio of the intensities of the (101) e-phase, (111) y’-phase, and (110) a-phase lines.
The calculation of the periods a and c of the e-phase was carried out by the position of the maxima (110) and
(101), the content of the introduced element was determined by the ratio c/a.

The cross-sectional structure of the diffusion layer and the distribution of microhardness over the
thickness of the layer were studied on etched sections using an MIM-10 optical microscope. The microhardness
of the surface was measured separately and the fragility of the strengthened layer was assessed according to the
VINM four-point scale. To measure the microhardness of all studied materials (performed on a microhardness
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tester PMT-3 in accordance with DEST 2999-75; a Vickers diamond tip was used) in order to obtain comparable
data, a load of 0.98 N was adopted, which provides the smallest relative measurement error. The value of
microhardness was recorded both on the surface and at a certain distance from it deep into the sample. The
thickness of the nitride zone was measured at ten different locations. The uniformity of indicators was judged by
the scatter area.

Corrosion research

Corrosion and electrochemical properties of materials were studied by gravimetric and potentiostatic
methods by taking polarization curves, as well as changes in potential over time. Samples for testing (Fig. 2.4;
working surface area 1 cm?) were made on a lathe from one unit from one rod, subjected to heat treatment,
polished on a flat grinding machine and refined on an M20 sandpaper. After grinding, the side surface of the
samples was insulated with 88NP glue, and the end surface was cleaned with benzene, degreased with acetone,
and dried with filter paper. The samples were placed in a desiccator and kept for at least a day.

o713

, \/Ra 063
| ]

Mo

Fig. 1. Sample for studying the electrochemical properties of materials

The Kinetics of electrochemical processes that took place in the sample (working electrode) - electrolyte
system were studied using a P-5827M potentiostat in a YASE-2 three-electrode cell. The solutions in these
experiments were mixed with a magnetic stirrer. Before taking the polarization curves, the samples were kept in
the test environment for a time sufficient to establish the rate of change of the potential of the working electrode
by no more than 10 mV in 30 min before the start of measurements. Potentials were recorded: immediately after
immersion, after 0.5, 1, 2, 3, 4, 5, 30, 60, 90, 120 min. The last measurement was carried out after 96 hours.

Polarization curves were recorded in potentiodynamic mode. The speed of the sweep (change in the
potential of the working electrode over time) in all experiments was constant (with a multiplier of the potential
speed equal to one). A silver chloride electrode of the EVL-1M1 type, immersed in the electrolyte by 10...20
mm, served as a standard. The auxiliary platinum electrode was placed until the contact was completely
immersed in the working solution. The current between the working and auxiliary electrodes was measured with
a M2020 millivolt ampmeter.

Corrosion current was determined by extrapolation of rectilinear (Tafel) sections of polarization curves in
the region of small overvoltages. According to the corrosion current, taking into account the fact that iron passes
into the solution in the form of divalent ions, according to Faraday's law, the corrosion loss of the mass of the
samples was determined.

For a deeper study of the dissolution process of materials, the corrosion products in the solution were
studied. Qualitative determination of divalent iron ions was carried out using a solution of potassium
hexacyanoferrate, trivalent - using a solution of potassium rhodate.

The influence of temperature on the rate of corrosion processes was studied. The temperature of the
electrolyte was measured directly near the sample.

To compare the data of electrochemical measurements, the corrosion resistance was studied by means of
an open glass with the samples fully immersed in the solution, the amount of which was 4*106 g mm3 per 100
mm? of the sample surface. Tests were conducted at room temperature and natural aeration for 720...1100 hours.
Corrosion products were removed with a strong stream of water while wiping the sample with a glass stick with
a rubber tip. Corrosion losses were determined by weighing the samples on analytical scales VLR-200g before
and after the tests, the mass index of corrosion was determined by the formula:

K = (mo — m)/St
where (mo — m) — loss or gain of mass, g;

S — sample area, m?;
1 duration of tests, hours.
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Corrosion-mechanical wear (CMW)

For a comprehensive study of the CMW of materials in a wide range of external loads and working
environments of different chemical composition and properties, a laboratory installation of end friction has been
designed, which makes it possible to study the change in electrode potential, frictional and wear characteristics,
temperature on the friction surface of the sample, friction characteristics depending on the electrode potential
system, take polarization cathode and anode curves [11].

The installation (Fig. 2, a) consists of a rigid bed on the basis of a 2M112 machine, a working chamber, a
spindle assembly with a drive and a loading device, measuring and recording equipment for measuring and
recording electrode potentials, friction characteristics and temperature on the friction surface of the sample (Fig.
2, b).
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Fig. 2. Scheme of the installation (a) and sample (b) for the study of CMW materials

The rotational movement and vertical force from the conical shank | (Fig. 2.2, a) is transmitted through
four balls 2 to the body 3, to which the upper sample 7 is attached with the help of two screws 4. The lower
sample 9 is attached with two screws to the electrochemical cell 5 - a three-electrode system , in which the
working electrode (WE) is a friction pair, and the auxiliary electrode (AE) is a ring electrode 8 made of
12X 19T steel, which forms a polarization chain with WE.

The cell is installed on the thrust bearing 10 and, together with the housing 20, on the double-row
spherical bearing 11. The angular fixation of the cell is ensured by the cable 18 attached to the finger 19. To
isolate the samples from the installation, the cell 5 and the housing 4 are made of kaprolon, and the non-working
surfaces of the samples together with the fastening screws are covered with 88NP glue.

During the friction of metals in electrolytes, the flow of adsorption, diffusion and other processes on their
surfaces is determined by the electrode potential of the system. Being a fundamental energy characteristic of the
double layer, the electrode potential shows in which stage — active or passive dissolution — the steel is and can
affect its friction and wear in electrically conductive environments. The Kinetics of electrochemical processes of
materials in static conditions, during mixing and friction were studied by the potentiodynamic method using the
P-5827M potentiostat (14), and the polarization curves were recorded with a self-writing potentiometer PDP4-
002 (13 - Fig. 2, a). Static and stirring tests were performed with a distance between the working surfaces of the
samples of 3 mm. The electrode potentials were measured relative to the silver chloride reference electrode
EVL-1M1 (13) in a saturated solution of KCI, which is fed into the friction zone using a polymer tube 12
through an axial hole in the lower sample. Thoroughly cleaned, degreased and aged for at least a day in a
desiccator, the samples were immersed in a solution with a specified pH value. The volume of the solution was 2
* 105 mm?, and its temperature was controlled by an electric contact thermometer 16 and maintained by a
thermostat. Through the fittings 6 and 17 (Fig. 2, a), thermostated water was supplied and discharged. The
average surface temperature of the sample during the tests was measured using a self-recording electronic
potentiometer KSP-2 (23) at a distance of 1 mm from the friction surface (Fig. 2, a). To obtain reliable results, an
artificial thermocouple with a hot permanent junction (round head) of chromel-alumel thermoelectrodes with a
diameter of 0.5 mm was used. The wear resistance of the friction pair was evaluated by friction force (friction
moment) and linear wear of the samples. The force of friction was measured by the tensometric method. The
signal generated by the deformation of the 19 strain gauges glued to the finger was transmitted through the strain
amplifier SAHY-7M (22) to the KSP-2 potentiometer (21). The established coefficient of friction was calculated
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on the basis of the diagram of the moment of friction, which is recorded by a self-recording device; linear wear
of the samples was determined by an indicator of the hour type MKM with a division price of T um.

The lower sample made of U8A steel, hardened to (61 — 63) HRCe, had two grooves 3 mm wide on the
working surface, which ensured free access of the medium to the friction surface. The upper one was a sample
from the researched material. The initial roughness of the working surfaces of the samples was Ra = 0.63. The
heating of the samples at the point of contact did not exceed 393 K, which excluded the possibility of significant

structural changes in the material. Experiments were conducted at sliding speeds of 0.05, 0.6, and 1 m/s in the
pressure range of 1-48 MPa.

Presentation of the main material and obtained scientific results

It was established (Table 1) that the corrosion rate of unreinforced steels is approximately the same. Since
the anodes and cathodes are located close to each other in the low-conductivity medium under investigation, the
OH- ions formed at the cathode are always close to the Fe?+ ions formed at the anode. As a result, a film of
Fe(OH), appears, which is adjacent to the metal surface and is an effective diffusion barrier. Increasing the speed
of movement of distilled water improves the access of oxygen to the surface and contributes to the removal of
corrosion products, thereby increasing the corrosion rate (Table 1 - the obtained data coincide with those given
in [5].

Table 1
Electrode potentials and corrosion rate of the investigated materials in static conditions
(numerator) and when stirring at a circular speed of 0.05 m/s (denominator)

After 24 hours exposure After 96 hours exposure g/m**h
Steel 2 2
tee c ¥ ¥ '
g€ 2| 2|88l 2| 2| 8| E
21 2 5 | £E8| B = 2 2
52| 238 2| 5| 2| =
= =
20 -578 +42 +37 -584 +78 +48 0.218 0.0003
-386 +37 +35 -390 +77 +44 0.35 0.0005
45 -572 +76 +60 -582 +86 +65 0.210 0.0003
-378 +50 +56 -390 +85 +60 0.35 0.0005
45X -525 | +102 +80 -538 | +118 +84 0.151 0.0003
-362 +102 +78 -374 +118 +84 0.28 0.0005
-520 +122 +85 -535 +131 +88 0.112 0.0002
38Kh2MYUA -355 +122 +82 -363 +130 +88 0.28 0.0004

*one-stage (793 K; 75% N2 + 25% Ar; 265 Pa);

**combined (793 K; 75% N, + 25% Ar — 3 hours and 90% N, + 10% CsHg — 1 hour, 265 Pa) —
carbonitriding.

IN of the studied steels significantly increases their corrosion resistance (Fig. 3), which, in particular, is
indicated by a significant improvement of the electrode potential of the surface (Table 1, Fig. 4).

2
4

-7 7 -1 0lai A/m-
J Z 0lg A/

Fig. 3. Polarization curves of unhardened (1) and nitrided (2) at temperature T = 793 K in the single-stage
mode of the studied steels
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Fig. 4. Curves change over timetelectrode potentialpunhardened (a) and nitrided (b) at T = 793 K in the one-stage
regime of steels 20 (1), 45 (2), 45X (3), 38Kh2MYUA (4)

X-ray structural analysis established that regardless of the composition of the gas atmosphere (table
PP.2), e-FeasN, y'-FesN and a-phases are formed in the surface layer. At the same time, the phase composition
and ratio of phase structures in the nitrided layer can be adjusted by changing the nitriding parameters [1].

From Fig. 5, as well as given in table. 1 and 2 of the data shows that with an increase in the content of the
g-phase in the surface layer of materials, their corrosion resistance increases. Therefore, to reduce the corrosion
rate of materials in distilled water, a nitrogen-containing atmosphere is better than a carbon-containing one.

Fig. 5. Anodic polarization curves in distilled water in static conditions: a) nitrided steel 45X at temperatures
of 793 (1), 833 (2) and 873 (3) K, pressure 265 Pa, in an atmosphere of 100% N3; b) nitrided steels 38Kh2MYUA (1),
45X (2), 45 and 20 (3) at parameters of 843 K, 75% N2 + 25% Ar, 265 Pa

Table 2
Crystal lattice parameters (a and c), nitrogen concentration in the surface layer (Ka) and
phase composition of nitrided (843 K; 75% N, + 25% Ar; 265 Pa) steels

Indicators Steel 20 Steel 45 Steel 45X Steel 45X* Steel 38Kh2MYUuA

a, kX 2.775 2.757 2.761 2.762 2.764

¢, kX 4.443 4.441 4.439 4.447 4.436

c/a 1.613 1.611 1.608 1.611 1.605
Ka, % 7.3 7.6 8.3 7.6 8.7
€ - FeasN, % 19 21 31 20 45
y— FesN, % 56 62 55 9 55
o - Fe, % 25 17 14 71 —

*843 K; 75% N2 + 25% Ar — 3 hours and 90% N + 10% CsHs— 1 hour; 265 Pa

The established regularities indicate that with a decrease in the nitriding temperature, the corrosion
resistance of materials in distilled water increases due to an increase in the nitrogen content in the diffusion
layer. At the same time, the fragility of the surface area increases, which reduces wear resistance. Therefore, in
order to increase the wear resistance of the studied steels in distilled water, their nitriding was carried out at T =
793 K, which helps to increase the saturation of the diffusion layer with nitrogen (Table 3), according to the
combined mode of saturation (75% N2 + 25% argon, 3 hours and 90 % N, and 10% CsHs, 1 hour; 265 Pa), which
increases the plasticity of the surface zones.



Problems of Tribology 67

Table 3
Dependence of crystal lattice parameters (a and ¢), nitrogen concentration in the surface
layer (Ka) and phase composition of the diffusion layer of steel 45X on IN regimes for 4 h.

indicat Temperature, K* N2 content, %** Pressure, Pa***
nicators 793 833 873 45 60 75 90 100 80 265 450
a, kKX 2.775 2.768 2.757 2.759 2.761 2.762 2.765 2.768 2.762 2.762 2.763
¢, kX 4.413 4.428 4,447 4.441 4.440 4.439 4.433 4.428 4.440 4.439 4.438
c/a 1.590 1.600 1.613 1.610 1.608 1.607 1.603 1.600 1.608 1.607 1.606
Ka, % 10.8 9.0 7.3 7,6 8.1 8.4 8.8 9.0 8.4 8.4 8.5
€ - Fea3N, % 63 42 20 22 27 32 38 42 29 32 35
v— FesN, % 30 46 59 66 61 56 50 46 59 56 53
o-Fe, % 7 12 21 12 12 12 12 12 12 12 12

*100% Ng; 265 Pa;

**833 K; 265 Pa;

k4833 K;75%Nat+ 25% Ar

When wearing materials in distilled water, it is characteristic that it is both a corrosive agent and a
friction lubricant. The presence of a low-viscosity aggressive medium causes the appearance of boundary and
semi-fluid friction. However, for the accepted test conditions (V = 1 m/s, P = 4 MPa), the surfaces of
unreinforced materials seize (Fig. 6). At the same time, the friction coefficient reaches a value of 0.19.
Analyzing presented in the table. 4 data, it can be seen that when rubbing in distilled water, the use of
unhardened alloyed steels does not give a significant advantage over unalloyed ones.

Table 4

Wear intensity (um/km) of steels (V =1 m/s, P =4 MPa)
Steel 20 Steel 45 Steel 45X Steel 38Kh2MYUA

14 13 12 12
1.7 15 1.2 1.0

Numerator — without hardening, denominator — combined nitriding (carbonitriding)

Fig. 6. Friction surfaces of non-hardened (a) and nitrided according to the combined mode (b) 45X steel after
CMW (x7.5)

Research has also shown (Table 4) that nitrided steels are characterized by significantly higher wear
resistance compared to normalized and improved steels. There is no sticking of nitrided friction surfaces, the
friction coefficient is within 0.15. Obviously, this is explained by the increased corrosion resistance of the
nitrided layer, the presence of compressive stresses in it [1], as well as the intermetallic structure of FesN nitride,
which has a low tendency to cold welding and good antifriction properties. Steel 38Kh2MYuA, which has the
highest hardness, has the maximum wear resistance. For unhardened steels, the intensity of wear is directly
proportional to the friction path, and for nitrided steels 45X and 38Kh2MYuA, it increases as the diffusion layer
wears. Wear of the nitride layer of nitrided steels 20, 45 exposes a zone with reduced hardness (Fig. 7), which

leads to an increase in the intensity of wear.
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Fig. 7. Distribution curves of microhardness HV1 along the thickness h of the diffusion layer of nitrided
steels 38Kh2MYUA (1), 45X (2), 45 (3), 20 (4)
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Conclusion

1. X-ray structural analysis established that the phase composition and the ratio of structural components
of the strengthened layer can be adjusted by changing the parameters of the IN.

2. With an increase in the content of the e-phase in the surface layer of the studied steels, their corrosion
resistance in distilled water increases. Therefore, from this point of view, a nitrogen-containing atmosphere is
better than a carbon-containing one.

3. When rubbing in distilled water, the use of unhardened alloyed steels does not give a significant
advantage over unalloyed ones.

4. To increase the wear resistance of nitrided test steels in distilled water, a carbon-containing atmosphere
is better than a nitrogen-containing one.

5. In order to determine the maximum wear resistance of steels, further research should be aimed at
clarifying the propane content at IN.
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Pymuk O.JO., Kanayn ILB., Tonenko K.E., Tonuap B.A., IoGepexaunld M.M. JlocmimkeHHs
KOPO3iiHOT Ta 3HOCOCTIMKOCTI a30TOBAaHKX Y TIHIOYOMY PO3PSIi CTaleH y TUCTUIIbOBaHINA BOI

CraTta mnpuCBsYEHa JOCHTIIPKEHHIO KOpPO3ifHOI CTIHKOCTI Ta 3HOCOCTIMKOCTI (TEPTS KOB3aHHSA)
HE3arapTOBaHWX 1 TIIIOYUM pO3PSIOM a30TOBaHMX (IOHHMM ab0 1OHHO-TIA3MOBHM — a30TYBaHHSIM)
KOHCTpYKIifHNX cTamneit 20, 45, 45X i 38X2MIOA B muctunpoBasii Boai. Bruus Temmeparypu (T = 793 — 873
K), cknany HacuueHoi cymimi (a3ot N2, apron Ar i nponan C3HS8) Ta ii tucky (P = 80 — 450 [1a), TpusanocTi
npolecy Ha CTPYKTypy Ta JAOCHDKEHO (a3oBHH CKJaJ) a30TOBaHMX INapiB (3IiMiCHEHO MeTonamu
MeTanorpagiuHoro Ta PEHTIeHOCTPYKTYpHOro aHami3iB). [IpoBeneHO MOpIBHSHHS —(i3MKO-MEXaHIYHHX
XapaKTEepUCTHK MMOBEPXHEBOTO LIapy He3arapToBaHOI Ta a30TOBAHOI CTAJI 10 Ta Micisl BUIIPOOYBaHb i 3p00IIeHO
BHCHOBOK, IIJ0 a30TOBaHa CTajb Ma€ IiJIBUIIEHUH TEPMiH CIYKOH 3a paxyHOK OLJbIIOI TBEPIOCTi, KOPO31HHOI
CTIHKOCTI Ta 3HOCOCTIMKOCTI. PeKOMEHAY€eThCS IS MiABUIEHHS KOPO3iiHOT CTIMKOCTI AOCIIKYBaHUX CTalel y
TUCTHIHOBAHIM BOXI TMPOBOAWTH iX IOHHE a30TyBaHHS B a30TOBMICHIH aTtMocdepi, a uId IIiIBUIICHHS
3HOCOCTIHKOCTI — y ByTJIELIEBMICHII aTMOCdepi (KapOOHITpYBaHHS).

KawouyoBi cioBa: KOHCTpyKWiiHI crTami, (i3WKO-MEXaHIdHI BJIACTUBOCTI, 10HHE a30TYBaHHIA,
KapOOHITpYBaHHS, AUCTIIILOBaHA BOJA. KOPO3is, 3HOC.
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Abstract

The article is dedicated to determining the regularity that describes the dynamics of wear and tear of garbage
trucks at the regional level, using the example of the Khmelnytskyi region. During 2015-2020, wear and tear of
the fleet of garbage trucks of municipal enterprises of Khmelnytskyi region decreased from 63% to 59%. Using
the method of regression analysis, an adequate power law was determined that describes the dynamics of wear and
tear of garbage trucks in the region in 2015-2020. To perform the study, the method of regression analysis of the
results of one-factor experiments and other paired laws was used by choosing a more adequate type of function
from the 16 most common options according to the criterion maximum correlation coefficient. The regression was
carried out on the basis of linearizing transformations, which allow reducing the non-linear regularity to a linear
one. A graphical dependence describing the dynamics of wear and tear of garbage trucks was constructed, and the
sufficient convergence of the obtained regularity was confirmed. According to forecasts the wear and tear of
garbage trucks in the Khmelnytskyi region by 2030, at the current rate of decline, will decrease to 51.9%. The
expediency of conducting further studies to determine the influence of factors on the dynamics of wear and tear of
garbage trucks has been revealed.

Key words: dynamics, garbage truck, wear and tear, municipal solid waste, regression analysis.

Introduction

Among the important tasks of utility engineering, increasing the wear resistance and reliability of parts and
machines in general are mentioned in the following works [1, 2]. For the collection and transportation of municipal
solid waste (MSW) to landfills and incineration sites in Ukraine, body-mounted garbage trucks in the amount of
more than 4,100 units are used, which are capable of compacting solid waste, reducing transportation costs and
the required area of landfills. The decrease in the rate of growth of land plots for solid waste disposal is facilitated
by their primary treatment during loading into the garbage truck by compaction, dehydration and grinding. At the
same time, during technological operations, the surfaces of the working bodies of garbage trucks are subjected to
intensive wear. This is caused by the presence of small metal products, glass, ceramics, stones, bones, dust,
polymer materials in the waste that have abrasive properties. In addition, the moisture present in MSW, which is
an average of 39-92% by mass, creates an aggressive corrosive environment. Despite the taken measures, wear
and tear of the fleet of garbage trucks of municipal enterprises of the Khmelnytskyi region during 2015-2020
almost did not change; it decreased only from 63% to 59% [3, 4]. According to Cabinet Resolution No. 265 [5], it
is important to ensure the use of modern highly efficient garbage trucks in the country's communal economy, as
the main link in the structure of machines for collection and primary processing of solid waste. This allows not
only to solve a number of environmental problems, but also to increase the reliability of the work of utility
companies. The planning of renewal, maintenance and repair of garbage trucks is facilitated by the determination
of the regression law, which describes the dynamics of wear and tear of garbage trucks at regional levels, in
particular, using the example of Khmelnytskyi region. An urgent task is to combine the solution of the problem of
wear and tear with the improvement of the drives of the working bodies of machines for handling municipal solid
waste.

Copyright © 2022 O.V. Bereziuk, V.I. Savulyak, V.O. Kharzhevskyi. This is an open access article distributed under the Creative
@‘{}. Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
P original work is properly cited.
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Analysis of recent research and publications

The article [6] proposed a mathematical model for calculating the rate of wear of triboelements in the
tribosystem under conditions of corrosive-abrasive wear. At the same time, the following factors were considered
by the authors: active acidity, abrasiveness, roughness, load and sliding speed. The degree of influence of the
above factors on the rate of wear has been determined theoretically. It was established that abrasiveness is the most
important factor, followed by the level of active acidity and load in descending order of influence.

When the authors of the work [7] evaluated the data of observations of garbage trucks, it was found that
the largest number of failures occurs due to wear and corrosion of the working surfaces of the working equipment
parts. Failures of hydraulic cylinders due to wear of the working surfaces of couplings, deformation of the rod and
cylinder during operation make up 32% of all failures of hydraulic drive elements, which is associated with uneven
loading of the body and abrasive wear of the working surfaces in difficult working conditions of the garbage truck.
During the investigation of the causes of failures, it was found that the predominant cause is the wear of the
working surfaces of the main parts in the structure of the hydraulic drive, namely spools and housings of hydraulic
distributors, hydraulic cylinder rods, etc. The main cause of wear was hydroabrasive damage due to untimely
replacement of the working hydraulic fluid and the use of poor-quality or worn sealing parts (for example, seals
of hydraulic cylinders), which causes dust particles and wear products to enter the sliding zone, which accelerate
the process of wear of the working surfaces of the parts. One of the promising ways of restoring worn parts is
chrome plating in a cold self-regulating electrolyte, which makes it possible to obtain high-performance chrome
coatings with high deposit quality.

The analysis [8] of developments in the field of municipal engineering showed that in most garbage trucks,
technological operations are carried out with the help of a hydraulic drive of working bodies. According to studies
[9], the hydraulic system has the shortest durability (mileage to failure) among the main components of garbage
trucks with a side-loading method of solid waste, which makes the most significant contribution to increasing the
wear and tear of garbage trucks. According to the results of observations [10], the structure and most frequent
causes of failures of the hydraulic equipment of garbage trucks were determined: hydraulic cylinders - 34.92%
(wear of cuffs, seals, rod; rupture of the nut attaching the piston to the rod; bending of the rod; mechanical damage),
hydraulic pump - 16.40% (casing failure, wear of gears, extrusion of oil seals, cracks in the casing), pipelines,
hoses - 15.34% (breakage of hoses, wear of pipelines), hydraulic distributor - 13.23%, (wear of seals, spools;
cracks in the casing). Significant loads on drive elements caused by transients during start-up are the most
dangerous. Taking into account the considerable mass of solid waste containers (up to 0.5 tons), dynamic overloads
can reach significant values. This poses a particular danger for the hydraulic cylinder-lever, hydraulic cylinder-
body connection units, as well as for high-pressure flexible pipelines that supply the working fluid to the hydraulic
cylinder. Such pressure jumps in the mode of transient processes can cause the rupture of high-pressure pipelines,
the exit of the equipment from the operating state. Therefore, the stability of the operation of the hydraulic drive
and the quality of transient processes during start-up and acquisition were investigated depending on such
indicators of the quality of transient processes as regulation time and relative overregulation, from the main
parameters of the working bodies of garbage trucks during loading and unloading of solid waste [8], respectively,
which began to be calculated rational parameters of the working bodies of garbage trucks, which ensure high-
quality transient processes during the start-up of hydraulic drives, and, therefore, a decrease in the intensity of their
wear.

In the work [11], it was established that electronic telemetric navigation and control systems of the machine
during operation on the route allow automatic control of the machine and ensure a smoother movement of the
levers, reduce their jerks and vibrations during the unloading of solid waste containers. These jerks and vibrations
have a negative effect on the car. As a result of reducing the negative impact, the service life of the body and
chassis increases, and their wear and tear decreases.

A system analysis showed that a complex of machines is needed to solve the problems of MSW [12], a
promising way to minimize the amount and harmfulness of solid waste is their dehydration and subsequent
vibration compaction with a press plate with a hydraulic drive and vibration excitation using a pressure pulse
generator. On the basis of the studied interaction of the working body — MSW with the executive bodies of the
machines, the structure of machines for collecting and primary processing of solid waste was formed [13]. It was
established that the design of the garbage truck should take into account the strategy of handling solid waste and
the technology of their collection. Thus, for the collection of mixed solid waste with subsequent burial at a landfill
or pyrolysis waste incineration, garbage trucks with maximum dehydration and compaction of waste should be
used, and in the case of a dual system of collection of "dry" and "wet" waste or their separate (fractional) collection
with further processing and repeated using secondary resources, container garbage trucks should be used.
Therefore, the production of new constructions of garbage trucks with enhanced functionality will also contribute
to reducing the rate of wear and tear of the fleet of garbage trucks of municipal enterprises.

In the article [14], it was established that the tires of cars for collecting and transporting solid waste, which
are installed on the front axle, have less wear than on the rear axle. This is due to the fact that in the process of
transporting solid waste, the load on the rear axle is greater than on the front. Accordingly, it is possible to compare
the actual mileage of the tires with the standards of the enterprise.
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The works [3, 4] provide statistical data on wear and tear of garbage trucks in the Khmelnytskyi region in
2015-2020. However, as a result of the analysis of known publications, the authors did not find specific
mathematical regularities that describe the dynamics of wear and tear of garbage trucks and can be used for
planning the infrastructure of communal enterprises.

The aim of the article

Determining the regularity that describes the dynamics of wear and tear of garbage trucks at the regional
level (on the example of Khmelnytskyi region) to solve the problem of forecasting and planning the infrastructure
of communal enterprises (warehouse and renewal of garbage trucks, production base for maintenance and repair).

Methods

The determination of the paired regularity describing the dynamics of wear and tear of garbage trucks in
the Khmelnytskyi region was carried out by the method of regression analysis [15]. Regressions were determined
on the basis of linearizing transformations, which allow reducing the non-linear regularity to a linear one. The
coefficients of the regression equations were determined by the method of least squares using the developed
computer program "RegAnalyz", which is protected by a certificate of copyright registration for the work.

Results

In the table 1 the statistical data on the dynamics of wear and tear of garbage trucks in the Khmelnytskyi
region in 2015-2020 is shown [3, 4].

Table 1
Statistical data for 2015-2020 on the dynamics of wear and tear of garbage trucks
in the Khmelnytskyi region [3, 4]
Year 2015 | 2017 | 2018 | 2019 | 2020
Wear and tear of garbage trucks in the Khmelnytskyi region, % 63 61,52 | 60,29 | 60,2 59

Based on the data in the table 1, it was planned to obtain a mathematical model in the form of a pairwise
regression regularity of wear and tear of garbage trucks in the Khmelnytskyi region. Since the argument of the
regression regularity is the year, the order of values of which is three orders of magnitude greater than the order
of the width of the range of its change, in order to increase the accuracy of the regression regularity, it is proposed
to take the year preceding the beginning of the studied range (x =t — 2014) as the origin of the coordinates.

The results of the regression analysis are shown in the table 2 where the cells with the type of regression
with the maximum value of the correlation coefficient R are marked in gray.

Table 2
The results of the regression analysis of the dynamics of wear and tear of garbage trucks
in the Khmelnytskyi region

Ne | Type of regression | Correlation coefficient R | No | Type of regression | Correlation coefficient R
1|y=a+bx 0,98609 9 |y=ax’ 0,95645
2|y=1/(a+hbx) 0,98541 10 |[y=a+blgx 0,95914
3|y=a+b/x 0,89699 11 |y=a+biInx 0,95914
4 | y=x/(a+hbx) 0,97975 12 |y=al(b+x) 0,98541
5| y=ab* 0,98581 13 | y=ax/(b+x) 0,88818
6 | y=ae™ 0,98581 14 | y = aeP/x 0,89263
7|y=a-10™ 0,98581 15 | y=a-10°/* 0,89263
8|y=1/(a+he¥) 0,85706 16 | y=a+ bx" 0,98620

So, according to the results of the regression analysis based on the data in the table 1, the following
regression model was finally accepted as the most adequate

0,9396

Woknm = 63,89 — 0,8874(t - 2014) [%],

where Weknm — Wear and tear of garbage trucks in the Khmelnytskyi region, %; t — year.
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Fig. 1 shows a graphical dependence describing the dynamics of wear and tear of garbage trucks in the
Khmelnytskyi region, it was built using the regression equation (1), which confirms the previously determined
sufficient convergence of the obtained theoretical dependence compared to the data given in the works [3, 4].
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Fig. 1. The dependence describing the actual (o) and theoretical (—) dynamics of wear and tear of garbage trucks in
the Khmelnytskyi region in 2015-2020.

The analysis of the graphic dependence in fig. 1 showed that the wear and tear of garbage trucks in the
Khmelnytskyi region in 2015-2020 decreased exponentially.

Using pattern (1), it is possible to forecast that by 2030, the wear and tear of garbage trucks in the
Khmelnytskyi region will decrease to 51.9% at the current rate of decline.

Determining the influence of factors on the dynamics of wear and tear of garbage trucks in the
Khmelnytskyi region requires further research.

Conclusions

A regression regularity has been determined that describes the dynamics of the wear and tear of garbage
trucks in the Khmelnytskyi region and allows it to be forecasted and planned for the infrastructure of municipal
enterprises (warehouse and renewal of garbage trucks, production base for maintenance and repair), which is
necessary to solve the problem of municipal solid waste management. A graphical dependence was built that
describes the dynamics of wear and tear of garbage trucks in the Khmelnytskyi region and allows to visually
illustrate this dynamic, to show a sufficient convergence of theoretical and actual results. It was established that the
wear and tear of garbage trucks in the Khmelnytskyi region in 2015-2020 decreased according to a power law. It is
foreseen that by 2030, the wear and tear of garbage trucks in the Khmelnytskyi region will decrease to 51.9% at
the current rate of decline. Therefore, determining the influence of factors on the dynamics of wear and tear of
garbage trucks in Khmelnytskyi region requires further research.
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Bepesok O.B., CaByasik B.1., Xap:xxeBcbkuii B.O. /[unamika 3HOIIEHOCTI CMITTEBO31B Y XMEIbHHIIBKI T
obmacri.

CraTTa TpHUCBAYCHA BH3HAYCHHIO 3aKOHOMIPHOCTI, IO OMHCY€ IMHAMIKY 3HOLICHOCTI CMITTE€BO3iB Ha
perioHaTPHOMY PiBHI 32 IPUKIAI0M XMEIFHUIBKOI 007acTi. 3HOMICHICTH aBTOMAPKY CMITTEBO3IB KOMYHAIBHIX
nignpueMcTs XMenpHUUYnHE TpotsroMm 2015-2020 pokiB 3meHmmmace 3 63 % mo 59 %. 3a nmomomororo
BUKOPHCTAaHHSI METOJy PErpeciiHOro aHallidy BH3HAYCHO aJeKBAaTHY CTENEHEBY 3aKOHOMIPHICTb, IO OIHUCYE
JMHAMIKY 3HOILEHOCTI CMITTEBO3IB y perioHi B 2015-2020 pp. /1yt BUKOHAHHS TOCTIKEHHS BUKOPUCTAHO METO]
perpeciifHoro aHaji3y pe3ynbTariB 0AHO()AKTOPHUX EKCIIEPHUMEHTIB Ta IHIINX MAapHUX 3aKOHOMIPHOCTEH IILIIXOM
BUOOpY OLIBII a/JeKBATHOTO BUIY (GYHKIII i3 16 HAaHNOIIMPEHINIMX BapiaHTIB 32 KPUTEPIEM MaKCHMAJILHOTO
koedinienTa kopessinii. Perpecisi mpoBoauiack Ha OCHOBI JIiHEapU3yBAIBHHUX II€PETBOPEHb, SKi J03BOJIIOTH
3BECTH HEJIHIHHY 3aKOHOMIpHICTH 1o JiHiNHOI. IToOymoBaHo rpadidHy 3aleXHICTH, IO ONUCYE IMHAMIKY
3HOIIEHOCTI CMITTEBO3iB, MIATBEPIKCHO JTOCTATHIO 30DKHICTH OTPHMAaHO{ 3aKOHOMIpHOCTi. 3p00IeHO MPOTHO3,
1o 70 2030 poKy 3HOIIEHICTh CMITTEBO3IB Y XMENbHUIIbKiI 001aCTi, 32 ICHYIOUHMX TEMITIiB CIIaJaHHS, SMEHIITATHCS
1m0 51,9 %. BusBrneHO MOWINBHICTH MPOBEICHHS MOAAJBIINX JOCTiKeHb 3 BU3HAUYCHHS BIUIMBY (DaKTOpiB Ha
JTUHAMIKY 3HOIICHOCTi CMITTEBO3IB.

Kro4oBi cjioBa: tnHaMika, CMITTEBO3, 3HOMICHICTh, TBEP/Ii HOOYTOBI BiXOIN, peTpeciiHMA aHAT3.
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Abstract

The running-in process is accompanied by a change in microgeometry, as a result of which some
constant roughness is established, which is characteristic of given friction conditions, and the physical and
mechanical properties of the surface layers also change, since plastic deformations usually predominate in the
contact.

The thickness of the surface layers that have undergone changes during external friction depends on the
stress state in the zones of their actual contact and heating during friction. The stress state in the zone of actual
contact of the bodies is characterized by indentation or crushing of surface microroughnesses, as well as by
elastic or plastic states of the latter. Surface heating during friction depends on the thermophysical properties of
the contacting bodies and the friction mode. An increase in the temperature of the surface layers causes not only
their softening, but also greatly increases the rate of physical and chemical processes in them. This leads to
saturation of the surface layers with environmental gas molecules, oxidizing slicks, and also to an increase in the
concentration of defects in these layers [1-5].

Key words: lubricating layer, wear, oil, temperature, adsorption layer, viscosity, friction coefficient
Introduction

We studied the lubricating properties of Mobil-1 Ow-40 engine oil of a commercial batch and oil, the
service life of which was 15 thousand km. As samples, a pair of slip block - roller was used. The sample material
is 40X steel. The studies were carried out on the SMC-2 facility, in the start (3 s)-stop (3 s) mode. The cycles
followed one after another, without interruption, the total number of cycles in the experiment was N=700. The
studies were carried out at bulk temperatures of 20°C and 120°C at contact load max = 90 MPa.

In work efficiency of formation of boundary adsorption layers on contact surfaces at variable
temperatures and their influence on wear resistance of elements of triboconjugation was investigated.

Lubrication properties of Mobil-1 Ow-40 motor oil of commercial batch and oil with the service life of 15
thousand km were investigated. A pair of sliding pad - roller was used as samples. Material of samples - steel
40X. Researches were carried out on the SMC-2 unit, in the start (3 s) - stop (3 s) mode. Cycles followed one
after another, without a break, all cycles in the experiment N = 700. Studies were carried out at volumetric
temperatures of 20°C and 120°C at contact load max = 90 MPa.

The purpose of the work

In this paper, we studied the efficiency of formation of boundary adsorption layers on contact surfaces at
variable temperatures and their influence on the wear resistance of triboconjugation elements.

Results of experimental studies

Copyright © 2022 N. Dmytrichenko, A. Savchuk, Y.Turytsia, A. Milanenko, M.Kosenko. This is an open access article distributed
@m_ under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
& provided the original work is properly cited.
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The study of load-carrying capacity of the presented samples of oils has established that in the process of
start-up at rotational frequency n > 150 rpm, regardless of oil service life, conditions of hydrodynamic
lubrication are realized in the contact at oil volume temperature 20°C.

Let's follow the formation of non-hydrodynamic component of the lubricating layer thickness in the
contact of commercial sample of Mobil-1 oil and the sample which operation period was 15 thousand kilometers
at the temperature of 20°C (Fig. 5.7). Firstly, irrespective of the type of grease, up to N<50 cycles of operating
time in 100 % of cycles metal contact of elements of tribocouplings at standstill is observed (Fig. 1,a). With
further operating time, due to the intensification of activation processes in the surface layers of the metal during
their dynamic loading, their adsorption capacity increases, which leads to the formation of stable boundary layers
on the contact surfaces.

25 hags, mkm

TN A
N N N
//

L"-ﬂ

As / \/(

0 i—l-:l;--/( .
0 100 200 300 400 500 600 700
N cycles

\—'— product  —B— exhausted

a)

hags, mkm

2 A [\

1 + + / ]
N

0 100 200 300 400 500 600 700
N cycles

—@— product —8— exhausted \

b)

Fig. 1. Dynamics of formation of boundary adsorption layers (had.) with Mobil-1 oil at 20°C (a) and 120°C (b) at
operating time (N)

Secondly, if a stable boundary film of a lubricant when using a commercial sample of oil is formed at N >
150 cycles, the period of formation of adapted boundary layers for used oil is three times shorter, which is
caused, in our opinion, by the accumulation of surface-active substances in the process of oil operation.

Thirdly, there is a clear tendency of increasing the adsorption activity of hydrocarbon components of the
oil with the lifetime of 15 thousand km, which is manifested by an increase in the thickness of the boundary
adsorption layers by 30-40 %, on the average, in contrast to the similar indicator established for the commercial
sample oil. This phenomenon is also intensified by agglomeration of mechanical impurities accumulated during
oil operation.

Approbation of the research results

Increasing the volumetric temperature of the oil up to 120°C leads to significant changes in the efficiency
of boundary layer formation by the researched oils.

Firstly, from the first running cycles no metallic contact of surfaces at stopping is observed - up to N <
(300 - 400) cycles a stable boundary film is formed, regardless of the type of oil used, reliably separating the
contacting surfaces.
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Secondly, a period of long breakdown of the lubricating layer at stopping (for commercial and used oil
the specified period is 350 < N < 500 and 400 < N < 450 operating cycles, respectively) for both studied oil
samples, after which effective formation of limiting adsorb layers in contact Gradual erasure of boundary layers
is restored, leading to metallic contact of the surfaces is caused, in our opinion, by high shear rate gradients of
the oil layer, reaching 0.7-10° s and 1.6-10° s respectively for commercial and waste oil samples. Triple
reduction in the recovery period of the efficiency of formation of limiting films by long-life oil is associated with
a higher concentration of surface-active substances in it, characterized by increased adsorption activity.

Third, a greater thickness of the boundary adsorption layers in the contact is traced throughout the 80%
cycles of the studies when commercial oil is used. We assume that in this case, the most important parameter
influencing the dynamics of boundary layer formation is the viscosity of the lubricant.

According to [6], oil in the initial state is a multicomponent homogeneous system, and in the process of
oil operation it transforms into a heterogeneous system containing colloidal and suspended particles of different
origin.

Let's consider main physical and chemical properties of Mobil-100-40 oil and their change during
operation at 15 thousand km of run (Tab.1).

Table 1
Basic physical and chemical characteristics of Mobil-1 Ow-40 engine oil
Kinematic Flash Alkaline Acid Ash Coking Active
viscosity vigo’c | point°C | number, mg number | content elements of
KOH/r the additive
Ca Zn
Oil sample 13,64 216 10,04 BincyrtH. 0,92 1,23 |0,32 | 0,96
Used oil 1432 (+5%) | 192 6,18 2,38 106 | 292 |032 |095
sample (15 (-12%) (-39%) (+13%) 0
thousand km) (+68%)
Maximum +20 - 25% <170 - 50% from >2,0 - >2,0 - -
permissible from the the
values of the commercial oil commercial
parameter indicator oil indicator

According to the results presented, the commercial synthetic motor oil is characterized by a high
quality margin of SAE viscosity class, alkali number, flash point and meets all the requirements for
this operational type of oil.

During operation, the oil is aging, which leads to a change in its physical and chemical
characteristics. One of the main insufficient parameters is viscosity, however by results of our
researches the value of the given parameter is stable enough parameter. This fact contradicts the
change of another parameter - flash temperature, which tends to decrease, indicating the presence of
two oil aging processes: partial penetration of fuel into the lubricant or partial degradation of
hydrocarbon components under the influence of high speed gradients in the contact, which leads to the
formation of lighter and volatile compounds. The established contradictions are explained by
accumulation of mechanical impurities of organic and inorganic origin in the oil during operation,
which are in the dispersed state, which is provided by effective properties of detergent-dispersing
additive. The growth of mechanical impurities of organic origin, which indicates chemical
transformations of the oil base, causes a significant increase in the acid number and degree of coking
of the lubricant; the presence of mechanical impurities of inorganic origin is evidenced by increased
ash content and stability of additive active elements (Ca and Zn), despite its intensive actuation, which
is explained by effective dispersion of mechanical impurities constantly circulating in the lubricant,
with their dilution, and the fact that their dispersion of mechanical impurities in the lubricant is not
limited to the operating condition.

Consequently, the accumulation of a significant portion of mechanical impurities in the engine
oil leads to significant changes in its initial physical state, which manifests itself in the transformation
of a homogeneous multicomponent liquid of commercial oil into a colloidal heterogeneous solution of
waste oil. This process causes stabilization of engine oil viscosity during operation, despite the fact
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that viscous additive is subject to temperature and mechanical degradation, fuel ingress dilutes oil,
formation of light fractions during high-temperature cracking reduces the initial oil viscosity.

Thus, the absolute value of kinematic viscosity of commercial and waste oil does not reflect the
change in the physical state of the lubricant, which must be taken into account when analyzing the
kinetics of formation of the lubricating layer in the contact.

We assume that the established phenomenon of increase of efficiency of formation of boundary
layers in contact in the conditions of increase of volume temperature of the oil at use of a commodity
sample Mobil-1 Ow-40 reveals potential possibilities both of base components of oil, and
polyfunctional components of additives on increase of degree of adsorption. processes on elements of
the tribocoupling Application of the used oil in these conditions also provides formation of stable
boundary layer, but the basic role in this process belongs According to the work of Wenzel S.V. [7],
highly dispersed mechanical impurities, adsorbed on friction surfaces, show effective antifriction and
antiwear properties. We found that at the moment of friction coefficient stabilization, corresponding to
operating time N > 500 cycles, this parameter for the used oil is 15% lower than the friction
coefficient recorded when lubricating with commercial oil (Fig. 2).
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Fig. 2. Kinetics of friction coefficient change at operating time for commercial and used Mobil-1 Ow-40 oil at 120°C
lubricant volumetric temperature

Note that at 20°C volumetric oil temperature no increase in antifriction properties has been found with
used oil (f for used oil is 40% higher than f established in contact with commercial oil lubrication), which is
probably due to increased shear stresses in highly dispersed mechanical impurities due to increased thickness of
adsorption layers by 30 - 40%, compared to commercial oil (fig. 3).
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Fig. 4. Linear wear of the Cane friction surfaces (roller - shoe) at 700 operating cycles at volume
temperatures of the lubricant 20°C and 120°C

The analysis of antiwear properties of oils showed that at 120°C linear wear of steel 40X is on 5
% lower at use of used oil, and at 20°C this parameter on 15 % exceeds indicators of wear, established
at use of a commercial oil (fig. 4).

Conclusions

Consequently, increase of temperature causes growth of wear at use of commodity sample of Mobil-1
O0w-40 oil due to oil "running-in", as a result of which colloid mechanical impurities and oxidation products
which lead to stabilization of wear intensity are accumulated in it due to increase of additives activity and
oxidation-polymerization processes. At 20°C the intensity of the given activation processes probably essentially
decreases that provides increase of wear resistance of contact surfaces, unlike at lubrication of elements of
tribocoupling by the used oil containing the raised concentration of products of oxidation and colloidal
mechanical impurity which form low-temperature deposits. intensifying their wear.
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JAvmutpuuyenko M.®., CaBuyk A.M., Typuuns 10.0., Minanenko O.A., Kocenko M.I. Brms
TeMIepaTypd Ha IuUHaMmiKy (OpPMYBaHHS TIpaHUYHUX IUTIBOK Ta 3HOC KOHTAKTHHX IIOBEPXOHb B YMOBax
KOB3aHHSI.

B po6oti gocmimkyBanack epeKTUBHICTE (GOPMYBaHHI TPAaHHIHHUX aICOPOIIIHNX IIapiB Ha KOHTAKTHUX
MOBEPXHSAX MPU 3MIHHUX TEMIEpaTypax Ta IX BIUIMB Ha 3HOCOCTIMKICTD €IEMEHTIB TPHOOCTIPSIKCHHSI.

JocnimkeHHs: Hecy4oi 3/1aTHOCTI IPEICTaBICHUX 3pa3KiB OJIMB BCTAHOBHJIO, IO B INPOIECi MyCKY, MPH
4acToTi oOepraHHs n > 150 00/XB., HE3aJEKHO BiJ TEPMiHY €KCIUTyaTalii OJIMBH, B KOHTAaKTi peaji3yloThCs
YMOBH T'iJIpOJIMHAMIYHOTO MalleHHs IpU 06’ eMHiH Temneparypi omeu 20°C.

BcraHoBneHo, 110 HAKONIMYEHHS 3HAYHOT YaCTHHH MEXaHIYHUX JOMIIIOK B MOTOPHIH OJIMBI NPU3BOAUTH
JIO CYTTEBUX 3MiH ii MOYaTkoBOro ()i3WYHOrO CTaHy, ILIO HPOSBISIETHCS B IEPETBOPEHHI TOMOTEHHOI
0araTOKOMIIOHEHTHOI PIAMHM TOBAapHOi OJMBU B KOJIOIAHUI TI'€TEpPOTCHHHH PO3YMH BiANPAI[bOBAHOI OJIUBH.
Jannii mporiec 00yMOBITIOE CTab1Ii3aMii0 B’ A3KOCTI MOTOPHOI OJIMBH TIPH €KCIUTyaTallii, He3Ba)Kalo4H Ha Te, II0
B’S3KiCTHA TIPUCAgKa CXWIbHA O TEMIIEPATypHOi Ta MEXaHIUHOi MECTPYKMii, MOMAZaHHSA MaJlMBa PO3PIIKYeE
OJIUBY, YTBOPEHHS JITKUX (PpakIliii IpH BUCOKOTEMIIEPATYPHOMY KPEKiHTY 3HIDKY€E OYaTKOBY B’SI3KICTH OJIMBH.
AOGcomroTHE 3HaYEHHS KiHEMAaTHYHO! B’SI3KOCTI TOBAapHOI Ta BIiANPAaNbOBAHOI OJHMBH HE BigoOpaxye 3MiHY
(hi3MIHOTO CTaHy MAacCTIJIFHOTO MaTepianly, M0 HEoOXiZHO BPaxOBYBAaTH IpW aHAJi3i KiHETHKH (OpPMYBaHHS
MAacCTHJIBHOTO IIapy B KOHTAKTI.

AHaJi3 OpoTU3HONIYBANLHUX BIACTUBOCTEH OJIUB Moka3as, mo npu 120°C minidiaumii 3H0C cTtami 40X Ha
5% HuWkKYe TIPH 3aCTOCYBaHHS BimnpanboBaHoi omusu, a npu 20°C panumii nmapamerp Ha 15% nepepumiye
MOKa3HUKH 3HOCY, BCTAHOBJICHI TIPH BUKOPHCTaHHI TOBAPHOI OJIMBH.

[TinBuieHHs TemrepaTypu 00yMOBIIIOE 3pOCTaHHS 3HOCY NPU BUKOPHCTaHHI TOBAPHOTO 3pa3ka OJIMBU

Mobil-1 O0w-40 3a paxyHOK ,,IpUMpPAalbOBYBaHHS OJHMBHM, B pPE3yJbTaTi YOr0, BHACIIMIOK ITiBHUILEHHS
AKTUBHOCTI TIPUCAJOK Ta OKHCIIOBAIBLHO-TIONIMEPU3AIlifHUX TIPOLECiB, B Hi HAKOMHYYIOTHCS KOJOiMHI
MeXaHI9Hi JOMIIIKH Ta MPOIYKTH OKUCICHH, sIKi IPU3BOIATE A0 CTadimi3amii iIHTEeHCUBHOCTI 3HOUTYBaHHS. [Ipn
20°C, iMOBipHO, IHTEHCUBHICTh [JAHMX AKTHBAUIMHHMX MPOLECIB CYTTEBO 3HIKYEThCA, L0 3abesmeuye
T ABUIICHHS 3HOCOCTIMKOCTI KOHTAKTHHUX IIOBEPXOHB, HAa BiIMIiHY IIPH 3MaIllyBaHHI €IEMEHTIB TPUOOCTIPSHIKCHHS
BIANIPAIlbOBAaHOIO OJIMBOIO, SIKA MICTHTh INJBHIICHY KOHIEHTPALII0 NPOAYKTIB OKHCIECHHS Ta KOJOIZHUX
MeXaHIYHUX JOMIIIOK, sIKi YTBOPIOIOTH HU3BKOTEMITEPATypHI BIIKIaJCHHS Ta CIIPUIMHIOIOTE a0pa3uBHY Aif0 Ha
KOHTaKTHI IIOBEpXHi, IHTeHCH(DiKyIOUH iX 3HOC.

Kawu4oBi caoBa: MacTWiIbHHMN Iap, 3HOC, Macjio, TeMIepaTypa, MNOTTIMHAIOYWIN Imap, B'S3KICTh,
YYTIIUBICTH



Problems of Tribology, V. 27, No 3/105-2022, 82-88

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

E-mail: tribosenator@gmail.com

DOI: https://doi.org/10.31891/2079-1372-2022-105-3-82-38

Study of the Stress-Strain State of the Surface Layer During the
Strengthening Treatment of Parts

D.D. Marchenko*, K.S. Matvyeyeva

*Mykolayiv National Agrarian University, Mykolayiv, Ukraine
E-mail: marchenkodd@mnau.edu.ua

Received: 20 July 2022: Revised: 05 August 2022: Accept:16 September 2022

Abstract

The paper presents experimental studies and obtained statistical models of the influence of processing
modes on the quality of the surface layer and cyclic durability of reinforced machine parts. It was established
that the main influence on the strengthening effect, the depletion of the plasticity reserve of the metal and the
formation of residual stresses are exerted by the effective gap of the cutter, the effective tension and the profile
radius of the roller. The results showed that dimensional combined running-in ensures high cyclic durability of
strengthened parts under conditions of multi-cycle fatigue load, which reaches 8 million cycles, which is 3.5
times greater than the durability of a non-reinforced part and 1.5 times - the durability of a part strengthened by
surface plastic deformation Studies have shown that the greatest cyclic durability of the part is ensured at the
minimum values of the effective cutter gap, the maximum values of the profile radius and the value of the
effective roller tension of 0.6 mm, which corresponds to the degree of exhaustion of the plasticity reserve by
processing with dimensional compatible rolling ¥ = 0.65. On the basis of the results of theoretical and
experimental studies, a methodology and algorithm for the design of processing technology by dimensional
combined running-in were developed. A computer program has been developed that allows you to calculate the
quality of the surface layer and cyclic durability of the part based on the specified modes, as well as to assign
rational processing modes that ensure the specified quality of the surface layer and cyclic durability. Based on
the results of research, a technological process of strengthening processing of machine parts by combined
dimensional running-in has been developed, which allows forming compressive residual stresses in the surface
layer of the processed part, as well as increasing productivity up to 2 times while maintaining or improving the
specified quality parameters of the surface layer of the processed part.

Key words: dimensional compatible running-in, stress-strain state, strengthening treatment, surface
plastic deformation, residual stresses

Introduction

The urgent task of modern mechanical engineering is to ensure the durability of machine parts, which is
largely determined by the quality of the surface layer (SL). The surface layer is formed during the entire
technological process, while the phenomenon of technological inheritance (T1) plays an important role.

Improving the quality of the surface layer is possible on the basis of improving the methods of
strengthening treatment, as well as identifying the regularities of the TS and their influence on the operational
durability of the part, including under the conditions of the application of fatigue loads.

One of the ways to improve the quality of machine parts is the application of technological processes
based on combined methods of surface plastic deformation (SPD), including the method of dimensional
simultaneous running-in (DSR). The peculiarity of DSR is the original scheme of operation of cutting and
deforming tools, according to which, the cutter cuts the plastic wave of metal that occurs in front of the
deforming rollers.

This method ensures high accuracy of machine parts, parameters of roughness and strengthening of the
surface layer when processing a wide range of important parts, such as rods, shafts, axles, etc., made of
reinforcing structural materials and operating under conditions of application of cyclically alternating loads.

Copyright © 2022 D.D. Marchenko, K.S. Matvyeyeva. This is an open access article distributed under the Creative Commons
@m_ Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
[ properly cited.
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In relation to such processes of strengthening treatment, the development of an analytical apparatus is
relevant, which allows to calculate the operational durability based on taking into account the entire complex of
inherited properties of the surface layer, since the appearance of new materials and the complication of machine
operating conditions require a reduction in the terms of structural and technological preparation of the
organization by reducing experimental work [1].

Solving this problem is possible on the basis of the disclosure of the consequent physical regularities,
both the formation of the state on top of the next layer during processing by dimensional combined rolling, and
the transformation of this state during operational fatigue loading of the part. For the study of such regularities,
the apparatus of the mechanics of technological inheritance is adapted, based on the accounting of the
continuous accumulation of deformations, the exhaustion of the reserve of plasticity and the formation of
residual stresses by the metal of the surface layer at the stages of the life cycle (LC) of machine parts, including
at the stage of operational fatigue load. The application of the TI mechanics apparatus allows to describe in
uniform terms and categories the physical nature of the behavior of metal at the stages of metallurgy and to
bring the results of research into a form convenient for engineering use.

Thus, the wide possibilities of the method in terms of ensuring quality and accuracy, on the one hand, and
the lack of technological recommendations for ensuring the cyclic durability of strengthened critical parts, on
the other hand, restrain the wide application of DSR in industry.

Taking into account the growing requirements for quality and the need to ensure the durability of parts
during operation, this work, aimed at the development of analytical apparatus and methods of designing
technological processes of strengthening treatment, is relevant.

Literature review

The works of P.G. Alekseeva, M.A. Balter, Y.M. Baratsa, V.F. Bezyazichny, V.M. Braslavskyi, M.S.
Drozda, M.M. Zhasimova, S.A. Zaides, A.V. Kyrycheka, E.H. Konovalova, 1.V. Kudryavtseva, A.G. Lazutkina,
E.M. Verkhivka, L.l. Markus, L.G. Odintsova, D.D. Papsheva, V.V. Petrosova, V.N. Poduraeva, Yu.G.
Proskuryakova, O.A. Rosenberga, E.V. Ryzhova, V.M. Smilyanskyi, A.H. Suslova, L.A. Khvorostukhina, P.A.
Chepy, P.S. Chistoserdova, L.M. Shkolyara, Yu.G. Schneider, D.L. Yudina, P.I. Lizard and others [2].

One of the effective methods of combined SPD is dimensional run-in, the technological capabilities of
which are explored in the works of V.M. Smilyanskyi, V.Yu. Blumenstein, V.A. Vasylieva, V.B. Ignatov and T.
Niklevich [3].

The DSR method is quite well studied in terms of ensuring the accuracy and quality of the surface layer.
In particular, it was established that it allows to provide within wide limits such quality parameters as roughness
(Ra = 0.04...0.8 um), depth (h = 0.5...15 mm) and degree (6 = 0.2...0.8) strengthening when creating favorable
compressive stress patterns.

However, at the same time, the possibilities of dimensionally compatible running-in to ensure the cyclic
durability of parts remain unestablished. These capabilities are especially relevant for a wide range of parts
operating under fatigue load conditions.

To solve this problem, an analysis of methods for ensuring the quality and durability of strengthened
machine parts, features of the formation of final stresses during strengthening processing, as well as an analysis
of approaches to accounting for the phenomenon of technological inheritance, outlined in the works of V.I.
Averchenkova, |.A. Birgera, V.Yu. Blumenstein, A.S. Vasylieva, A.M. Dalsky, A.l. Kondakva, 1.V.
Kudryavtseva, A. A. Matalin, A.N. Ovsienko, A.V. Podzeya, E.V. Ryzhova, V.M. Smilyanskyi, A.H. Suslov
The formulation of the scientific task of developing a methodology for the design of technological processes of
strengthening processing by the RSO method, ensuring the cyclic durability of machine parts and taking into
account the appearance of technological inheritance, has been completed [4].

It was established that the apparatus of the mechanics of technological inheritance, developed by V.Yu.
Blumenstein, is adapted for solving such a task in the framework of which the formation and transformation of
the state of the surface layer at the stages of mechanical processing and subsequent operational fatigue load are
considered as a single continuous process of accumulation of deformation and exhaustion of the reserve of
plasticity of the metal of the surface layer.

Along with traditional quality parameters, the used apparatus of the mechanics of technological
inheritance allows for a thorough description of the regularities of the formation and transformation of the
properties of the surface layer at the stages of mechanical processing and subsequent operational fatigue loading
in the categories of integral parameters that are uniform for all stress stages: the degree of shear deformation A,
the degree of depletion plasticity reserve ¥ and residual stress tensor [Tcocr]. The device allows you to take into
account the influence of the accumulated properties of the surface layer on the cyclic durability of the part; at the
same time, the latter is understood as the number of load cycles until the plasticity reserve of the metal of the
surface layer is completely exhausted and the appearance of a fatigue crack. To calculate the degree of depletion
of the plasticity reserve WV, the Kalpin-Filippov criterion is used, which takes into account the partial "healing" of
the metal defect and the restoration of the plasticity reserve in the zone of change in the sign of deformation [5].

The analysis showed that the use of the apparatus of the mechanics of technological imitation allows to
establish the physical regularities of the formation of the surface layer, the processes that occur during the
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processing of DSR in the deformed hearth, as well as the regularities of the influence of these processes on the
cyclic durability of the part.

Purpose

The purpose of the research is to increase the durability of machine parts strengthened by dimensionally
combined running-in based on taking into account the inherited properties of the surface layer.

Research methodology

In order to assess and manage the state of the surface layer in order to ensure the specified cyclic
durability of DSR-treated machine parts, the apparatus of the mechanics of technological inheritance was
adopted, according to which:

- during the processing of DSR, there is an accumulation of deformations and the exhaustion of the
reserve of plasticity, which leads to the formation of a surface layer with defined quality parameters: depth and
degree of strengthening, roughness and residual stresses;

- in the process of further operational fatigue loading, the process of accumulation of deformations,
depletion of the plasticity reserve and relaxation of residual stresses continues, which leads to a continuous
transformation of the loaded state and a change in the degree of strengthening of the surface layer;

- when the limit deformations accumulate to the level of Ap, the plasticity reserve is completely
exhausted (¥ = 1). This state corresponds to complete relaxation of residual stresses ([Too] = 0) and the
appearance of an initial fatigue crack.

In order to structure, systematize and further solve the given problem, a structural-analytical model of the
formation of the parameters of the mechanical state of the metal of the surface layer of the part at the stage of
dimensional combined running-in was developed, taking into account the phenomenon of technological
imitation in the context of ensuring the necessary cyclic durability [6].

The model, built on the basis of CALS - technologies, is based on the idea of the considered process as an
information system. The function "Manage the parameters of the mechanical state of the surface layer of the
metal at the DSR stage in order to ensure the given cyclic durability of the part” was selected as a high-ranking
function. The decomposition of the context diagram made it possible to identify the main parameters for the
purpose of controlling the mechanical state of the surface layer and to describe them by a system of kinetic
equations.

Research results

The method of dimensional combined running-in is based on plastic wave formation; at the same time,
the processing is carried out by two or three rollers, rigidly adjusted to a certain size of the processing of the
part. The principle is the presence of a cutter in the zone of wave formation, which partially or completely
removes the plastic wave. The tensions of the deforming rollers significantly exceed those adopted for SPD and
reach values of 1 mm, however, the destruction of the surface does not occur due to the removal of part of the
metal by the cutter in the area of the top of the plastic wave.

When solving the problem of mechanics of cyclic durability, it was accepted:

1. During operation, the part is subjected to multi-cycle fatigue symmetrically changing stress with a
scheme of cantilever bending with rotation, fatigue (operational) and residual stress tensors are specified in the
Cartesian coordinate system, while the numerical values of the residual stress components decrease in
proportion to the number of cycles in accordance with the selected by the law of relaxation.

2. Accumulation of limit deformations, complete exhaustion of the reserve of plasticity and nucleation of
a fatigue crack occurs at some point of probable destruction, which can be located both on the surface and at
some distance from it; at the same time, there is no point drift in the process of fatigue loading.

3. The end of the stage of cyclic durability corresponds to a certain limiting degree of hardening and
hardness (microhardness) of the surface layer at the point of probable destruction, characteristic of the given
material, processing modes and load conditions.

Experimental studies were carried out on a 1K62B lathe and screw-cutting machine, equipped with an
installation for RSO, as well as on a model 16K20F3 lathe, equipped with a special installation for processing
RSO of fatigue samples. The ranges of variation of the processing mode parameters were: feed (S) - 0.07...0.7
mml/rev, part rotation frequency (n) - 100...1200 rpm, profile radius of the roller (Ry) - 2...15 mm , estimated
roller tension (h;) - 0.1...1 mm, actual gap (aq4) - 0...0.2 mm, actual tension (hg) - 0.05...0.9 mm [7].

The actual geometric parameters of the deformation center were determined by profilography and further
processing of the obtained profilograms. To increase efficiency and automate calculations, an algorithm and a
program for processing OD profilograms were developed. Their task is to translate the graphic image of the
profilogram into the numerical values of the points that make up the OD contour.



Problems of Tribology 85

Experimental samples were made from steel 45 of one delivery. In order to localize the fatigue crack
initiation point, the working surface was made in the form of a combination of a cylindrical part and a fillet. The
working part of the fatigue samples, which has a diameter of 15 mm, was subjected to DSR processing on a
16K20F3 machine with different modes. For each series, a sample was made - a witness, on which fixation of
the center of deformation was carried out [8]. Based on the obtained deformation rates, the actual parameters of
the processing mode, as well as the parameters of the mechanical state of the surface layer, were calculated.

The cyclic durability of the samples was determined on the basis of the proposed calculation-analytical
model and fixation of the change in the microhardness of the surface layer during cyclic loading. The
distribution of microhardness along the depth of the surface layer was determined in the dangerous section of the
samples after stressing with a fixed number of cycles, while the witness samples made it possible to determine
the initial distribution of microhardness before fatigue stress [9].

The relationship revealed as a result of experimental and analytical research explains more than 90% of
the entire dispersion of experimental data, the relative error of determination does not exceed 15%.

The analysis showed that the actual incisor clearance has the predominant influence on the deformation
parameters (Fig. 1, a, b). With a relatively small increase in it, A and ¥ grow significantly, since in this case a
more deformed metal forms the machined surface.

A significant influence on the parameters of the mechanical condition is also exerted by the profile radius
Ryr and the effective tension of the roller hq. It was found that A and ¥ when changing Ry have extrema, the
position of which is determined by the value of the effective gap (Fig. 1, a). When the effective tension
increases, the values of the deformation parameters continuously increase (Fig. 1, b).
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Fig. 1. Interrelationships of the accumulated parameters of the mechanical state:
a - with profile radius of the roller; b - with real tension

In order to identify the relationships between the residual stresses and the parameters of the mode, a
description of the graphs of the OH components in the categories of the coordinates of the characteristic points
was carried out. As an example, graphical dependencies for the axial component of residual stresses are
considered below (Fig. 2, a, b). It was established that the largest axial compressive stresses on the surface are
observed at significant actual tension of about 0.25 mm [10, 11]. Their further decrease with increasing tension
is caused by significantly increasing thermal discharge, while the axial compressive stresses in the first
extremum continue to increase (Fig. 2, a).
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It was established that for each value of the effective tension, there is a value of the profile radius of the
roller at which the compressive stresses on the surface of the part are maximum (Fig. 2, b). The maximum
values of the axial compressive stresses at the point of the first extremum increase with the increase of both
factors and reach values of 400 MPa [12]. The growth of these factors also increases the actual depth of the
location of the extremum from the surface of the part. At the maximum values of the effective tension and
profile radius of the roller, it reaches values of 6-8 mm.

The conducted experimental studies made it possible to reveal the relationships between the cyclic
durability of Ncp and the depth of fatigue crack initiation htr with the parameters of the mechanical state of the
PS metal and technological factors in the processing of DSR. It was established that the main parameters of the
DSR regime have a hereditary influence on the degree of shear deformation accumulated at the stage of cyclic
durability AAuy, the largest value of which is observed at h, = 0.6 mm. As the effective gap increases, the value
of AAyy decreases, which is caused by a significant increase in the degree of shear deformation accumulated
during DSR.

An increase in the effective gap leads to a decrease in the fatigue crack nucleation depth and the exit of
the probable fracture point to the surface [13]. This corresponds to the well-known idea that with a further
increase in a, there is an accumulation of limit deformations and destruction of the metal surface at the top of the
plastic wave already during mechanical processing. An increase in R,, leads to an increase in the crack
nucleation depth, while the highest value of h., is observed at h = 0.6 mm. When AAyy increases, the crack
initiation depth increases.

The analysis showed that the maximum cyclic durability was obtained in such modes of DSR, when
residual stresses, depth and degree of strengthening did not reach their maximum values.

Conclusions

For the practical use and implementation of the results obtained in the work, an algorithm for calculating
the parameters of DSR processing has been developed, which allows:

1. Determine the quality parameters, integral parameters of the mechanical state (A, ¥, [To.cr]) and cyclic
durability of the part, taking into account the phenomenon of technological inheritance, based on the given value
of the mode parameters.

2. According to the given value of the parameters of the quality and durability of the part under
conditions of application of fatigue loads, determine the optimal processing modes.

The program "Calculation of the inherited parameters of the dimensional combined running-in process” is
intended for the automated calculation of the accumulation of deformation, the exhaustion of the plasticity
reserve and the residual stress tensor and the appointment of rational processing modes that provide the best
surface properties. It allows you to calculate DSR parameters in three ways:

The 1st method is practical: calculation based on the experimentally obtained geometric profile of the
deformation center, which can be obtained with the help of the program "Processing of profilograms of
deformation foci during dimensionally shifted rolling and surface plastic deformation".

The 2nd method is analytical: the starting points are the technological parameters set on the machine
during the processing of the part by the DSR method.

The 3rd method is inverse analytical: the initial data are the values of the parameters of the quality of the
surface layer, which must be obtained during the processing of DSR, as well as the values of technological
factors acting as limitations.

Structural and calculation-analytical models were developed and the physical regularities of the formation
of the quality of the surface layer were revealed, taking into account the phenomenon of technological
inheritance. It has been found that compared to traditional surface plastic deformation, dimensionally coupled
rolling provides higher quality and allows to accumulate more deformation without destroying the surface layer.

An analytical model of the formation of residual stresses has been developed, which is presented in the
form of a tensor, which is the sum of the tensor of elastic-plastic stresses, as well as the tensors of elastic and
thermal unloading stresses. The nature of the distribution of residual stress components along the depth of the
surface layer has been established. The calculations showed that the axial component of the residual stresses,
which reaches 400 MPa and the depth of spread of compressive stresses up to 10 mm, is characterized by the
greatest stress values.
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Mapuenko [.JI., MarBeeBa K.C. JlocmimkeHHS HamnpyXeHO-Ie(OpPMOBAHOTO CTaHy MOBEPXHEBOTO
mapy npu 3MiIHIOYii 00po0ITi geraneit

Y poboTi mpesncTaBieHi EeKCIIEpUMEHTAJIbHI JOCTIDKEHHS Ta OTpPUMaHi CTAaTHCTHYHI MOJIETl BIUIUBY
pPEeKMMIB 0OpOOKM Ha SIKICTh IOBEPXHEBOTO INApy 1 IUKIIYHIM JOBrOBIYHOCTI 3MIIJHEHHMX JETajiedl MallnH.
BcranoBneHo, 110 OCHOBHA BIUIMBY Ha 3MILHIOIOYWI e(eKT, BHYEpNaHHS 3amacy ILIaCTHYHOCTI MeTany i
(hopMyBaHHS 3aIHIIKOBHX HANPYXCHb HANAIOTh IIHCHWI 3a30p pi3lyd, MIACHUN HATAT i mpoQiIsHUHA paniyc
ponmka. PesympraTm TOKazamm, O[O0 po3MipHE IO€AHAHE OOKAaTyBaHHA 3a0e3ledye BHCOKY IHKIIIHY
JIOBTOBIYHICTH 3MIIIHEHHUX JAeTalell B yMOBaX 0araTOIMKIOBOTO BTOMHOTO HAaBAaHTAXKEHHS, IO JOCITaE 8 MITH.
IUKIIB, IO B 3,5 pa3u HepeBHINy€e TOBTOBIUHICTh HE 3MiI[HEHOI Aeram i B 1,5 pasu - HOBTOBIUHICTH JAeTalli,
3MII[HEHOi MOBEPXHEBHM IUIACTHYHHMM JedopMyBaHHAM. JlOCHi/KeHHsS IOKaszanu, 10 HaiOinplla IUKIiYHA
JIOBrOBIUHICTh JeTaii 3a0e3nevuyeThesi NMPH MiHIMAIbHUX 3HAUYEHHSX AIHCHOrO 3a30py pi3ll, MaKCUMaJIbHHX
3HA4YEHHAX NPOQUIFHOrO pajaiycy 1 3Ha4yeHHI AilicHOro Hatsry ponuka 0,6 MM, IO BiJIOBIAE CTYICHIO
BUUEPIIAHHS 3aracy IUIaCTUYHOCTI 0OpoOKoro po3MipHUM cyMmicHUM oOkaryBanHsM ¥ ~ 0,65. Ha ocnoBi
pe3ynbTaTiB  TEOPETHYHMX 1 EeKCIEPUMEHTATBHAX IOCHI[DKEHb pO3pOOJICHO METOAWKY Ta allfOPUTM
MIPOEKTYBAaHHS TEXHOJIOTii 0OPOOKHM pO3MipHUM MOE€THAHUM OOKaTyBaHHSAM. Po3poGieHo mporpamy mnsi EOM,
IO JO3BOJISIE PO3PAXYHKOBHM IUIIXOM BH3HAYATH SKICTh IOBEPXHEBOTO INapy i OUKIIYHY JOBTOBIYHOCTI
JIeTali, BUXOMIYH 13 3aJaHAX PEKUMIB, a TAaKOXK MPU3HAYATH PAliOHATBHI PeXXUMH 00pPOOKH, 110 3a0e3MMeTyI0Th
3aJjaHy SKICTh TIOBEPXHEBOTO IIapy i HMUKIIYHY TOBTOBIYHICTb. Ha OCHOBI pe3ynbTaTiB HOCITIHKEHb PO3POOIICHO
TEXHOJIOTIYHUH Mpolec 3MILHI04Y01 00poOKH JeTanell MalliH KOMOIHOBaHUM PO3MIpHUM OOKaTyBaHHSM, SKUH
J103BOJIsIE (DOPMYBATH CTHUCKAIOYi 3aJUIIKOBI HANPYXKCHHS B MOBEPXHEBOMY IIapi 0OpOOJICHOT MeTali, a TaKoK
30UIBIINTH TMPOMYKTUBHICT A0 2 pa3iB mpu 30epekeHHi abo0 MOJINIIEHHI 33JlaHuX IapaMeTpiB SIKOCTI
MOBEPXHEBOTO MIapy 00pobiIeHoi nerai.

KawuoBi cioBa: po3mipHe cyMmicHe oOKaTyBaHHS, Hamlpy>KeHO-Ie(hOpPMOBAHUI CTaH, 3MIIHIOIOYA
00po0OKa, moBepXHeBa IIACTHYHA 1e(hOopMallis, 3aIHUIIKOBI HAPYKEHHS
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Abstract

The article is devoted to the analysis of wear resistance of diffusion coatings, which were applied by ionic
nitriding on steel 40XH2MA. There is a comparison of the technological efficiency of the results. The
parameters of technological modes used in the process of application are presented, with the list of equipment
and stages. The authors conduct the comparative analysis of chemical composition, microstructure,
metallographic and tribological studies. They study the wear kinetics of 40XH2MA steel with nitrided coatings
as well as provide practical recommendations on the use of hardened samples in dry friction conditions.

Key words: structural steels, physical and mechanical properties, ionic nitriding, technology, diffusion
coatings, wear.

Problem statement

In recent years, many industries have established a tendency to use ion nitriding as an energy- efficient,
environmentally friendly method of chemical-thermal hardeningof machine parts, cutting and stamping tools.To
a large extent, this is facilitated by the creation of modern high-tech automated equipment, which made it
possible to get rid of significant disadvantages of gas nitriding, such as duration, labor intensity of the process,
instability of the results, low strength properties of the nitrided layer, etc.

Nitriding refers to surface modification processes that increase the local concentration of nitrogen in the
metal structure. Many metals and alloys have shown the capacity for nitriding, that is, ability to increase
hardness and wear resistance as a result of saturation with nitrogen in the amount from 5 to 50 atomic percent.

The most effective technological process of surface hardening is the method of ion nitriding in hydrogen-
free media, which is well studied and is widely used for modification of metal materials. Unlike nitriding in
hydrogen-containing media, in this case, there is no weakening of the base caused by the harmful effects of
hydrogen on the metal, electricity and gas consumption is reduced, nitriding time is shortened, the absence of
toxic ammonia makes this method environmentally friendly.

Literature review

Many scientific papers and monographs of both Ukrainian and foreign scientists are devoted to the
processes and technologies of ion-plasma nitriding [1-5]. Of particular interest are publications from the
countries where these technologies are highly developed and the production of industrial equipment is
established, these are the Austrian company "RUBIG", the German companies "ELTROPULS" and "PLATEG-
PULSPLASMA", the Bulgarian company "IONITECH", the Brazilian company "NINRION" and others.

In the Institute for Problems of Strength named after H.S. Pysarenko, the technology of modification of
the surface of structural elements of general engineering was developed by the method of vacuum ion-plasma
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gas-thermocyclic nitriding, which is based on the theory of thermal fatigue, abnormal mass transfer under
mechanical load and the effect of discrete energy input. This technology has a number of advantages: only the
surface layer of the part is heated by glow discharge energy; cyclic heating and cooling cause thermal stress in
the surface layer, which accelerates diffusion processes and, consequently, reduces processing time; discrete
energy input and heating only the surface layer reduce energy consumption by up to 10 times [6].

A promising direction of controlling the structure and service properties of working surfaces is the use of
pulsed plasma technologies. The National Technical University of Ukraine "lhor Sikorsky Kyiv Polytechnic
Institute™ conducts research on ion-pulse high-frequency nitriding. This approach is based on a combination of a
pulsed discharge for creating a plasma flow of diffuser elements and a pulsed biasing of the substrate potential
for ion implantation or modification of a surface with the transition to the batch pulsed excitation mode of
induction discharge.The pulsed modulation (periodic interruption) of gas discharge current or voltage of
substrate negative biasreduces the average power of the thermal load on electrodes (cathode, anode, electrodes of
separators, screens, etc.). This mode significantly reduces the operating temperature and makes it possible to
modify surfaces and/or apply coatings on heat-sensitive substrates, such as hardened steels without the risk of
overheating [7].

Thus, further study of surface modification by ion-plasma nitriding for improving its functional properties
is relevant and appropriate in the case of specific implementation.

The aim of the work is to analyze and study the microstructures of modified surfaces using different
technologies of ion-plasma nitriding for enhancing the wear resistance of parts and structural elements made of
40XH2MA steel.

Materials and methods

In the work, to study nitriding processes, structural alloyed high-quality steel 40XH2MA (JACTY
7806:2015) was used, which is used for the manufacture of heavily loaded critical parts — disks, cam clutches,
gears, connecting rods, valves, crankshafts, etc.

According to the quality certificate, this steel has the following composition: 0,41%C, 0,31%Si;
0,57%Mn; 0,003%S; 0,017%P; 0,8%Cr; 1,37%Ni; 0,07%W; 0,01%V; 0,21%Mo, 0,18%Cu; 0,001%Ti;
0,016%Al; 0,009%N. The actual composition of the steel was determined during the study of microstructures,
and it is slightly different from the data on the certificate, which may be due to the elimination of elements in the
sample content, the results are shown in Table 1.

Table 1
The actual composition of the steel

ElementiAt No. Netto Mass Mass Norm. Atom abs. error [%] rel. error [%]

[26] [%] [26] (1 sigma) (1sigma)
C 6 1559 0.40 040 183 0.00 0.00
Si 14 375 0.15 0.17| 0.33 0.05 33.26
Cr 24 1468 107 118, 1.25 0.08 7.68
Mn 25| 1119| 106 118 118 0.09 8.69
Fe 267342186.07 8556 S54.20 2.40 278
Ni 28, 513 082 092 086 0.10 1194
Mo 42 793 053 058 0.34 0.08 15.13
Sum 90.11 100.00 100.00

Before nitriding, all samples were subjected to normalization with heating to 850+£10°C for 15 min
followed by cooling in air.

The study of microstructure, chemical composition was carried out using a scanning electron microscope
VEGAS3 manufactured by TESCAN; optical images of the microstructure were taken using a microscope
manufactured by CARL ZEISS, JENA. The microhardness of the nitrided surface was measured by a PMT-3
microhardness tester with a load on the indenter of 20 g. Wear resistance of the samples testedby the method of
friction plane on plane in conditions of dry friction metal on metal, with the sample reciprocating movement
according to the scheme shown in figure 1. The friction samples were in the shape of bars with the following
dimensions: length — 20 mm, width — 10 mm, thickness — 6 mm;the samples were cut from the original round
samples with a diameter of 33 mm before and after nitriding.

o =

Fig. 1. Kinematic diagram of the friction unit 1 - counterbody, 2 - test sample
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The hardened steel U13 with hardness of 70 HRC served as the counter body, the pressure in the contact
zone of the counter body on the sample was 10 kPa. Friction of each sample was carried out for 6 hours, graphs
were built based on the dependence of mass loss on the distance covered and time.

Results

In accordance with the set goal, the surfaces of samples with nitrided layers, which were obtained by
three technologies of ionic nitriding, were studied in the work.

By the first technology, nitriding was applied using an experimental nitriding unit Ul designed by
Podilskyi Scientific Physics and Technology Center of the Khmelnytskyi National University in the following
modes: T = 560°C; P = 160 Pa; T = 300 min; 75%N2+25%Ar . The part was placed in a sealed chamber on a
special device to which the negative pole of the power supply was connected, and the walls of the chamber were
connected to the positive pole. Air was pumped out of the chamber to a pressure of 1.33 Pa, then the chamber
was filled with pure Ar to a pressure of 1330 Pa, pumped out again to 1.33 Pa, and a constant voltage was
applied to the electrodes using a special power supply to excite the glow discharge. The ion cleaning process was
started at the voltage up to 1200 V for 30...60 minutes. Then the voltage was reduced to 500...1200 V, and the
pressure was increased to operating pressure.

The process was carried out in the mode of anomalous glow discharge, where the surface of the part
participates in the discharge as a cathode electrode and is covered with a layer of plasma. The density of current
supplied to the part is up to 20 mA/cm?. The temperature of the sample during nitriding was regulated by
changing the parameters of the power supply mode and did not exceed 560 ° C, the control was carried out using
a pyrometer F.08196.Ar purity at the initial stage was 99.993%.

By the second technology, nitriding was applied using the VIPA-1 unit designed by the H.S. Pysarenko
Institute for Problems of Strength of the National Academy of Sciences of Ukraine. The technological process is
as follows. The part is placed in a sealed container and connected to the negative pole of the current source, and
the container walls are connected to the positive pole. Air is pumped out of the container to a pressure of 1.33
Pa, the container is purged with working gas for 5...15 minutes at a pressure of 1330 Pa, then it is pumped out
again to a pressure of 1.33 Pa, a pulsating voltage of 1100...1400 V is applied to the electrodes using a special
power supply and a glow discharge is excited. At this stage, cathodic spraying is carried out for 5...60 minutes,
during which the part is cleaned. Then the voltage is reduced to operating voltage and the pressure is increased to
25...250 Pa. At these parameters, the actual process of diffusion saturation with nitrogen is carried out, and the
voltage of 1000...1200 V is pulsating with a current pulse duration t = 10...20 ms and a pulse period T = 40 ms.
Meanwhile, the filling factor Q, which is equal to the ratio of the value of the pulse period T to the duration t of a
single pulse, is in the range of 2...4 because at Q < 2 arc discharges which cause damage to the surface of the
workpiece may occur and at Q > 4 the efficiency of ion treatment decreases.

In the process of diffusion saturation, there is a cyclic termination of the reaction gas supply to the
vacuum chamber in the ratio of 80%Ar + 20%N; with a half-cycle duration of 15...30 min, while the temperature
of nitrogen saturation and denitration (resorption) is different — higher or lower than the eutectoid transformation
temperature (591°C) [8].

The process of nitriding by the third technology was carried out on an experimental vacuum unit, which
was additionally equipped with a special source of the regulated constant voltage, a high-frequency generator
and a pulse modulator made on vacuum electronic devices GU-81M. Due to the properties of their
characteristics, these devices automatically limit the current to the load to a specified value and interrupt the
arcing process, which is accompanied by explosive local destruction of the cathode surface.

The process was carried out in the mode of anomalous glow discharge, under which the entire surface of
the cathode electrode (in our case, the part) participates in the discharge and is covered with plasma glow
(Fig.2). The voltage for such discharge is hundreds of volts, and the current density on the part is up to 10
mA/cm?. The operating parameters were set in the following range: voltage — 0.8-1.0 kV, pulse frequency — 10
Hz; pulse ratio— 1.5-2; working gas pressure in the chamber — 250-350 Pa, process length — 5-6 hours. The
sample temperature during nitriding was regulated by changing the parameters of the pulse power supply mode
and did not exceed 580°C. A mixture of 75%N; and 25%Ar was used as working gas, and pure Ar was used to
clean the surface at the initial stage.

The use of pulse mode with a frequency of 10kHz ensures the stability of the process of diffusion
saturation of the surface without electrical breakdowns and arcing, thus, in accordance with the volt-ampere
characteristic of the electric discharge, the mode of anomalous glow discharge is realized. An important role in
this process, as well as in the second technology, is played by the pulse density, the decrease in which leads to
the localization of the amount of plasma, which can be compensated by increasing the voltage, but it causes
overheating on the sample surface, which can lead to undesirable structural transformations.
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Thus, the glow discharge burning occurred uniformly around the perimeter of the samples (Fig. 2), which
provided the uniform thickness of the diffusion layer.

Fig. 2. Burning process of anomalous glow discharge in pulse mode. 1 - anode, 2 - cathode (part), 3 - anode glow, 4 -
cathode glow.

Figure 3 shows electron pictures of sample surfaces after nitriding under the modes corresponding to the
three described technologies. Table 2 shows the results of chemical analysis of sample surfaces in different
zones formed during the nitriding process.
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Fig. 3. Electronic pictures of the sample surface after nitriding: a, b - sample Nel by the first technology, ¢ - sample
Ne2 by the second technology, d - sample Ne3 by the third technology
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Table 2
The results of chemical analysis of sample surfaces
. Composition of elements, mas. %

Sample Ne Analysis zone N Si Cr Mn Fo Ni Mo

Zone | 6,13 0,63 1,58 — 90,8 0,86 —

1 Zone 11 4,76 0,19 1,12 - 93,02 0,91 -

Zone 111 1,71 0,4 2,83 - 94,09 0,74 -

5 Zone 11 5,55 0,3 1,02 1,03 89,28 1,19 -
Zone 111 2,20 0,15 1,03 1,11 93,83 1,00 0,28

3 Zone 11 5,9 0,32 0,58 0,63 90,75 1,42 -
Zone 111 3,27 0,25 0,52 1,07 93,4 0,99 0,1
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Analysis of the results of determining the chemical composition of the nitrided layer showed that the
structure is layered and consists of two zones: nitride, where the y'- phase was formed, and nitrogenous ferrite.
Alloying elements chromium and nickel dissolve in ferrite, increase the solubility of nitrogen in the a-phase
forming special nitrides. Being released in a finely dispersed state, these nitrides contribute to enhancing the
hardness of the nitrided layer, mainly in the lower layer of the saturated zone. Chromium, as a transition element,
actively interacts with nitrogen and increases the solubility of nitrogen in the a-phase. Zone 1 with y’-phase is
very thin and brittle, microcracks and delamination are found (Fig.3 a).

After nitriding on the surface of sample No. 1 in zone I, the nitrogen concentration reaches 6.13 wt.%,
respectively 18.05 atm% (Table 2). According to the iron-nitrogen diagram (Fig. 4), at a nitrogen concentration
of about 20 atm%, iron nitride Fe4N will be formed, which causes the maximum hardness of the surface at the

level of 805 MPa.
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The amount of chromium in zone | increased to 1.58 mas.%, respectively to 1.25 atm% in comparison
with its average amount in steel before nitriding of 1.18 mas.% (Table 1), and nickel, on the contrary, decreased
from 0.92 mas. %, respectively from 0.86 atm %, in the initial state (Table 1) to 0.86 mas. %, respectively to
0.61 atm % after nitriding.

In zone 11, the chemical composition of the nitrided surface differs from both the initial and the nitrided
one: the nitrogen amount reaches 4.76 mas.% (16.6 atm %), and the alloying elements chromium and nickel
show different activity. The amount of chromium decreased to 1.12 mas.% (1.05 atm %), and the amount of
nickel decreased to 0.91 mas.% (0.76 atm %) (Table 2). Zone IlI, where the nitrided layer was formed, also
underwent changes in the chemical composition: the amount of nitrogen decreased to 1.71 mas. % (6.47 atm %),
and the amount of chromium increased to 2.83 mas. % (2.88 atm%). The amount of nickel remained at 0.74
mas.% (0.67 atm %), which is less than the average amount of nickel in steel before nitriding of 0.92 mas.%
(Table 2). Thus, the microanalysis data indicate that the chemical composition of the saturated layer did not
change in a uniform manner. Nitrogen has the highest concentration at a distance of 6-7 mcm from the surface
(Fig. 5), chromium is more actively involved in the formation of the surface layer, where its concentration
increased to 1.58 mas.% (1.25), and nickel remained in the deeper layers of the samples.

The surface nitrided layer reaches 200 mcm, and the hardened zone reaches 300 mem. In the case of the
indenter pyramid hitting the boundary between the white nitrided layer and the base with a load on the indenter
of 100 g, the microcracks and delamination are not found (Fig. 3, b).
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Fig. 5. Change of nitrogen concentration inwards from the surface of sample Nel
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The analysis of nitrogen distribution in sample No. 2 shows a slight increase in concentration to 5.55 mas.
%, respectively to 18.77 atm% in zone Il and to 2.20 mas. % (8.13 atm%) in zone |1l (Table 2). However, there
is a significant decrease in the nitride zone | and the transition zone Il from 10 mcm to 5 mem (Fig.3, ¢), a small
amount of molybdenum of 0.28 mas.% is observed, which may be due to the chemical heterogeneity of the steel
bar from which the samples were cut. The distribution of nitrogen in sample No. 3 is similar to sample No. 2 in
zone 1l in the amount of 5.9mas.%, respectively of 18.8 atm% and 3.27 mas.% (11.69 atm%) in zone 1ll, there is
also a small amount of molybdenum which is 0.1 mas.%. At the same time, zone | is absent, which can be
explained by the absence of y’-phase formations. The sample is different from the previous samples due to
uneven redistribution of chromium (Fig. 6), with enrichment at the grain boundaries in the amount of 2.44
mas.% respectively of 2.13 atm and depletion in the grains to 0.52 mas.% respectively to 0.5 atm (Table 2, Fig.
3, d).
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Fig. 6. Change of chromium concentration inwards from the surface of sampleNe3

The results of the analysis show the difference of microstructures and chemical composition in the
surface zones of the nitrided surface of the samples treated by different technologies.The size, presence or
absence of the nitride zone | with high nitrogen concentration and, accordingly, the maximum hardness on the
surface are of particular importance; the redistribution of chromium in near-surface layers is also important,
which in turn is reflected in the wear results shown in figure 7.
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Fig. 7. Wear Kkinetics of samples from 40XH2MA steel in the initial state and after ionic nitriding.
1 —virgin sample; 2 — nitrided sample Ne3; 3 — nitrided sample Ne2; 4 — nitrided sample Nel.

Based on the graphs shown in figure 7, it can be concluded that sample Nel nitrided by the first
technology has the highest wear resistance, which is particularly apparent in the first minutes of friction, after
wear of the nitride zone with maximum hardness, the mass loss of the sample increases uniformly. Sample No. 3
has almost the same wear at the beginning and at the end of the tests compared to sample No. 2, however, the
wear changes uniformly with time as in the case of the non-nitrided sample, which can be explained by the more
homogeneous structure of the nitrided layer. In general, after 360 minutes of testing, the wear resistance of all
nitrided samples is 50-70% higher than that of the virgin non-nitrided sample.

Conclusion
The microstructural studies of the modified surfaces of 40XH2MA steel samples showed the difference in

the structure and chemical composition of nitrided layers obtained by different ion-plasma nitriding
technologies.
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The size and presence on the surface of nitride zone with the formation of y’-phase at the nitrogen
concentration of 18-20 atm%, which along with high hardness has defects such asmicrocracks and
delaminations, is of particular importance. Reduction of this zone, up to its complete elimination, is facilitated by
the use of gas-thermocyclic and pulsed high-frequency ion-plasma nitriding technologies.

Tests under conditions of metal on metal dry friction showed that the wear resistance of all nitrided
samples processed by the above technologies is 50-70% higher than that of the virgin non-nitrided sample.
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Cmupnos L.B., Yopuuii A.B., Jlucak B.B., [Ipo6or O.C., Kannyu ILB., Ilo0epexuuii M.M.,
PyrkoBcbkuii A.B. MikpocTpykTypa Ta 3HOCOCTIHKICTE MOAM(IKOBAaHMX IOBEPXOHb OTPUMAHUX 10HHO-
TUTa3MOBHUM a30TyBaHHsIM cTaii 40XH2MA

CraTTs TpUCBSYEHA aHAN3Yy 3HOCOCTIMKOCTI MUQY3IHMHUX TOKPUTTIB,IIO OYyJIM HAHECEHHI 10HHUM
azoTyBaHHAM Ha crtanb 40XH2MA. IIpoBemeHO TOpIBHAHHS TEXHOJOTIYHOT €(QEKTHBHOCTI pPE3yIbTaTiB.
[MpuBeneHi mapamMeTpu TEXHOJIOTIYHUX PEXHMIB, 10 BHUKOPHUCTOBYBAJIHCHh B TPOIECi HAHECEHHS, BKa3aHWMA
mepemik obnamHaHHA Ta eTand. [IpoBeneHO MOPIBHAIBHWN aHadi3 XIMI9HOTO CKJIaxy, MIKpPOCTPYKTYpH,
MeTtanorpadiyHuX Ta TPUOOJOTIYHHMX JOCHTI/DKEHh. BuBUeHa KiHeTHKa 3HOmIyBaHHs ctami 40XH2MA 3
a30TOBAaHMMH TOKPUTTSIMH, [0 Oyau HaHeceHi. HamaHi mpakTwyHi peKOMEHAIlii MO0 BHUKOPHUCTAHHS
3MIIJHEHHX 3pa3KiB B yMOBaX CyXOro TEpTsl.

KatouoBi cioBa: KoHcTpykmidHi crami, (i3nko-MeXaHi4HI BJACTHUBOCTI, IOHHE a30TYBaHH,
TEXHOJIOT1s, AM(Yy3iHHI IIOKPUTTS, 3HOC.
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Abstract

The article provides an analytical justification of the flow of tribological processes of coupling of "shaft-
sleeve™ parts, which simulates the functioning of sliding bearings and cylindrical joints of machines. The main
attention is paid to such characteristics as contact pressure, static and dynamic forces, the criterion of the product
of the total pressure on the sliding speed, the work of friction forces and its transition into thermal energy in the
friction zone for polymer (based on polyamide P-68) and polymer-composite coatings (based on P-68 with kaolin
filler) on the working surfaces of the parts. A comparative analysis of the functioning and tribological
characteristics of the couplings of parts without coatings is presented.

Experimentally, on the basis of tests of samples on the MU-1M friction machine, a significant reduction in
wear and an increase in the relative wear resistance of samples with polymer-composite coatings in the modes of
friction without lubrication (by 1.3...1.4 times) and marginal friction (in 1.2...1.3 times), as well as a decrease in
the temperature in the friction zone (365 K and 347 K) compared to the polymer coating.

Keywords: tribological characteristics, polymer material, polymer-composite material, conjugation of
parts, heat resistance

Introduction

The coupling of parts, nodes, systems and aggregates of machines in agricultural production [1,2] work in
difficult conditions of sign-changing cyclic and dynamic load, increased dustiness, interaction with active and
aggressive working (technological) environments, and therefore do not produce the planned resource and 80...90%
of their failures are caused by friction and wear. The development of methods and measures to increase their wear
resistance, such as tribotechnical systems, control of processes and states, require the identification of patterns of
interaction, the mechanism of friction and wear, a set of characteristics and properties of materials.

Among the main directions of increasing the wear resistance of tribocouplers of parts, the following deserve
attention: improvement of the design of parts and their joints; use of advanced materials and working
(technological) environments; development of effective technologies for strengthening, restoration and
modification of materials of parts, modification of working (technological) environments with substances (fillers,
additives, additives, etc.) and treatment with physical fields (electric, magnetic, electromagnetic, laser and
ultrasonic radiation, etc.); improvement of technologies of accelerated practice of conjugations of parts;
improvement of operating conditions and selection of rational modes of their operation; development of new
tribotechnical methods and technologies for ensuring reliable operation of parts, their couplings and machines as
a whole [3].

The performance of restored external cylindrical surfaces of machine parts with polymer (PC) and polymer-
composite coatings (PCC) largely depends on ensuring reliable heat removal from the friction zone into the part
and the environment, because the operational heat resistance of polymers is very low (kapron — 383 K, polyamide
P-68 — 403 K, fluoroplastic-4 — 413 K) [4,5].

The intensity of heat dissipation is determined both by the geometry and phase ratio of the PCC
components, and by the thermophysical characteristics of the coating materials and conjugated parts [6].

Copyright © 2022 VV Aulin, SV Lysenko, AV Hrynkiv, MV Pashynskyi, This is an open access article distributed under the
@I}. Creative Commons Attribution License , which permits unrestricted use, distribution, and reproduction in any medium, provided
[ the original work is properly cited.
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At the same time, the task of PCC efficiency is realized from both theoretical and experimental points of
view, i.e. the friction conditions and such tribotechnical characteristics of the working surfaces of the parts as wear,
friction coefficient and temperature in the friction zone are determined. It matters on which surfaces of the parts'
conjugations the PC and PCC were formed. Most often, PC and PCC are applied to the working surfaces of the
coupling of “"shaft-sleeve" parts, that is, direct and reverse pairs. If PC or PCC is applied to the shaft, the
tribocoupling is a reverse pair. The theoretical substantiation of the evaluation of the tribotechnical characteristics
of the surfaces of the tribocoupling parts requires the use of the theoretical provisions of B.l. Kostetskyi [7,8], as
well as the establishment of the balanced mode of tribocoupling "shaft-sleeve™ friction.

Literature review

It is known [9-11] that sowing machines work in conditions of direct contact with the soil and high
dustiness, which causes intensive wear of their parts: quick failure of cuffs and seals is observed; shafts coupled
with bushings [1,2]; axes of ninety- and forty-toothed cogs; tension sprocket and marker, drive shafts of fat seeding
machines; conjugation "thirteen-tooth gear shaft"; gear mechanism shafts, etc. Analysis of the nature of the wear
of the shafts of sowing machines shows that they are subject to mainly abrasive wear (fig. 1).
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Fig. 1. General view of the operation of the drive shafts of the fat seeder (a) and the transmission mechanism (b) when
the CCT-12B 480 ha seeder is working

According to the statistical data on the wear of the shafts of sowing machines, it was determined that the
distribution of the amount of wear most closely corresponds to the normal law and the Weibull-Hnedenko law [12,
13]. The limit value of the wear of the shafts leads to the occurrence of excess force during their rotation in the
bushings, as a result of which the cotter pins are cut or the connecting brackets of the drive of the seeding device
are broken, which leads to the complete loss of performance of the seeding machines. The analysis of studies on
the amount and nature of wear of the shafts of sowing machines [7, 14] shows that they have low wear resistance
and require strengthening during manufacture.

The wear resistance of moving couplings of parts, including the "shaft-sleeve", is one of the most important
factors limiting the reliability of machines. The speed of their wear depends on the following factors: load (contact
pressure), temperature (volume average and contact), type and mode of movement, rotation frequency, aggressive
action of working (technological) and external environments. To ensure their efficiency, the rational choice of the
material of the parts, the physico-chemical and mechanical properties of their surface layers, the rheological and
physico-chemical characteristics and properties of the working (technological) environment, etc., are of decisive
importance.

The analysis of the constructions of movable conjugations of parts that create direct and reverse pairs -
tribotechnical systems [15] allows us to identify four conditions of their existence (table 1).

Table 1
Conditions of existence of direct and reverse TTS and their characteristics

The type of movable conjugations of parts

The ratio of the hardness of
the materials of the parts*

The ratio of areas of friction
zones of parts surfaces*

Straight H,>H, S, > S,
Back by materials H,<H, S, > S,
Inverse by geometry H,> H, Sp<S,
Reversible in terms of materials and geometry H,<H, S, <S,

*H,, H., Sp, S» —hardness and areas of friction zones of moving and stationary parts .

Direct tribocoupling of parts is a widespread construction, in which the material of the moving part has a

higher hardness and a larger area of the friction zone, and the stationary part has a correspondingly lower hardness
and a smaller area of the friction zone. The intensity of wear of hard and soft materials of reverse tribocoupling
parts is the same in terms of materials and geometry. They are characterized by the "cutter" effect, that is, the
process of introducing a solid layer with a smaller friction area. Schemes of reverse and direct tribocoupling of
parts, when they are strengthened by RS and RSS, are shown in fig. 2.
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Fig. 2. Schemes of reverse (a) and forward (b) tribocoupling of parts: 1 — layer of PC or PCC; 2 — sleeve; 3 - shaft.
The displayed different nature of force influence in the reverse and forward tribocouplers determines the

difference in the conditions of their friction and wear. This is evidenced by the analysis of the operation of "shaft-
hub" couplings, characteristic of seeders [1,2] and other machines [ 16-211] .

Purpose

The purpose of this work is a theoretical-experimental comparative tribological study of the coupling of
"shaft-sleeve" parts reinforced with polymer (polyamide P-68) and polymer-composite coatings (based on
polyamide P-68 with kaolin filler).

Results

The tribocoupling of the "shaft-hub™ parts, which simulate such friction nodes as sliding bearings and
cylindrical joints, is schematically depicted in fig. 3.

Fig. 3. Scheme of contact tribocoupling of parts with a polymer coating: 1 - shaft; 2 - sleeve; 3 — polymer coating.

The contact pressure in the tribocoupling of parts can be estimated by the formula [22,23]:

%
P, =08 .2 ,
'K, dy(d,-6)

where N — the normal load; di — the diameter of the cylindrical surface; | — the length of the cylindrical
surface; & thickness of the polymer layer; K - the total elastic constant for the case of contact of deformable
conjugate parts.

M

Ky =K, +K,, 2
where K, K, - the elastic constant for the material of the shaft and sleeve, respectively.
1-uf 1- 1)
K — /Lll . K — /le ’ (3)

1 El ' 2 E2
where 14, 14,, E;, E,— are Poisson's coefficients and modulus of elasticity, respectively, of the material

of the shaft and sleeve.
Substituting (2) and (3) into (1), we obtain the value of the static force in the friction node:
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N-6-E -E, %
P, =08 [ > 51| - 4)
I 'dl(dl +5)' lE1(1_:u2) + Ez(l_lul) J
During the oscillating motion of the tribocoupling of parts (fig. 4), loaded by an external force, it can be
exposed to the conditioned loads generated by the inertia of the oscillating masses.

Fig. 4. Scheme of tribocoupling of parts in the oscillation mode: 1 — shaft; 2 — sleeve; 3 — coating.

When increasing the frequency and amplitude of the oscillating motion, the tribocoupling parts are loaded
with inertial forces comparable in magnitude to the specified external load.

The lines of action of static and dynamic forces practically coincide [24,25]. At the same time, the amount
of the total load acting is equal to:

P, =P, +P,sinat, (5)

where Pst— the value of the static force determined by expression (4); Pa — the amplitude value of the

inertial force.

The relative speed of displacement of the working surfaces of the tribocoupling parts reaches its maximum
value when the inertial forces are equal to zero, that is, the phase shift between speed and load fluctuations is equal
to 90 °.

Accordingly, the sliding speed is described by a function

V =V, cosawt =cos (6)
and the product of the total load on the sliding speed, respectively, is a function of «:
P .
PV :Va[Pst cosa + ?asm aj : )

It is worth noting that when using the criterion P,V , it is necessary to take into account the fact that when

the value of the friction coefficient depends on the sliding speed, this affects the heat release in the friction zone,
and, therefore, the temperature of the friction surfaces.

To determine the value of the angle & = &, at which the criterion P,V reaches its maximum value,

function (7) is differentiated by ¢, , and the resulting expression is set to zero and we obtain:

P p? 1}/2
a, =arcsin| — - +( st +—j . (8)

4P, (16P7 " 2

a

introduce the coefficient 77 that characterizes the ratio of the product of the load on the sliding speed, taking
into account inertial forces, to the product of the static load on the amplitude value of the sliding speed:

PV P .

n:%:cowaJr—”sm 20, . 9)
PSthaX st

According to expression (9), when testing bearings for wear, their parameter data were limited so that the

magnitude of the inertial force did not exceed one third of the load. At the same time, the criterion P,V increases

by less than 5%, and therefore it is possible to accept 77 =~ COS &, .

The magnitude of the amplitude value of the inertial (dynamic) force acting on the tribocoupling unit of the
parts is determined by the formula:
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P=—" ", (10)

where | —the moment of inertia of the parts set in motion by the friction node relative to the rocking axis;
S, the amplitude of swinging of the tribocoupler of parts during oscillations.

In the general case, considering that the friction zone in the tribocoupling of parts extends to part of the
surface of the shaft coating S,, . At the same time, the force of friction is equal to:

Ftr:P 'ftr'S

a tr (11)
where fIr — coefficient of friction. With dry friction in the coupling of polymeric materials with steel, the

coefficient of friction for kapron is 0.115; for polyamide P-68 - 0.115, and for fluoroplastic-4 - 0.105.
The maximum surface area of the friction zone for a full period is equal to:
— for rotational movement:

S, =] ; (12,9)
— for oscillating motion:

Sy =2d;-1-¢,, (12, b)
where «, is the amplitude of the angle of deviation from the initial position (Fig. 4), expressed in radians.

Based on the previous one, with a fixed friction process F, = const , the work of friction forces for a full
period can be estimated by the formula:
%
N-o-E-E,-l-d
A =Q-d, v ]| (13)
(dl t 5)' [El(l_ ﬂz) + Ez(l_ ,Ul) J
where 2 — the coefficient that takes into account the nature of the movement ( Q = 7,9 — for rotational

movement; Q = 3,2a - for oscillatory movement, ¢, , rad).
Based on the second law of thermodynamics, the work of external friction is described by the equation:

A, =Q+AE, (14)

where Q — the thermal energy into which the work of external friction was transferred; AE is the amount

of energy absorbed by the surface layers of conjugated parts.
Well known [ 26,27 ] that in a real process, the work of external friction is not completely transformed into

AE
thermal energy, and therefore the energy is AE not equal to zero. The ratio — is, in general, a value that depends
r
on the properties of the constituent tribocouples of materials, the nature of their interaction, the mode of friction
and the working environment.
When the friction conditions change, the energy characteristics of this coupling of parts and their ratio also

AE .
change. If g — MaxX , or — —> MIN, then this characterizes the transitional process from unsteady to steady
r r
friction, and, therefore, wear processes when the friction surfaces are not worn. If the friction surfaces of the
restored parts are worked in and given the necessary physical and mechanical properties, then already at the first
stage of the friction process, the following ratios are realized:

Q AE

= =~1; — > min.
Ar A,

The regime of stable friction is also observed when the tribotechnical characteristics of tribocouplers have
linear dependencies [7,8]. At the same time, the rate of wear is minimal and sinusoidally fluctuates near some
constant value. A dynamic balance of friction and wear processes is also observed here. The specified conditions
are the most desirable for tribocoupling parts of nodes, systems and machine assemblies. Under these conditions,
their service life will be maximum. Modes of sharp changes in friction characteristics are also observed, in which
the work of friction forces increasingly turns into energy absorbed by the surface layers of materials of tribocoupler

Q

AE .
parts. At the same time: — — mMax or — — mMin — 0. This leads to a complete change in their physical
r r
properties, the nature and type of connections between the conjugated parts. As a result of established friction,
wear of parts and dynamic self-regulation in the system of formation and destruction of secondary structures
occurs.
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Given the given materials of the tribocoupled parts, the nature of the interaction and the working medium,
there is a region of change in the friction mode, in which the integral over the volume of the deformed surface
layers takes a minimum value:

AE .
J. —dV —> min (15)
\Y r

For polymer-metal couplings, stable friction is observed almost at the beginning of the process, that is, it

can be assumed that A, ~ Q in the friction zone in one revolution, according to expression (13), the amount of

thermal energy will be released:

%
N-E -E,-d-& J 9

o Q'dl(l(oll +0)-[E,- 10, +E, - 1 )|

First of all, let's consider the process of heat removal from the tribo-coupling zone of "shaft-sleeve" parts
with the corresponding materials (fig. 5). We also assume that the isothermal surfaces in the triboconjugation of
parts and the temperature will be a function of only one coordinate h - along the normal to the isothermal surfaces.

; % A
/ / |
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Fig. 5. Scheme of removal of thermal energy from the friction zone for PC (a) and PCC (b): 1 - sleeve; 2 - shaft; 3 —
coating.

According to the Fourier law [28,29], the heat flow through the cylindrical surface of the sleeve can be
determined by the expression:

dT
Q=-25--S(h), (7

where Q =const for any isothermal surface; S(h) — heat energy removal surface; A — thermal
conductivity of the part material.
Having integrated equation (17), having previously divided the variables, within the limits of h from hl

to hyandtoT —from T, to T,, we have:

_AMTL-T,)
QI—
s(h)

hy

(18)

where T 1, T »— the temperatures in the friction zone and on the outer surface of the sleeve, respectively.
Let's enter the notation

hfolh N

sty o
hy



102 Problems of Tribology

where N,Tf is the thickness of the wall along which heat dissipation is observed.
Considering (19) in (18), we have:

Q=/1(T1—T2)/Nh“;. (2 0)

If equation (17) is integrated from h, to hand from T to T :

— === , (21)
e
then we get the following temperature distribution:
T=Tl—9Nh“. 22)
ﬂ( 1

Substituting the value Q from expression (20), we have:

h
T=T,-(T, T) . (23)

h1

If we enter the dimensionless temperature & = , then the temperature distribution according to

expression (23) will take the form:
0=1-—"r (24)
Let the stationary process of heat conduction be carried out in a cylindrical wall (sleeve) with an inner

radius I, and an outer radius I, and through a polymer coating on the cylindrical surface of the shaft (Fig. 5).

Boundary conditions are set on the sleeve surfaces
T |r:r1:T1 ; T |r:r2 :TZ , or 0 |r:r1 :l; 0 |r:r2 =0. (25)

Based on equations (21) and (22) and fig. 4, we have:
h=r;h =r;h, =r,;S(h)=2a1l. (26)

According to expression (19), the reduced thicknesses of the heat sink walls are equal to:

noo¢ dr 1 r
. —I—:—In—, @7)
Cop2al 24
1.
N2 = —In-2 28
hy 2 r, (28)

Taking into account the obtained parameters (27) and (28), the expression for the heat flow diverted from
the friction zone by the bushing has the form:

27ZMl(T1 _Tz) _
Ini
I"l

Qb = (29)
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Then the distributions of temperature (23) and dimensionless temperature (24) will be converted into
expressions, respectively:

In(r/r,
T :Tl_(Tl _Tz) ( 1) : (30)
In(r, /1)
In(r/r,
:1_M. (31)
In(r, /1)
If you enter dimensionless coordinates:
r I . N
R = —, and = = K, expression (31) can be written in the form:
f n
InR 24InR InR
0=1-— =1— = , (32)
In Ky 2AInK,  24¢&,
In(Kg). . . o
where & = T is the linear thermal resistance of the cylindrical wall.

The amount of thermal energy from the friction zone of the tribocoupling parts is removed both through
the sleeve and through the polymer coating on the cylindrical surface of the shatft.

Estimate these heat flows as you can according to the obtained expressions (29) and (16), based on the
thermal energy released in the friction zone.

Let the amount of heat be removed through the sleeve

Qy, =7Q, (33)

where y — the coefficient that takes into account part of the heat removed through the sleeve from the friction
surface. Part of the heat dissipated through the polymer coating on the cylindrical surface of the shaft is equal to:

Qpc:(l_y)(l_ﬂ)Q' (34)

where S is the coefficient that takes into account part of the thermal energy dissipated in the tribo coupling
of parts.

Let us have a section of the shaft | with a uniform polymer coating of thickness 5p (fig. 3).

Then, according to expressions (18), (29) and (34), the heat flow is transferred to the shaft with a polymer
coating:

2 -
0y - a-Pa- )2l Te) @

I
d, - 25,

where A, — the thermal conductivity of the polymer material.
In case of combined PCC:

\27(ad, +bA)(T, - T,)

J d J
1

d1 - 25Pcc

where a —the length of the metal section of PCC with thermal conductivity A, b—the length of the polymer

section of PCC with thermal conductivity A,, Opqc — the thickness of PCC.

On the MU-1M friction machine, in accordance with the standard methodology [ ], studies of the wear
characteristics of the friction surfaces were carried out (PC — pure polymer coatings (polyamide P-68), PCC —
polymer-composite coatings based on P-68, cast iron CU18, steel 45) without lubrication and with extreme friction
from specific load and sliding speed.

Experimental values of the values of linear wear depending on the duration of tests without lubrication and

Qpcc = (1_ 7)(1_ﬂ (36)

In
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with extreme friction are presented in Figs. 6 and 7.
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Fig. 6. Dependence of the amount of wear of tribo-coupling friction surfaces of "'roller-pad" samples without
lubrication depending on the duration of the test (P = 1.5 MPa, V = 0.5 m/s). Tribocoupling of materials: 1 — ""cast
iron-PC", 2 — ""cast iron-PCC", 3 — "'steel-PC"", 4 - "'steel-PCC"".

The tests were carried out at a specific load of 0.5 MPa and a sliding speed of 0.5 m/s without lubrication
and at extreme friction. The linear wear of the samples was determined after every 5000 revolutions, which
corresponded to 628 m of friction path. The total duration of the tests included both a run-in period and a period

of steady wear.
14
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Fig. 7. Dependence of the amount of wear of the *'roller-pad™ tribocoupling surfaces at the limit friction depending on
the duration of the test (P = 1.5 MPa, V = 0.5 m/s). Tribo-coupling of materials: 1 — "'cast iron-PC"", 2 — "'cast iron-
PCC", 3 - "'steel-PC", 4 — "'steel-PCC"".

In each test, linear wear, friction moment and temperature in the friction zone were determined. In
comparative tests, it was determined that after 50,000 revolutions, the wear process both under conditions of
extreme friction and without lubrication occurs with constant intensity. Therefore, the wear results obtained after
50,000 revolutions of the roller were used for a comparative assessment of the wear resistance of the surfaces of
the studied samples.

In order to evaluate the wear resistance during the period of established wear, the criterion is the relative
wear resistance, which is determined by the ratio:

where U o — the linear wear of the reference surface for a certain number of revolutions of the roller, pm;

U . — absolute wear of the tested surface for the same number of roller revolutions, um. The indicated values were

determined during the period of established wear, that is, from 50,000 to 75,000 roller revolutions, according to
the data shown in the graphs. Cast iron was used as the standard for determining the relative wear resistance of
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tribocoupling samples. The results of relative wear resistance at friction without lubrication and at limit friction
are presented in table 2.
Table 2
Relative wear resistance of surfaces in friction without lubrication and in extreme friction during the
period of established wear (P=1.5 MPa, V = 0.5 m/s)

Relative wear resistance,y
Surface without lubrication marginal friction
PC 3.11 2.00
PCC 4.66 3.33
Cast iron CU18 1.00 1.00
Steel 45 1.36 1.25

The results given in the table. 2 show that the relative wear resistance of PCC samples in the mode of
friction without lubrication is 1.5 times greater than the relative wear resistance of PC samples and 3.4 times
greater than that of steel 45 samples. For limit friction, the relative wear resistance is respectively greater than 1,
3and 2.7 times.

Differences are also observed in the nature of the wear of the conjugated surfaces. The results of
experimental studies of the wear of the roller and pad for the tested samples under friction without lubrication and
under extreme friction are given in table 3.

Table 3
The nature of the wear of the coupled surfaces in friction without lubrication and in marginal friction
during the period of established wear (P=1.5 MPa, V = 0.5 m/s)

. Amount of wear, pm
The studied without lubrication marginal friction
surface roller | pin feather | couple | roller | pin feather tribocoupling of samples
Cast iron-PC 27 32 59 5 11 16
Cast iron-PCC 18 26 44 3 9 12
Steel-PC 20.8 24.6 45.4 3.8 8.5 12.3
Steel-PCC 13.9 20 33.9 2,3 6.9 9.2

The analysis of the experimental data showed that it is characteristic for the studied samples: the pad wears
out more intensively compared to the roller. The total wear of "cast iron-PCC" and "steel-PCC" friction pairs is
1.3...1.4 times less than the wear of "cast iron-PC" and "steel-PC" pairs in friction conditions without lubrication
and 1.2 ...1.3 times less when working in conditions of extreme friction.

The presence in the friction zone of a polymer material with a high molecular weight and a low activation
energy of mechanodestruction [5,30-32] has a favorable effect on the reduction of the working-in time of the
couplings, which increases the degree of dispersion of the micro-uniformities of the surface being worked-in.

Thus, polymer materials applied to the surface to be restored help speed up the run-in process, reduce initial
wear, and, as research shows, surface roughness decreases.

The study of temperature changes in the friction zone was carried out by comparing heat dissipation with
pure polymer and polymer-composite coatings. The temperature was measured according to the method described
in [3]. In addition, the intensity of heat removal from the friction zone was studied.

The results of measurements of the temperature of the examined surfaces of the samples and its theoretical
assessment are given in table 4.

Table 4
Temperature in the friction zone (P=1.0 MPa, V = 0.5 m/s)

Temperature, K
Surface Experimental data Theoretical evaluations
without lubrication marginal friction without lubrication marginal friction
PC 378 364 376 361
PCC 365 347 363 344
Cast iron CY18 388 375 384 371
Steel 45 385 372 383 368

According to the data in the table, the heat resistance of PCC is higher than pure polymeric PC, which
indicates the feasibility of using the developed technological process to increase the wear resistance and heat
resistance of the range of parts that work as sliding bearings.

For polymer materials, there is a fairly clear relationship between the friction coefficients and the
temperature in the contact zone: lower temperatures correspond to a lower value of the friction coefficient and vice
versa. The temperature arising as a result of friction changes the elastic and strength properties of the polymer
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surface layers of tribocouples of samples and parts. This affects the change of the actual contact area of the surfaces
and the force of friction, and, therefore, the coefficient of friction.

The change in temperature observed in the friction zone is due to the more intense heat dissipation of
polymer-composite coatings compared to pure polymer ones.

Conclusions

1. Analytical expressions for static, dynamic and total forces were obtained for tribocoupling of "shaft-
sleeve" parts. The assessment of the work of forces and thermal energy in the tribocoupling of parts is determined
for the established friction process.

2. From a theoretical point of view, the effectiveness of heat dissipation from a polymer-composite coating
in comparison with polymer coatings has been proven. Patterns of change in thermodynamic and dimensionless
temperature changes were found for the investigated coatings.

3. A study of the wear of the working surfaces of the "roller-pad" samples was carried out on the MU-1M
friction machine. Polymer coatings, polymer-composite coatings, cast iron CH-18, steel 45 were subjected to
research. The dependence of the wear of the conjugation of the samples on the number of revolutions of the roller
in the modes without lubrication and with extreme friction was determined. It is shown that the relative wear
resistance of PCC samples in the mode of friction without lubrication is 1.5 times greater than that of PC and 3.4
times greater than that of samples made of steel 45. For extreme friction, the relative wear resistance is
correspondingly greater by 1.3... 2.7 times.

4. The results of temperature measurements in the friction zone of the sample joints indicate that the heat
resistance of the polymer-composite coating based on polyamide P-68 with kaolin filler is higher than the pure
matrix polymer material both in the mode without lubrication and in the mode of marginal friction.
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Ayxain B.B., Jlucenko C.B., I'punbkiB A.B., Ilammucbknii M.B. [lokpameHHs TpuOOIOTi9HIX
XapaKTEePUCTHK CIIPSDKEHHS JieTael "Baj-BTy Ka" MOJIMEPHAMHE Ta MOJTIMEPHO-KOMIO3UIIHHUMHI MaTepiaiaMu

B crarTi maHO aHaNiTHYHE OOTPYHTYBaHHS IMPOTIKaHHS TPHOOIOTIYHHX IPOLECIB CIPSDKEHHS IeTajei
"Ban-BTyNKa", sSIKe MOJAECIIOE (DYHKIIOHYBAHHS ITIAITUITHAKIB KOB3aHHS 1 IMUIIHAPUYHI mapHipu MamuH. OCHOBHA
yBara HpUAUIEHA TaKUM XapaKTepUCTHKaM SIK KOHTAKTHHH THCK, CTaTHYHOMY Ta JHHAMIYHOMY 3yCHILIIM,
KpHUTEpi0 MT00yTKY CYMapHOTO THCKY Ha IIBHIKICTh KOB3aHHS, POOOTH CHII TepTsA H ii mepexoxy B TEIJIOBY
€HEeprio B 30HI TepTs U MOJIiIMEpHUX (Ha ocHOBI nomiaMixy I1-68) i mosiMepHO-KOMITO3UIIITHAX MOKPUTTIB (Ha
ocHoBi [1-68 3 HamoBHIOBaueM KaoJliHy) Ha poOOYMX TMOBEPXHAX AeTanell. HaBeneHo MOpIBHSUIBHMN aHai3
(hyHKIIOHYBaHHS 1 TPUOOJIOTIYHIX XapaKTEPHUCTHK CIIPSDKEHB JIeTalell 6e3 IMOKPHTTIB.

ExcniepumenTanbsHO, Ha OCHOBI BHUIpoOyBaHb 3pa3kiB Ha MammmHi TepTss MU-1M, noBemeHo ictoTHe
3MEHIICHHS 3HOCY Ta MIiJBHIIEHHS BIJHOCHOI 3HOCOCTIMKOCTI 3pa3KiB 3 MOJIMEPHO-KOMIO3HUIIHHUMHA
MOKPHUTTSAMH B peKuMax Tepts 6e3 3mamienHs (B 1,3...1,4 pasu) i rpannaromy Tepti (B 1,2...1,3 pasn), a Takox
3MEHIIeHHs TeMIiepaTypu y 30Hi TepTs (365 K1 347 K) y nmopiBHAHHI 3 HOTIMEPHUM HOKPHTTSIM.

KoarouoBi ciioBa: TpubosoriyHa XxapakTepuCcTHKa, MOJIMEPHUH MaTepiai, MoJiMepHO-KOMIO3UIIHHUH
Marepial, ClpsDKeHHs AeTalleld, TepPMOCTIHKICTb.
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Myroslav Vasyliovych Kindrachuk
to the 75th anniversary of the birth

September 21 marks the 75th birthday of Doctor of Technical Sciences, Professor, Corresponding
Member of the National Academy of Sciences of Ukraine Myroslav Vasyliovych Kindrachuk. Born in the
village Kotykyvka, Horodenkiv district, Ivano-Frankivsk region.

In 1971, M.V. Kindrachuk graduated from the Kyiv Polytechnic Institute. The beginning of his career
was connected with the Kyiv Automatic Machine Tool Plant named after M. Gorky (1971 - 1989) - first a
technologist of the thermal workshop, then an engineer of the Central factory laboratory, then he was transferred
to the position of deputy chief metallurgist for heat treatment. Scientific activity began in 1973. During the
period of study in a targeted postgraduate course at the Department of Aviation Materials Science of the Kyiv
Institute of Civil Aviation Engineers. Since 1989 after 2003 - scientific and pedagogical activity is connected
with the engineering and physics faculty of NTUU "KPI", where he went from a senior researcher to a professor
of the "Metal science and heat treatment" department, and since 2004 with the National Aviation University.

In 1982, he defended his candidate's dissertation in technical sciences in the specialty "Friction and
wear in machines", and in 1996 he defended his doctoral dissertation in the specialties " Metal science and heat
treatment of metals™ and "Friction and wear in machines". In 1997 received the academic title of professor.

M.V. Kindrachuk is a well-known scientist in the field of tribotechnical materials science. With his direct
participation, based on the theoretical ideas of the structural theory of wear resistance of materials, the theory
and practice of creating new alloys and methods of obtaining optimal surface structures using concentrated
energy sources are being developed. A new conceptual approach to the creation of composite alloys and gradient
coatings of the eutectic type with high tribotechnical properties is proposed. The approach consists in optimizing
alloy parameters, as well as technological features of coating application based on analysis of the stress-strain
state of the composition during friction, thermodynamic analysis and mathematical modeling of the relationship
between friction and wear processes with external load parameters. Kindrachuk M.V. conducts extensive
scientific and organizational activities, is the initiator of cooperation with institutes of the National Academy of
Sciences of Ukraine, leading scientific and research and research and production organizations and enterprises.
He is the editor-in-chief of the scientific and technical journal "Friction and Wear Problems". He was the head of
a number of international scientific and technical projects.

The results of scientific and practical activities of Kindrachuk M.V. were reflected in more than 500
works, including 27 monographs and textbooks, 70 author's certificates and patents. He is the author of the
scientific discovery "The phenomenon of thermal stabilization in metal-polymer friction pairs”. 3 doctoral and
14 candidate dissertation were prepared and defended under his supervision. He was awarded the State Prize of
Ukraine in the field of science and technology.
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POLICY (GOAL AND TASKS)

"Problems of Tribology (Problems of Tribology)" - an international scientific journal.

Along with the main task of collecting information from tribology, the journal also performs
organizational and coordinating functions:

- coordination of scientific and technical work in the field of tribology;

- organization of conferences, sympsiums;

- organization of work on the creation of databases and expert systems in the field of tribology;

- the organization of communications and information exchange between specialists in the field of
tribology internationally.

2. The journal contains articles directly or indirectly related to tribology, including:

- theoretical problems (physics, chemistry, mechanics, mathematics)

- experimental methods and research results;

- contact mechanics, friction, wear, lubrication, durability and reliability of friction units of machines and
units;

- scientific, technical and production problems of manufacturing, repair, improving the quality, reliability
and durability of friction;

- technological and structural methods of improving wear resistance, frictional and anti-friction properties
of friction units;

- problems of tribo materials science;

- methodological and methodological issues of training specialists in tribology.

3. The main requirements of the article is the novelty and completeness of information.

Articles of theoretical content should include theoretical explanation (possibly in the form of an annex to
the article) to assess the scientific novelty of the publication.

Experimental articles should contain complete information about the methodology, conditions and results
of the experiment.

Technological profile articles should contain a description of the technology as much as possible. If it is
impossible to disclose "know-how", the method of obtaining the necessary detailed information must be
indicated.

4. All articles are reviewed by a closed double review for compliance with the topics and level
requirements. At the same time, the authors are fully responsible for the content of the articles.

5. Due to the international nature of the journal it is preferably submit articles in English.

REQUIREMENTS TO THE ARTICLES

In order to publish an article in the journal authors should submit it by e-mail.

Text of an article should be laid out on A4 format (210 x 297 mm) page with the following margins set:
left and right — 2.0 ¢cm, top and bottom — 2.5 cm. Use the font Times New Roman throughout, single-spacing, 10-
point type and 1.0 cm indention for body text. Use lower-case bold 14-point type for headings. Put subheadings
in bold.

Article structure:

— Universal Decimal classification index (in the upper left corner).

— Initials and surnames of all authors (no more than 4 people) and the article title (up to 10 words) in
Ukrainian, Russian and English (one-column format).

— Abstract (200-300 words, only commonly accepted terminology) in Englishshould be structured and
contain the following elements: purpose, methodology, findings, originality, practical value, keywords
(6-8 words), one-column format. The abstract should not repeat the heading of the article.

— Body text.

— Reference list.

— Abstracts and keywords (up to 6-8words) in the Ukrainian and Russian languages;

Each article should include the following sections:

— An introduction, indicating article’s scientific problem.

— An analysis of the recent research and publications.
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— Research conclusions and recommendations for further research in this area.

— The title and number of the project in terms of whichthe presented results were obtained and
Acknowledgements to the organizations and/or people contributing to or sponsoring the project (at the discretion
of the author)

The recommended length of articles (including text, tables, and figures) is 6-9 pages. Figures should not
exceed 25 % of length of an article. The text should be laconic, and should not contain duplicated information.
No running titles and section brakes should be applied in the file.

Figures must be provided both in color and grayscale. They must be included in the text after
corresponding references and given as separate files TIFF, JPG. EPS (300 dpi). The preferable width for the
figures is 8.15 cm; not more than 17 cm for maps, charts, etc. All figures should be placed within the text, not in
tables. Lettering, lines and symbols must be readable. Captions under the figures should contain order number
and description of the figure and should be put in Italics. Placing the figure numbers and captions inside figures
is not allowed.

Equationsshould be entered using Microsoft Word for Windows Editor plug-in or Microsoft Equation,
10-point type. The equations sited in the text are to be numbered in order of their appearance in the text (number
in brackets with right justify). Equations should be column width (<8 cm). Long formulas should be divided into
parts of 8 cm width. Before and after each formula there should be one empty line. Physical quantities should be
measured in SI units. An integer part should be separated from a decimal by a dot.

Tablesmust be in portrait orientation, have titles and be numbered. Preferably tables should not exceed 1
page in length; width should make 8.15 cm or 17 cm. It is recommended to use 8—9-point type (not smaller than
6-point type for big data).

References(no more than 15 items, published not earlier than 5 years before, no more than 20%of self-
citations) should be listed in the order of appearance in the text of the article. The in-text references should be
given in square brackets.

Also the author should submit the following data about all authors of the article: surname, name and
patronymic, academic degree, academic rank, place of employment (complete name of organization), position,
city, country, phone number, e-mail and authors' ORCID identifier, in a separate file in English, Ukrainian and
Russian (one-column format, comma-separated).

REVIEW PROCEDURE

All manuscripts are initially treated by editors to assess their compliance with the requirements of the
journal and the subject.

After the editor decision the manuscripts are sent to at least two external experts working in this area.
The manuscript goes double-blind peer review, neither the authors nor the reviewers do not know each other.

Review comments transmitted to the author, together with a recommendation for a possible revision of
the manuscript. Publishing editor reports to the authors about adopting manuscript without require revision or
authors are given the opportunity to review the manuscript and submit it again, or manuscript rejected.

EDITORIAL ETHICS

Principles of professional ethics in the work of the editor and publisher

The editor of a peer-reviewed journal is responsible for deciding which of the articles submitted to the
journal should be published. The validation of the work in question and its importance to researchers and readers
must always drive such decisions.

- An editor should make decisions on which articles to publish based on representational faithfulness and
scholarly importance of the proposed work.

- An editor should be alert to intellectual property issues and must not to publish information if there are
reasons to think that it is plagiarism. -

- An editor should evaluate manuscripts for their intellectual content without regard to race, gender,
sexual orientation, religious belief, ethnic origin, citizenship, social set-up or political philosophy of the authors.

- Unpublished materials disclosed in a submitted manuscript must not be used in an editor's own research
without the express written consent of the author. Privileged information or ideas obtained through peer review
must be kept confidential and not used for personal advantage.

- An editor should take reasonably responsive measures when ethical complaints have been presented
concerning a submitted manuscript or published paper, in conjunction with the publisher (or society). Every
reported act of unethical publishing behavior must be looked into, even if it is discovered years after publication.

Publishers should provide reasonable practical support to editors and define the relationship between
publishers, editor and other parties in a contract.
- Publishers should protect intellectual property and copyright.
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policies, particularly with respect to editorial independence, research ethics, authorship, transparency and
integrity (for example, conflicts of interest research funding, reporting standards), peer review and the role of the
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readers, peer reviewers).

- Publishers should assist the parties (for example, institutions, grant funders, governing bodies)
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unbiased.

- Any manuscripts received for review must be treated as confidential documents. They must not be
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research without the express written consent of the author. Privileged information or ideas obtained through peer
review must be kept confidential and not used for personal advantage.
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its prompt review will be impossible should notify the editor and excuse himself from the review process.
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paper should contain sufficient detail and references to permit others to replicate the work. Fraudulent or
knowingly inaccurate statements constitute unethical behavior and are unacceptable.

- An author should ensure that they have written entirely original works, and if the author has used the
work and/or words of others, then this has been appropriately cited or quoted. Plagiarism in all its forms
constitutes unethical publishing behavior and is unacceptable.

- Proper acknowledgment of the work of others must always be given. Author should cite publications
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