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Abstract

The article is devoted to the creation of new processing technologies through the use of drawing. It is
determined that the most effective processes of surface engineering of machine parts are hybrid technologies.
The advantages of such technologies due to obtaining a new effect from the impact on the part by two or more
dissimilar processes belonging to one or different groups of surface engineering methods are noted. It is proved
that the use of hybrid technologies on the basis of stretching allows to combine the advantages of different
methods, first of all cold plastic deformation methods, in combination with others. The use of deforming
drawing provides in the surface layer favorable for the part of the compressive residual stresses, increase the
wear resistance of the surface, as well as the strength of the part. The results of the research allowed to classify
the deforming drawing as a class of surface engineering methods. On the example of processing of cylinder
liners of internal combustion engines the combined technology containing operations of deforming drawing and
finishing antifrictional non-abrasive processing is developed. It is shown that the use of deforming drawing has
significantly improved the quality of antifriction coating. The use of deforming drawing to the component of the
hybrid method with the subsequent pulsed nitriding is considered.It is established that when nitriding cutting tool
products, hybrid process modes should be set in order to create the most effective nitride zone. In the case of
processing of road vehicle parts, special attention should be paid to obtaining a diffusion layer. The efficiency of
the offered technologies on the basis of stretching is established. Determining the prospects for further use of
deforming drawing as an integral part of hybrid technologies.

Key words: surface engineering, broaching, hybrid technologies, finishing antifriction non-abrasive
treatment, nitriding

Introduction

Modern machines must have a set of operational, aesthetic, environmental, technological and other
properties that are determined by the indicators system of the machine quality, which in turn are provided by the
properties of the surface, surface layer or individual surface of the part. This means that when choosing structural
materials for mechanical engineering should distinguish between the functions of the core and the surface layer.
This design and technological concept of creating machines is not only strategic but also universal, as it
dominates throughout the life cycle of the machine, in particular, in its manufacture, operation and repair, as well
as in the restoration of individual components and parts. The general priority of modern mechanical engineering,
which includes the development of known and creation of new technologies for influencing the surface layer of
the part, the purpose of which is to control the composition, structure and properties of the latter, was defined as
"surface engineering of machine parts" (SE).

Copyright © 2022 1.V. Shepelenko, E.K. Posviatenko, Ya.B. Nemyrovskyi, V.V. Cherkun, I.P. Rybak. This is an open access article
@m_ 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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Literature review

There are about two hundred methods of surface engineering, which should be classified as follows:
coating, modification of the surface layer, technological and combined (hybrid) methods. Currently, researchers
pay the most attention to coatings that can be obtained by gas-thermal and mechanothermic spraying, vacuum-
condensation technologies, surfacing, galvanic and chemical deposition, enameling, plating, cladding, hot metal
coating, solid lubricants application [1]. Having a number of advantages (thickness 0.005 + 5 mm; high level of
physical and mechanical properties; used equipment and technological equipment), coatings are still not securely
held on the base, require finishing machining, create a large gradient of harmful residual stresses. Modification
of the surface layer, including surface heat and chemical-thermal treatment and cold plastic deformation (CPD),
is free from these disadvantages, as the means of influencing the properties of the metal are structural
transformations, diffusion processes and changes in dislocation density in the base material. The disadvantage of
the modification is the difficulty of managing the size of worn parts. Technological methods involve the impact
on the surface layer of the part in order to change its properties by cutting or related processes. This group
includes most methods of obtaining regular macro- and microreliefs. Hybrid methods involve obtaining a new
effect from the impact on the part of two or more heterogeneous processes belonging to one or different groups
of SE [2, 3].

Obviously, each of the methods affects the operational properties of machine parts through a set of
geometric and physic-mechanical characteristics of the surface, primarily accuracy, roughness, support area,
microrelief, macrorelief, porosity, hardness, microhardness, residual stresses, microstructure, texture, adhesion
properties, adhesion strength to the base, the resource of plasticity used, etc. The obtained physic-mechanical and
geometrical characteristics allow to increase wear resistance, corrosion resistance, fatigue strength, oxidation
resistance, contact hardness, heat resistance, adhesion resistance, heat strength, antifriction or friction properties,
tightness of joints, strength, lubricant retention efficiency, friction vapor compaction, heat and electrical
insulating properties, fragmentation munitions efficiency, tool cutting properties.

In our opinion, hybrid technologies are the most effective processes of the surface engineering of machine
parts, both in the main and in the secondary (repair and restoration) industries.

Special attention should be paid to the methods of parts finishing processing by CPD, among which
should be noted deforming broaching (DB). The analysis of known sources showed that with all the variety of
research in the field of DB application, despite its advantages, the use of this process requires more in-depth
research, including the development of combined technologies. One of the examples of such a process is the
technology of vehicle parts restoration, which includes volumetric CPD (shaping) followed by low-frequency
finishing ionic pulsed nitriding [3, 4]. CPD by deposition, rolling, compressed liquid, drawing, hydroabrasive
treatment, rolling, deforming broaching and stitching (mandrel) allows to obtain a number of useful from the
standpoint of SE geometric and physic-mechanical characteristics of products surface layer. At the Institute of
Superhard Materials named by V.M. Bakul of the NAS of Ukraine for the last few decades have been studying
deforming broaching (DB) and related processes of CPD, which allowed to obtain important scientific results
that formed the basis of many resource-saving technologies [5-9, etc.]. In this case, the DB was often considered
as a finishing operation, the basis of which was the following [10, 11]. The accuracy of the holes in the circle,
taking into account the shrinkage (+) and breakdown (-) after the DB was within + 0.02 mm, and the curvature of
the generator — 0.15-0.30 mm per 1000 mm of sleeve length. The roughness of the treated surface was
guaranteed to be provided in the range of Ra = 0.05-0.15 um, and the bearing surface — 90-95%. Studies have
also shown that, depending on the modes of DB and the type of processed material, the thickness of the
reinforced textured layer is 0.05-0.3 mm, and the degree of metal hardening in this layer is 50-300% (by
microhardness index).

Thus, the analysis of literature sources showed the possibility and prospects of creating new technological
methods of surface engineering on the basis of DB.

Purpose

The aim of the work is to expand the technological capabilities of DB by creating new technological
methods of surface engineering to improve the quality of surface treatment.

Results

Studies [7-11] have shown that DB provides in the surface layer favorable for the part compressive
residual stresses of the | kind, increase the wear resistance of the surface several times (except in the case of
friction pair in abrasive wear), as well as the strength of the part. The last two effects are explained by the
texturing of the surface layer, increasing the yield strength of the treated material, reducing the geometric
parameters of stress concentrators and the favorable effect of compressive residual stresses.

This is confirmed by the distribution curves of some of the above characteristics of the DB surface layer,
shown in Fig.1 and 2.
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Fig. 1. Distribution of relative deformations of simple shear ¢ (1), microhardness Hu (2), tilt angle of texture
grains large axes ¢ (3), compressive tangential residual stresses of the | kind o+ (4) and dislocation density p (5) by
thickness of | liner surface layer from steel 10 processed by DB with 20 cycles.

In the center — the microstructure of the sleeve surface layer, x 120
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Fig. 2. Dependences of roughness Ra (1), accuracy 4 holes in a circle (2), bearing surface # (3), coefficient of
friction f (4) and wear of a part 47 (5) on relative deformation ¢ at DB of a sleeve from steel 10. In the center —
photomicrograph (x 80) of the hole area with regular annular microrelief: light stripes — support platforms, dark —
grooves

The above research results allowed to classify CPD with the help of DB to the class of SE methods,
combined with the concept of the surface layer modification during the manufacture and renovation of products [2].

At the same time, the results of careful analysis of some other surface layer properties after DB, which
previously remained out of the researchers attention, led to the conclusion that this process can also be attributed
to classes of technological and hybrid methods of SE. Thus, given the technological characteristics of the DB, in
particular the magnitude and smallness of deformation, can be created on the treated surface of the part micro-
and macroreliefs of the desired type, shape and height of each element, as well as control the number of elements
per unit area, relative bearing surface and angles. Boring, cutting or other cutting processes should be used as the
pre-DB treatment. As an example, Fig. 2 shows the curve of the support surface 3 and the area of the hole with a
regular annular microrelief (3 = 70%). The importance of technical solutions related to micro- and macro-reliefs
is evidenced by the fact that they developed a state standard [12], defended several dissertations and published a
number of monographs. We propose to use regular technological reliefs as micro-tanks for lubrication when
working in sliding friction pairs of vehicles, such as power systems of hydraulic systems, shock absorbers, jacks,
bearings. This protects the contacting parts from setting. For this purpose, it is advisable to use another property
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of the surface layer after the DB — increasing the yield strength of the treated material by 40-70% and, as a
consequence, — the allowable contact stresses by the criterion of setting bridges occurrence. This is confirmed by
the curve of the friction coefficient on the level of deformation at DB (Fig. 2). This graph shows that even with
small deformations, the reinforced by CPD surface receives reliable protection against adhesions (internal
friction).

When using DB as part of one of the SE hybrid methods, including shape-forming CPD, followed by a
finishing low-frequency ionic pulsed nitriding, the physical essence of the new joint effect on the product is as
follows. When DB as a process that completes the formation of the part with the necessary increase (decrease) of
its size, in the surface layer, along with obtaining the above useful geometric and physic-mechanical properties, a
texture with variable tilt angle of a grain large axes relative to the movement direction of the tool (Fig. 1; curve
3; photomicrograph; ¢ = 0 — nt / 4). Elongation of the microstructure grains is accompanied by their grinding and
increasing the dislocations density by several orders of magnitude (ibid., curve 5). This preparation of the surface
layer for further nitriding is extremely useful because it allows increasing several times the speed of this process,
which is explained as follows.

The essence of low-frequency ionic nitriding in the pulsed mode, sometimes called nitriding in the glow
discharge (NGD), is that in the rarefied gaseous environment between the cathode (part) and the anode (vacuum
chamber wall) a glow discharge is excited. At the same time, positive ions with high energy, bombarding the
surface of the part, heat it to saturation temperature and deepen into it, forming a solid solution of nitrogen in the
metal, and when the solubility limit is reached — nitride phases. Pre-nitriding DB significantly accelerates the
diffusion of nitrogen into the surface layers of the part, as it ensures the movement of atoms not only outside the
grains of the base metal, but also mainly through the grains themselves behind dislocations. The structure of the
nitrided layer consists of two zones: the outer nitride and the diffusion zone of the unsaturated solid solution with
dispersed inclusions of intermediate phases [13]. The properties of the nitride zone, which has a thickness of
several micrometers to several hundredths of a millimeter, are very different from the diffusion zone, the
thickness of which can vary from several tenths of a millimeter to several millimeters. In the first case, the layer
of material has a high hardness and fragility, and in the second — at lower hardness, the layer is stronger.
Therefore, when NGD products such as cutting tools should be set modes of the hybrid process to create the
most effective nitride zone. In the case of machining parts of road vehicles, a typical representative of which is
the crankshaft, special attention should be paid to obtaining a diffusion layer. It should be borne in mind that the
nitride zone can be a barrier to diffusion processes [14].

A promising area of further research of the described hybrid process is to obtain a duplex surface layer
that would combine CPD, precision nitriding and coating application of TiN type with a thickness of 2 + 5 um
by the KIB method.

Another example of DB using as a component of a SE hybrid method is our technology of antifriction
coatings, which includes mechanical surface preparation as a basis for creating regular microrelief, friction-
mechanical coating and finishing processing — by deforming broaching [15]. The essence of the proposed and the
participation of the DB are as follows. As noted in [16], the quality of the coating obtained by finishing
antifriction non-abrasive treatment (FANT) mainly depends on the triggering of the following channels of
contact surfaces activation: mechanical, chemical, thermal and vacancy-dislocation. At the same time, the
authors of [17, 18] substantiated the feasibility of forming favorable shapes and sizes of microroughness in
previous FANT operations, for example, creating a regular microrelief by turning as one of the conditions for
obtaining a quality coating.

It is difficult to obtain a high-quality antifriction coating on a surface with a rough regular microrelief due
to the peculiarities of filling the microroughness hollows with antifriction material. Thus, voids can occur
between individual particles of antifriction material, which negatively affects the density and continuity of the
coating.

The use of DB will significantly improve the quality of antifriction coating, namely:

- provide the individual elements packaging of the antifriction product in a solid mass and strengthening
the coating material with the base by surface plastic deformation;

- increase the strength of antifriction material adhesion to the base;

- create a microrelief with a greater bearing capacity of the surface.

The proposed technological solution formed the basis of our developed technological process of
processing the hole in the ICE sleeves using combined broaching and FANT [19, 20].

At the combined broaching there is a removal of an allowance by a cutting element and increase in the
size of a hole by group of deforming elements. As a result of processing, the rough layer of the sleeve working
surface has the necessary physic-mechanical and geometric properties. The change in the height parameter of the
roughness Ra and the microrelief of the working surface during sleeves processing by FANT and DBR is shown
in Fig.3.
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Fig. 3. Changing the parameter Ra when processing the sleeve: 1 — boring; 2 — FANT; 3 — DB with one
deforming element; 4 — DB by two deforming elements

The use of DB allowed reducing the parameter Ra and creating a new technology for applying antifriction
coatings using DB [21].

Conclusions

The application of the proposed hybrid technologies based on broaching allows to combine the
advantages of different methods, including surface modification and coating application with the achievement of
higher operational properties of parts that require further study.

The technological process of ICE sleeves processing has been developed, which includes operations of
DB and FANT, which provides the obtaining of the sleeve working surface with improved physic-mechanical
and tribological characteristics. The efficiency of the combination of DB and FANT operation has been
established, which allows improving the quality of ICE sleeves processing.

The technology of details restoration containing DB with the subsequent finishing low-frequency ionic
pulse nitriding is offered.

Determining the prospects for further research of DB as part of hybrid technologies.
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IMlenenenxo I.B., IloceaTtenko E.K., Hemuposcohknuii f.B., Yepkyn B.B., Pubax LII. CtBopenns
HOBUX METOJIIB iH)KeHEpii MOBEPXHi Ha OCHOBI MPOTATYBaHHS

CrarTs TpHCBSYEeHA CTBOPEHHIO HOBHX TEXHOJIOT1H 0OpOOKM 3a paxyHOK 3aCTOCYBaHHS HPOTSTYBaHHS.
Buznaueno, mo HaWOinbII e(pEeKTHBHUMH MpOLECaMU IH)KEHEpil MOBEpXHi JeTaiedl MalluH € TiOpuIHi
TEXHOJIOTil. 3a3HaueHO TepeBard TaKUX TEXHOJIOTIM 3a paxyHOK OTPHUMAaHHS HOBOTO €(EeKTy BiJ BIUIMBY Ha
nIeTanb qBoMa abo Oinblne pi3sHOPLTHAME TIPOIECAMH, IO HANEXKATh J0 OIHIEl a0 PI3HMX TPYIl METONIB iFDKEHepii
noBepxHi. JloBesieHo, 10 3aCTOCYBaHHS TiOPHIHHMX TEXHOJOTIH Ha OCHOBI NPOTATYBaHHS HO3BOJISIE ITIOE€THYBAaTH
MepeBard pi3HUX METOMIB, IEpII 3a BCE METOMIB XOJIOJHOTO IUIACTHYHOTO Ie(OpMyBaHHsI, y TNOETHAHHI 3
iHmmMu. Po3pobieHi koMOiHOBaHI TeXHOJOTIT 00pOOKH, 110 BMIMIYIOTh AehopMyroue MpOoTATYBaHHA 1 (iHIIHY
aHTH(PUKIiHY Oe3abpa3suBHy 0O0poOKy, TakoX gedopMyrode TPOTATYBAaHHA 3 HACTYHMHAM (iHIITHEM
HU3bKOYAaCTOTHUM 10HHUM IMITyJbCHUM a30TyBaHHSAM. BcTaHOBIEHO e(EKTHBHICTH 3alpOIIOHOBAHUX
TEXHOJIOT1i Ha OCHOBI IPOTSTYBaHHS.

KoarouoBi cioBa: imxeHepis MOBEPXHi, MPOTATYBaHHS, TiOpUAHI TexHOUOrII, (iHiNHA aHTH(PUKLiiHA
0e3abpasuBHa 00pOOKa, a30TyBaHHS.
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Abstract

In this paper, processes of contact melting between steel plates, which arises after feeding the contact
pulse of a contact welding machine, are studied, for cases when nanomaterials in the form of carbon nanofibers
and powders of refractory metals are being located between the plates. It was established that the addition of
carbon nanotubes allows to ensure the passage of contact melting with lower energy costs and to obtain high
carbonaceous layers of considerable hardness, and the addition of doping elements makes it possible to control
the structure, grainy and physical and mechanical properties of the formed material.

Key words: contact melting, carbon nanofibers, nanopowders, scrap metal, high carbon structures,
microhardness.

Introduction

Contact melting for a long time attracts the attention of researchers and engineers. Welding, obtaining
fusible materials, consolidation of powder materials, coating - here is an incomplete list of applications of this
process. The research and development of the theory of contact melting are devoted to a number of modern and
earlier works, which have not lost their relevance yet. [1].

Analysis of the problem and the study of information sources revealed the existence of different concepts
of the essence of contact melting and various hypotheses of the essence of the process. In the work, the definition
of contact melting was adopted as the process of transition to a liquid state of solids that make eutectic pairs at a
temperature lower than the melting points of each of the substances of the system [2]. During the contact of
crystals of heterogeneous components, liquid eutectics are formed in the surface layers.

At contact melting, the aggregate state of substances varies (from solid to liquid), so it will be fair to use
the Arrhenius formula to describe the process. By means of approximation using the package of mathematical
programs, the value of the activation energy of the process of contact melting of the iron — carbon system is
obtained.

It was investigated that in the Fe - X - C system there are exothermic effects [1], as follows:

- mixtures based on refractory metals (Cr, W, Mo, V) are characterized by exothermicity, insufficient for
carrying out in them processes of synthesis of metal-carbide materials due to their own energy resources and
need external heating;

- in closed systems on the basis of chromium and vanadium, eutectic melting is possible under heating to
1040 -1230°C;

- the use of high-dispersion powders (less than 10 microns) increases the thermality of mixtures by 10%
or more;

- in the system "(metal powders + carbon material), metal substrates and gas phase" metal and carbon
oxidation, the formation of a gas phase with a certain carbon potential, metal carbidization and carbon
coagulation of the metal substrate may occur. Probability and mass flows of processes depend on
thermodynamic and kinetic factors, in particular on the specific area of powders, heating temperature, density of
the mixture.

@m_ Copyright © 2022 V.1. Savulyak, A.A. Osadchuk. 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 original work is properly cited.
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An additional source of energy required to initiate contact melting may be nanomaterials in the form of
metal powders, carbon nanofibers, fullerenes, graphene, and the like.

Methods of experiments

Initial samples from Armco iron plates (technically pure iron with a total content of impurities of about
0.16%, in particular not more than 0.025% C, 0.035% Mn, 0.05% Si, 0.015% P, 0.025% S, 0.05% Cu) 0.2 mm
thick and standard quality steel of DSTU 2651: 2005 with a thickness of 2 mm was subjected to point welding
with a compression force of 2400 N at a current of 3500 A, a pulse duration of = 2 seconds. Between the plates
at the welding site were installed carbon fiber nanofibers with a surface density of about 15 mg / mm2, as well as
compositions in the form of carbon nanofibers with the addition of molybdenum nanopowders; Carbon
nanofibers with the addition of vanadium nanopowders. The action with such parameters led to the formation of
point connections, but the melting of the surface of the samples under the electrodes did not occur. This testifies
that welding was carried out with minimal energy input. Microstructural studies of the surface layers of the
samples were carried out using optical microscopes MBBS-6 and MIM-8. For the performance of
microstructural studies, the welded plates were cut in the center of the weld joint and polished according to
standard technology. Chemical etching of the surface of the samples was carried out in a 4% solution of HNO3
in alcohol. Microhardness was measured by a microhardness tester PMT-3M.

Characteristics of prototypes

The conducted studies of the source plates at point welding without additional gaskets showed the
preservation of a clear boundary between the welded materials, the zone of thermal impact on steel common
quality carbon steel length = 1400 microns, while the signs of diffusion processes were not detected (Fig. 1) [3].
Fig. 2 shows the microhardness of welded joints of plates on the thickness of the cross-section.
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Fig. 1. Panorama of the point welded connection of the source materials (Armco iron and steel of common
quality carbon steel)
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Fig.2. Distribution of microhardness in the sample of a point welded connection of raw materials

The following experiments with point welding of plates of Armco iron and common quality carbon steel
and gaskets were conducted:

1 - carbon nanofibers;

2 - molybdenum powder Mo brand of PMC;
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3 - vanadium powder V - VEL-1 (99.99% purity);

4 - carbon nanofibers and a layer of molybdenum powder in thickness up to 0,1 mm;

5 - carbon nanofibers and a layer of vanadium powder in the thickness of 0.1 mm.

From the above data on the chemical composition of the components, it can be seen that the main doping
elements are vanadium or molybdenum in the presence of carbon. That is, systems of the type Fe-C-X were
created, where X is molybdenum Mo or vanadium V. In stationary systems, the alloying element X forms, in the
absence of carbon, solid substitution solutions in austenite or ferrite. In each of the experiments, we have two
elements (Fe and X) which have comparatively small diffusion mobility and one element (C), which has 4-5
orders of magnitude a larger diffusion coefficient (carbon forms solid solutions and diffuses between the nodes
of the iron lattice) [4].

Results of research and discussion

Microstructural studies have revealed some features of the microstructure, which were observed during
spot welding without the use of gaskets made of carbon nanofibers or powders. Fig. 3 shows a series of
panoramic microphotographs of the structure inward from left to right from the surface of Armco iron, to the
main steel of common quality carbon steel
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Fig. 3. Panoramic photographs of microstructures of the nucleus of contact melting between Armco iron and common
quality carbon steel in the presence of a gasket with doping components (on the left - Armco iron)

Study of the nucleus of contact melting between Armco iron and common quality carbon steel in the
presence of carbon nanofibers between them (Fig. 3a) showed that a microstructure that corresponds to a high-
carbon alloy with a structure of ledeburite was formed. Welding at the same time happened with a lower level of
energy attachment, indicating the occurrence of contact melting processes [5, 6].

Fig. 3b shows a panoramic photo of a section of the nucleus of fusion of two steel plates, among which is
a gasket of carbon nanofibers and vanadium powder. In the photograph on the left you can see the steel plaster of
Armco iron, which practically did not melt and did not change its chemical composition. This is due to the fact
that diffusion in a-iron does not occur[7, 8]. Almost all processes of melting and contact melting with diffusion
processes are limited by the volume of common quality carbon steel. During the study of fig. 3b, the main three
zones are observed: the first adjacent to a-iron, formed as a result of the carbide formation of vanadium
carbonate from nano fabric that dissolved. This process is promoted by the high surface energy that this tissue
has. The first zone is characterized by an increase in microhardness from Armco iron to the second zone (Fig. 4),
which lies deeper. In the second zone, there was a process of intensive mixing of iron from common quality
carbon steel, vanadium and carbon nano tissue. This led to the formation of a fine-grained composite structure
with high hardness. The length of this zone is approximately 0.6 mm. The third zone directly touches the base
metal [9, 10]. Structure formation in this zone takes place under conditions of higher heat transfer rate to
common quality carbon steel. The result is a coarse-grained structure and less hardness.

Fig. 3c shows a panoramic photo of a section of a core of fusion of two steel plates between which is a
gasket of vanadium powder. Study of microstructure and microhardness of structural components allows us to
draw conclusions about the formation of vanadium-doped steel. On the left, we see a clear line of separation
between Armco iron and crystallized melting zone. The microhardness of the melting core is much lower than
for doping carbon nanotubes.
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Fig. 4. Distribution of the microhardness of the cross-section of the fusion nucleus of two steel plates:
1) in the presence of carbon nanofibers between them;
2) in the presence of carbon nanotubes and powder vanadium between them
3) in the presence of vanadium powder
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Fig. 5. Distribution of microhardness of the cross-section of the fusion nucleus of two steel plates:
1) in the presence of carbon nanofibers between them;
2) in the presence of carbon nanotubes and molybdenum powder between them
3) in the presence of molybdenum powder between them

In the case of doping with the addition of molybdenum (Fig. 3d) in the gap between the welded plates, the
presence of a structure characterized by high uniformity and fine grains and uniform microhardness throughout
the cross section was revealed. At the same time, the layer of Armco iron (a-Fe) disappeared due to doping with
molybdenum.

When doped with the addition of a double layer of carbon nanofibers and molybdenum powder (Fig. 3e),
the processes of structure formation proceed with much more complex kinetics. On microstructure photographs,
appeared defects in the form of gas vapors. This is a consequence of the large sorption capacity of carbon
nanofibers. As the process takes place in the air, a sufficient amount of gases is released into the fiber, which is
released when the composition is heated. The process of melting and crystallization occurs within a fraction of a
second and is not sufficient to isolate the gas bubbles from the melting zone. It should also be noted that Armco
iron did not take part in the process of formation of the structure. In addition, the process of stratification into
separate zones is viewed. Under the plate with Armco iron formed the structure of doped with molybdenum
white cast iron, which continues onto the high-carbon zone with columnar crystals and high hardness.
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Conclusions

1. For the first time contact melting between sheet metal reinforcement (0.2 mm) and a common quality
carbon steel plate with the addition of layers of molybdenum and vanadium nanopowders and carbon nanotubes
between them was studied.

2. It was established that the addition of carbon nanotubes allows ensuring contact melting with fewer
energy costs.

3. Adding carbon nanotubes allows you to obtain high-carbon layers of high hardness, and adding
doping elements allows you to control the structure, grainy and physicomechanical properties of the material.

4. It was established that Armco iron does not participate in super-rapid processes of carbonization,
leaving its structure and properties. This allows using such contact welding technology to form wear-resistant
surface layers that correspond to Sharp's principle, after mechanical removal of a soft layer of iron armor.
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Casyask B.1., Ocaguyk A.A. KoHTakTHE IUIaBIEHHS Ta CTPYKTYPOYTBOPEHHSI B CHCTEMI: 0-3a11i30 —
HaHOMAaTepiajH — CTalb 3BUYAIHOT SKOCTI.

B po6oTi BuBUYEHI mporiecH KOHTAKTHOTO IUIABJICHHS MK CTaJCBUMH IDIACTHHAMH, SIKE BHHHUKAE ITICIIA
mojadi Ha KOHTaKT IMITyJNbCYy CTPYMY BiJ MAaIIWHH KOHTAKTHOTO 3BapIOBaHHS I BHUITAIKIB, KOJIH MiX
TUTACTHHAMH PO3MIIIEHI HaHOMATepialld y BHUIVIAAI BYTJICIICBHX HAHOBOJOKOH Ta MOPOUIKIB TYTOILIABKUX
MeTaliB. BcTaHOBICHO, WO NOJABaHHA BYIVICLIEBOI HAHOTKAHWHM JIO3BOJISAE 3a0€3MNEYUTH HPOXOKCHHS
KOHTAKTHOTO IIABJICHHS 3 MEHIINMH CHEPTeTUYHUMH BUTPATaAMH Ta OTPHUMATH BHCOKOBYTJICLICBI Iapy 3HAYHOT
TBEPJIOCTI, a JOJABAHHS JIETYBAJIFHIX €JIEMEHTIB CTBOPIOE MOXIIUBICTh KEPYBaTH CTPYKTYPOIO, 36pPHUCTICTIO Ta
(i3MKO-MEXaHIYHUMH BJIACTUBOCTSIMU YTBOPEHOT'O MaTepiaiy.

Koio4oBi ci1oBa: KOHTaKTHE IIaBJICHHS, BYIVIEIEBI HAHOBOJIOKHA, HAHOIIOPOLIKH, TYTOIUIaBKI MeTalu,
BUCOKOBYTJICIIEBI CTPYKTYPH, MIKPOTBEPIICTb.
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Abstract

The article presents the results of tribological research on the most promising way to restore and increase
the wear resistance of engine valves by developing a method of gas nitriding. It is established that with
increasing operating time the guide bushings of the outlet connections wear out with the displacement of the axis
of the forming surfaces of the hole. Characteristic significant displacement of the axes of the inlet connections is
not detected, ie. their wear on the diameter of the hole is 1.5 ... 3 times less than the wear of the exhaust
bushings, the values of the displacement of the axes are within the error of the measuring instrument. The
average value of ovality is greater in the exhaust seats - the maximum beating values of the intake seats are 0.34
mm, exhaust - 0.22 mm. It is proved that the non-uniformity of the wear of the sleeve hole is determined by the
balance of acting forces, which, in turn, are determined by deviations from the optimal ratios x and e. the side of
the rocker arm axis. Distortions of the valve in the longitudinal axis of the engine contribute to an earlier
reduction in the tightness of the valve pairs. Redistribution of the valve end material with the formation of a
wavy concentric surface, the shape of the contact spot on the rocker arm and the corresponding direction of wear
of the saddle chamfer was observed in 43% of the studied connections. Technological means and methods for
improving the quality of repair, measuring instruments for accurate study of the parameters of parts and
connections of the valve group are given. The results of laboratory and operational tests are presented. A method
of gas nitriding with an installation for its implementation has been developed, which provides an
environmentally friendly method of low-temperature and high-temperature hardening, obtaining deeper and
well-developed layers of the diffusion near-surface zone and reduces training, technological time in the process
of strengthening and reducing energy consumption.

Key words: gas nitriding, wear resistance, friction steam, engine valves, recovery technology, wear
intensity.

Introduction

The urgent need to reduce engine oil consumption during engine operation has led to many changes in the
design of engine parts, including the design and choice of valve stem material. Which is once again confirmed
by the expression: "For every action there is opposition.”

As the amount of oil entering the orifice of the valve guide sleeve has decreased, there is an urgent need
for such treatment of the valve stem, which will withstand abrasion resistance or other types of wear at high
temperature fluctuations and loads.

Nitriding is widely used to strengthen a variety of steels and alloys, machine parts, tools operating in
different conditions and environments, as well as to increase hardness, wear resistance, abrasion resistance,
fatigue and corrosion resistance. Deformation of products during nitriding is minimal, nitrided layer is well
polished and polished [1].

This process is the most modern metal nitriding technology in the world. This method is based on the
strengthening treatment of heavily loaded parts of machines, tools, stamping equipment by diffusion saturation
of the surface layer with nitrogen nitrogen-hydrogen plasma pulsating current. In this process, the phenomenon

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
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of ionic deposition in a dilute gaseous medium is used to saturate the surface layer of metals with nitrogen.
Pulsed ion-plasma nitriding is a modern type of gas nitriding, in which ammonia is replaced by nitrogen and
hydrogen, which do not pose a threat to the environment.

The process is carried out at low temperatures (starting from 400 °C, which is also one of the many
advantages of ion-plasma nitriding) and under reduced pressure. The main result of this process is to obtain
nitrided layers of high hardness. Control of process temperature in the working range from 400 °C to 600 °C
allows to receive various indicators of hardness of a surface layer. The highest hardness of the nitrided surface is
formed when using operating temperatures in the range of 400 °C - 500 °C. The nitriding process itself takes
place in a chamber with a vacuum of 1-10 hPa. The workpiece is the negative electrode (cathode) and the
chamber walls are the positive electrode (anode). When a constant voltage (400-700 V) is applied between the
cathode (negative potential) and the anode (positive potential), a heterogeneous electric field arises and a glow
discharge is excited. Due to the collision of electrons and gas atoms, the latter accelerate and bombard the
cathode surface, knocking out atoms of iron, its compounds, carbon, nitrogen and electrons required for ion
deposition. Iron atoms combine with active nitrogen atoms and are deposited on the surface of the part as nitrides
and saturate the surface layers with nitrogen during diffusion. As a result of pulsed ion-plasma nitriding, a
diffusion layer with a developed nitride zone is obtained, which provides high corrosion resistance and
workability of friction surfaces. Optimization of the properties of the reinforced surface is ensured by the
necessary combination of nitride and diffusion layers, ensuring a significant increase in wear resistance, burr
resistance and fatigue [2].

The range of steel grades is constantly expanding, which develops individual technological parameters of
the process of pulsed ion-plasma nitriding.

As a result of surface hardening by the above method we obtain a diffusion layer, which provides a 5-fold
increase in service life, wear resistance and increase the anti-emergency properties of parts. The use of this
technology can significantly improve the performance of the pair "valve rod - guide", reduce the adhesion of
soot in the area of the valve plate and increase the corrosion resistance of the valve and its overall service life.
The results of tests of valve steels before and after nitriding by the method of linear wear measurement show
more than 5-fold reduction in wear of nitrided steel.

Literature review

Nitriding as a method of strengthening machine parts and tools has come a long way of development and
improvement. Currently, in terms of ensuring the functional properties of numerous parts and tools, it is one of
the most effective and common methods of strengthening in various fields of mechanical engineering
(automotive, aerospace, engine, machine tool, chemical industry, etc.).

Among the advantages of the nitriding process should be noted:

. High hardness (up to HV 1300), which is achieved without hardening;

2. Insignificant in comparison with other methods of strengthening deformation of details;
3. Heat resistance of the surface saturated layer up to 500... 600 °C;

4. High wear resistance;

5. Corrosion resistance (especially in the air);
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. High fatigue resistance;
. High resistance to alternating loads.

The disadvantages of this method of strengthening are as follows:

1. Long duration of the saturation process (up to 100 hours);

2. Low in comparison with cement details contact strength;

3. High fragility of the surface layer;

4. Reduced viscosity of nitrided parts;

5. Instability of nitriding results in its implementation in industry [3].

Although many varieties and methods have been developed and implemented since the industrial
development of the nitriding process (laser and plasma nitriding, vibration in the vibrating fluidized bed, in salt
melts, etc.), however, practical experience shows that the most common process in industrial conditions is the
vast majority. machine-building industries are gas nitriding using as saturating the atmosphere products of partial
dissociation of ammonia NHs.

In particular, the so-called classical process of gas nitriding, which was developed by Lakhtin Y.M.,
Kosolapov G.F., Minkevich A.N., Beloruchev A.V., Jurgenson A.A., Arzamasi B.N., Kogan 1.D., is actively
used to strengthen parts of machines and tools in the current production. This is due to the relative simplicity of
the technological implementation of the gas nitriding process using ammonia as a saturated medium, the
relatively low cost of equipment and equipment required for this process (compared, for example, with
equipment for ionic nitriding), as well as fairly well-established chemical regimes - heat treatment of various
steels and alloys using this type of saturation. However, based on empirical observations and practical
experience of gas nitriding of some of the above companies, it was observed that this type of nitriding leads to
significant embrittlement of products, some time after their saturation in ammonia.
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In high-speed engines, the end working surfaces of the pushers are also welded with high-strength
alloys. Phosphating of pusher working surfaces and molybdenum dioxide treatment (to prevent burrs during
operation) are also used. Improving the wear resistance of pushers is achieved by using the most advantageous
forms of their working surfaces. The surface of the collision of the pusher with the cam is made, for example,
spherical, which significantly reduces the compression stress due to the inability to maintain parallelism in the
plane of the cam of the cam of the camshaft. For the same purpose, the barrel-shaped shape of the pusher guide
surface is used in combination with a flat end surface. To increase the wear resistance of the valves and use a
device that ensures their rotation during engine operation. At the same time the term between grinding of valves
doubles.

Serviceable valves must quickly and reliably seal the combustion chamber, withstand large temperature
fluctuations and have good wear resistance to ensure the longevity of the engine. Failure of the valves (or even
one valve) disables the engine. And in the most severe case - to the destruction of the piston, cylinder or cylinder
head. Therefore, thorough defecting of valves and bushings is very important when repairing the motor [4].

At pushers surfaces of a core and a plate wear out. Pusher rods are restored by vibro-arc surfacing,
using high-carbon steel wire, or baking metal powders. After surfacing or baking, the pusher rod is ground on a
grinder. It is not recommended to restore the push rods by chrome plating, as this leads to rapid wear of the
guides in the unit. The pusher plates of modern engines are welded with a thin layer of bleached cast iron, so
when grinding they remove a very thin layer (up to 0.3 mm), necessary only to remove traces of wear.

The valve in the sleeve makes not only reciprocating movements, but also rotational-angular. If you
take into account the speed of such movements, you can understand what the load will be on the sleeve.
Naturally, wear occurs over time. Due to the radial beating the load increases, the rotational movement of the
valve becomes more difficult and production increases.

This leads to one-sided wear not only of the bushing, but also the valve with the seat. Increased
clearance in the pair of "valve-sleeve rod" leads to increased oil consumption, as the oil cap is not able to hold
oil, which again is caused by increased side beats of the valve. With the untimely intervention of the master, this
can lead to irreversible consequences - the replacement of seats, valves, bushings, and sometimes the
replacement of the entire head of the unit.

The shape and material of the guide sleeve of the valve are selected taking into account the high speed
of movement of the valve in the sleeve, the high temperature load and the limitation of the lubrication of the
friction pair "sleeve-valve". If the head of the cylinder block is made of cast iron, then often the seats and guide
bushings of the valves are integral with the head of the block. This design ensures alignment and, consequently,
a more accurate fit of the valve on the seat, which reduces the temperature of the inlet and outlet valves. Cast
iron cylinder heads were used on some engines from Opel, Ford and other manufacturers. But the technology of
production of cast iron heads is complex and requires expensive equipment, so most of the heads of modern car
units are made of aluminum alloys. In their production, the guide bushings and valve seats are made separately,
and then pressed into their seats in the cylinder head [5].

Guide bushings are made of wear-resistant materials with good thermal conductivity. These are special
cast iron, cermets, bronze and brass. Higher thermal conductivity in bronze and brass, so they are used on most
boosted engines, such as BMW, Audi, Volvo. To fix the sleeve in height in the cylinder head on its outer surface
there is usually a support flange. Sometimes a split support ring is used instead. If the sleeve is smooth on the
outside, you will need a special border or a remote sleeve to install it in the head.

The intake manifold guide bushings should not protrude too much into the intake manifold so as not to
increase its aerodynamic drag. But the exhaust valve bushes, on the other hand, should close the valve stem to
the maximum length for protection against hot exhaust gases and for better heat dissipation from the exhaust
valve rod. If the guide bushings are made of bronze or brass, they usually have the same length, as these alloys
have high thermal conductivity.

To ensure the alignment of the seat and the plate of the valve requires high precision manufacturing of
the sleeve. In addition, the outer surface of the sleeve, pressed into the head of the unit, should be treated with a
high degree of surface cleanliness and should not have scratches and scratches. This is done to improve heat
dissipation from the bushing to the cylinder head.

The main defect of the guide bushings is the increased wear of the inner surface caused by prolonged (at
least 60-100 thousand km for domestic and 150 - 200 thousand km for foreign cars) operation of the engine.
However, the use of poor quality oils dramatically reduces the life of the bushings, not to mention the engine as a
whole. Prolonged operation of the engine with incorrectly set thermal gaps of the valves is also the cause of
uneven wear of the guide sleeve. This is due to the increase in lateral loads on the rod and the deterioration of the
rotation of the valve.

In the presence of repair valves, the sleeve is first deployed under the repair diameter of the valve stem,
and then under the required clearance between the sleeve and the valve. The clearance is the same as for standard
valves. When deploying the sleeve to obtain the correct geometry, the deployment holes must start from the oil
cap side, as this part of the sleeve is subject to less wear.

The method of knurling the inner surface of the sleeve with subsequent scanning to the desired inner
diameter. This method requires a special tool. When using it, the seat under the guide in the head of the unit is
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not damaged. However, its inner surface, erased by the valve stem, will have a greater hardness than the body of
the sleeve, which occurs due to plastic deformation.

This method is especially suitable for engines that have a cast iron block head, and the valve guides are
made directly in the block head. At wear to 0.3 mm it is easier and cheaper to restore them by unrolling, than by
boring and pressing of new directing plugs.

In addition, before pressing the sleeve, be sure to check the diameter of the seat under the oil cap. If this
diameter is smaller than on the old bushings, the caps may simply fly off while the engine is running. Many
companies, such as Volvo, BMW, Volkswagen, produce repair guide bushings with increased outer diameter for
pressing. The seat under such a sleeve in the head of the unit must be expanded to a size that provides a landing
with a tension of 0.02 to 0.1 mm [6].

Before pressing the new bushings, the block head is heated again to 90 °C - 100 °C, and the bushings
are cooled, which is most desirable to do in liquid nitrogen.

To increase the wear resistance of the valves and bushings crystallize on nickel-phosphorus-copper
coatings. Immediately after precipitation, all coatings containing more than 4% P were amorphous. The only
composition that was obtained with a crystalline structure was a coating containing 4% R. Its structure consisted
of supersaturated phosphorus - Ni from a strongly distorted crystal lattice.

Ni-P-Cu coatings are also used. The processes of joint chemical reduction of metals, as well as the
processes of their electrochemical reduction, are subject to the same thermodynamic laws. Therefore, the
equilibrium potentials of metals and their change as a result of complexation in solution and formation of alloys
play a special role in these processes. Assuming that the chemical reduction of metals proceeds by
electrochemical mechanism, we can assume that the processes of chemical and electrochemical deposition of
metals are similar. However, it should be borne in mind that the rate of entry into the metal of active agents of
the reduction reaction - electrons, is determined by the rate of anodic oxidation of the reducing agent, sensitive to
nature and the state of the reaction surface. This leads to the lack of a complete analogy between chemical and
electrochemical deposition of alloys, which is primarily expressed in the effect on the rate of chemical deposition
of alloy components of the catalytic properties of metals.

The composition of solutions is empirically substantiated in most works on chemical deposition of alloys
and the simplest regularities of deposition processes are revealed, and only in some the structure of sludge,
influence of deposition conditions on its composition, kinetics and process mechanism are considered [7].

Purpose

The purpose of scientific research is to increase the wear resistance of engine valves by developing a
method of gas nitriding and a technology for its implementation.

Research methodology

The main characteristic of wear of a detail is linear wear which is measured in the direction perpendicular
to a friction surface. Due to a number of reasons, wear can be uneven. Therefore, to fully characterize the
amount of wear of the part, it is necessary to know the distribution on the friction surface the shape of the worn
surface [8].

To obtain the dependences of the size of the contact site a on the friction path S, wear tests of two friction
pairs were performed. The tests were performed on a lathe equipped with a special device. The scheme of the
device is shown in Fig. 1.

2
4

¢

c

Fig. 1. Scheme of the device for tests on wear according to the scheme of cross cylinders:
1 - shaft; 2 - sample; 3 - screw; 4 - mandrel; 5 - cargo; 6 - support; 7 - counterweight

A shaft 1 made of steel 45 (HRC 48 ... 55, counter body) is mounted in the machine spindle, on which a
cylindrical specimen 2 is mounted and pressed by a force Q (load 5 with known mass). The sample is fixed to
the mandrel 4 with screw 3. To compensate for the mass of the device at the other end of the holder is screwed
counterweight 7.

A lubricating cup is installed on the machine for lubrication testing, then both cylinders are immersed in
the oil [9, 10].
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The tests are performed in the following sequence:

- install the sample in the clamp 4;

- press the sample 2 with screw 3;

- counterweight 7 compensate for the mass of the sample and other elements of the device;

- on the axis of the clamp set the load with a known mass;

- turn on the machine and record the time;

- after a certain period of time we take out the sample in the reverse sequence and measure the size of
the contact area;

- install the sample in the clamp so that the contact spot rises to its previous place.

Research results

Friction pair 1: 40X hardened steel - cast iron SC 20.
The test results of the samples are entered in the table (Table 1), having previously determined the
equivalent radius of the circle by the formula:
a=(a*b*)'’.
According to these results, we construct a graph of the dependence of the contact spot on the friction
path (S= zdnT) - Fig. 2.
S1=3.14 x 20 x 100 x 1 = 6280 mm = 6,280 10° mm
Ss=3.14x20 x 100 x 5 = 31.4 10° mm
S10=3.14 x 20 x 100 x 10 = 62.80 10° mm
S15=3.14 x 20 x 100 x 15 = 94.2 10° mm

Table 1
The results of the test of cast iron midrange 20 (Friction pair 1: Cast iron SC 20 - steel 40X
hardened)
T, min S 10% mm 2a*, mm 2b*, mm a, mm
1 6,280 0,554 1,167 0,211
5 31,40 0,634 1,428 0,234
10 62,80 0,75 1,598 0,267
15 94,2 0,943 1,761 0,315
0,35
a, MM
o //
/
0,25 —
0,2 /
0,15 /
0,1 /
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0 6,28 31,4 62,8 94,2
Fig. 2. The plot of the equivalent radius is spotted cast iron SC 20 from the friction path
Friction pair 2: Cast iron SC 20 - steel 40X nitrided.
Table 2
The results of the test of cast iron midrange 20 (Friction pair 1: Cast iron SC 20 - steel 40X nitrided)
T, min S 10% mm 2a*, mm 2b*, mm a, mm
1 6,280 0,554 1,167 0,203
5 31,40 0,634 1,428 0,227
10 62,80 0,75 1,598 0,243
15 94,2 0,943 1,761 0,277

According to these results, we plot the dependence of the contact spot on the friction path (Fig. 3.)
It is established that with increasing operating time the guide bushings of the outlet connections wear
out with the displacement of the axis of the forming surfaces of the hole. Characteristic significant displacement
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of the axes of the inlet connections is not detected, their wear on the diameter of the holes is 1.5 ... 3 times less
than the wear of the exhaust bushings, the values of the displacement of the axes are within the error of the
measuring instrument [11, 12].

0,35

a, MM

0.3 /

0,25

0,2

0,15 /
0,1 /
0,05

0

S 10, mm

0 6,28 31,4 62,8 94,2
Fig. 3. Graph of the dependence of the sizes of the equivalent radius the spot of contact of castiron ~ SC 20 from the
friction path

In Fig. 4 combined Fig. 2 and 3.
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Fig. 4. Graphs of the dependence of the dimensions of the equivalent radius of the contact spot on the friction path of
cast iron SC 20 (counterbody - nitrided and hardened steel 40X)

The nature of the distortion of the shape of the saddle chamfer inherits the main direction of displacement
of the axis and the shape of the distortion of the guide sleeve during wear. The most frequent deviations of
relative displacement occur not in the plane of rocking of the rocker arm, but at an angle to it and directed to the
center of the combustion chamber. In contrast to the bushings, the relative displacement of the axes of the inlet
seats is the same pattern [13]. Moreover, the average value of the ovality is greater than that of the exhaust seats
- the maximum beating values of the intake seats are 0.34 mm, exhaust - 0.22 mm.

Conclusions

The analysis of materials to increase the wear resistance of the friction pair "valve - bushing" and
identified the main faults, causes of wear and existing repair technologies. It was found that severe wear of the
guide bushings leads to a violation of the geometry of the seats and even to their destruction. The surface of the
collision of the pusher with the cam is made, for example, spherical, which significantly reduces the compression
stress, which occurs due to the inability to maintain parallelism in the plane of the cam of the cam of the
camshaft. The purpose of repair of valve seats - to provide the correct geometry of connections "valve-seat" and
their tightness which are defined in turn mainly by vacuum pressure and "beating" of a facet of the valve and a
seat. Existing technologies for repairing valves and bushings are determined by the high cost of processing
equipment and consumables. Therefore, we have proposed a method of gas nitriding, which has significant
advantages over existing methods. Researches of technology of repair of conjugation of valve group of engines
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are carried out. It is established that the non-uniformity of wear of the sleeve hole is determined by the balance
of acting forces, which, in turn, are determined by deviations from the optimal ratios x and e. the side of the
rocker arm axis.
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Mapuenko J./1., MarBeeBa K.C. IligBuineHHs 3HOCOCTIMKOCTI KJIaNaHiB ABUTYHIB METOJIOM T'a30BOTO
a30TyBaHHS

B crarTi mpuBeseHO pe3ynbTaTd TPUOOJOTIYHMX JOCIIJDKEHb 3 HAHOULIBII MEPCHEKTHBHOTO CHOCOOY
BITHOBJICHHS 1 MIiJBUINCHHS 3HOCOCTIMKOCTI KIAINaHIiB JBUTYHIB NUIAXOM PO3POOKH METOIy TIa30BOr0
a30TyBaHHA. BcTaHOBJIEHO, IO i3 30UIBIICHHSM HAIPAIIOBaHHS HANpsSMHI BTYJIKH BUIIYCKHUX CIIOJYY€Hb
3HOIIYIOTHCA 31 3MIMIEHHSM OCi YTBOPIOIOUHX IIOBEPXOHB OTBOpPY. XapaKTepHOTO 3HAYHOTO 3MIIICHHS Ocei
BTYJIOK BIIyCKHUX CIIOJy4eHb HE BHSBICHO, T. 5. IX 3HOC IO IiaMeTpy oTBOpy B 1,5 ... 3 pa3u MeHIIe 3HOCY
BUITYCKHUX BTYJIOK, 3HAUEHHS 3MIIICHHA OCEH 3HAXOIAThCA B MEXaxX MOXHOKH 3aco0y BuMiproBaHHS. CepemHs
BEJIMYIHA OBAJBHOCTI OiNbIIE y BUIMYCKHUX Ci/ied - MaKCHUMalbHI 3HAUeHHS OUTTS BIYCKHUX CifieN CKIIaTaioTh
0,34 MM, BumyckHux - 0,22 MMm. JloBeneHO, [0 HEPiBHOMIPHICTH 3HOIIYBAaHHA OTBOPY BTYJKH BH3HAYAETHCS
OamaHCOM JIFOYUX CHJ, SKi, B CBOIO UEpPTy, 3aJal0ThCS BiIXIJICHHAMH BiJl ONITUMAIBHIX CIIBBITHOIIEHH | i €. 3
ypaxyBaHHSM CHJI TEPTS, 10 BUHUKAIOTh Ha TIOBEPXHI BTYJIKH, 3HOIIYBaHHS OTBOPY BTYJIKH BiOyBaTHMETHCS 3
MOBOPOTOM ii OCi B HWXKHIHM YacTHHI B CTOPOHY Oci KopoMucia. Ilepekocu kilanaHa B IO30BXKHINM OCI JBUT'YHa
CIPHSIOTH OUTBII PAHHBOTO 3HIDKEHHS TepMETUYHOCTI KJIanaHHuX nap. [lepeposnozin MaTepiaiy Tops KianaHa
3 YTBOPEHHSM XBHWJIACTOI KOHIEHTPUYHOI IOBEpXHi, (opMa IUISIMH KOHTaKTy Ha OOiKy Kopomwucna i
BIAMOBITHUH HampsM 3Hocy dacku cimma crocrepiranocs y 43% pocnijkyBaHux cnoiydeHb. IIpuBeneni
TEXHOJIOTI4HI 3aco0M 1 MeToaH, 10 3a0e3MevyloTh MiABHIIEHHS SIKOCTI PEMOHTY, 3aC00iB BHMipIOBaHb IS
TOYHOTO JOCHIDKEHHS TapaMeTpiB JeTajeid i CHoNydeHb KiamaHHoOi Tpymu. [IpencrtaBieHi pe3yabTaTd
71a00paTOPHUX Ta eKCIDTyaTaliiHUX BHIIPOOYBaHb. PO3po0iieHO MeTo T ra30BOro a30TyBaHHS 3 YCTAHOBKOIO IS
foro  3miificHeHHs, SKWH  3a0e3ledye  €KOJNOTIYHO  YHCTHH  Ccmocid0  HU3BKOTEMIIEpaTypHOTO i
BHCOKOTEMIIEPATypHOTO 3MIIHEHHS, OTPHUMAHHSA TIHONIMX 1 J0Ope pO3BHHCHIMHUX MIapiB AUQy3idHOL
NPUIIOBEPXHEBOI 30HM 1 JO3BOJIIE CKOPOTHTH IiATOTOBKY, TEXHOJOTIYHMH Yac MPH NPOBEACHHI HPOLECY
3MILHEHHSI Ta CKOPOYEHHS BUTPATH E€HEPTrOHOCIIB.

KarouoBi ciioBa: razoBe a3oTyBaHHs, 3HOCOCTIHKICTb, mapa TepTs, KJIalaHW JBUTYHA, TEXHOJOTis
BIZIHOBJICHHS, IHTEHCHBHICTb 3HOIIIyBaHHS.
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Abstract

It is established that at present the technology of anode-spark coatings in general is well studied.
However, the lack of recommendations for the choice of modes of technological processes and tribological
characteristics in different operating conditions limit the widespread introduction of this technology. The task of
this work was to analyze the processes of anode-spark coatings, improve technology and study the wear
resistance of samples processed by this and traditional anode technology. The development of technology for the
application of protective coatings on valve metals in the conditions of spark discharge included the choice of
electrolyte and mode of operation of the bath: voltage, current density, hydrodynamic conditions and other
parameters. Wear resistance tests were performed on a special installation. Structurally, the installation is made
in two positions, which allows you to test two samples with different load conditions at a constant sliding speed.
The design of the installation implements the friction scheme of the liner shaft. The study of anode-spark
coatings in the mode of limiting lubrication was studied in the environment of industrial oil. The wear criterion
was the weight wear of the samples according to the results of weight measurements before and after wear. It is
established that prolonged electrolysis in the conditions of sparking leads to the formation of anode coatings that
exceed in their properties the films obtained by non-sparking oxidation. Comparative studies of the wear
resistance of anode-spark coatings and galvanic anode coatings under the same test conditions showed that the
wear of anode-spark coatings is almost twice lower for the entire load range. The considered technology is
recommended for increase of wear resistance of elements of devices from the aluminum alloys working in the
conditions of corrosion and mechanical wear.

Keywords: anode-spark coatings, aluminum alloys, tribological tests, wear, friction coefficient.
Introduction

For a long time, it was believed that the coating formed in the spark mode has lower protective properties
than the traditional anode coating. Because of this, the anodizing was usually stopped at a voltage lower than the
breakdown voltage. More recently, it has been established that prolonged electrolysis under sparking conditions
leads to the formation of fairly thick anode coatings that exceed in their properties the films obtained by
sparkless oxidation. Analysis of anode-spark coatings shows that in them, along with the metal oxides of the
substrate in large quantities are atoms and groups of atoms that are part of the electrolyte. In the thickness of the
amorphous oxide there are areas of the solidified melt. The latter indicates a strong thermal effect of electrical
breakdown on the material of the formed oxide. There is every reason to believe that effective anode-spark
molding occurs only if the breakdown is thermal.

Analysis of research and publications

As a result of many studies, at present, it is established that the anode-oxide films consist of two layers: a
barrier layer, which has a dense structure and is directly adjacent to the oxidized metal, and a porous layer.

The use of electron microscopy has made the most significant contribution to the studied structures of
anode-oxide coatings. The results of these tests performed by Keller, Kanter, Robinson and other researchers
allowed us to propose a so-called model of a porous anode oxide film based on physical and geometric images.

Copyright © 2022 O. Dykha, O. Babak, O. Makovkin, S. Posonskiy. This is an open access article distributed under the Creative
@m_ Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
[ work is properly cited.
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According to this model, in the first seconds of anodizing on aluminum, a non-porous barrier layer is formed,
the beginning of the formation of which is associated with the corresponding active oxidation centers on the
metal surface. Hemispherical lenticular microelements grow from these embryos. First isolated, then grow and
fill the metal surface with the formation of a solid barrier layer. Under the action of local influence of electrolyte
ions in the barrier layer, pores begin to emerge, the number of which is associated with the magnitude of the
stress of the forming oxide. As a result, an oxidizing element is formed, similar in shape to a spherical segment,
the center of which lies in the area of the porous layer. The growth of the anode-spark coating occurs in two
ways that run in parallel. The first of them is the formation of the anode coating by the mechanism of growth of
oxide films in the metal-oxide-electrolyte (MOE) system, and the second is the formation of chemical
compounds on the electrode surface with the participation of electrolyte components. In the process of forming
anode-spark coatings. Along with the formation of the film may occur side chemical and electrochemical
reactions that lead to unproductive energy consumption and accumulation of substances in the bath, affecting the
quality of sludge. The main side processes are the formation of oxygen and hydrogen due to electrolysis in the
area of spark discharges. which lead to unproductive energy costs and the accumulation of substances in the
bath, affecting the quality of sludge. The main side processes are the formation of oxygen and hydrogen due to
electrolysis in the area of spark discharges. which lead to unproductive energy costs and the accumulation of
substances in the bath, affecting the quality of sludge. The main side processes are the formation of oxygen and
hydrogen due to electrolysis in the area of spark discharges.

Let us pay attention to the most urgent problems in the field of anodic oxidation that are currently being
considered.

In work [1], it was noted that tlectrochemical oxidation is an effective wastewater treatment method.
Metal oxide-coated substrates are commonly used as anodes in this process. This article compiles the
developments in the fabrication, application, and performance of metal oxide anodes in wastewater treatment. It
summarizes the preparative methods and mechanism of oxidation of organics on the metal oxide anodes. The
discussion is focused on the application of SnO;, PbO,, IrO,, and RuO, metal oxide anodes and their
effectiveness in wastewater treatment process.

In work [2] it is said that during plasma electrolytic oxidation (PEO) processes, the factors, such as the
shape of the specimen, the location of the cathode electrode, and others have a critical influence on the anode
(specimen to be treated) current. This may lead to different oxidation dynamics at different locations on the
samples resulting in the non-uniform coating thickness and surface properties. In this work, the current through
samples made of 2024 aluminum alloy was monitored in a sodium silicate solution during plasma electrolytic
oxidation. The experimental results demonstrate that the distance between the cathode and anode affects the
anode current and the oxidation efficiency. The current flowing through the front surface of the specimen is
larger than that flowing through the back surface of the same specimen. The measured tribological properties and
corrosion-resistance agree well with the effects of the current. The front surface exhibits more superior wear and
corrosion resistance than the back surface.

In aqueous zinc-ion batteries, metallic zinc is widely used as an anode because of its non-toxicity,
environmental benignity, low cost, high abundance and theoretical capacity. However, growth of zinc dendrites,
corrosion of zinc anode, passivation, and occurrence of side reactions during continuous charge-discharge
cycling hinder development of zinc-ion batteries. In study [3], a simple strategy involving application of a
HfO, coating was used to guide uniform deposition of Zn?* to suppress formation of zinc dendrites. The HfO,-
coated zinc anode improves electrochemical performance compared with bare Zn anode.

In [4] the deactivation of an IrO,—Ta,Os coated titanium anode was studied during an accelerated life test
at 2 Acm2in 1 mol dm™ H,SO, solution using CV, EIS, SEM and EDX. The changes of voltammetric charge,
double layer capacitance, oxide film resistance and charge transfer resistance of oxygen evolution with time
during the electrolysis were monitored. The morphology and surface composition of the oxide anode before and
after electrolysis test were analysed. A comprehensive process of deactivation of the oxide anode was proposed
based on the test results and analysis.

The wettability of coatings, including ceramic ones, which show considerable promise for the use on
bioengineering products, with physical solution (0.9% NaCl) have been studied in [5]. It has been found that the
use of coatings of all types under study increases the wetting angles on the surface as compared with the initial
metal materials (stainless steel of the 12X18H10T grade, titanium alloy of the BT6-grade, Co-Cr-Mo alloy),
which serves as a prerequisite for an improvement in the biocompatibility of implants.

Protective a-Al>O3 coatings on the surface of a graphite article have been obtained in [6] by method of
electric-arc metallization with aluminum and microarc oxidation (anodic spark process). Investigation of the
obtained coating by scanning electron microscopy (SEM), X-ray diffraction (XRD), and proton elastic recoil
detection analysis (ERDA) showed good quality of the Al and a-Al>O3 coatings on graphite. The proposed
technology can be used for obtaining protective coatings in low-accessible sites of graphite articles.

The effect of TiB2 and CrB; additions to the commercial self-fluxing FeNiCrBSiC eutectic alloy on the
structurization of electrospark coatings was examined in [7]. The mass transfer kinetics in the electrospark
deposition of FTB20 (FeNiCrBSIiC + 20% TiB,) and FCB20 (FeNiCrBSiC + 20% CrB;) composite materials
and commercial self-fluxing FeNiICrBSiC alloy coatings onto steel 45 using an Alier-52 unit was studied. When
the energy parameters of electrospark deposition increased, the mass transfer coefficient became higher and the
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electrospark coatings thicker and rougher.

The dielectric properties of coatings on AK6 alloy formed with a microarc oxidation method in two
electric modes in alkaline-silicate electrolytes are estimated in [8-9]. It is shown that both modes, a galvanostatic
mode and an arbitrarily falling power mode in alternating current circuits, make it possible to obtain coatings
with a thickness of 30—60 um, with sufficiently high electrophysical parameters: bulk specific resistance py = 3—
9 x 10° Q m and dielectric strength E = 9-14 V/um. It is established that higher values of py and E in the both
modes can be achieved in the solutions of 1 g/L KOH + 6 g/L of liquid glass (LG) and 12 g/L of LG. In terms of
absolute value, the parameters of the coatings formed in the mode of arbitrarily falling power exceed the same
characteristics of the oxide layers formed under conditions of galvanostatic mode by a factor of 1.5-2.5.

Based on the analysis of literature sources, it is established that at present the technology of anode-spark
coatings in general is quite well developed. However, the lack of scientifically sound recommendations for the
choice of modes of technological processes and characteristics of properties in different operating conditions do
not allow the widespread introduction of this technology.

The task of this work was to analyze the processes of anode-spark coatings, improve technology and study
the wear resistance of samples processed by this and traditional anode technology.

Selection of technological modes of formation of anode-spark coatings

The development of technology for the application of protective coatings on valve metals in the conditions of
spark discharge includes the choice of electrolyte and mode of operation of the bath: voltage, current density,
hydrodynamic conditions, etc.

Currently known different types of programmable voltage changes in the bath, pulse and alternating current
voltages are selected experimentally, without the necessary theoretical justification. Meanwhile, the electrical
regime determines the nature and intensity of discharges and, of course, the temperature conditions on the
surface of the anode. With the appropriate choice of electrolyte and electrochemical parameters of the anode-
spark sludge, you can get a coating that has high hardness, wear resistance and strong adhesion to the substrate.
Appropriate selection of the electrolyte and electrolysis conditions can form a coating that is equal in hardness
and wear resistance of corundum and tungsten carbide. The wear of the upper layers is not due to abrasion, but
due to chipping of the unevenness of the coating.

To form a coating on aluminum alloys AD31 and B95, we take the current strength range from 1800 A / m?
to 2500 A/m? and the ratio of cathode current to anode 1.15. Molding is carried out at voltages from 120 V to
600 V depending on the state and concentration of the electrolyte.

The practical implementation of the anode-spark process always requires careful coordination of metal-
electrolyte pairs. One of the simplest and best-known electrolytes was a dilute (2 ... 8 g/l) KOH solution, which
makes it possible to obtain a high-quality anode coating on aluminum. Solutions of some acids can be used for
this purpose. The first systematic study of the influence of the electrolyte on the possibility of realization of the
anode-spark discharge on aluminum was carried out in [7], where the authors studied the properties of solutions
of 33 different substances. The investigated electrolytes were divided into 6 groups. The first includes solutions
of salts in which there is a fairly rapid dissolution of aluminum (NaCl, NaClO3;, NaOH, HCI, NaNO; and Na).
The second group combines electrolytes that correspond to the achievement without much effort of the passive
state of the metal. It includes H3BOs, citric and carbonic acids, as well as their salts. Lactic, adipic and oxalic
acids (third group) correspond to less effective passive properties. Weak solution of metal at stationary potential
is characterized by substances of the fourth group: H2SO4, (NH4) 2SOg, Na2SO4. In oxalic acid and its sodium
salt, sodium acetate, phosphoric acid (fifth group), the range of voltages at which the spark discharge occurs is
narrow. The sixth group includes solutions of KF, NaF, disubstituted phosphate and sodium sulfite. in which the
spark discharge is narrow. The sixth group includes solutions of KF, NaF, disubstituted phosphate and sodium
sulfite. in which the spark discharge is narrow. The sixth group includes solutions of KF, NaF, disubstituted
phosphate and sodium sulfite.

The formation of oxide films from aqueous electrolytes in the sparking mode allows to obtain a coating
with much better properties than in the formation in the normal anodizing mode. Analysis of the chemical
composition shows that in the composition of the anode-spark coatings, rocks with oxides of the base metal of
the strip, in large quantities contain atoms that are part of the electrolyte. Other particles of oxides (iron,
chromium) present in the electrolyte are also included in the structure of the coating, forming a composite
structure.

Investigation of wear resistance of coatings on aluminum alloys

Samples measuring 5x5x20 mm from materials B 95 and AD 31 were used for the research. The samples
must have a quality surface. Overflowing of edges on samples is not allowed.

After machining, the samples are ground on grinders with a grain size of: 400 pm, 200 pm, 80 um. Then
the anode-spark coatings were applied on the experimental setup. After coating according to the developed
technological process, the samples were washed and dried with filtered paper. Samples with factory coating were
additionally ground on the work surfaces with AP-3 diamond paste. The contact area is 0.25 cm?.

Wear resistance tests were performed on a special installation. Structurally, the installation is made in two
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positions, which allows you to test two samples with different load conditions at a constant sliding speed. The
design of the installation implements the friction scheme of the liner shaft.

The scheme of the test setup is presented in Fig. 1. Rotation counter body 7 receives from the DC motor
with adjustable speed. The speed of rotation is controlled by an electronic speed meter PIT-1 (3). The test sample
8 is fixed in the handle 9, which before starting work is balanced in relation to the strain beam 10. The handle of
the sample 9 is hinged to the beam. The specified load P is created by a set of loads 12.

Before conducting experiments, the installation system is calibrated. The strain gauges are powered by the
UT-4 strain amplifier. Recording of friction forces is performed by a potentiometer type KSP-4.

The body is made of hardened steel 45 (HRC 55) and has the shape of a disk with a diameter of 95 mm and a
thickness of 10 mm. Surface roughness Ra = 0, 32 microns
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Fig. 1. Scheme of the test installation: 1 - strain amplifier UTCH-1; 2 - potentiometer PCB 4; 3 - sensor-meter of
sliding speed; 4 - thermocouple temperature sensor potentiometer EPD-12; 5 - electric motor; 6 - V-belt transmission;
7 - working disk (counter body); 8 - experimental sample; 9 - sample holder; 10 - strain beam; 11 - load - balancer; 12

- loads to create the desired pressure R.

In the study of coatings under dry friction, the efficiency of the anode-spark coatings paired with hardened
steel 45 is low with a predominantly abrasive type of wear. Reduced resistance of the coating is caused by brittle
fracture (splitting of individual microvolumes). The coefficient of friction during operation is unstable and is
measured in a wide range f=0.3... 0.8.

The study of anode-spark coatings in the mode of ultimate lubrication was studied in the medium of oil 1-20,
which were saturated samples. The research was carried out before complete wear of the coating formed at
different durations of molding. Data on the effect of molding duration on the wear resistance of coatings are
given in table 1. The wear intensity is calculated by the formula:

AG
U,=—,
S
where AG is the weight wear, g; S is the path of friction, mm.
Table 1
The results of studies of anode-spark coatings
Processing The weight of the Sample Weight wear, | The path | Wear intensity, | Coefficient
i sample after weight -4 of -9 of friction, f
e o process?ng, G,.g aftergthe AG-107.g friction, y 1077,
min 1 study, $.10°3 g/m
G 21 g m
45 1.05795 1.057890 | 0.60 16.4 3.658 0.13
60 1.07660 1.076408 | 1.92 65.6 2.927 0.12
90 1.17212 1.172018 | 1.025 24.6 4.170 0.14
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Figure 2 shows the dependence of wear intensity |, from the duration of processing (molding) tobr. As

can be seen, the optimal duration of molding should be considered up to 60 minutes The coefficient of friction is
practically independent of the duration of processing and is measured in the range of 0.12...0.14.
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Fig. 2. Dependence of wear intensity of B-95 alloy on molding time
The results of comparative studies of wear resistance of anode-spark coatings and coatings formed by

traditional oxidative anodizing technology are shown in table 2 and graphically in Fig. 3. The wear criterion was
the weight wear of the samples according to the results of weight measurements before and after wear.

Table 2
Wear test results
Parameters Meter Friction path, Weight wear, Friction force, Coefficient of
readings, N S-103 m AG-107% g E,-107°, N friction, f

ACP = 0.4 MPa

1 50 16.4 0.90 40 0.12

2 100 32.8 1.52 44 0.13

3 150 49.2 1.75 43 0.14
ASC P = 0.4 MPa

1 50 16.4 0.5 7 0.07

2 100 32.8 0.8 9 0.09

3 150 49.2 1.0 8 0.08
ASC P = 0.8 MPa

1 50 16.4 0.75 20 0.1

2 100 32.8 1.35 24 0.12

3 150 49.2 1.50 26 0.13

With increasing friction path, the coefficient of friction increases slightly to the appropriate value, and
then stabilizes. As the load increases, the friction force and the coefficient of friction increase.
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Fig. 3. Dependence of wear of coverings on duration of tests: A - ASCP =0.4 MPa; e - ASC P =0.8 MPa; m - AC
=0.4 MPa.
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The analysis of the obtained results shows that the anode-spark coating is superior in its properties to the
coatings obtained under oxidative anodizing conditions formed in optimal modes, but in the same electrolyte
with the same concentration.

The wear resistance of anode-spark coatings in comparison with galvanic anode coatings at the same load
was almost 2 times higher. The coefficient of friction of the coatings varied in the range of 0.1 ... 0.14. The
optimal duration of coating formation is 60 minutes. It is also established that the wear resistance of anode-spark
coatings depends not only on the duration of treatment, but also on other process parameters.

Conclusions

It is established that prolonged electrolysis in the conditions of sparking leads to the formation of anode
coatings that exceed in their properties the films obtained by non-sparking oxidation.

Comparative studies of the wear resistance of anode-spark coatings and galvanic anode coatings under the
same test conditions showed that the wear of anode-spark coatings is almost twice lower for the entire load
range.
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Muxa O.B., Badak O.II., MakoBkin O.M., Iloconcbknii C.®. Tpuboyoriyni BIaCTUBOCTI aHOIHO-
ICKpPOBHX MOKPHUTH HA CIUIABaX aJIOMIHIIO.

BcraHoBneHo, 10 B TeMepemIHid yac TEXHOJIOTis aHOJHO-ICKPOBUX IMOKPHUTH B 3arajibHOMY JOCTaTHBO
no6pe mociipkeHa. OfHAK HENOCTATHICTh PEKOMEHAAL 1Mo BUOOPY PEXHMMIB TEXHOJIOTIYHUX MPOLECIB Ta
TPUOOJOTIYHMX XapaKTePHCTUK B PI3HUX YMOBax eKCIDIyaTamii 0oOMEXYIOTh INMHPOKE BIPOBAKECHHS JaHOL
TexHoiorii. 3amadeto maHoi poGotu OyB aHaui3 MpOIeciB  HAaHECEHHS AaHOIHO-iCKPOBHX ITOKPHTH,
BJJOCKOHAJICHHSI TEXHOJIOTIi Ta JOCIiIKEHHS 3HOCOCTIHKOCTI 3pa3KiB, 0OpOOICHUX 3a BKA3aHOO 1 TPaIuIli HHOIO
AHOJHOIO TEXHOJIOTi€0. Po3poOKa TeXHOJOTi] HAHECEHHS 3aXHUCHHUX MMOKPUTTIB HA BEHTHJIbHI METAIH B YMOBax
ICKPOBOTO pO3psAy BKJIIOUaNa B cebe BHOIp eNEKTPOIITY i peKUMY poOOTH BaHHH: HANpyTa, TyCTHHA CTPYMY,
TiApOJMHAMIYHI YMOBH Ta iHII mapameTpu. BumpoOyBaHHS Ha 3HOCOCTIHKICTh IMPOBOAMJINMCA HA CIELiANbHIN
ycraHoBLi. KOHCTPYKTHBHO yCTaHOBKA BUKOHAHA JIBYXIIO3UIIHHOIO, 110 J03BOJISE OJJHOYACHO BUIIPOOYBATH /1Ba
3pa3kd 3 PI3HUMHM YMOBaMHM HaBaHT)XEHHsS NPH MOCTIHHIN MIBUAKOCTI KOB3aHHS. KOHCTPYKIlsl yCTaHOBKH
peanizye cxemy TepTsi Bay-BKiaauml. J{OCHi/UKEHHS aHOJHO-ICKPOBHX IOKPHUTTIB B PEXHUMI TPaHUYHOTO
3MalllyBaHHs JOCII)KYBAJIOCh y CEpPENIOBHINI IHIYCTpiaJIbHOrO Maciia. 3a KpHUTepiil 3HOIIYBaHHS HpHHMaBCs
BaroBHi 3HOC 3pa3KiB M0 pe3yJjbTaTaM BUMIpIOBAaHb Bard JO 1 MICJIs 3HOLTYBaHHS. BcTaHOBJIEHO, IO TpHUBAIUMA
€JIEKTPOJII3 B YMOBAX ICKpPIHHSA NMPHUBOIUTH J0 YTBOPEHHS aHOAHHMX MOKPHTTIB, IO MEPEBHIIYIOTH 32 CBOIMH
BIACTUBOCTSAMH IUTIBKH, OTPHUMaHiI [UIAXOM O€3iCKpOBOTO OKCHIyBaHHS. [lOpiBHSIBHI JOCHIIKCHHS
3HOCOCTIMKOCTI aHOJHO-ICKPOBHUX MOKPUTH 1 TaJIbBaHIYHUX aHOJHHUX MOKPHUTH 32 OJaKOBHX YMOB BUIPOOYBaHb
NOKa3ajiM, W0 3HOC aHOJHO-ICKPOBHX INOKPHTH Maike BIBIYI HIDKYMH Ui BCHOIO  HaBaHTAXXYBaJbHOTO
niama3oHy. Po3risiHyTa TEXHOJOTIS peKOMEHIYEThCS IS MiABUINCHHS 3HOCOCTIMKOCTI €IeMEHTIB MPHIaiB 3
ANFOMiHIEBUX CIIABIB, IO MPAIIOIOTh B YMOBaX KOPO3iHHO-MEXaHIYHOTO 3HOITYBAaHHSI.

KiawuboBi cjioBa: aHOTHO-ICKPOBI MOKPUTTS, ATFOMIHIEBI CIUTaBH, TPUOOJOTiUHI BUIPOOYBaHHS, 3HOC,
KOe(DILEHT TepTs
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Abstract

The results of the study of glass-composite nanostructured self-lubricating coatings are presented. The
developed glass composite is an antifriction material with an ultrafine structure. The structural components of
these coatings significantly affect the graphitization process and provide an antifriction surface layer of a-
graphite. The formation of this layer makes it possible to significantly minimize the contact parameters in the
friction region.

The developed antifriction nanostructured glass-ceramic self-lubricating coatings containing magnesium
carbide and structural components that promote surface graphitization do not contain expensive and scarce
components, meet environmental safety requirements, and have high performance characteristics. A significant
effect of aluminoborosilicate in the form of a glass phase on the tribological properties of coatings is noted. An
increase in adhesive strength is achieved by forming a surface layer of glassy sodium silicate. Using X-ray phase
analysis, it was found that the intercalating elements in the subsurface zone-graphite system at the initial stage of
the process were Mg?*, AI®*, Cu?* ions, which randomly penetrated into the interlayer space of the graphite
matrix. At sliding speeds of more than 3.0 m/s, intercalates of binary molecular compounds of these elements
with oxygen were found in the layered system of graphite. Their intercalation is accompanied by a sequence of
repetitive stages, which are reversible with a change in tribological parameters and are characterized by a
specific transformation of the structure and, above all, by an increase in the distance between layers due to the
influence of various types of interlayer defects and the introduction of intercalants.

The presence of near-surface particles in the graphite layer does not affect the tribotechnical
characteristics of the coatings. The developed glass-composite nanostructured self-lubricating coatings have high
antifriction characteristics throughout the entire load-speed range.

Key words: nanostructured coatings, wear intensity, glass composite, glass phase, graphitization
Introduction

Preservation of operational characteristics limited by friction and wear, both of individual units and
technical systems as a whole, can be ensured by modern surface engineering tools that implement the basic
principle of minimum costs with maximum results. Structural engineering methods that use modification through
the use of solid lubricants have taken a leading position in recent years in providing anti-friction contact
interfaces. Coatings containing solid lubricants are among the innovative and most promising antifriction
materials, the high quality of which is especially noticeable in conditions where traditional liquid lubricants are
ineffective [1, 2]. They are used in various fields of technology from lubrication of precision aircraft
mechanisms to preventing jamming of threaded joints [3,4].

The development of antifriction nanostructured glass-composite self-lubricating coatings meets the
modern priorities of tribotechnical materials science aimed at increasing the wear resistance of friction-loaded
movable interfaces and, on their basis, the development of scientific and applied solutions in the interests of
improving the efficiency of using high-quality production technologies [5,6].

Copyright © 2022 S.D.Kharchenko, O.V.Kharchenko. 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.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://tribology.khnu.km.ua/index.php/ProbTrib
https://doi.org/10.31891/2079-1372-2022-104-2-35-41
mailto:olena80@ukr.net

36 Problems of Tribology

Objective

Ensuring high quality antifriction properties of nanostructured glass-composite self-lubricating coatings
with increased adhesive strength due to the presence of aluminoborosilicate and structurally free magnesium
carbide in the composition of the glass phase, as well as the selection of structural components that promote
graphitization.

Materials and methods of research

As is known from the comparative characteristics of gas-thermal coatings, which are similar in their
structural-phase composition, detonation-gas coatings have maximum operational properties [7]. On this basis,
for the deposition of the coatings under study, the detonation method was used using nanostructured powders
obtained by the mechanochemical method, the composition of SiC-Ni-Cu-Al-Si-C with a uniform distribution of
the aluminoborosilicate glass phase (SiO2-Al,03-B203). According to the developed technology, structurally free
magnesium nanocarbide (MgC,) was added to the resulting nanoglass composition, after which it was mixed,
ensuring its uniform distribution in the powder mixture ready for spraying. All powder materials used in the
work are obtained from the mineral resource base of the country.

The antifriction properties of the coatings were evaluated during friction of the ring samples along the end
scheme under conditions of distributed contact in the continuous sliding mode at a load of 10.0 MPa. The
influence of the environment, speed, load, implemented during the tests, were selected taking into account the
maximum approximation of the processes of physicochemical friction mechanics to the real conditions of
contact interaction, in addition, the program for studying nanostructured glass-composite coatings provided for a
comparative analysis of their antifriction characteristics with similar values obtained during tests of tungsten-
containing coatings of the VK15 type and coatings sprayed with alloyed nichrome powder.

The study of contact interfaces, in which activation processes occur during friction, which determine the
intensity of surface reactions and tribophysical phenomena, was carried out using modern methods of physical
analysis, involving metallography (an optical microscope of the type Neofot-32 with an attachment), an X-ray
electronic microanalyzer of the Camscan 4 DW type with a program for the distribution of chemical elements.
The determination of the phase composition of the surface layers was carried out on a general-purpose X-ray
diffractometer of the DRON-3 type with monochromatic CuKa radiation.

Increasing the adhesive strength, as a criterion for the performance of glass composite coatings, was
carried out by preliminary deposition on the working surface of a sublayer of glassy sodium silicate
Na;O(SiOz)2. The exclusion of unproductive losses and adherence to the measurement technology using the
conical pin method determined the correctness of the obtained results of the adhesion strength, which amounted
to 145-150 MPa [8].

Research results

The contact interaction of surfaces is a complex sequence of cooperative influence of both external factors
and internal transformations, the qualitative agreement of which reflects the commonality of quantitative patterns
and determines their ordered causal relationship. According to the results of interactions of coatings under
friction loading, Fig. 1 shows experimental values representing the averaged functional dependences of the wear
intensity and friction coefficients, which change with time and stabilize after running in, in the field of sliding
velocities at a constant load of 10.0 MPa. As can be seen from the graph, in the entire range of tests with a
monotonically increasing sliding speed, the minimum values of wear rates and the corresponding friction
coefficients correspond to nanostructured glass-composite coatings (curves 1 and 1"). The structure of nanoglass
composites, which determines their properties, practically consists of a finely dispersed mixture representing
both solid solutions and, mainly, intermetallic compounds with a significant presence of a glass phase. The
invariance of the chemical composition and the constancy of the parameters of technological deposition
determine the stability of the coating structure, the relative density of which was up to 99%. The cross section of
the nanocomposite coating is shown in Fig.2. Metallographic analysis has established that the deposited layer
has a quasi-ordered lamella-like appearance, which closely adheres to the base material, completely copying the
surface topography, while accumulations of component oxides, as well as slag contamination, are practically
absent, and defects in the form of pores and cracks are not detected.
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Fig.1. Dependence of wear intensity (1,2,3) and friction coefficient (1',2',3") on sliding speed of coatings SiC-Ni-
Cu-Al-Si-C+glass phase+MgC2 (1,1"), WC-Co (2.2") and Ni-Cr-Al-B (3,3') on sliding speed (P=10.0 MPa).

Fig.2. Coating structure (x5000)

The synthesis and study of solid solutions based on refractory compounds, in particular silicon carbide, are
being carried out quite intensively, but the capabilities of the latter and its complex of tribological properties are
far from the expected results. The developed glass composite is an antifriction material with an ultrafine
structure. It is generally accepted that elastoplastic deformation is the main factor determining the development
of the process of external friction, and in addition, in our opinion, the formation of a gradient structure is a
derivative of it. It can be said that the evolution of the structure during contact interactions has pronounced scale
levels, and the processes occurring at different scale levels are interdependent. The layer-by-layer picture of
plastic deformation obtained by the diffraction method reveals the main regularities of the formation of a scale
structure and makes it possible to establish uniform transitions from a dispersed polycrystalline fragmented
structure on the surface through intermediate textured layers to the original crystalline, inherent in deep material.
As can be seen from Fig. 3, in the coating under study, as it approaches the friction surface and the contact
pressure increases, and the intensity of deformation, the structure is gradually replaced by an ultrafine one. In
this case, high contact compressive and shear stresses create conditions for the implementation of significant
plastic deformations in the near-surface layer of the coating material, which cause the formation of ultrafine
structures.

a) b)
Fig.3. Changes in the structure of the nanoglass-composite coating with increasing distance from the friction
surface in a layer ~6 pm thick: a) near-surface zone; b) undeformed structure.
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This gives grounds to single out in a structure subjected to tribotechnical loads a near-surface zone, in
which deformation processes that develop inhomogeneously in microvolumes form a specific layer at the near-
surface level, in which structural-thermal activation causes a complex of physico-chemical interactions that
determine the concomitant and leading type of wear. The surface zone is a structurally heterogeneous finely
dispersed composition.

As evidenced by the results of X-ray microanalysis (MRSA) performed on the "Camebax SX", the basis of
the nanoglass composition is silicon carbide of non-stoichiometric composition, along the grain boundaries of
which silicate compounds are located, among which inclusions corresponding to the composition of silicon
dioxide predominate, also in the carbide structure the role of dispersion-strengthened components is performed
by Al,O5 oxides distributed along the boundaries and intermetallic inclusions in the form of spherical nanograins.
However, the high thermomechanical properties of SiC carbide are discredited by significant brittleness. We
noted that the substitutional solid solution that forms Al and SiC causes a slight distortion of the crystal lattice of
the carbide, since the differences in the masses of Al atoms and Si are extremely small, as a result of which the
microhardness does not change, while plasticity increases. A similar effect on the composition of SiC, forming
substitutional solid solutions by replacing Si atoms, is exerted by Cu and Ni. The formation of phases in the
coating, as tests have shown, is determined not only by the ratio of components, temperature, dispersion, but also
depends on their defectiveness and external conditions. Undoubtedly, as an axiom, tribochemical interaction
takes place when the molecules receive the necessary activation energy. Endothermic reactions generally do not
proceed without activation. The interaction of SiC with Mg, which is formed during the thermal decomposition
of structurally free magnesium carbide under running-in conditions and depends on the process temperature, is
accompanied by the formation of magnesium silicide and acetylenide magnesium, the latter, under the influence
of thermomechanical action, promotes the formation of graphite through the intermediate dimagnesium
tricarbide (2SiC + 5Mg — 2Mg, Si + MgC,, MgC; — Mg, C3 — Mg+ C). It should be noted that, under
thermodynamic action, the presence of a catalyst in the form of Al promotes the decomposition of magnesium
carbide. The basis of physical phenomena that initiate the mechanism of decomposition of carbide graphite are
structural transformations in the solid phase, caused by thermal effects. The factors that determine the qualitative
level of thermomechanical carbide graphitization include both the degree of dispersion of structural components,
specific pressure, operating temperature, and temperature in the contact zone, the presence of elements that
initiate decomposition processes, as well as the influence of the environment (in vacuum, the probability of the
amount of graphite increases), in addition, internal factors associated with the composition of the material, its
structure, the presence of defects, etc. The contact zone constituting the near-surface layer (initial scale level)
separating the coating material from the antifriction film consisting of polydisperse graphite particles is a
deformed zone, which, according to the results of X-ray microanalysis performed on MAR-3 (probe diameter 1
um), represents finely dispersed heterogeneous structural -phase compounds of the components that make up the
coating. Among which, the presence of Ni, as a structural component, is due to its distinctive properties, so, on
actual contact spots, when a temperature of about 450-500 ° C is reached, depending on the dispersion and
external influences in a local high-temperature field, Ni interacts with SiC, forming nickel silicides with a
predominance of metal-enriched Ni2Si. As a result, carbon is reduced, which is transformed in the form of a solid
phase of elementary polydisperse graphite colonies combined into surface structures.

However, magnesium carbide remains the main component of the antifriction surface layer, consisting of a
carbonaceous product - graphite. The value of the specific wear work characteristic of the initial running-in
moment, as shown by calculations, is up to 10 kJ/mm?, which is both a necessary and sufficient condition for
initiating the thermal decomposition of MgC,, which causes the formation of carbon in the form of a solid phase.

Using the natural ability of chemical elements to graphitize through the formation of carbide graphite, a
high-quality, thickened anti-friction layer was obtained, which determines the operational properties of coatings.

In the structural-phase study of glass composite coatings, the presence of intermetallic compounds based on
Al and Ni such as NiAl and Ni; Al; was noted, while monoaluminide, being a high-temperature phase, has a
significant hardness, as shown by measurements, most likely about 3.8 GPa. The presence of an ordered solid
solution based on nickel monoaluminide with a reduced Al content (~20-25 wt %) was also found, which leads
to increased ductility. According to the results of elemental and X-ray phase analyzes, the presence of a solid
solution of Ni in Cu was noted, but their compounds were not found. Solid solutions of Ni in Si and Si in Ni, as
well as their intermetallic compounds Ni; Si, Nis Si,, and NiSi,, have been revealed. In addition, the presence of
small amounts of colonies of solid solutions of Si in Cu was established, and the formation of their chemical
compounds such as copper silicates is also likely, since the microhardness increases significantly. However, it
was difficult to identify them accurately.

Powders of aluminoborosilicate glasses, the dispersion of which was 25-30 pm, in the process of
mechanochemical treatment and thermomechanical action, being products of inorganic synthesis, caused, along
with the preservation of the original components, the formation of new stable compounds, as was found, from
solid solutions of Al, O3 and SiO; obtained rhombic syngony, close to the structure of sillamanite, most likely it
is the lowest mullite obtained by reaction as a result of the interaction of the oxidation products of the original
components. From the point of view of glass-ceramic technologies, the greatest interest, in our opinion, is the
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presence of components that form refractory metal oxides, primarily Al and Si oxides. The presence of B, O3 was
also established, which, as a result of partial oxidation, formed a solid solution of Al, O3z - B, Os.

From the point of view of condensed matter physics, the addition of a glassy component affects the quality
of the coating material through the structural state and, as practice shows, interest in these technical products is
steadily increasing. When studying glass composites, their optimal composition was established experimentally,
in which the rational use of glass structures contributes to an increase in heat resistance and chemical resistance,
in addition, the manifestation of high cohesive strength, an increase in the density of nanocomponents, crack
resistance with significant corrosion resistance and ensures high adhesion (more than 127 MPa) with materials
different chemical nature, in addition, the formation of a silicate barrier layer prevents the mutual diffusion of
structure-forming particles of the coating and substrate.

The surface zone directly adjacent to the friction surface and separating the coating material from the
antifriction layer consisting of polydisperse graphite particles is the thinnest film several micrometers thick.
Studies have shown that the pressure in it is uneven, and the areas of tensile and compressive stresses, which are
inevitable under the conditions of deformation of heterogeneous phases, are close in structure to a conglomerate
of finely dispersed (quasi-amorphous) structures, having dimensions in the range of 5-15 nm, and representing
mechanical mixtures, oxygen-free and oxide compounds of structure-forming components. The influence of
plastic deformation is associated not only with the dispersion of the surface zone, but also with the accumulation
of defects that change its physicochemical properties, including reactivity, and affect the intensity of chemical
reactions in the solid phase.

At the same time, the thermal conductivity of a finely dispersed conglomerate having an increased porosity
and forming a near-surface zone is lower than that of a solid material, therefore, the heating temperature of the
finely dispersed fragments of the zone is higher than the temperature of the surface areas.

The temperature factor stimulates physicochemical processes, in particular, the reactive diffusion of
structure-forming particles at the atomic-molecular level, which contributes to the introduction of kinetically
active components of the dispersed zone through the weakening of the bond between the polyarene planes into
the interlayer space of graphite and thus the formation of intercalated graphite.

Using X-ray phase analysis, it was established that the intercalating elements in the subsurface zone-
graphite system at the initial stage of the process were Mg?*, AI**, Cu?* ions, which randomly intruded into the
interlayer space of the graphite matrix. At sliding speeds of more than 3.0 m/s, intercalates of binary molecular
compounds of these elements with oxygen were found in the layered system of graphite. Their intercalation is
accompanied by a sequence of repetitive stages, which are reversible with a change in tribological parameters
and are characterized by a specific transformation of the structure and, above all, by an increase in the distance
between layers due to the influence of various types of interlayer defects and the introduction of intercalants.
Note that today there is no general intercalation model that explains the electrochemical mechanism of the
synthesis of layered systems. From the energy point of view, the intercalation process, which represents
reversible topo-taxial chemical reactions, can be considered as an adequate way of self-organization of surface
layers in the process of structural adaptability of the friction system.

We have found that quantitative changes during the intercalation of the graphite layer, which causes a high
level of antifriction, does not affect the expected degree on the qualitative values of tribological parameters
during testing for related characteristics associated with the electromagnetic properties of intercalated graphite,
judging by the analysis of literature data, it has a significant effect.

The developed antifriction nanostructured glass-ceramic self-lubricating coatings containing magnesium
carbide and structural components that promote surface graphitization do not contain expensive and scarce
components, meet environmental safety requirements, and have high performance characteristics. The most
effective use of nanostructured glass-ceramic self-lubricating coatings is to improve the operational reliability of
friction units during their hardening and restoration of moving parts of control mechanisms, sliding bearings,
lever parts, high-speed and thermally loaded interfaces, in which the use of traditional lubricants is not desirable.

The development of nanostructured glass-ceramic self-lubricating anti-friction coatings, the substantiation
of their structural components, the results of applied tests and the ability to work in production conditions can
significantly expand the arsenal of achievements of modern tribotechnics.

It should be noted that the developed nanostructured glass-composite powder can be used for strengthening
and restoring worn parts by any technological methods used in powder materials.

The presented work continues the cycle of research on the creation of promising nhanomaterials designed
to reduce the coefficient of friction and increase the wear resistance of friction units of machine and equipment
parts.

Conclusions

1. By means of theoretical prerequisites and experimental studies, the optimal structural-phase
composition of nanostructured glass-composite coatings of the SiC-Ni-Cu-Al-Si-C system containing a glass
phase of the SiO2-Al,03-B,03 type and structurally free magnesium carbide was realized. To improve the
adhesion strength, a sublayer of glassy sodium silicate was applied to the substrate. The role of the glass phase in
the formation of glass composites is disclosed, which contributes to an increase in the cohesive component,
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continuity and strength of the nanostructure, and an increase in the anticorrosion properties and chemical
resistance of coatings.

2. It is noted that the assessment of the quality of the coatings under study is inextricably linked with the
problem of the reproducibility of their technological process. By controlling the deposition of nanostructured
glass-composite powders, it turned out to be possible to provide not only the desired chemical composition, but
also to obtain a given nanostructure as a result, optimizing a set of properties that contribute to the stable
manifestation of minimization of tribotechnical characteristics.

3. The physical mechanism and the main factors that determine the level of thermomechanical
graphitization are considered, the nature and chemical interactions of the structural components of the friction
system are noted, in ensuring high anti-friction properties of glass-composite coatings.

4. The synthesis of layered graphite compounds as a result of topo-taxial reactions has been studied. The
nature of intercalants in a graphite matrix is established and it is noted that reversible topo-taxial chemical
reactions in the solid phase represent one of the mechanisms of self-organization of the surface layers of a
friction system under conditions of structural adaptability.

5. Fundamental ideas about the formation and structure of antifriction surface structures based on
polydisperse carbide graphite were supplemented, which made it possible to expand the arsenal of achievements
of modern tribotechnics.

6. Structural engineering, driven by the analysis and innovative provision of the functional properties of
the developed materials, opens up promising opportunities associated with the modernization of friction surfaces.
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Xapuenko C.JI., Xapuenko O.B. CKIIOKOMIO3UIIi{HI HAHOCTPYKTYPHiI TOKPUTTS

HaBeneno pe3ysnbraTé JOCIHIIKEHHS CKJIOKOMIIO3HLIHHUX CaMO3MallyBaJbHUX HAaHOCTPYKTYPHHUX
MOKPUTTIB. P03po0ncHHl CKIOKOMIIO3UT € aHTHQPUKIIHHUM MaTepiaioM 3 YIbTPaapiOHOIMCICPCHOO
cTpykTypoto. CTPYKTYypHI CKJIQJOBI JaHUX IOKPHUTTIB CYTTEBO BIUIMBAIOTh Ha mpolec rpaditusaiii Ta
3a0e3MneuyroTh OJiepKaHHs aHTH(PUKLIHHOrO MOBEpXHEBOro mapy o-rpadity. dopMmyBaHHS AaHOTO IIapy
JI03BOJISIE ICTOTHO MiHIMi3yBaTH KOHTaKTHI TApaMETPH y 30HI TEPTH.

Po3pobneni aHTHGPUKIIHHI caMO3MalIyBalbHI HAHOCTPYKTYPHI CKJIOKEpaMidHI TOKPHUTTS, MICTAThH
KapOiJ MarHifo Ta CTPYKTYPHI CKIIQJ0BI, IO COPUSIIOTH MIOBEPXHEBIN TpadiTr3arii, He MarOTh Y CKJIaJi JOPOTHX i
IeQIIUTHIX KOMIIOHCHTIB, BiIIIOBiZalOTh BHMOTaM €KOJIOTiYHOI Oe3leKkw, MarTh BHCOKI pobodi
XapaKTepUCTHKH. Bim3HaueHO 3HAYHWN BIUTUB aJIOMOOOPOCHIIIKATY Y BHUIJIAAL ckioda3m Ha TpHOOTEXHIUHI
BIACTUBOCTI TMOKPHUTTIiB. [ligBUIIEHHS aAre3iifHOi MIITHOCTI IOCSTAETHCA IIIIXOM YTBOPEHHS ITOBEPXHEBOTO
mapy 31 CKIONOAIOHOTO cuIilikaTy HaTpilo. MeTogoM peHreHo(ha3soBOro aHamizy BCTaHOBJIEHO, INO
IHTEPKAJIOIOYNMHU eJIeMEHTaMH B CHCTEMi MiANOBEpXHEBa 30Ha-rpadiT, Ha I[OYaTKOBOMY €Tami Ipolecy
3'apuiuics ionu Mg?*, AP, Cu?*, mo XaoTM4HO BIIPOBA/IKYBATUCS B MIXKIIAPOBHUI MPOCTIp TpadiToBOT MaTpHIIi.
[pu mBuaKOCTIX KOB3aHHS Ounbmie 3,0 M/c BHSBIEHO y LIapyBaTid cuctemi rpadiTy iHTpeKansTH OiHapHHX
MOJEKYIAPHUX CTONYK IHX €IEMEHTIB 3 KHCHEM. IX iHTepKalsllis CyNpOBOMKYEThCS MOCTiTOBHICTIO
MOBTOPIOBAHUX CTajilf, SIKI NMpH 3MiHI TPUOOTEXHIYHMX MapaMeTpiB € OOOPOTHHMH 1 XapaKTepU3yIOThCS
cnenn()iYHUM TIEPETBOPEHHAM CTPYKTYPH i, Hacamriepen, 30UTBIIEHHSM BiICTaHI MK IIapaMH 3a PaxyHOK
BIUIMBY Pi3HUX THITIB MDXKIIAPOBUX Ae()EKTiB Ta BIPOBAIKCHHS IHTCPKATAHTIB.

HasBHicTs y rpadiroBoMy mIapi YacTHHOK IIOBEPXHEBOTO IIapy HE BIDIMBa€ Ha TPHOOTEXHIUHI
XapaKTepUCTHKH TOKPHUTTIB. P0O3poOIieHI CKIOKOMIIO3UIIHI caMO3ManlyBaldbHi HAHOCTPYKTYPHI IMOKPHUTTS,
MAalOTh Ha BChOMY HaBaHTa)XKyBaJIbHO-IIIBUIKICHOMY Jlialla30Hi BUCOKI aHTU(PUKIIHHI XapaKTePHUCTUKH.

Koaio4oBi ci10Ba: HaHOCTPYKTYpHI MOKPHUTTS, IHTEHCHUBHICTh 3HOIIYBAaHHS, CKJIOKOMIIO3MT, CKio(asa,
rpadiTuzaiis
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Abstract

The use of composition material based on the polyamide (caprolon) Ertalon 4.6 as an anti-friction
material in the sliding units in the aviation industry is considered. Low carbon electrotechnical sheet steel 21864
of different concentrations was used as filler of composite material. The article presents the thermal calculation
of plain bearings with polymer insert in different operating modes. It is determined that the addition of a metal
filler to polyamide causes a temperature decrease in the friction zone due to the effective heat exchange from the
shaft to the bearing housing. The article conducts a study of tribo-technical properties of the proposed composite
material on installation PT-4C under sliding conditions according to the scheme “cylinder-plane”, as well as
modeling of the support unit in the software complex DS SolidWorks. It has been experimentally determined
that the addition of finely dispersed steel filler enhances the antifriction properties of the Ertalon 4.6 polymer and
extends the temperature range of the composite insert performance. Increasing the filler concentration to 20%
results in a reduction of the friction coefficient by an average of 3.6 times and an increase in the temperature
range of composite material use to 100 °C. The load-bearing capacity of the composite material bushing is
increased to 25 MPa at a 20% filler concentration respectively.

The practical significance of the work lies in the analysis of the antifriction properties of the polymer with
metallic filler in comparison with the polymer without filler, which will prove the effectiveness of the use of
such polymers in friction units instead of non-ferrous metals (bronze, babbitt).

Key words: composite material, polymer, friction coefficient, polyamides, bearing, temperature.

Introduction

For the operation of the aircraft, an important factor is the quality of its parts as well as assembly, in
general. An important role in the design of the aircraft is performed by bearings, which are present in almost
every structural part of the aircraft.

Bearing — a product that is part of a support or emphasis that supports a shaft, axis or other movable
structure with a given stiffness. It fixes the position in space, provides rotation, rolling or linear displacement
(for linear bearings) with the least resistance, senses and transfers the load from the movable unit to other parts
of the structure. The scope of the bearings is huge — almost no industry is complete without the use of bearings.
There are a lot of varieties of bearings, and they are used depending on the operating conditions in a particular
mechanism.

In aviation, there is a specificity due to difficult operating conditions such as: high contact pressures;
dynamic and vibration loads; abrasive contamination; lack of lubrication, which results in increased wear and
kinematic accuracy of the conjugation.

This problem can be solved using new advanced anti-friction materials, such as polymers, in the friction
assemblies of aviation equipment. Polymer materials allow to solve several technical tasks aimed at increasing
the reliability and service life of the equipment, have good antifriction properties when working in friction units
without lubrication. However, their wide use is constrained by the fact that they have low thermal conductivity
and, because of this, low heat resistance, and with increased temperatures - low wear resistance.

Copyright © 2022 0.0. Skvortsov, O.0. Mikosianchyk. 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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To eliminate these deficiencies, it is necessary to provide heat dissipation from the friction zone. We
propose to include a metal filler in the structure of the polymer plain bearing. Previously, metal frames, nets,
etc., were used, which reinforced the bearing and at the same time contributed to the removal of heat from the
contact zone. The drawbacks were that they were not in direct contact with the shaft, which reduced their
efficiency as a heat conductor element, and the production of such bearings was complex and time-consuming.

Literature review

In the manufacture of bearings, metal (steel, bronze, aluminum, titanium, etc.) is often assumed to be the
most suitable material. Depending on the type, bearings can be considered sacrificial components in an
assembly. They are designed to accrue wear in a system and to be replaced when they wear out. As such, the
material chosen for bearings is selected both because it will have a long life and good wear resistance, or because
it will be inexpensive to manufacture and simple to replace. The composite materials provide crucial weight
savings to the aircraft, and because it is not made from metallic materials, it will be very resistant to corrosion.
This design also reduces the weight of the part by approximately 50% [1].

Over the past few years composites have been dominant in the emerging materials. The applications areas
of composite materials have grown steadily in the various systems of Mechanical Engineering, Civil
Engineering, Electrical Engineering, Medical Engineering, and Automobile Engineering. In engineering systems,
failure of parts may occur due to different types of wear mechanisms. The availability of a range of fiber
reinforcements, fillers, matrices, and processing techniques offers ample scope for tailoring properties in
composites as required for specific applications [2].

The tribological properties of polymers and polymer matrix composites (PMCs) and the relevant
mechanisms of friction and wear has been reviewed [3]. The influence of both molecular and mechanical
components on friction involving polymers as well as the influence of fillers, reinforcements, and dry lubricants
on the overall tribological characteristics of PMCs is evaluated. Tribological parameters include surface
roughness, the mechanism of adhesion, friction and wear, and chemical interactions with dry lubricants (if
present). The article reviews the main factors that influence the wear and frictional characteristics of
thermoplastic and thermosetting polymers, short fiber reinforced composites and high-performance
unidirectional composites. Examples of quantitative data of different pairs of polymers and PMCs with the
counterface are presented.

The article [4] provides an overview of polymer materials of various buildings used as antifriction
materials. The experience of using different polymer materials for manufacture of antifriction coatings is
considered. The advantages of thermoset and thermoplastic polymers in comparison with metal materials have
been identified. Some compositions of carbon and organoplastics developed for plain bearings are described. It is
concluded about the direction of research during development new matrixes for antifriction materials.

The article [5] conducts research on influence of rotational friction process on the value of wear of
polymer antifriction material, both with metal filler and without filler. The dependence of linear and weight wear
of antifriction sleeve of plain bearing is revealed.

Thus, the analysis of these publications shows the relevance of the development of plain bearings with the
use of polymer materials in order to increase their antifriction and wear-resistant properties, which is the main
precondition for increasing the service life of the bearing.

Purpose

The purpose of the work is to study the dependence of the friction coefficient on the temperature in the
contact area at various modes of operation of plain bearings with a polymer insert and to review the influence of
the metal filler in the structure of the polymer plain bearing on the temperature in the contact area of the friction
surfaces.

Obijects of research and experimental conditions

It is proposed to introduce into the bearing structure of fine chips of material with good thermal
conductivity. For this graphite, molybdenum disulfide, copper, lead, titanium, or bronze can be used. However,
these expensive materials were rejected and the metal shavings of low carbon electrotechnical sheet steel 21864
were used as filler material instead. In order to increase the efficiency of the thermal conductivity of the filler
during the formation of the bearing, the action is carried out by a constant magnetic field, in the process of which
metal sawdust, as a ferromagnetic material, are arranged in the form of chains, because one pole of the magnet is
arranged inside the sleeve, the other pole is arranged on the external side thereof. The chains come into contact
with the shaft. Since the shafts are typically made of solid steel and are heat-treated, the softer materials of the
filler do not wear out the shaft, but due to direct contact with it, the heat is well dissipated. The heat-conducting
links shall be arranged along magnetic field lines which shall be distributed perpendicular to the axis of the
sleeve [3]. The optimum metal filler content is 15... 20% by weight. A small amount of low carbon steel filler
does not contribute to abrasive wear in the friction bearing, often selective transfer occurs.
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Rational thickness of sleeve wall S for connection diameters d = 20... 200 mm is selected from the
expression S = (0.050...0.075)d. For the antifriction sleeve we used composite material, the thickness of the
bushing wall is 4 mm.

The matrix for the composite sleeve was polyamide (caprolone) Ertalon 4.6 (Mitsubishi Chemical
Advanced Materials). Compared with conventional nylons, Ertalon 4.6 features a better retention of stiffness and
creep resistance over a wide range of temperatures as well as superior heat aging resistance. Therefore,
applications for Ertalon 4.6 are situated in the “higher temperature area” (80 - 150 °C) where stiffness, creep
resistance, heat aging resistance, fatigue strength and wear resistance of PA 6, PA 66, POM and PET fall short.

Due to the metal filler in the anti-friction sleeve, one part of the heat is discharged from the friction zone
through the metal shaft and the other part through the bearing housing. The temperature of the antifriction layer
depends on the ratio of the amount of heat generated in the bearing by friction and the amount of heat transferred
to the surrounding area.

The diagram of the bearing unit using a bushing made of filled polymer is presented in fig. 1.
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Fig. 1. Diagram of the bearing unit filled polymer: a, b — bearing units modelled using DS SolidWorks 2020; ¢ -
end bearing; d -median bearing; d: - shaft diameter in the friction zone; d2 - outer diameter of bearing; D — outer
bearing housing diameter; | - bearing length; L - length of shaft with intense heat exchange, ts — temperature
distribution at shaft operation.

At the testing machine PT-4C under sliding conditions of the cylinder-plane scheme (Fig. 2), a study of
the tricot technical properties of the proposed composite material was carried out. The material of the counter-
sample is 40X steel (HRC 42), the material of the sample is Ertalon polyamide 4.6 without additives and a
composite material based on it with the addition of fine steel 21864 chips in concentrations of 10 and 20%.

Fig. 2. Diagram of the test machine for determination of tribotechnical characteristics of materials.
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The heating calculation is based on the assumption that the heat generated by friction is released into the
environment through the shaft surface and partially through the bearing housing, as the thermal conductivity of
the polymer (A2 = 0.3...0.8 W/(m °C)) with metal filler well below the thermal conductivity of steel (A1 = 42...48
W/(m °C)). In the process of friction interaction of the working surfaces of the friction unit heat is formed on the
bearing support area, limited contact angle 6. Antifriction composite polymer with metal filler allows to allocate
one part into the environment through the bearing housing. Lower temperature in the contact area increase the
use of this composite material in plain bearings at frequent starts and stops with insufficient lubrication [2, 5].

On the surface of the friction unit the thermal source acts, the amount of heat released during the
operation of the bearing is determined by the following formula:

Q="Lpv, ()
where Q - bearing specific power, W/m?; | - bearing length, m; d - bearing diameter, m; f - coefficient of friction;
1/427 - thermal equivalent of mechanical energy, kcal/(kg m); p - average specific pressure, N/m?; v - slip speed, m/s.

In the process of friction interaction of the working surfaces of the unit the friction in the contact area is
formed by heat. The excess temperature is discharged through the shaft in the radial and axial directions (Fig. 1).
Outside the bearing support area, the temperature of the working surface decreases: the further away from the
friction zone, the less [3].

When the plain bearing is operating, when the shaft rotates relative to the non-metallic layer, the surface
temperature of the sleeve friction ¢, is some function of the distance r, selected point from the cylinder axis and
angle ©:

t, = u(r,, 9). (2)
The type of function (2) depends on the angle of contact of the non-metallic anti-friction layer of the
sleeve with the shaft surface, the coefficient of thermal conductivity A2 of the non-metallic layer, the thickness
of the sleeve itself, the mode of operation of the friction unit, etc. factors. Since the highest temperature of the
antifriction layer is observed in the contact zone of the friction surfaces, where it can be assumed to be constant
at 6 =90... 120°, then the temperature distribution in the zone in question can be considered as a function only 7,
[2, 6].
In this case, the temperature inside the sleeve:

to—ty,  dx
t=t,——Fln—, 3)
T pd2 a1
ndl

where t; - the temperature on the external surface of the examined antifriction polymer sleeve; d, - external
cylindrical surface of antifriction sleeve, d, = 2r,; d, - the inner surface of the sleeve, d, = 2r;;d,.- the distance of the
selected point in the composite sleeve from the cylinder axis.

Since in the friction unit the outer surface of the bushing is in close contact with the metal housing of the
bearing, the entire examined surface at the time of the onset of the stationary thermal mode t, can be considered
constant due to the good thermal conductivity of the metal of the body (A1 = 42...48 W/(m °C)). This value can
be determined from the thermal balance:

Q,=Q, (4)

where @, - the amount of heat passed through the antifriction layer (in the case of polymers with metal filler) and
metal bearing housing, W/m?; @, - the amount of heat given by the bearing housing to the environment, W/m?.

In the established thermal mode, the temperature difference between the inner and outer surfaces of the
metal bearing housing At = t; — t; is negligible, so it is possible to take t; ~ t,.

The amount of heat passed through the antifriction layer of the composite polymer and metal bearing
housing:

Q, = 2% (6 — 1) )
dy
Q.= ayF, (ty — tp), (6)

where [ is the length of the bearing support, m; A2 - the coefficient of heat transfer from the bearing housing to the
environment, W/(m? °C); F; - external surface area of bearing housing, m?; t,- temperature of outer surface of bearing
housing, ° C; t, - ambient air temperature, °C.
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Analysis of the main results

The thermal conductivity of a polymer liner with a metal filler is determined by:
Ay = ngdy +nghy, )

where n, and n, - volume fractions of components (steel, polymer); 1, and 4, - thermal conductivity of materials
(steel, polymer).

Thermal conductivity of steel A, = 42... 48 W/(m °C) and thermal conductivity of polymer 4, = 0.3 W/(m
°C). Taking into account that the content of the metal filler does not exceed 20%, the thermal conductivity of the
composite material is A5 = 4... 8 W/(m °C).

After the amount of heat removed from the friction zone by the metal housing of the plain bearing has
been determined, it is possible to make conclusions about the distribution of the heat flow and, consequently,
about the possibility of operation of this composite antifriction material in the friction units. In a straight friction
pair, a significant part of the heat is released by the rotating shaft, a smaller part is released through the bearing
housing.

In order to determine the temperature on the external surface of the examined sleeve, let us substitute the
expressions (5) and (6) into the equation (4), taking into account t; ~ t,.
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Having determined the temperature on the external surface of the examined polymeric sleeve with a metal
filler, it is possible to determine how much heat is released by the outer surface of the plain bearing. Fig. 2 shows
the temperature distribution according to the material. Composite material with metal filler (curve 2, 3) allows
the heat to be dissipated through the outer surface of the plain bearing casing.
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Fig. 2. Temperature distribution in the polymer sleeve bearing (S =4 mm): 1 - pure polyamide (Ertalon 4.6);
2, 3 - polyamide filled with metal chips (steel 21864) in concentration of 10 and 20% respectively under the
action of magnetic field.

By substituting the value t, into the expression (3), we get the formula for temperature distribution in the
polymer antifriction material on the area limited by the angle 6:

t= tn— g n 2= ©
L

The obtained temperature of the polymeric composite material is comparable to the maximum permitted
temperature [t] of the reference material: t < [t]. If the condition is met - the calculation is complete, if not, it is
necessary to change the size of the liner and improve the heat exchange conditions either by reducing the
thickness of the antifriction layer, or by increasing the quantity of metal filler to the limit value.

It was found that the sleeve made of a polymer composite material with fine metal filler reduces the
temperature on the shaft at an average of 1.15... 1.22 times depending on the concentration of the filler.

In the work, special attention was paid to the dependence of the coefficient of friction of the polyamide on
the temperature (fig. 3, a). The dependance of coefficient of friction on temperature is strongly expressed in pure
Ertalon 4.6, in composite material with metal filler this dependence is less obvious. The addition of fine steel
filler significantly increases the antifriction properties of the Ertalon 4.6 polymer and extends the temperature
range of the composite bushing. For example, adding a 10% concentration of the filler reduces the friction
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coefficient at an average working temperature of up to 80 °C. Increasing the concentration of the filler to 20%
reduces the friction coefficient by 3,6 times and extend the temperature range of the use of composite material to
100 °C.

0.55
o O
O
0.45 O <
O &
0.35 19} o & PAN
O & A
0.25 O
o—9 &
0.15 P o Z . A A
005 L= A AN
20 30 40 50 60 70 8 90 100 110 120 G °C
O=1 =Qu=) —f3
a)
f
0.53
[o)
0.48 <
0.43
o
0.38 &
0.33 o o o o ~ A
o—© o % A
028 | @ - 2 —
023 | ¢ < = A A
A A
0.18
2 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25
P, MPa
o 1 < 2 A3
b)

Fig. 3. Dependence of coefficient of friction on temperature at contact load of 7,5 MPa (a) and on the specific
load on plain bearing (V = 0,78 m/s; A= 0,3 mm, t =50 °C) (b): 1 - pure polyamide (Ertalon 4.6); 2, 3 - polyamide filled
with metal chips (steel 21864) in concentration of 10 and 20% respectively under the action of magnetic field.

Fig. 3, b shows the dependence of the friction coefficient on contact load. It is observed that the working
capacity of the sleeve made from pure Ertalon 4.6 polymer reaches contact load of 15 MPa, further increase of
contact load leads to sharp increase of coefficient of friction and destruction of the polymer. Adding a fine-
dispersion steel filler increases the bearing capacity of the composite sleeve to 20 and 25 MPa at a concentration
of 10 and 20% filling respectively.

Thus, the reduction of temperature in the zone of friction contact of plain bearing due to the use of a
composite sleeve causes increase of antifriction properties and increase of carrying capacity of a composite,
which is a promising direction for introduction of polymeric materials in the aircraft units under the harsh
operational conditions.

Conclusions

It was shown that addition of the metal filler in the structure of the polymer plain bearing leads to
increased heat dissipation from the bearing contact area and consequently to decrease of the friction coefficient.

Analysis of the laboratory studies shows that the polymer with metal filler has high antifriction properties
compared to polymer without filler and in some cases can replace in bearings non-ferrous metals (bronze,
babbit).

The use of composite meterial in friction units will extend the service life and reduce the cost of
manufacturing such friction units.
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CxkBopuoB 0.0., Mikocsinunk O.0. Ouinka TpHOOTEXHIYHHUX MapaMeTpPiB KOMIIO3UIIHOTO MoiiMepy 3
METaJIeBUM HaIlOBHIOBAUYEM

Po3risiHyTO BUKOPUCTaHHSI KOMIIO3UIIIHHOTO MaTtepiany Ha OCHOBI momiaminy (kamposnony) Ertalon 4.6
K aHTHQPUKIIIHHOTO MaTepialy B By3JaX KOB3aHHS B aBialiiHIA MPOMHUCIOBOCTI. B sKkocTi HamoBHIOBada
KOMITO3MIIIfHOTO ~ MaTepialy  BHKOPHCTOBYBaNach  ApiOHoamcmepcHa — go0aBKa  HHU3BKOBYIJICIIEBOT
eNeKTPOTeXHIYHO JHcTOBOI crami 21864 B pi3HHX KOHIGHTpaIisX. Y poOOTi NpPEACTaBICHO TEIUIOBHU
PO3paxyHOK MHiIMIMIHMAKIB KOB3aHHS 3 MOJIMEPHOI0 BCTaBKOIO MPH PI3HUX pexuMax podoTtn. BusHaueHo, mio
JIOZIaBaHHSI METAJIEBOTO HAIIOBHIOBaYa B IOJIiaMil 00yMOBIIIOE 3HV)KEHHS TEMIIEPATypH B 30HI TEPTS 3a paxyHOK
e(peKTUBHOTO BIJIBEJICHHS TeIUIa BiJA Baly [0 KOPIyCY IiJIIUNHUKA. JlOCHi/KeHHS TpUOOTEXHIYHUX
BJIACTMBOCTEH 3aIlpOIIOHOBAHOIO KOMIIO3MIIIHHOTO Marepiainy npoBoiauinch Ha ycraHosui I1T-4L] B ymoBax
KOB3aHHS 32 CXEMOIO IIIIHIP — IUIOLIMHA, TaKOXK OyJIO NMPOBEIEHO MOAEITIOBAHHS MiJIIMITHUKOBOIO By3la Yy
nporpamaomy komiuiekci DS SolidWorks. EkcniepriMeHTanbHO BCTAHOBIIEHO, 110 A00aBKa JPiOHOIMCIIEPCHOTO
CTaJIEBOrO HAINOBHIOBaua MiABHIIYe aHTH(QPUKLiiHI BiacTuBocTi mnosiaminy Ertalon 4.6 ta po3ummmpioe
TEeMIepaTypHUIl diana3oH poOOTO3MATHOCTI BTYJKH 3 KOMIIO3MTHOrO Matepiany. [lifBUIIECHHS KOHIICHTpAIi1
HaroBHIOBaua /10 20% NpHU3BOANTH 10 3HIKEHHS KOe]ilieHTy TepTs, B CEPEAHOMY, B 3,6 pa3iB Ta pO3IIUPCHHS
TEeMIIEpaTypHOrO [iana3oHy BUKOPHCTaHHA KOMIO3ULiiHOro Matepiany g0 100 °C. BeTaHOBIEHO HifBHIIEHHS
Hecyd4oi 3/1aTHOCTI BTYJKH 3 KOMITO3MLiitHOro Marepiany no 25 MIla npu koHueHtpaunii HanosHroBada 20%
BiAIIOBIIHO.
[IpakTiyHa 3HauYMMiCTP POOOTH MONATAE B aHAI3l AHTUQPUKIIHHUX BIIACTUBOCTEH TONIMEpYy 3
METaJICBUM HAIIOBHIOBAYEM TOPIBHSHO 3 TMOJiMEpOM 0€3 HAaNOBHIOBAYa, IO JIO3BOJIUTH JOBECTH €()EKTHBHICTDH
BUKOPHCTAHHS TaKHX IOJIIMEPIB Yy By3JaxX TEPTS 3aMiCTh KOIBOPOBUX MeTanliB (OpoH3a, 06abir).

KiarouoBi ciaoBa: KOMMO3WIIAHWN Matepian, moiiMep, KoedimieHT TepTs, Mojiamif, MiJIIUITHUK,
TeMIeparypa
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Abstract

Motor fuels are the source of energy for internal combustion engines, and also a lubricant for friction
units of the fuel equipment of automobile, aircraft and ship engines. The reliability and service life of the entire
mechanism depend on the antiwear properties of fuels. Traditional anti-wear additives containing sulfur,
phosphorus, chlorine, etc., are not applicable in motor fuels due to restrictions on emissions of toxic compounds.
To improve the antiwear properties of lubricants, it is possible to use a new class of spatial carbon compounds -
fullerene-like nanoparticles (FLNS).

This work shows that modification of liquid hydrocarbon motor fuels with fullerene-like nanoparticles
(FLNSs) increases the antiwear properties of fuels.

Key words: tribological characteristics of lubricants, motor fuels, antiwear additives, bearing capacity,
fullerenes and fullerene-like nanoparticles

Introduction

Liquid motor fuels, a source of energy for internal combustion engines, are also a lubricant in the friction
units of the fuel equipment of power mechanisms. The reliability of automobile, aircraft, and ship engines
depends on the antiwear properties of such fuels [1].

The antiwear properties of lubricants can be improved by using surfactants, as well as unsaturated,
aromatic or polycyclic hydrocarbons [2]. However, with a significant content of such components in fuels, their
performance characteristics (viscosity, combustion efficiency, corrosivity, filterability, varnish deposits and
carbon formation) deteriorate significantly.

Currently, special antiwear additives are added to lubricants to improve antiwear properties, which form
chemical secondary structures on metal surfaces with high compressive resistance and reduced shear resistance.
A wide range of compounds containing sulfur, phosphorus, chlorine, boron, and other heteroatoms are used as
such antiwear additives [3, 4]. However, these additives cannot be used in motor fuels due to environmental
restrictions on engine emissions [5]. Moreover, motor fuels are fundamentally different from oils in terms of the
implementation of both lubricating effects. The oil is constantly (or for quite a long time) in the zone of frictional
contact. The fuel passes through the friction zones of the fuel supply equipment in portions - once and for a short
time (pieces of millisecond). For such periods of time, the chemical processes of the interaction of the
components of the lubricant with metal surfaces cannot be fully realized.

New spatial nanostructures based on carbon are currently being considered as promising antiwear
additives for lubricants. According to the recommendation of the International Union of Pure and Applied
Chemistry (IUPAC), single- and multilayer closed spherical polyhedra consisting of carbon pentagonal and
hexagonal faces (resembling a soccer ball in structure) are classified as fullerenes (or fullerene-like
nanoparticles) [6].

The mechanism of action of fullerene-like nanoparticles on the tribological characteristics of lubricants is
explained by the precipitation of fullerenes from the liquid phase on the contact surfaces during friction. It is
assumed that a layer of ball-like fullerene nanoparticles formed on the friction surfaces transforms sliding

Copyright © 2022 V.S. Pyliavsky, Y.V. Polunkin, O.O. Haidai, O.B. Yanchenko. 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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friction into rolling friction with a decrease in the friction coefficient and minimization of wear out [7]. The role
of the lubricating fluid in this case is reduced only to the delivery of fullerenes to the friction zone.

In accordance with such ideas, it should be expected that the positive effect of these additives on the
tribological characteristics should increase as the contact surfaces are filled with fullerene particles. In turn, the
precipitation of fullerenes accelerates with an increase in their concentration in the solution.

However, fullerene-like nanoparticles are very slightly soluble in hydrocarbon liquids based on alkanes
[8]. The literature presents mainly the results of studies of the effect of Ce fullerene additives (at concentrations
of 1-5 wt %) on the tribological properties of high-viscosity lubricants and oils, where sufficient stability of the
compositions is ensured [9, 10].

Even in motor oils, which, for reasons of necessary thermal stability, are based on linear saturated
hydrocarbons, fullerenes are poorly dispersed. The solubility of such compounds in aromatic solvents and
vegetable oils with a high content of oleic acid is somewhat higher. Therefore, to improve the stability of
fullerene components in motor oils, it is proposed to pre-disperse fullerenes in high-oleic vegetable oils, and then
add these compositions to mineral oils. This technique was used, for example, during the project [10], where the
optimal antiwear properties of lubricating oil were observed at the following ratio of components:

— 1% wit. fullerene Ce;

—10% wit. vegetable rapeseed oil;

— 89% wt. mineral motor oil M-10G2k.

But for motor fuels, such methods of fullerene dispersion are unsuitable because of the deterioration of
the filterability of fuels.

Up to this moment, in terms of scientific substantiation of the use of fullerene additives in fuels, a
contradictory situation has developed:

- on the one hand, they should not settle on filters and precision surfaces of fuel equipment when fuel is
supplied to the combustion chambers of engines;

— on the other hand, it is assumed that it is as a result of the deposition of fullerenes that their positive
antiwear effect can be realized.

This contradiction prevents the use of fullerene-like nanoparticles in low-viscosity fuels with a
predominance of saturated hydrocarbons (gasoline, diesel and aviation fuels). However, advertising materials
recommend them as multifunctional additives, for example, to diesel fuels without justifying the permissible
concentration limits.

In low-viscosity hydrocarbon fuels, solutions of fullerene-like nanoparticles are stable only when the
content of these additives is up to dozens of ppm. Previously, in [11, 12], we showed that the addition of LPF
even in the amount of several ppm to gasoline and diesel fuels significantly affects the energy efficiency of fuel
combustion. When working with such additives, the engine efficiency increases up to 10-15% and, accordingly,
fuel consumption per unit of useful power is reduced by 10-15%.

In the present work, the following questions are studied.

- Do the minimum concentrations of fullerene-like nanoparticles in hydrocarbon liquid motor fuels affect
their anti-wear properties?

- If such an influence takes place, is it due to the deposition of fullerene particles on the friction surfaces
or is there another mechanism of their action?

The clarification of these issues will make it possible to substantiate the strategy for the use of FLNs in
low-viscosity motor fuels.

Materials and methods of experiment

Awviation turbine fuel Jet A-1 was used as the object of study. Some characteristics of the fuel taken for
research are given below.

Physical and chemical parameters of aviation fuel Jet A-1.

Fractional composition:

4 distillation start temperature, °C... 150

4 10% is distilled off at a temperature, °C, not higher... 165

4 50% is distilled off at a temperature, °C, not higher than ... 195
v 90% is distilled off at a temperature, °C, not higher than ... 230
v 98% is distilled off at a temperature, ° C, not higher than ... 250

Kinematic viscosity, mm?/s: at 20 °C, not less than ... 1.3

Mass fraction of aromatic hydrocarbons, %, not more than ... 22
Concentration of actual resins, mg per 100 cm? of fuel, no more than... 3
Mass fraction of total sulfur, %, no more than ... 0.2

During the tests, fuel samples were used in a volume of 25 ml; samples were taken from one batch of fuel.
Samples of fuels with additives of fullerene nanoparticles were prepared as follows. Fullerene-like nanoparticles
were obtained by high-frequency discharge-pulse synthesis using a light hydrocarbon fraction of propane-butane as
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a feedstock [13]. To increase the stability of hydrocarbon solutions of FLNSs, the resulting product was brominated
in excess liquid bromine at room temperature for 72 hours. Residual bromine was distilled off in vacuum at 20°C.

The isolation of fullerene nanoparticles from the synthesis product and their size fractionation were carried out
by extraction in absolute ethanol. The average size of isolated nanoparticles, according to estimates made by electron
and atomic force microscopy, was 10-15 nm [11].

Solutions of fullerene nanoparticles in fuel were prepared using an ultrasonic low-frequency (22 kHz +
10% kHz) disperser. From the resulting stable solution with the maximum concentration of FLNS, solutions with
a lower concentration required for the study were prepared by adding calculated amounts of fuel.

The possible effect of the addition of fullerene nanoparticles on the antiwear properties of the fuel was
assessed by the change in two tribological characteristics:

- wear indicator (registered by the diameter of the wear spot of mating steel balls);

- bearing capacity (registered by the value of the critical load to scuffing).

The bearing capacity of the fuel and the wear index were determined on a four-ball friction machine
according to the method ASTM D2783 [14]. When choosing this method of tribological tests, we were guided by
the following considerations. On this machine in the friction unit, the conditions of pure sliding with point
contact are reproduced. On such an installation, the constancy of the initial conditions for individual
measurements is ensured (the same physical, chemical and geometric characteristics of the frictional interface in
the form of balls made of steel SH15 with a diameter of 12.7 mm with equal roughness parameters). Therefore,
this method provides high reproducibility of results.

The wear index (diameter of wear spots of mating balls) was measured by the method of fixed loads with
a normalized load of 100 N at a rotation frequency of 1500 min-. The wear scar diameters of the balls were
measured at three different trial durations of 2, 3, and 5 min. After each measurement, the balls in the friction
assembly were replaced with new ones.

The bearing capacity of fuels was determined by the value of the critical load to scuffing at the
temperature of 20 °C, similarly to the ASTM D2596 method.

Characteristics of prototypes

Used alloying compositions of the following composition:

1 - Cr-B4C-Mo-C - 2% chromium, 1% boron carbide, 0.5% molybdenum and 0.4% carbon;

2 - Cr-Mo-V-C - 5% chromium, 1% molybdenum, 1% vanadium, 0.8% carbon;

3 - Cr-Mo-V-C - 10% chromium, 1% molybdenum, 1% vanadium, 0.8% carbon.

Visible defects, micro- and macrocracks are absent for the deposited layers.

From the above data on the chemical composition of the components it is clear that the main alloying
elements are chromium with the addition of vanadium, molybdenum or boron carbide in the presence of carbon.

Results of research and discussion

According to those results of tribological tests shown in Fig. 1 and 2, the modification of liquid hydrocarbon
fuels with low concentrations of FLNs improves the antiwear properties of fuels.
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Fig. 1. Dependence of the bearing capacity of turbine fuel Jet A-1 on the concentration of the FLNs additive
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Fig. 2. Dependence of the wear index on the concentration of the LPF in the turbine fuel Jet A-1: the duration

of the tribological tests is 5 min
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Fig. 3. Change in the wear index with an increase in the duration of the friction process in the turbine fuel Jet
A-1: without additive (0) and at three different concentrations of FLNs (1, 2 and 5-10*, % wt.)
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In the presence of fullerenes in the composition of the fuel, the bearing capacity increases and the wear
index decreases. As the additive concentration increases, both of these tribological characteristics change no
monotonically.

The bearing capacity increases most sharply in the initial range of the investigated additive
concentrations, and then stabilizes. The optimal value of the FLNs concentration in terms of increasing the
carrying capacity of the fuel was observed at 2-10** % wt., with a further increase in the FLNs concentration, this
characteristic practically does not change.

The dependence of the wear index (wear scar diameter) on the additive concentration in the fuel is non-
linear. As can be seen from the diagrams in Fig. 2, this indicator also decreases most sharply in comparison with
tests in fuel without additives at FLNs concentrations in the region up to 2-10% % wt. At an additive
concentration above this value, a decrease in the wear index is also observed (in contrast to the bearing capacity,
which plateaued at this concentration), but this change is very weak.

The dependence of the wear index on the duration of the testing process is interesting (Fig. 3). This
dependence is different for different concentrations of the FLNs additive in the fuel. In the absence of FLNs
additives in the fuel and at their low concentrations, the wear indicator noticeably increases with an increase in
the duration of tribological tests. At additive concentrations of 2 ppm and more, the amount of wear changes
slightly with an increase in the duration of the friction process.

The results obtained can be explained as follows.

There is currently no generally accepted point of view on the mechanisms and processes underlying the
various effects of ultra-low doses of additives on the behavior and properties of bulk phases (both liquid and
solid). As a rule, the explanation of such effects can be reduced to one of two hypotheses.

According to one of these hypotheses, the effect of additives in micro quantities is caused by the
concentration of the active ingredient in certain local volumes. As a result, the amount of a substance in such
micro volumes can be several orders of magnitude higher than the initial average concentration in the solution,
and the course of processes in these volumes is determined by the properties and behavior of the group of
particles.

In the framework of another hypothesis, the influence of micro quantities of additional substances is
associated with their coordinating (controlling) effect on the particles of the medium and the restructuring of the
structural organization of these particles throughout the volume.

Based on such general ideas, it should be assumed that the effect of small doses of fullerenes on the
antiwear properties of fuel can be due to the superposition of two different effects:
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— Concentration of the additive substance in the most loaded areas of the friction surface due to the
deposition of fullerenes.

— The coordinating effect of fullerenes on the molecules of the liquid phase with the rearrangement of the
supramolecular structure of the fuel in the volume.

It is possible to single out the influence of these two effects on the basis of the fact that their action should
be reflected differently on different tribological characteristics.

Indeed, the bearing capacity is a characteristic of the instantaneous state of the tribosystem. When
measuring this characteristic, tribological tests are short-term (test time is 10 s). Therefore, this characteristic
should not be affected by the rather inertial process of deposition of fullerene particles from the liquid phase onto
the contact surfaces. Changes in this tribological characteristic of fuel in the presence of fullerenes in it are
mainly due to processes occurring in the liquid phase, and not on the surface of solids.

When determining the wear indicator (wear scar diameter), the process of tribological testing is relatively
long (from several minutes to 1 hour). Therefore, this indicator can depend both on processes in the liquid phase
and on the slow-in-time phenomenon of deposition of fullerene nanoparticles from solution onto solid surfaces.

The obtained results of the study indicate that the change in tribological characteristics when FLNSs is
added to the fuel is indeed due to the superposition of two effects.

An increase in the fuel carrying capacity is observed only with an increase in the concentration of
fullerenes up to 2 ppm. With an increase in the concentration of FLNs in the solution above 2 ppm, this
tribological characteristic practically does not change.

Apparently, this effect can be associated with the formation of the domain structure of solvent molecules
around the center-forming nanoparticles of the additive [18, 19]. At the additive concentration limit of 2 ppm,
saturation is reached, i.e. filling the entire volume of the solution with such domain formations. In the region of
an increased concentration of the additive (exceeding 2 ppm), clustering of the particles of the additive between
themselves is possible, which is accompanied by a decrease in the effectiveness of the effect of such associates
on the properties of the solution compared to the efficiency of individual nanoparticles [14].

However, the wear indicator continues to decrease somewhat with an increase in the content of fullerenes
in the solution above 2 ppm. The change in the wear index in this concentration range can apparently be
explained by the deposition of fullerene nanoparticles on the friction surface. However, the influence of this
effect on the antiwear properties of the fuel under the given conditions of tribological testing is less significant
than the effect of nanoparticles on the change in the structure of the liquid phase.

Conclusions

1. Modification of liquid hydrocarbon motor fuels with fullerene-like nanoparticles (FLNSs) increases the
antiwear properties of fuels.

2. The effect of low concentrations of FLNs on the antiwear properties of liquid hydrocarbon fuels is
mainly associated with the effect on the structure of the liquid phase and, to a lesser extent, with the deposition
of fullerene nanoparticles on the friction surface.

3. Based on the obtained results, a strategy for the use of FLNs in hydrocarbon liquid motor fuels is
substantiated. In such petroleum products, additives based on fullerene-like nanoparticles are advisable to use at
concentrations of several ppm. A further increase in the concentration of the additive does not lead to a
significant increase in antiwear properties, but may impair the efficiency of engines due to deposits on filters and
on working surfaces.
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MunsiBesknii B.C., IMoayukin €.B., Taiigaii 0.0., SInyenko O.B. Bmuue dynepeHononioHmnx
HaHOYACTHHOK Y MAJIMX KOHIIEHTPAMLifX Ha IPOTU3HOCHI BIaCTHBOCTI MOTOPHHX MaJINB

MorTopHi nanuBa € JOKEPEJIOM EHEprii Juis JBUTYHIB BHYTPINIHBOTO 3TOPSHHSA, @ TAKOXX MACTHIIOM JUIS
BY3JIiB TEpTs NaIMBHOI amapaTypd aBTOMOOUIPHHX, aBiallilHMX 1 CYIHOBUX MIBHTYHIB. Big NpOTH3HOCHHX
BJIACTHBOCTCH TMAaJHMB 3aJC)KUTh HAMIHHICTH 1 TEPMIH CIIy>)KOM BCHOTO MeEXaHi3My. TpaiMIliiiHi TPOTH3HOCHI
MPHCAJIKH, 1110 MICTATH CIpKY, (hocdop, XIJI0p TOII0, HE 3aCTOCOBYIOTHCS B MOTOPHHX IaJIMBaX yepe3 OOMEKeHHS Ha
BUKH/IM TOKCUYHMX CHOJYK. JIJIsi MOKpaIeHHsI MPOTU3HOCHUX BJIACTUBOCTEH MACTHIIBHUX MaTepialliB MOXKJIHBE
BHUKOPHCTAHHS HOBOTO KJIaCy TIPOCTOPOBHX BYTJIEIIEBHX CIIONYK — (yrnepeHonoionnx HanogactuHok (DHY).

VYV nasiit poOOTI MOKa3aHo, M0 MOAM(MIKAIISA PIIAKIX BYTJICBOJHEBUX MOTOPHUX MAJUB (DyIepEeHONOII0HIMH
HaHovyacTuHKamu (OHY) migBuIye MpOTH3HOCHI BIACTHBOCTI MAJIHBA.

KoiouoBi ciioBa: TprOos0TiuHI XapaKTepUCTUKH MacTHIILHUX MaTepiaiiB, MOTOPHI NaJIMBa, IPOTU3HOCHI
NPUCAJIKH, HECYYa 31aTHICTh, (yIepeHH Ta (yJepeHono1i0HI HAHOYACTHHKI
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Abstract

The article gives a thermodynamic substantiation of the direction of nonequilibrium processes in
tribocouples of machine parts, in tribosystems, based on the principles of maximum and minimum entropy. It is
clarified how nonequilibrium processes can be substantiated on the basis of the minimum and maximum
function of entropy production: linear and nonlinear nonequilibrium processes and their different
thermodynamics. The entropy production function is considered as a function of thermodynamic force flows and
thermodynamic flows.

The theory of nonequilibrium processes is based on the Liouville equation for classical tribosystems,
taking into account external influences or perturbations. It is shown that in thermodynamic processes in
tribosystems the principle of entropy maximization is realized as the second principle of synergetics.

Key words: triadconjugation of details, nonequilibrium processes, thermodynamics, synergetics, entropy,
thermodynamic flow

Introduction

The essence of the principle of maximum entropy production G. Ziegler is that the evolution of the
nonequilibrium tribosystem develops in the direction of maximizing the production of entropy in it under given
external constraints. The second law of thermodynamics in the language of entropy production is formulated as

follows: entropy production o5 = 0 not only has a positive value, but also goes to the maximum.

Given the statistical interpretation of entropy and the work of Boltzmann and Gibbs, entropy, and
consequently its production, tends to increase to the maximum level assumed by the constraints imposed on
tribosystems. The final equilibrium state of the tribosystem is the most probable and is described by the
maximum number of microstates. Such a statistical interpretation allows us to consider the principle of
maximum entropy production as a natural generalization of its Clausius-Boltzmann-Gibbs formulation, and in
some cases as a consequence.

Literature review

The peculiarity of nonequilibrium thermodynamics in tribosystems is initially based on the equations of
balance of entropy, momentum energy and matter and on the first two laws of thermodynamics [1,2] .

Compared with the principle of I. Prigogine [ 4 ], the principle of G. Ziegler [5] describes a wider range
in the evolution of nonequilibrium tribosystems and is a more generalized approach in their study and study of
the relationship of characteristics and properties with entropy (entropy production) [3] . G. Ziegler's principle
makes it possible to constructively construct both linear and nonlinear thermodynamics. It follows that Onsager's
variational principle is valid only for linear nonequilibrium thermodynamics of tribosystems [4,6] . At that time,
the principle of Onsager-Diarmati, as a partial statement, is valid for stationary processes, in the presence of free
forces. From it follows the principle of I. Prigogine [7-9]. If given thermodynamic forces (flows), then, based on

Copyright © 2022 V.V. Aulin, S.V. Lysenko, A.V. Hrynkiv, D.V. Holub. 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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the principle of G. Ziegler, the tribo system will adjust its thermodynamic flows (forces) to g = max [10-12].

If o itis a quadratic function, then the relationship between flows and forces in the tribosystem is adjusted as a
result. If the system is in a stationary weakly nonequilibrium state, but part of the thermodynamic forces remains
free, then the currents generated by Ziegler will begin to reduce the thermodynamic forces, and those in turn -
thermodynamic flows. As a result, the production of entropy is minimized: o = min [4].

It is possible to substantiate nonequilibrium processes in tribosystems by the methods of general
statistical theory [13-15]. Classical kinetic theory is not suitable for relatively dense tribosystems with a strong
interaction between their elements and particles. The problem is to create a nonequilibrium microscopic theory
that can describe such systems. This is primarily to obtain the equations of energy transfer, momentum, mass and
calculation of kinetic coefficients directly from the equations of classical and quantum mechanics. Such a
statistical theory began to develop intensively from the middle of the twentieth century [16,17]. L. Onsager
stated: the temporal evolution of the function of a given physical quantity in the equilibrium system occurs on
average by the same laws as the change of the corresponding macroscopic variable in the nonequilibrium system
[1,2,10,18].

Being in an unbalanced state, the tribosystem does not feel how it got into it - due to fluctuations or due to
external influences, and therefore its next reaction must be the same. As a result of relaxation of the
nonequilibrium tribosystem near the state of equilibrium and resorption of fluctuations will occur according to
the same laws [19,20].

Purpose

The aim of this work is a thermodynamic substantiation based on the maximum entropy of the direction
of nonequilibrium processes occurring in the triad conjugations of machine parts.

Results

If the tribosystem, the conjugation of machine parts, is in some nonequilibrium state, then after some time
(relaxation time) it will come to an equilibrium state from the set of possible states for which the entropy will be
maximum. The change in entropy during this period of time will be the maximum among the possible, and
therefore the maximum becomes the production of entropy. The variational principle gives possible relations of
linear nonequilibrium thermodynamics:

‘Ji:ZLika; Lic = L, @)
k

where L, — the matrix of kinetic coefficients independent of J,and X, .

The system of equations (1) makes it possible to describe the transfer of entropy, momentum, mass. The
above equations (1) are valid for relatively small thermodynamic forces, when the relationship between forces
and flows is almost linear. This is L. Onsager's first deductive formulation of linear nonequilibrium

thermodynamics. If the values of irreversible forces are given X;, then the true flows J; maximize the

expression [0 (X,,J,)—®(J;,J,)]. The variation in flow J at constant X is equal to:
6,[os (X, 3) —@(J;,3,)]x =0; (2)
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where @ — the scattering potential (® > 0); R, — coefficient matrix, inverse matrix L, , matrix R, —
can be considered a system tensor, which should be considered as the sum of symmetric S;, and antisymmetric
A, tensors:
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Because for the antisymmetric tensor A; =0 and A, =—A,;, the antisymmetric part of the tensor R;,
in equation (3) does not contribute to the scattering potential @ and the tensor R;, becomes symmetric
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Ry« = R, . Substituting the expression o :Z:Xi\]i into equation (2), as well as transforming (3) by
i

replacing the variation derivative over the corresponding flows, we obtain:

%{inJi_%zRik‘]i‘]k} =0. ®)
il ik

X=const

The equation for thermodynamic force after differentiation will look like:
1
XiZEZkZ(Rjk“LRkJ)Jk:ngi‘]k' (©)

Since the flow function is nonnegative @ >0, the solution of equation (6) with respect to unknown
flows is equal to:

-1
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k K
where R;kl = L. Inthis case R; —asymmetric matrix, it is R;kl also symmetric.

This suggests that the expression [og(X;,J,)—®(J;,J,)] in equation (2) has one extreme point

Xi,Jy, which is described by expressions (6) and (7). Because the flow function @ is a homogeneous

quadratic positive function, this point is the point of maximum.
Note that the Onsager variation principle is formulated for thermodynamic flows in the tribosystem. For
the space of forces in the tribosystem, according to I. Diarmati, if the values of thermodynamic flows are given

J;, then the irreversible existing forces X; maximize the expressions o (X;,J;) =Y (X;, X,) , ie we have:
Ox[os (X, 3;) =Y (X, X )], =0; ®)
1
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where Y(Xi , Xy ) > 0 is the scattering potential in the force space of the tribosystem.

Analysis of entropy production shows that its function is a symmetric bilinear form. Then according to
the principle of Diarmati equation (2); (3) and (8), (9) are equivalent.

The principle of minimum entropy production, formulated by 1. Prigogine, against the background of the
apparatus of nonequilibrium thermodynamics also describes various nonequilibrium processes supported by

constant applications of irreversible forces Xi =1 j where j <N, n is the number of forces in the system

and entropy production is minimal i = j +1,...,n, disappear.

Prigogine's principle is a simple consequence of the Onsager-Diarmati principle. The theory of linear
nonequilibrium thermodynamics is widely used in tribosystems:

— it becomes possible to solve the system of equations of mass transfer, momentum and energy, because
the number of equations is equal to the number of unknowns;

— using non-diagonal coefficients L, it becomes possible to describe cross-flows in chemical, electrical

and other Kinetic processes;
— it is possible to obtain additional information about the values of kinetic coefficients;

— the presence of entropy production values o that have extreme values in the nonequilibrium state

allows to obtain additional information about the characteristics and properties of the tribosystem.

Note that linear nonequilibrium thermodynamics in tribosystems describes thermodynamic forces of
small magnitude. Linear nonequilibrium thermodynamics cannot explain and describe the fundamental problems
of self-organization, oscillatory processes, etc. Onsager's linear thermodynamics in thermodynamic theory is
generalized to the nonlinear case on the basis of the maximum entropy production (G. Ziegler's principle). In the

flow space {Jk } we have:

O-S(‘]i):zxk(‘]i)‘]k' (10)
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To find the functional dependence Xk(Jk), G. Ziegler proposed the principle of maximum entropy
production oy : if an irreversible thermodynamic force X; is given, then the true flow J; that satisfies the
equation o5 (J;) = Z X J, contributes to the maximum entropy production. o [5] .

i

This principle can be widely used in the theory of plasticity in the form of the principle of maximum rate
of dissipation of mechanical energy (Mises principle): the rate of dissipation of mechanical energy per unit
volume during plastic deformation has maximum value for the actual stress state among all stress states.
plasticity. The strain rate is considered fixed. This principle of the theory of plasticity is in fact generalized to all

nonequilibrium thermodynamics.
For nonequilibrium processes described by linear nonequilibrium thermodynamics, in the tribosystem at a

given complex of forces there is always a maximization of the o (J;) = max entropy production function, ie

from the Ziegler principle we can obtain the Onsager principle. G. Ziegler's principle is realized in the system of
equations:

i{zRikJiJk_ﬂ(zRikJi‘]k_in‘]iﬂ =0
i | Lk i X, pr=const . (11)
ZRik‘]i‘]k = zxi‘]i
ik i
Where the space of thermodynamic forces is determined by the expression:
X. =M2Rik3k. (12)
H K

Substituting the last expression for the thermodynamic force in the second equation of system (11), we

-1
obtain: 2(’”—} =lieu=2.
y7i
Given this, we have:

S, .{ZRikJiJk —2-(2RikJiJk—ZXiJiﬂ =0. (13)
ik ik i

X =const

Taking into account equation (10) and making some transformations, we obtain:

1
5J|:O-S_EZRik‘Ji‘]k:| =0, or a.][O-S(Xi"Jk)_q)(‘]i"]k)]x:const:0' (14)
ik

X =const

The latter indicates that the principle of G. Ziegler follows the variational principle of Onsager.
The research shows that the function of entropy production, as a function of flows, is convex, and G.
Ziegler's principle proves a mutually unambiguous correspondence between flows and forces and

triadconjugations of details. This is confirmed by the geometric interpretation of the function o (Ji): it
o (J;) triesto go to zero when J, — 0, and the whole surface o (J,;) is sign-defined. When o (J,) <0,

for arbitrary values of forces, the line of intersection of the surface o5 (J;) and the plane Z X, J, will lie in
i

the negative region and oy = Max corresponds to this line.
Based on the principle of G. Ziegler, it can be argued that there can never be physically realized states of
tribosystems with negative entropy production, ie always o, >0. In the variational construction of

nonequilibrium thermodynamics, a particular species o is postulated, J;and X; there is some freedom in
expression.
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If in the tribosystem there are two thermodynamic forces X, and X, which are known functions of

flows J1 and Jz- The entropy production in this case is equal to:

Gs(‘]lv‘]z):X1(311Jz)‘]1+x2(‘]1"]2)31- (15)

The orthogonality condition is:

XE=%;k=L_n; (16)
8d,

l=o ia&\] b 17
\Ga, )

Converting (16) and (17), taking into account (15), we obtain:

X=X+, X;=X, -8/ _
‘]1 2

where 4 is the deviation from the orthogonality condition, which is finally in these conditions equal to:

AR XlJlaX ijzax ox,0, % X, szlax )
o aJ, aJ, 28, A,
Assuming that 4 — 0, we have:
oo.(J,,J oo.(J,,J
X,(3;,3;) ngi 2):)(1(‘]1"]2) SéJz 2‘)- (19)

Equation (19) defines a class of functions o for which thermodynamic forces are determined. It is valid
for the quadratic function o (15) if the Onsager reciprocity relations are valid.

If we assume that the fluctuation of quantities &; near the equilibrium state occurs according to a linear
law (proportional to X;) and that they are ergodic, we can obtain reciprocity and give Kinetic coefficients Lij

through time correlation functions to quickly change &; the corresponding values:

= Ta (Ha; (o)dt, (20)

where &; (t)a; (0) s the averaging over the equilibrium ensemble of functions & (t) with the distribution
function P(a):

(1)

P@@) = exp[— mj ,

Kg

where k g — the Boltzmann constant; AS(a) — change of entropy at fluctuation AS(a)=S., —S; S -

entropy system in equilibrium; a(a,...a ...aj) — a set of values that characterize the system.

The physical meaning of expression (20) is as follows: the longer the fluctuation, ie, the slower the
attenuation of the correlation function, the greater the canonical coefficient.
Let the tribosystem at the moment t,be in an unbalanced state with entropy S,. Until the next time t,

when the difference t —t, is significantly longer than the duration of one interaction, but less than the relaxation
time, the system can go to one of the states with entropy Si...Sn (S1<...<Sy) . Due to the fact that the ongoing
process in the tribosystem is spontaneous, the entropy Si, will be greater than So. According to Onsager's
approach, the transition to the state with entropy Sy will be the most probable. Each of the states Si.. Sy can be
considered as a fluctuation, the probability of which is greater the greater the entropy of the equilibrium state

SN_SO

Seq —S, = min. As a result, the value will be maximum possible and the system evolves

0
according to the principle of maximum entropy production &g = max .
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Modern theory of nonequilibrium processes is characterized by a great variety of approaches, but the
main ideas are quite close to each other [ 21,22 ]. The Liouville equations [ 23,24 ] for classical tribosystems are
taken as a basis:

op, .
Eq-HyL'pq:O, (22)

where p, (q, p,t) is the phase function of the particle distribution of the triboelement material; q , p —
coordinates and momentum in 6N — dimensional space; t — time; iy — imaginary unit; L; is a linear Liouville

operator.
_ op OH, 0¢ oH.
'L|¢>={(P,H}=Z( P -2 j 23)
\og, OB, OP da,

where ¢ is a function; Hy is the Hamiltonian of the system, H .= H ((q,p,t).

——t
We believe that the nonequilibrium macroscopic state is described by a set of observed quantities P_
which is the average value of the corresponding basic dynamic variables Pn (energy, momentum, number of

—t
particles). Since P, it does not unambiguously define the distribution o(t), we choose the one that
corresponds to the principle of max information entropy. Finally get the quasi-equilibrium distribution pq:

Py (t) =exp(—D(t) - D_F, (H)P,), (24)

where

d(t) = In[ j exp{— > F. (0P, }dl“j - (25)

the Masier-Planck function, which is determined from the rationing condition, and the Lagrangian factors
Fm(t) are selected from the self-matching condition:

—_—t

—t

m

where dI” = dqdp/(N !h;N), N — the number of particles of the material of the tribosystem element, h,

— the Planck constant.
Based on equality (26), the average values on the quasi-equilibrium ensemble (24) coincide with the true
value of the macroscopic quantities.

Let at some point in time t" we have:

p(t) = p,(t), (@7)
Then the solution of Liouville's equation (22) is a function [44,45]:

pt) =exp(-i(t—t)L)p, (t). (28)
It is determined that due to the significant infinity of classical phase trajectories, the behavior of the
macrosystem at considerable time intervals should not depend on the microscopic characteristics of the initial

conditions. Evolution with equal probability can begin with any state Pq (t') in the time interval from {;to
t and the distribution takes the form:

l t H A ! ’
p) = [ep(-it-1)L)p ()t 29)
~top
After some transformations of equation (16) we have:
t
p) =lim e [exp(=s(t—t)exp(=i(t—t)L) p, (t)dt". (30)

Note that the preboundary statistical distribution satisfies the Liouville equation with an infinitesimal
source on the right:

P tiLp=-zlp)- p, 0} (3
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When & — 0, the source selects the "delayed solution" of this equation and describes the irreversible
evolution of the system.

Correlations (30, 31) form the basis of the method of nonequilibrium statistical operator, which can be
used to obtain kinetic, hydrodynamic or relaxation equations that describe the evolution of the nonequilibrium
system at different time scales [1-3,9]. Note that the idea of the method is similar to the ideas and results of other
existing approaches to building a general theory of nonequilibrium processes from the first principles.

If the effect or perturbations that disturb the equilibrium of the tribosystem are weak enough, then the
given equations can be simplified by leaving linear perturbation corrections to the equilibrium values according
to the theory of linear reactions.

Let the perturbation be represented as an expression Z H i B i where H; are some stationary external

i
fields; B;— conjugate dynamic variables. The stationary equations of the reaction parameters of the system F
for this perturbation has the form:
V/m = Z Dmn Fn ' (32)
n

where D = (P, ;P,),. — generalized transition probability; y, = Z(Pm; Bj )i. H — drift member.
i
Variational principle can be used to solve equations (32). The test set of reaction parameters of the system
satisfies the condition:

D FaWm =D FiDp Ry 33)
m mn

Based on this, we can formulate and prove the following principle: the response parameters of the
tribosystem, which is the solution (32), maximize among all functions {an } subject to condition (33), the

—t
entropy production of the system is equal Z H i B to the positive constant factor. According to this principle,
i

there is a selection of flows (response parameters) that maximize the production of entropy at given forces. A
similar generalization was made by H. Nakano, who pointed not only to the maximum entropy production o,
but also to the maximization of the transfer coefficients determined by the linear reaction theory. Given the

universality of the principle of maximizing information entropy G. Hacken, considers the second beginning of
synergetics [13,25].

If the external production of entropy is equal o, = Z X1, , then the internal production of entropy

i
o,(®), where O the microscopic parameters describing the internal state of the elements of the tribosystem of
the system. If the thermodynamic forces X ; are fixed and maintain the state of the tribosystem, which evolves
from some initial state to stationary with parameters ® with the relaxation time of the system 7, then to
produce the entropy of any stationary nonequilibrium state internal and external o, must be equal

O-i(®*):ZXiJi(®)'

Conclusions

1. There is some hierarchy of processes developing in tribosystems: at short intervals the system
maximizes the production of entropy o, = MaX at given fixed forces at the observed time, and as a result
linear relations will be valid (1); on a large scale, the system varies with free thermodynamic forces to reduce
entropy production o, = min . This indicates that the speed of the tribosystem's attempt to reach the state with

maximum entropy is the highest.

2. The system at each time so selects its thermodynamic flows at fixed thermodynamic forces, so that the
change in entropy was maximum and, accordingly, the movement of the tribosystem to the final state is the
fastest. This occurs continuously or abruptly (at bifurcation points), depending on the specifics of the system. In
the latter case, several forces can correspond to one force at the same time, from which the one that satisfies the
Ziegler principle is selected, because the relationship between flows and forces is ambiguous.

3. To construct nonequilibrium statistical mechanics of tribosystems based on the Liouville equation, it is
necessary to obtain time-irreversible transfer equations. The transition to the irreversibility of processes in
tribosystems is due to the rejection of a complete description of the distribution function to a brief description of
their nonequilibrium states and states of elements.
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Ayain B.B., Jlucenko C.B., I'punbkie A.B., TI'omyd JI.B. TepmoauHamiuHe OOIpyHTYBaHHS
CIPSIMOBAHOCTI HCPIBHOBXKHUX TMPOIECIB B TPUOOCHPSIKCHHSX JETAllC MallMH Ha OCHOBI TMPHHIIMUIIB
MaKCHMyMY 1 MiHIMyMY €HTpoIIii

B crarti jgaHo TepMoAMHaMidHE OOTPYHTYBaHHS CHPSIMOBAHOCTI HEPIBHOBaXHUX TNPOLECIB B
TPHOOCIIPSIKEHHSAX JeTalell MallliH, B TPUOOCHCTEMAaxX, Ha OCHOBI NPHHIUIIB MaKCUMYMY 1 MiHIMyMY €HTPOIIi.
3'scoBaHO, K HEPIBHOBAXXKHI MPOIECH MOKJIMBO OOIPYHTYBAaTH Ha OCHOBI MiHIMyMy Ta MakCHUMyMy (yHKIIi1
BUPOOHHWIITBA CHTPOMIl: JiHIWHI Ta HENiHIIHI HEpiBHOBaXHI MpOLEeCH ¥ pi3HI iX TepMoxmHamiku. DyHKHIi0
BHUPOOHHUIITBA EHTPOIIIi PO3TIITHYTO AK (DYHKIIIO IIOTOKIB TEPMOINHAMIYHHUX CHJI 1 TEPMOJANHAMIYHUX TOTOKIB.

B ocHOBY po3rmsagy Teopii HepiBHOBaXHHX IPOIECIB MOKIANeHO PiBHSAHHA JIiyBULIA Ui KIIACHYHHIX
TpHOOCHCTEM 3 ypaxyBaHHSIM 3OBHIIIHROTO BIUTUBY abo 30ypeHHHs. [lokasaHo, MO B TepMOIWHAMIYHHX
nporecax B TpuOocUcTeMax MPUHIMI MaKCUMI3alii eHTPOIil peanizyeThbes, SIK JPYTHid T09aTOK CHHEPTETHKY.

KoarouoBi cinoBa: TpuOoctpspkeHHs aeTaiiel, HEepiBHOBaXKHI NPOLECH, TEPMOAWHAMIKA, CHHEpPIeTHKa,
EHTpOIIisl, TEPMOJMHAMIYHHH TTOTIK
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Abstract

The article is dedicated to the study of the influence of the chemical composition of the hardened auger
by the chromium on its wear during dehydration of solid waste in the garbage truck. Using the rotatable central
composition planning of the experiment of the second order by means of the Box-Wilson method, the
dependencies of auger wear depending on the chemical composition of the hardened steel and friction path are
determined. The responce surfaces of the objective functions are shown — the wearing of the hardened steel and
energy consumption of the dehydration process by the hardened auger press of the mixed municipal solid waste
according to the influense parameters. It is established that on the friction path s = 56850 m, during the
dehydration process of solid waste in the garbage truck, the simultanuous incresing of the carbon content from
0.45% to 2.1%, and the chromium content — from 0.25% to 12%, at the optimum content of the manganese as
0.527% in the hardened steel of the auger, enable to decrease the energy consumption of the dehydration process
of solid waste by 25.7 kWh/tons, or 10.7%. Therefore, it tends to cheaper the process of dehydration in the
garbage truck. It is established the expediency of further research for the determination the rational composition
and the structural state of the auger material and the ways to increase its wear resistance.

Key words: wear, chemical composition, hardening, auger press, garbage truck, dehydration, solid waste,
regression analysis

Introduction

Among the important tasks of municipal engineering, one of the leading task is increasing of wear
resistance and reliability of the machine parts. One of the promising technologies for primary processing of
municipal solid waste (MSW), aimed at reducing both the cost of transportation of solid waste and the negative
impact on the environment is their dehydration, accompanied by pre-compaction and partial grinding.
Dehydration of solid waste in the garbage truck is performed using a conical screw, the surface of which due to
the existing friction wears out intensively. This is due to the fact that solid waste contains small metal parts,
glass, ceramics, stones, bones, polymeric materials, which have abrasive properties. Besides, the presence of
moisture 39-92% by weight in MSW creates an aggressive corrosive environment. For the manufacturing of the
augers, the alloyed steels are widely used. The usage of steels and cast irons that are alloyed by chromium and
manganese is well-grounded. Such alloys hardened well and have high resistance to corrosion and abrasive wear.
Therefore, the study of the influence of the chemical composition of the hardened steel of the auger on its wear
during dehydration of municipal solid waste in the garbage truck is a topical task.

Literature review

Copyright © 2022 O.V. Bereziuk, V.I. Savulyak, V.O. Kharzhevskyi. This is an open access article distributed under the Creative
@m_ Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
[ work is properly cited.
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In the paper [3], the results that were obtained in the operating conditions of extruders while processing of
feed grain, with impurities of saponite mineral are presented. The results of experimental studies of wear
resistance of different auger materials with different thermal and chemical-thermal treatment in corrosive-
abrasive medium on special friction machines are included.

The authors found that the wear resistance of materials in a corrosive-abrasive environment at elevated
temperatures depends not only on the hardness of the friction surface, but also on its structure and phase
composition and changes in the hardness gradient along the depth of the hardened layer. To ensure high wear
resistance of extruders in the manufacture of animal compound feed with impurities of the mineral saponite, it is
recommended to use for the manufacture of parts of the extrusion unit steel X12, hardened by nitro-hardening
technology.

In the paper [1] the influence of structure, phase composition and properties on abrasive wear resistance
of chromium-manganese cast irons in the cast state was investigated. It is shown that the abrasion resistance of
chromium-manganese cast irons is due to the microhardness of the matrix and austenitic carbide eutectic based
on Me;Cs carbide, determined by the degree of alloying and shape parameter of eutectic carbide, and depends on
deformation-phase transformations that occur in the process of testing for abrasive wear.

The article [4] shows the prospects of obtaining cost-effective alloyed manganese and chromium-
manganese deposited metal that can be applied by surfacing on low-carbon steel without preheating. This is
important for the industrial use of developed surfacing materials. It was also found that the highest wear
resistance in different types of wear has a deposited metal with martensitic-austenitic and austenitic structures,
and the presence of ferrite in the structure of the deposited metal reduces wear resistance.

By the authors of the the article [5], it was established a mathematical model for calculating the wear rate
of triboelements in a tribosystem operating in conditions of corrosion and abrasive wear was developed. The
input factors were: active acidity, abrasiveness, roughness, load and sliding speed. Theoretically, the degree of
influence of the above factors on the wear rate is established. It was found that abrasiveness is the most

important factor, followed by the degree of decline — the level of active acidity and load.

In the article [6], a new design of the auger with a sectional elastic surface, which is designed to reduce
the degree of damage to the grain material during its transportation. The theoretical calculation of the interaction
of the grain with the elastic section of the auger is carried out. A dynamic model has been developed to
determine the influence of structural, kinematic and technological parameters of the elastic auger on the time and
path of free movement of bulk material particles during their movement between sections, as well as to exclude
the possibility of grain material interaction with the non-working surface of the auger working body to reduce
the possibility of its damage.

The authors of the paper [7] determined that restoration of the auger requires surfacing or spraying a layer
of a certain thickness on the end part of the coil of the auger, while the width of the restored layer is usually a
few millimeters. An algorithm for selecting the optimal composite powder material for plasma spraying in order
to increase the wear resistance of the working surfaces of machine parts, in particular the auger, is described.
Plasma spraying of composite powder materials, according to the authors, will increase the durability of the
auger by 2-3 times, which will reduce repair costs by tens of times.

In the article [8], the influence of geometrical parameters on productivity and design of the briquetting
machine using the model of pressure, based on the theory of piston flow is investigated. An analytical model that
uses a pressure model was also developed based on Archard wear law to study the wear of augers of biomass
briquetting machines. The developed model satisfactorily predicted the wear of the auger and showed that the
greatest influence on it have the speed of rotation and the choice of material. The amount of wear increases
exponentially to the end of the auger, where the pressure is the highest. Changing the design of the auger to
select the optimal geometry and speed with the appropriate choice of material can increase the life of the auger
and the productivity of the machine for briquetting biomass.

The resulls of the analysis of the process of screw briquetting of plant materials into fuel and feed is
investigated in the work [9]. Regularities of this process are the basis for determining the rational parameters of
the working bodies. When designing briquette presses it is necessary to consider deformation of biomass taking
into account change of physical and rheological properties at the moment of interaction with the working
surfaces of the auger.

The materials of the article [10] contains the research of the wearing of a twin-auger extruder of rigid
PVC resins is investigated. The pressures around the cylinder when extruding two rigid PVC resins in a
laboratory extruder with a diameter of 55 mm were measured and the forces acting on the auger core were
determined. Numerical simulation of the flow was performed using the power parameters of the viscosity of the
resins.

The pericularities of the process of pressing wood chips in auger machines was investigated in the work
[11]. The processes occurring in different parts of the auger are established, formulas are defined that allow to
calculate the loads acting on the auger coils, as well as to determine the power required for pressing. The specific
energy consumption and the degree of heating of raw materials during pressing are determined.

Based on the planning of the experiment using the Box-Wilson method, the results of experimental
research of the process of dehydration of municipal solid waste (MSW) in the garbage truck are shown in the
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article [12]. Quadratic regression equations with the 1% order interaction effects were obtained using rotatable
central composite planning for such objective functions as humidity and density of pre-compacted and
dehydrated MSW, maximum drive motor power, energy consumption of solid waste dehydration. This allowed
to determine the optimal parameters of equipment for dehydration by the criterion of minimizing the energy
consumption of the process (auger speed, the ratio of the radial gap between the auger and the body, and the ratio
of the auger core diameter to the outer diameter of the auger on the last coil) for both mixed and “wet”.

In the paper [13] the improved mathematical model of work of the dehydration drive of MSW in the
garbage truck is suggested that takes into account wear of the auger, which allowed to research numerically the
dynamics of this drive during the start-up, and to define that with the increase of wear of the auger pressure of
working liquid on the speed of the auger it is significantly reduced.

The power regularities of change of the nominal values of pressures at the inlet of the hydraulic motor,
angular speed and frequency of rotation of the auger from values of its wear are defined, the last of which
describes detuning from optimum frequency of rotation of the auger in the course of its wear. It is established
that the wear of the auger by 1000 um leads to an increase in the energy consumption of solid dehydration by
11.6%, and, consequently, to an increase in the cost of the process of their dehydration in the garbage truck and
accelerate the wear process.

In the paper [14], the influence of chromium alloying of the auger material on its wear during dehydration
of solid waste in the garbage truck was investigated by means of the regression analysis method. It was also
found that during operation and the wearing process of the auger on the path s = 56850 m during dehydration of
solid waste in the garbage truck, the increase of the chromium content in the hardened material of the auger from
0.25% to 12% leads to a decrease the speed of the wearing an energy consumption of solid waste dehydration
from 12.2% to 3.1%, and, consequently, to reduce the cost of dehydration in the garbage truck.

Purpose

Researching the influence of chemical cmposition of the of the hardened steel of auger on its wear during
dehydration of solid waste in a garbage truck.

Methods

The determination of the regularity of the wear of the screw depending on its chemical composition of the
hardened steel and the friction path was carried out by means of a rotatable central composite planning
experiment of a second order by the Box-Wilson method. The required coefficients were determined using the
developed computer program "PlanExp" that is protected by a copyright registration certificate.

For the determination of the energy consumption of MSW dehydration, taking into account the auger
wear, the following dependencies were used [13]:
min — 2U) —1947(d ., —

E =1504 —15.92w, + 0.3214p, —1.069n(u) — 2061(A,,, +u) /(D
~2u) / (Dyy, —2u) +9.118-10"* wyp,, +0.002142w,n(u) +18.12w, (Agug +U)/ (D —2u) =
—2.115Wq (A, — 2u) / (D — 2u) +4.392-10"*pyn(u) — 2.005p (A g +U) / Dy —2u) + (1)
+0.3361p, (d,;, —2u) / (D, —2u) +0.09031w; —7.923-107* p? + 0.008241n(u)? +
+104172[(A g +U) / (Dyin — 2u)° +1318[(d iy —2u) / (D — 2u)]* [KWh/tons];
n=52.43-1.276-10u"® [rpm], ©)

min min min

aug

where E — is the energy consumption of solid waste dehydration, kW -h/tons; po — initial density of solid waste,
kg/m3; wo — initial relative humidity of solid waste, %; n — the nominal speed of the auger, rpm; u - auger wear,
m; Aag - radial clearance between auger and housing, m; dmin — outer diameter of the auger on the last coil, m;
Dnin is the diameter of the auger core on the last coil, m.

Results

Preliminary analysis [13, 14] of the results of experimental studies [3] showed that the wear of a hardened
screw is a function of such 4 main parameters:

u:f(CC’CCr'CMn'S)' (3)

where u — value of wear, um; C¢, Ccr, Cun — content of the carbon, chromium, manganese in the material of
auger, consequently, in %; s — friction path, m.

The research of the influence of the mentioned factors on the wear of the hardened auger during the
processing of the results of the single factor experiment by means of the regression analysis method, has
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significant difficulties and large volume of calculations. Thus, in our opinion, it is better to conduct a multifactor
experiment to obtain a regression equation for the response function — wear of the hardened auger by planning a
multifactor experiment by the Box-Wilson method [15].

The values of the wear of the auger for a different chemical composition of hardened steel and the friction
path are shown in the Table 1 [3].

Table 1
The wear of the auger for a different chemical composition of hardened steel and the friction path [3]

No Material of the auger Content in the auger material, % Wear, um, for the friction path, m
} carbon chromium | manganese | 3000 | 6000 | 9000 | 12000
1 | Steel 45 0.45 0.25 0.65 53 103 153 203
2 | Steel V8 0.8 0.2 0.25 48 91 134 177
3 | Steel IIIX15 1 15 0.3 43 80 116 152
4 | Steel X12 2.1 12 0.3 39 72 105 138

Based on the data shown in the Table 1, using rotatable central compositional planning of the second
order of the experiment, using the developed software, protected by the copyright certificate, after discarding
insignificant factors and effects of interactions by the Student's criterion, the regularity of screw wear depending
on the chemical composition of its hardened steel and the friction path is determined:

U=95-7.467C, — 72.39C,, —1782C,,, +0.0344s —0.02148Cs +

4
+0.00214C,, s — 0.01323C,,,s + 352.5C& — 3.065CZ, + 2405C7, . @

In the Fig. 1 it is shown the response surfaces of the objective function — the wear of the hardened auger u
and its two-dimensional cross-sections in the planes of the impact parameters, plotted using regularity (4) that
allow us to determine this relationship.

U, um

o

U, um

10
(‘Ch 7o

d) e) f)
Fig. 1. The response surfaces of the objective function - wear of the hardened auger u in the planes of the impact
parameters (a) — u = f(Cc, Ccr), (b) — u = f(Cc, Cmn), (€) —u =f(Cc, s), (d) — u = f(Ccr, Cmn), (e) —u = f(Ccr, S),
(f) —u="f(Cwmn, s)
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It is established that according to Fisher's criterion the hypothesis about the adequacy of the regression
model (4) can be considered correct with 95% reliability. The coefficient of multiple correlation was R =
0.999994 that indicates the high accuracy of the results.

According to Student's criterion, it was found that among the researched factors of influence (chemical
composition of hardened steel) the most affected on the wear of the screw is the carbon content, and the least —
the manganese content.

In the Fig. 2 the response surfaces of objective function — energy consumption of the process of
dehydration by the hardened screw press of mixed municipal solid waste (when it wears during the way s =
56850 m [14]) and its two-dimensional cross sections in the planes of impact parameters (chemical composition
of its hardened steel), that are plotted by means of regularities (1, 2, 4) and allow to illustrate the specified
dependence are shown.

E, kWh/tons E, kWh/tons E, kWh/tons

RIS 22 =
RRIIRRA 2
2RI 27
SRR 0.2020..:"'

R
RIXIL222222%5
R IR 2ST
322322252522

a) b) c)
Fig. 2. Response surfaces of the objective function - energy consumption E of the process of dehydration of the
hardened screw press of mixed solid household waste in the planes of the parameters of impact after its operation and
wear on the way s = 56850 m (a) — E = f(Cc, Ccr), (b) — E = f(Cc, Cmn), (c) — E = f(Ccr, Cmn)

As shown on the Fig. 2, after operation and wear on the path s = 56850 m during dehydration of MSW in
the garbage truck, the simultaneous increase the content of carbon from 0.45% to 2.1%, and chromuim from
0.25% to 12%, at optimal content of magnasese as 0.527% in the hardened steel of the auger leads to reduced
energy consumption by 25.7 kWh/tons or 19.7% and to cheap the process of dehydration of MSW in the garbage
truck, which indicates the importance of determining the rational composition and structural state of the material
of the friction surfaces of the auger and the ways to increase its wear resistance.

Conclusions

According to Fisher's criterion, the regularity of auger wear from the chemical composition of its
hardened steel and the friction path is determined. It is also established that according to Student's criterion,
among the studied factors of influence (chemical composition of hardened steel), the most important effect on
the wear of the auger is the carbon content, and the least — the manganese content.

The response surfaces of the objective functions — wear of hardened auger and energy consumption of the
process of dehydration by the hardened auger press of mixed solid waste, and their two-dimensional cross
sections in the planes of impact parameters that illustrate the dependence of these objective functions on
individual impact parameters.

It is established that on the friction way s = 56850 m of the auger during dehydration of MSW in the
garbage truck, the simultaneous increase the content of carbon from 0.45% to 2.1%, chromuim from 0.25% to
12%, at optimal content of magnasese as 0.527% in the hardened steel of the auger enable to reduce energy
consumption by 25.7 kWh/tons or 19.7% and, therefore, to cheap the process of dehydration of MSW in the
garbage truck. Thus, the importance of determining the rational composition and structural state of the material
of the friction surfaces of the auger and the ways to increase its wear resistance needs to conduct the further
researches.
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Bepesok O.B., CaByasik B.I., Xap:keBcoknii B.O. Brums xiMiuHOro ckjaJly rapToBaHOTO ITHEKa Ha
HOro 3HOC MiJ Yac 3HEBOAHEHHS Y CMITTE€BO31 TBEPANUX MOOYTOBHUX BiIXO/IB

AHoTanis

CrarTs nMpUCBsYCHA JOCHIHKEHHIO BIUIMBY XIMIYHOTO CKJIaJy rapTOBAHOTO ITHEKAa HA HOTO 3HOC ITiJ] Yac
3HEBOJHEHHS TBEPAMX MOOYTOBUX BIAXOMIB Y CMITTEBO3i. 3a JOMOMOIOI0 BHUKOPHUCTAaHHS pPOTATA0CIHLHOTO
LEHTPAILHOTO KOMIIO3HUIIHHOIO TIUIaHYBaHHS EKCIIEPUMEHTY JPYroro MOpsAKy MeTomoM bokca-YincoHa
BH3HAYEHO 3aKOHOMIPHICTh 3HOCY IIMHEKA 3aJIGKHO BiJ XIMIYHOTO CKJIaay HOro TrapTOBaHOI CTalll Ta MUIAXY
TepTs. [TokazaHo MOBEpXHi BIATYKIB MUILOBUX (PYHKINIH — 3HOCY TapTOBAHOTO IITHEKA Ta EHEPTOEMHOCTI TPOIIECY
3HEBOIHCHHSI TAPTOBAHUM IITHEKOBUM IMIPECOM 3MIIIaHUX TBEPAMX MOOYTOBUX BiXO/IB B IUIOIIMHAX MApaMETPIiB
BIUIMBY. BCTaHOBIICHO, IO HAa NUIIXY 3HOUIYBaHHS IMHEKa S = 56850 M mijg 9ac 3HEBOJHEHHS TBEPIUX
MoOYTOBHX BIIXOJIB Y CMITTEBO31 OZHOYACHE 301IbIICHHS BMicTy Byrieo 3 0,45% no 2,1%, xpomy 3 0,25% mo
12% npu ontumanbHOMYy BMicTi MapraHmio 0,527% B raproBaHiil CcTajdl IIHEKa JO3BOJISIE 3MEHIINTH
CHEPrOEMHICTh 3HCBOJHCHHS TBEpAMX MOOYTOBHMX BimxoxiB Ha 25,7 kBtrom/t abo 10,7%, a, oTke, i 1O
3JICHICBIICHHS TPOIIECY IXHHOTO 3HEBOJHCHHS Y CMITTEBO3i. BHSBICHO NOLLIBHICTE MPOBEIACHHS MOIANBIIAX
JIOCTIKEHbP 3 BHW3HAYCHHSA pAaIliOHAIBHOTO CKJIAaLy i CTPYKTYPHOTO CTaHy MaTepiany IHEKa Ta IUIAXIB
MM ABUIIEHHS HOTO 3HOCOCTIMKOCTI.

KurouoBi cioBa: 3HOC, XIMIYHUIA CKJIaj, TapTyBaHHs], THEKOBUH MPEC, CMITTEBO3, 3HEBOAHECHHS, TBEPl
moOyTOBI BiIXOAH, TUNITAHYBAaHHS EKCIICPUMEHTY.
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Abstract

The influence of the content of high-modulus filler on the assessment of the critical load on the
conjugation of polymeric composite materials is theoretically substantiated from the tribological point of view.
Various cases of destruction of polymeric composite materials are considered. The conditions under which the
setting of polymeric composite materials is observed, as well as the conditions of their destruction are
formulated. Both viscous and brittle fracture of polymeric composite materials are considered. The main focus is
on critical loads and stresses depending on the content of high-modulus filler, taking into account the modulus of
elasticity of the polymer matrix and filler and the nature of their destruction.

Key words: polymer composite material, microheterophase composite, high modulus filler, triad
coupling of parts, critical load, setting, failure

Introduction

When the influence of the structure and composition of polymer composite materials (PCM) on the value
of the critical pressure should be considered in the contacts of different types of microheterophase composites. In
this case, the size of the structural components of PCM is much smaller than the size of the contact spot, and
therefore we can consider the contact of two PCM as the contact of homogeneous materials [1]. In such PCM,
the physico-mechanical and tribological properties of the friction surfaces depend on a number of factors.
Conditions for efficient operation of triad couplings of parts with PCM at a critical setting load depend on the
following factors [2]:

— volume content of high-modulus filler of conjugated PCM of the same phase composition and with the
same volume content;

— differences in the volumetric content of the high-modulus filler when contacting conjugate parts with
PCM of the same phase composition;

— physical-mechanical and tribological properties of structural components of PCM conjugations with the
same volume content of fillers;

— physical-mechanical and tribological properties of structural components of PCM conjugations at
different volume content of fillers;

— bond strength of filler particles with the matrix in PCM;

— particle size of fillers.

Consideration of these factors will make it possible to design the PCM in accordance with the operating
conditions of the moving couplings of machine parts, without reaching the critical values of the load and the
observation of setting and failure.

Literature review

Copyright © 202 2 V.V. Aulin, S.V. Lysenko, A.V. Hrynkiv, O.D. Derkach, D.O. Makarenko, This is an open access article
@m_ 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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By introducing particles of brittle high-modulus fillers into the plastic polymer matrix, the nature of
deformation and destruction of PCM with increasing their bulk content ¢, will change [1,2]. The low content

(concentration) of high-modulus filler particles indicates that the yield strength o; PCM increases with ¢,

increase, and elongation at destruction &, — decreases. As the yield strength of PCM in contact increases, the

critical o setting pressure . for a single microroughness on the conjugate surfaces of the parts increases in
accordance with the equation 1.V. Kragelsky [3-6]:

p.=C,or. (1)

Since the geometry of roughness slightly depends on the properties of PCM [7-9] at low roughness of
friction surfaces of conjugation of parts, it can be assumed that the geometry of their contact with increasing

volume fraction of filler ¢, remains unchanged.

With increasing ¢, plastic properties of £ PCM decrease according to equation [10]:

Ny, v, + 2 N;, =N @)
=1

It was found that ¢, > 0.15 value &g changes ¢, slightly with increasing. In this regard, for PCM with

¢; >0.15 the ability of the irregularities of the conjugate surfaces of the parts to plastic deformation can be

assumed to be almost the same [11,12]. The diameter of the contact spot for such PCM is about 1...5 um. This
indicates that the dislocation processes will not change dramatically with the change in the diameter of the
contact spot. For PCM with ¢, >0.15 the value of the coefficient of proportionality C, can be assumed to be
constant and in accordance with the recommendations of 1.V. Kragelsky at a value equal to 3...4. The value of
the critical pressure pcin tribocouples with microheterophase PCM will mainly depend on the value of the yield
strength of the material o .

When strengthening polymeric materials with spherical incoherent filler particles, the yield strength is
equal to:

1/n
Or =0py +7pcm Cr ®)

where N=16; Vpcm — Coefficient that takes into account the shear modulus and Burgers vector of the
polymer matrix, as well as the size and shape of the filler particles in PCM [13,14].
For PCM with a small value ¢; when contacting irregularities of the same composition, the critical

pressure in the triad couplings of the parts is:
/
p. =C, (O-PM + Yecu Cr | ) 4

From the last equation it follows that at n>1 the increase in critical pressure p. with increasing c;

gradually slows down. Note that the slowdown occurs the faster the value of n [15]. Despite the decrease in PCM
elongation with increasing c¢; , such composites have a viscous nature of fracture, and therefore setting when

reaching the pressure in tribocouples pc will occur mainly by the mechanism of active centers [16-18]. The
destruction of the micro-irregularities of the conjugate surfaces of the gripping parts, when shifting one of them
relative to the other will be cohesive in nature with the formation of growths on one of the surfaces, which in
some cases can scratch or plow another surface. Note that the formation of such growths is possible with equal
probability on both contacting directed surfaces of the parts and there are also traces of the process of plowing on
the surfaces of the triad.

Purpose
The aim of this work is tribophysical theoretical substantiation of the influence of changes in the content

of high modulus filler in polymer composite material on the magnitude and nature of changes in the critical
pressure on the tribocoupling of materials and their critical stress when varying the modulus of elasticity of
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polymer matrix and filler.

Results

As the filler content ¢, in the polymer matrix of the material of the tribocouple parts with the considered

type of contact of their working surfaces increases, the critical setting pressure will increase, and the wear at
pressures close to p. will decrease slightly. The latter suggests that with increasing value, the ¢, efficiency of

tribocoupling of parts with PCM should increase, which indicates an increase in their tribological efficiency .

It is possible to predict that in PCM there is such a filler content when the value of its yield strength
exceeds the value of the yield strength. In this case, the viscous nature of the destruction of PCM will turn into
brittle fracture fracture [13]. In this case, equation (1) will change and take the form:

p.=Bo,, ®)
where B — the coefficient that for fragile materials takes into account the same parameters as the
coefficient C, ; o, — tensile strength of PCM.

Since for this class of materials with a change in the ¢ value of B is likely to change slightly, the value
of pc, as in the previous case, will mainly be determined by the value o .

The dependence o, on ¢, for PCM can be represented by the Kramer-Griffiths-Orovan equation:
o2 = AE, (L-c, )+k,, ®)

where EpM— the modulus of elasticity of the polymeric material (PM), A and k. are the coefficients

characterizing the structural and phase state of PCM.
At high contents of the filler (¢ >0.6), taking into account the data [10-12] with a high probability we

can assume that the modulus of elasticity of PCM can be estimated by the formula:
E,=pEc;, )

where S — the coefficient experimentally determined for PCM or calculated from condition (2) for the

lower limit, at ¢, =0,6:
EpMH,\,I ((l—Cf)Ep,\,I +C, EpM) < Ep < (1—Cf)Ep,\,I +C; EpM : (8)
It is also possible to write the following equations:
2 .
o, :,BAEpfcf(l—cf)+ K, ; ©)

P, =B[ﬂAEpfcf(l—cf)+ kr]%. (10)

From equation (10) it follows that with increasing the ¢ value of pc critical pressure in the tribocouples

of parts should decrease.
The moment of transition from the viscous nature of the destruction of PCM to brittle with increasing

content of filler theoretically can not be estimated. At the same time, the value of p . with increasing ¢, passes
through the maximum. This gives grounds to introduce the criterion of maximum bearing capacity of triad
couplings of parts made of PCM. At the optimal value of the filler content Cy,, at which o, = &, and the

value C, =B.
Equating the right parts of equations (4) and (10), we obtain:

(o7 +ACUn )= [BAE 1oy (L—C o) + K, V2. (11)

fopt
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Hence we can find Cy,, at which pc has a conditional maximum value of pcop . Since the Cy,, values in

o, the environment o, change smoothly, the value of pc will also change smoothly and the effective
performance of PCM in triad couplings of parts can be realized in some interval Cg, . At friction of
microroughness of conjugate surfaces of details can be in the conditions of comprehensive uneven compression
that promotes manifestation of plasticity and effective values ¢ should be a little more than C,, . Depending
on the composition and particle size of the filler should be effective PCM with ¢, =0.6...0.9. With a relatively

high content of brittle filler on conjugate surfaces, it is possible to observe cracks, and with less — traces of
setting.

When contacting PCM with different contents of the same filler, as for single-phase materials, the value
of pc will depend on the nature of deformation and destruction of contacting PCM, as well as their modulus of

elasticity. When contacting PCM with ¢ >C fopt value of pc will be determined by the strength of the more

fragile PCM and the ratio of their modulus of elasticity. At these values of pc, the modulus of elasticity of PCM,
with increasing ¢, , increases in dependence close to rectilinear, and o, decreases along a smooth curve. In the

case of a small increase in the filler content ¢ compared to Cy, can be expected to even increase the value of

pe . In this case, the probability of setting by the mechanism of active centers with increasing Ew of one of the
materials of the parts will decrease, and the strength will decrease slightly. This is especially observed in
conditions when the micro-irregularities of the conjugate surfaces of the parts are in uneven all-round

compression, ie at small values of equilibrium roughness. In cases where the material of one of the parts ¢ is
much more Cy,,, and pc will be lower than the pressure when the PCM has Cy, ., .
When contacting PCM conjugate parts with ¢ <Cg, in case of increase ¢, in one of the materials of

the part, the value of pc will increase in all cases, because the values of the modulus of elasticity E, and o,
PCM with large ¢, will be higher, and accordingly will be lower and the probability of setting materials.

In tribocouple contacts of parts in which one of the PCM has ¢ >Cy,, and conjugate — ¢ <Cy,, , the
value of p. for tribocoupling will be determined by the same conditions as in the contacts of brittle single-phase
polymeric material with plastic material. Since the values o in o, these PCMs are higher than in the polymer
matrix and the brittle filler, respectively, the pc in such contacts will be higher than in the contact of the filler
with the matrix. In addition, high values of the modulus of elasticity E, PCM at ¢ >Cy,, will reduce the
probability of setting on the mechanism of active centers. Since the number of active centers increases with
increasing ¢ PCM under the condition ¢ >Cy,, the values of pc will be higher the higher the content of filler

¢ in this PCM. However, in PCM under the condition ¢ <Cy,,, we have: with increasing ¢ the resistance of
the dislocations will increase, and the number of dislocations in the cluster before the boundary of the contact
surfaces will decrease. The maximum value of p ¢ in this type of contact will be when the value c¢; in one of the

conjugations of parts with PCM is slightly smaller, and in the other — slightly larger Copt -

Analyzing the results of the dependence of pc on the content of high-modulus filler ¢, in different
materials of the tribocouple parts, it can be noted that the highest values of p. should be expected when
contacting them, provided that conjugate PCM have different filler content ¢, . Moreover, in one of the PCM
the value ¢ should be close to Cy,, and in the second - should be greater Cy,; by a value at which the effect
of increasing the modulus of elasticity E, in the tribocontact prevails over the effect of reduction o, .

Approximately can be ¢ taken equal to half the range of effective values when contacting PCM of the same

composition (¢ = 0.75...0.85).

Mechanical and tribological properties of matrix and filler materials, other things being equal, will also
affect the value of pc . In such PCMs, according to the Kramer-Griffiths-Orovan equation , the values of the

modulus of elasticity and the o, PCM as a whole increase as the modulus of elasticity of the filler Eys increases.
The value of pc will also increase with increasing Epr. The maximum value of pc will be in the PCM contacts, in
which the same ¢; modulus of elasticity of the filler is maximum. Contacts of two conjugate PCMs with a low
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value of Eps will be the least efficient.
When the PCM is strengthened by the Ansell and Lenel mechanism [3,13,16-18] , the value o, of the

three-coupled parts increases with increasing shear modulus of the reinforcing phase and the volume fraction of
filler particles in this phase. Under conditions of uneven comprehensive compression PCM with small values of
constant elasticity of the filler E: will be more prone to setting. To reduce the adhesion of conjugate PCM it is

necessary to increase ¢ in both PCM; in contacts with such PCM the value of pc with increasing ¢ outside
Cropt Will increase to large values ¢ than in PCM with large modulus of elasticity of the filler Er. Values pc

for contacts in which one of the PCM has a filler content with a higher, and in the other — with a lower value of
the modulus of elasticity Eyy, ie should acquire intermediate values.

For this type of PCM contacts with a smaller modulus of elasticity, the values o, are smaller and to
increase the efficiency of these PCM contacts with a smaller modulus of elasticity, the filler content should be
closer to Cq,, . In the case of PCM with a large modulus of elasticity E, can be taken with both smaller and

larger Ctopt - Due to the fact that the probability of adhesion by the mechanism of active centers with increasing
Ep decreases, it is more appropriate in such contacts in PCM with large Eyr should take the value ¢ >Cy, . The

limit value ¢ in these contacts may be greater than in the contacts of two conjugate PCM with a larger E,. With

a large difference between Ey, and Ep; for PCM with large E, effective are the following values of filler
¢; =0.95...0.98.

Assuming that basically, the setting of the friction surfaces is determined by the mechanism of formation
of the general step of microroughnesses, the value of p. can be estimated by equations of the type:

1/2 1/2 f
o. =20 I_f) M exp(U /3rT) + M
° | Y ° V'

c

1/2

1/2
exp(U,/3rT) 1—2(:—"] .(12)

c

Taking pc proportional & , we have:

LY (3BT 38 aT ) L)
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c c

Lack of data on the value of C,, |,, B, U, i UOf impossible to determine a specific value p,.

However, it is known that the value P, is greater the greater U jand U of :

If we take into account the results of the study of the evolution of the structure of multiphase PCM, we
can conclude that the deformation processes during friction PCM with fillers with low and medium modulus of
elasticity more accurately describes the Ansell-Lenel mechanism [4-6]. Knowing the values of the average PCM
stresses and fillers by the equations:

1/2
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you can estimate the value of pc when contacting two conjugate PCM:
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From equation (15) it follows that to increase pc tribocoupled parts with PCM it is necessary to choose

matrices with high o, and shear modules G v, and fillers — with high modulus of elasticity and such content

that the distance between particles I, close to its minimum value , in which the Ansell-Lenel mechanism still
works. The value of I,equal to 1.5...2.5-1072 um, at dy= 0.5...2 um, is observed if the volume fraction of binding
is1..5% .
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For tribocouples of parts made of PCM with a fragile matrix, the amount of stress can be estimated by the
formula:
1/2

| 3BT (16)
vV exp(uokBj
3T
In this case:
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Then the value of the critical filler can be estimated by the equation:
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From equation (18) it follows that in triad couplings of parts with PCM with a fragile matrix must have a
high value of Ug, and the filler is a high modulus of elasticity, ie high modulus. The volume fraction of binding
should strive for its minimum allowable value (1...5%). At high values of Uy, the given tribocouples of parts with
PCM on the value of the critical setting load may be more effective than tribocouples with a metal matrix. But by
the criterion of fragile destruction, they will be inferior to tribocouples with a metal matrix.

The strength of PCM is significantly influenced by the strength of the interfacial boundaries. As noted,
the destruction of the interfacial boundary leads to the development of cracks or chipping PCM, the formation of
micropores, followed by their fusion in viscous fracture. During friction, due to the presence of sliding conjugate
surfaces, the role of the boundaries will depend on the depth of the filler particles in the surface layer of the PCM
material. All particles that do not come to the surface of the contact spot will perform the same role as under the
volumetric load of PCM. The filler particles coming to the surface of the contact spot during friction will
specifically affect the behavior of the material in the contact spot. In the case where the destruction of the
interfacial boundaries leads to the appearance of cracking cracks, a network of microcracks will develop on the
surface of the contact spot and the bearing capacity of PCM surfaces will be determined by brittle fracture rather
than setting, which will reduce pc.

If micropores are formed during the destruction of the interfacial boundary, then at d , =1 pm they can
positively affect the process of friction of the conjugation of parts. The newly formed pores serve as reservoirs
for lubrication, which improves the regeneration of the lubricating distribution film on the friction surfaces,
reduce the coefficients of friction and heat release in the contact zone, and, accordingly, reduce the likelihood of
setting materials of conjugated parts. In this regard, weak interfacial boundaries can be allowed in cases where
the destruction of the boundaries do not develop cracking cracks, ie only when using plastic matrices and with
such a content of filler particles, when contacts between them are absent. This structure of the material at dp

~1um can be provided in the manufacture of PCM with ¢, < Cfopt -

In addition to improving the lubrication, in case of loss of filler particles, their strengthening effect will be
reduced and there will be a positive gradient of shear resistance, which will improve the performance of triad
coupling parts with PCM. When using such PCM filler particles with a high modulus of elasticity in the event of
loss of most particles from the surface layer on a high modulus substrate, a plastic coating with a thickness of
1 pum is formed, which reduces friction and improves the performance of three-coupled parts. The value of pcin
this case should not be greatly reduced, because the presence of a solid substrate in PCM will limit the ability of
Frank-Reed sources and generate dislocations in a thin surface layer, and, accordingly, removing filler particles
from the surface layer In order to prevent setting on the mechanism of formation of the general step, from such
PCM it is necessary to make only one detail of tribocoupling, and the second — with the high-modulus filler with
strong interphase borders.

If we limit ourselves to the effect of improving the lubrication of surfaces due to the formation of
micropores on them when the filler particles fall, it is more appropriate to create a combined PCM, when one
part has strong interfacial boundaries and the other - weak. In such a PCM, particles with a strong interfacial
boundary must have a high modulus of elasticity, and particles with a fragile boundary can have any value of the
modulus of elasticity. This expands the number of materials that can be used as filler particles with weak
interfacial boundaries and allows you to enter such particles not in one part, but in both conjugate parts, because
the development of the setting process by both mechanisms will prevent filler particles with high modulus and
elasticity high strength of interfacial boundaries.

The role of the size and shape of the filler particles can be determined by two factors [10-12]: cracking of
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particles and their ability to inhibit the movement of dislocations. It was previously shown that on the spots of
actual contact, larger filler particles crack at smaller values o . However, the mechanism of hardening Orovana

at ¢y <Cyand at the same time c; more effectively increase the size o of the smaller filler particles.

Therefore, from the position of cracking and setting at ¢ <Cy,, more effective should be PCM with smaller

reinforcing particles. However, due to the facilitation of the possibility of transverse sliding of the dislocation
with decreasing rp, with rp slightly larger size of the dislocation nucleus ro, too small particles will be an
inefficient barrier to dislocation and will develop plastic deformation of irregularities on conjugate surfaces, and
with it the probability of setting.

Since ro= 4b [15,18], the lower value of r , should be of the order of 5 - 10~ um. Such particles are very

difficult to obtain, so we can assume Cy,,, that C; with a decrease in the particle size of the filler, the critical
setting load will often increase in the case of modern technological methods.
In PCM, the ¢ value o increases Cy,,, when the plastic deformation that develops at the crack tip

covers a large volume, ie with a large particle size of the filler. But here the value of rp has its limits. When r,
increases to a certain value, the crack does not bypass this particle in the plastic phase, but goes through the body

of a large particle of brittle material. As a result Vo the Griffiths-Orovan equation decreases and the value o,

decreases. The maximum particle diameter of the filler should be at the level of 10...50 pum. From this analysis it
follows that to increase the value of pc in PCM with ¢ <Cq,, particle size should be reduced, and in PCM with

Ct >Cpgpe — increase to 1.2 ym. With large diameters of filler particles, the nature of contacting the surfaces

changes, so the critical setting pressure will be subject to other laws close to the laws inherent in single-phase
materials.

All of the above applies to PCM with a plastic matrix. Further, the possibility of increasing the value of pc
in contacts involving PCM with a brittle matrix should be analyzed, because at close values of the coefficient of
thermal expansion of the matrix and filler, not very large difference Ep (not more than 5 times), low temperatures

PCM, small diameter filler particles (about 3.5...11 pm) and their small content (¢, <0.3) can increase the
strength of PCM.

Conclusions

1 . Thus, based on the strength of the interfacial boundaries, the most effective should be considered
three-coupled parts that are made of PCM with high-modulus filler particles with strong interfacial boundaries.
When using filler particles with weak interfacial boundaries, good results can be expected in the case of using
high-modulus filler particles or a mixture of high-modulus particles and particles with a small modulus of
elasticity.

2. It was found that PCM of microheterophase type based on brittle matrices have a strength close to the
strength of single-phase brittle materials. The critical setting pressure depends on the same parameters on which
the critical pressure of single-phase brittle materials considered for different types of contacts depends.

3. According to the criterion of critical setting pressure, the most effective should be considered triad-

coupling of parts in which PCM one of the working surfaces has ¢ > Cy,; and the size of the filler particles

approaching the upper limit of the size of the reinforcing particles, and the other PCM has ¢, < Ctopt and the

particle size the size of the reinforcing particles of the filler.
4. The role and forms of particles of high-modulus filler, as well as its content in the polymer matrix in
the formation of the value of the critical load on the moving conjugation of parts are theoretically substantiated.
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Ayain B.B., Jlucenko C.B., I'punbkiB A.B., [lepxau O.[., Makapenko /[.0. Bmimus Bwmicty
BHUCOKOMOJIYJIFHOTO HAIlOBHIOBaYa HAa KPUTHYHE HABAaHTa)KCHHS HA TPHOOCHPSDKEHHS 3 MikporerepodasHux
MOJTIMEPHUX KOMITO3ULIHHUX MaTepiaiiB

B poGoti TeopeTndHO 3 TPUOOIOTIYHOI TOYKH 30py OOTPYHTOBAHO BIUIMB BMICTYy BHCOKOMOMYIIEHOTO
HAIIOBHIOBAaYa HA OMLIHKY KPUTHYHOTO HAaBAaHTAKCHHA HA CIPSKCHHS IOJIMEPHUX KOMIIO3UTHHX Martepialib.
[Ipu npOMY pO3TIANAIOTHCS Pi3HI BUIIAIKH PyHHYBaHHS NOJTIMEPHUX KOMIO3UTHUX MaTepianiB. ChopmynbpoBaHi
YMOBH, TIPH SIKAX CIIOCTEPITalOTHCS CXOIUTIOBAHHS IOJIIMEPHUX KOMITO3UTHHX MaTepiaiiB, a TaKOK YMOBH iX
pyliHyBaHHS. Po3rmsmaerscsi Sk B'A3Ke, TaK 1 KpPUXKE PYWHYBaHHS IOJIIMEPHUX KOMIO3HTHHX MaTepialib.
OcHOBHa yBara 30cCepelDKeHa Ha KPUTHYHHX HAaBaHTa)XKCHHI 1 HAmpyXeHHS B 3aJIe)KHOCTI BiJl BMICTy
BHUCOKOMO/IYJIFHOTO HAallOBHIOBaYa 3 ypaxyBaHHSIM MOJYJIB IIPYKHOCTI MOJTIMEPHOI MaTpHIli i HAOBHIOBaya Ta
XapakTepy IX pyHHyBaHHS.

KoarouoBi cioBa: moniMepHHil KOMIO3UTHUEM — MaTepiai, MikporerepodasHuii  KOMIIO3MT,
BHUCOKOMOJYJIbHUI HAIlOBHIOBAY, TPHOOCIPSDKEHHSI JleTalel, KPUTUYHE HaBaHTaKCHHS, CXOILIFOBAaHHS,
pyiHYBaHHS.
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Abstract

The robots present the results of investigating the power of coatings, excluding electric arc (EAS) filings,
and their comparison with the powers of coatings, excluding gas-flame filings. The porosity of the coating, taken
from electric arc filings, was in the range of 8-10%. the adhesion strength was 80...100 MPa. The results of the
investigations show the advantages and purpose of using electric arc sawing to improve and move the capacity of
machine parts and transport mechanisms. In the work, the following factors are added to the process of electric
arc sawing: storage of fuel sum, distance of sawing, dispersion of sawing and other. on authority cover. In the
course of the investigation, the increase in resistance, adhesive strength, coating thickness, the term for the
coating thickness, was determined by the parameters of the electric arc filing. The robots have considered the
possibility of securing the necessary authorities influencing the surface with the method of advancing the
resource of machine parts by way of regulation by the factors of EAS. Regulating the smoothness and
temperature of the stream of transporting gas and particles, you can change the diameter of the droplet, increase
the width and reduce the oxidation of the coating. The results of comparative analysis of the properties of
coatings applied by electric arc spraying (EAS) using the products of combustion of propane-air mixture and
gas-flame spraying (FSP) using gas-air mixture are presented. Under optimal conditions of the spraying process,
the porosity of the coatings obtained by electric arc spraying is much lower compared to gas-flame spraying: 8-
10% and 20-30%, respectively. Adhesion strength of coatings obtained by electric arc spraying increased by 1.8-
2.2 times (from 30-40 MPa in gas-flame spraying to 100 MPa in electric arc), wear resistance increased by 2-
2yu5 times.

Key words: electric arc spraying, coating, flame spraying, porosity, adhesion strength, wear resistance,
corrosion resistance, thickness coating, gas permeability

Introduction

The service life of vehicles is inextricably linked with the problem of increasing the wear resistance of its
parts. Cam - and crank-shafts are the most responsible and expensive engine parts. During operation,
alternative loads on the shaft promote the following phenomena:

- friction and wear of its necks;

- fatigue failures in the neck-to-web passages and at the oil channel outlets;

- bending and twisting owing to its bending, torsion and axial vibrations [1-3].

The shaft neck - bearing coupling operates under conditions of hydrodynamic lubrication. However, the
stability of conditions of hydrodynamic friction is frequently broken and semiliquid and sometimes semidry
frictions arise, for example, at the start moment or other short-time overloading of the engine. Under such
conditions, the wear rate of shaft and bearing surfaces increases [1-3]. However, the behavior of shaft, the webs
of which have been recovered via deposition of a coating, is different. Pores in a coating are filled with the oil
which flows out of pores due to the shaft rotation. The oil immediately forms a protective film located around the

Copyright © 2022 A. Lopata, M. Holovashchuk, L. Lopata, E. Solovuch, S. Katerinich. This is an open access article
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shaft neck. Moreover, resulted from abrasion metallic particles are pressed into pores moving away from the
friction region.

Techniques for prolongation of the service life of crankshafts, which are the most expensive parts of
transport means, have been studied well enough and are still being improved. As a rule, inserts and bushes,
which form triboconjuctions with crankshafts, wear sooner. In most cases, they are not renewed and instead
replaced with new ones. Traditionally, the working layers of inserts and bushes are made from low-friction
materials on the basis of copper, tin, aluminum and their alloys. Herein scarce and expensive nonferrous metal is
spent uneconomically. Increase in the service life and reduction in expenses for manufacture and maintenance of
friction pair parts (crankshafts, inserts, bushes et al.) of transport machinery is one of the most important
problems to be solved by scientific researchers, technologists and constructors.

The carried out researches works have shown that one of the most efficient ways to the solution of this
problem is the use of electric arc spraying (EAS) for deposition of coatings. The shortage of spare parts has
become a major problem in the efficient use of vehicles. The development of international cooperation leads to
continuous rise in application of transport means produced abroad, whose maintenance requires steady increase
in the quantity of various spare parts. Under the conditions of the broken economic ties and increasing
international cooperation, the development of modern technologies for strengthening and protection of new parts
against corrosion and renewal of worn ones will make it possible to improve the reliability and longevity of
transport means as well as to significantly weaken the dependence on foreign providers of important expensive
metal-consuming scarce parts. Herein selection of techniques for strengthening, corrosion protection and
reconstruction of parts, which must provide ecologically conscious production, long service life of parts and be
universal enough, simple and available, is of great importance. Methods for plasma and detonation spraying,
which have been counted on in prolongation of the service life of parts for transport means, require bigger
expenses because of expensive equipment and gases. In the current world engineering which deals with the
development and application of techniques for deposition of protective coatings and renewal of parts using
thermal spraying, more and more attention is paid to electric arc spraying. Nowadays this method is widely
applied, especially in the European countries and steadily replays the traditional gas flame method thanks to
many advantages as follows [1 -5]:

- the required equipment is produced and is simple and cheap;

- the developed equipment for EAS permits deposition of coatings, the quality

of which does not yield coatings obtained by plasma and denotation methods;

- increased thermal effectiveness up to 57 % as compared to 13 and 17 % for

gas flame and plasma spraying, respectively;

- high efficiency, which is 3-4 times higher than that for gas flame spraying;

- the absence of need in scare gases;

- availability of power sources for metal melting;

- possibilities of mechanization and automation;

- manufacture of better coatings with higher adhesion strength as compared to

gas flame spraying.

The tendency to replace a gas flame rod spraying with EAS has appeared lately. However in the
beginning, EAS was only aimed at corrosion protection of welded metallic constructions, and properties of
electric arc coatings for other purposes have not been studied properly yet. Therefore implementation in industry
of EAS in order to prolong the service life of parts and renew them for provision of transport enterprises with
spare parts is an actual task.

The purpose of the work

The purpose of the work was to investigate properties of EAS-derived coatings designed for prolongation
of the service life and renewal of friction pair parts (crankshafts, inserts, bushes et al.) of transport machinery.

Properties of coatings obtained by electric arc spraying

The main physicomechanical properties of EAS coatings affecting their operation characteristics are the
adhesion strength and porosity. The physical and mechanical properties of experimental samples of coatings
made of steel 40Kh13 by arc metallization on an EAS installation were studied [6, 7]. As a result of the
conducted experiments, the dependences of the adhesion strength, porosity and gas permeability of coatings on
the spraying process parameters such as the current and voltage of arc, spraying distance, speed of spraying
apparatus movement relative to the base surface, pressure of the compressed air or combustion products in the
distributor head of the electric arc apparatus as well as on the surface pretreatment have been established. The
base surface was prepared for spraying using bead blasting treatment. The roughness of the prepared surface
(Rz) fell in the range 5-60 mcm. Before spraying samples were fixed in a special device located in the holder of
the lathe. Arc spraying apparatuses were placed on the support of the lathe. The speed of the apparatus
movement relative to the sample surface and the spraying distance could be governed by varying the revolution
number of the spindle and the support-spindle distance.
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The EAS unit was a modern universal system which combined advantages of electric arc and high-rate
spraying. Its chief distinctive feature is the presence of a small high-efficiency chamber for combustion of
propane-air mixture, whose ultrasonic jet left the chamber with a speed of 1500 m/s at 2200 K. The flow
strength, determined by the ratio of the kinetic energy to the gas volume and characterizing the force acting on a
particle in the flow, was equal to 234 kPa. The latter permitted melted metal particles to speed up to 500 m/s and
to form a coating with doubled adhesion strength compared to flame spraying and sufficient for operation under
extreme conditions including the presence of shock-abrasion wear.

The use of the products of propane-air mixture combustion as a spraying gas significantly decreased
oxidation of sprayed metal and burning-out of alloying elements. For example, at the fuel combustion coefficient
b=0.4 the carbon amount in the coating made from 40Kh13 rods practically did not differ from that in the initial
rod. However at equal amounts of air and propane the carbon content in coating was lower than that in the initial
material by two times, whereas in spraying by pure air the carbon content decreased by three times.

The conditions of formation and transport of particles as well as of coating formation, which differ from
other methods, lead to formation of different structures in the coating material. The small amount of brittle
oxides, high content of intermetallic compounds along with formation of hardening structures and high enough
plasticity of the deposited layer create favorable background for application of this method for strengthening and
renovation of parts of transport means and essentially widen the nomenclature of parts that can be renewed.
Moreover, under high-rate spraying conditions, the coefficient of material concentration in the jet increases as
the divergence angle of two-phase supersonic jet is smaller as compared to undersonic jets and is equal to 5-7°.
As a result, the diameter of deposited spot decreases and the coefficient of material consumption increase.

For EAS it reaches 0.85 against 0.75 for flame spraying. As a material for spraying, a wire from any
commercial material (zinc, aluminum, copper, brass, bronze, nichrome, carbon and stainless steels, etc.) can be
used as well as a powdered wire or combination of any two wires. The porosity of steel coatings is within 2-4 %;
density of aluminum wires is close to that of cast material. This factor is particularly important in production of
anticorrosion coatings as herein significant saving of spraying material is attained at the expense of decrease in
the coating thickness required for closing of through porosity, and thus the service life of coatings increases. For
spraying, 2.0 mm 40Kh13 wires (GOST 5632-72) were used. The process conditions were as follows: arc
voltage 32 V, spraying distance 50 - 200 mm, arc current 100-400 A, compressed air consumption 80 mh,
pressure 0.65 MPa; when the apparatus EDN was used, propane-butane consumption was 0.011 kg/h, pressure
0.4MPa.

Technique for researching the properties of coatings

The porosity of coatings was determined via hydrostatic weighing according to GOST 18893-73. In order
to study distribution of pores through a coating and to determine their size and shape, the system of texture
analysis of images Leitz TAS" (Germany) was used composed of a microscope “Ortoplan” with a TV camera, a
unit for processing of TV signals and a display. The system operates under the control of a computer designed on
the basis of microprocessor LS1 - 11/2. To examine coatings, metallographic samples were prepared according to
the standard techniques [8]. To determine gas permeability of coatings from steel 40Kh13, samples were made in
the form of a bush with a hole and a conic end pin from steel 20. Before spraying, the end surface of the tin was
subjected to jet-abrasion treatment for modeling of surface roughness followed by heating in air to 700-760 K for
3-5 min. In such a way, a thick oxide film was formed which prevent from the evolution of chemical interaction
between the materials of coating and base. The pin was inserted into the bush, and spraying started to the
achievement of required thickness of coating. Then the pin was carefully separated from the coating and taken
out the bush hole. The coated sample was put into a unit for measurement of gas permeability.

The coating thickness was measured with a micrometer; the area was determined on the basis of the bush
hole before spraying. The adhesion coating-part strength was estimated using a glue method [8]. Metallographic
examination was performed on an optic microscope MIM - 8 with the magnification 90-200 and a SEM
microscope "MSV-2" (firm "Akasi") with the magnifications 100 and 200. Samples for metallography were
prepared using standard techniques [8]. Roughness of the surfaces of base and coating was estimated on a
profilograph-profiler of type 201.

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 [8]. Under optimal spraying conditions, the porosity of EAS coatings is 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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The analysis showed that for EAS the number of pores is much smaller. Herein the minimal porosity and
gas permeability are attained at spraying distances within 50-60 mm. In case of high-efficiency spraying, that is,
at currents of 400 A and higher, high enough apparatus movement speed (relative to the base) is required. There
was observed different dependences of the porosity (P) on the spraying distance (Ls) for coatings obtained by
electric arc and flame spraying.

The porosity of EAS coatings obtained at the minimal apparatus speed, that is, after a one-run deposition,
decreased with shortening the spraying distance to 100 mm, but then it increases to the values characteristic for
EAS coatings. The speed increase results in decreasing porosity in coatings obtained at small distances (Ls < 80-
90 mm). Slight decrease in porosity is observed in flame spraying (FSP) coatings as well. The weak effect of
the spraying apparatus speed on the coating porosity at distances Ls > 80-90 mm is caused by weakening of the
aerodynamic effect of the reflected plane jet and cooling of dy<1 mcm particles to temperatures, at which they
do not adhere onto base asperities.

%

B2

1 10
Pore size, mcm
Fig. 1. Pore size distribution: (1) flame spraying FSP; (2) electric arc spraying EAS

The peculiarities of the effect of the arc current (1,) on the coating porosity are worth noticing. Whereas at
big arc currents an increase in the spraying apparatus speed (V) markedly decreases porosity, spraying at small
currents practically does not affect it. This may be prescribed to small both spraying efficiency and mass-
average particle temperature at small arc currents [8, 9]..

Properties of anticorrosion electric arc coatings depend on not only the value but also the type of porosity.
The authors [8, 9] have proposed to divide porosity into a volume and a surface one as at a layer thickness
commensurable with the average microasperity height a drastic change in porosity occurs, which, in its turn, is
accompanied by a drastic change in structure-sensitive characteristics of coating, for example, gas permeability.

The investigation of the effect of the thickness of coating on its porosity has shown that the EAS method
provides a decrease in the porosity (Fig. 2a). The profilograph indicate the fact of decrease in the surface
roughness of a EAS -derived coating. The average microasperity height of the 0.1 mm thick steel coating
deposited on a polished base surface at a spraying distance of 100 mm was 5-10 and 30-50 mcm for EAS and
FSP, respectively.

Such a marked decrease in the EAS coating porosity (for example, at a coating thickness of 0.05 mm the
porosity of coatings under the comparison differ by almost an order of magnitude (Fig. 2, a) inevitably causes
still greater difference in the gas permeability (Fig. 2, b). For FSP, reduction in the coating thickness, h <0.1
mm, leads to rapid decrease in the gas permeability.

1 —
10-1 —
102

[e]
o

2]
o

108

\
| \\ 104 —

X
EENN 2]\
N

N
o

Open porosity, %
N
o

106 —
S E———— 3

107

0 50 100 150 200 10° I l '
0 50 100 200

Thickness coating, mcm

o

Thickness coating, mcm

a b
Fig. 2.The effect of the coating thickness on (a) the open porosity and (b) gas permeability:
(1) FSP; (2,3) EAS at a coating thickness of (1,3) 100 mm and (2) 50 mm



84 Problems of Tribology

The reduction in surface roughness of the EAS coating is connected with the particle size decrease and
may be the main reason for lower coating open porosity at small thicknesses due to decrease in the surface
component of porosity due to bigger surface roughness.

Similar picture is observed in case of EAS, but only beginning with h = 0.05 mm. The sharp rise in the
gas permeability may be related to the appearance of a through porosity [8, 9]. Hence, the gas permeability of
steel coatings made using the EAS method is lower than that of FSP coatings by 1-2 orders of magnitude. h =
0.05-0.1 mm this difference reaches 4-5 orders of magnitude.

To reach required adhesion strength, which is determined by mechanical or physicochemical bonds
depending on the materials of the “coating-base” pair [8, 9], the base surface pretreatment is conducted. The
most used technique is jet-abrasive treatment, which purifies the surface and destroys its equilibrium state with
the medium by release of interaction forces of surface atoms, that is, chemically activates the base.
Unfortunately, the base activity rapidly decreases because of chemical adsorption of air gases and oxidation. It
is therefore desirable to shorten the time between the pretreatment and spraying as much as possible. The
pretreatment makes the surface rough, which raises the temperature in the contact zone under sprayed particles
on microasperity and increases the total surface of spots for welding.

The area of a rough surface is larger than that of a smooth surface, which also results in adhesion strength
increasing. The rise of R, is accompanied with increase in the adhesion coating-base strength (cad) (Fig. 3, a).
However, it is not high enough as could be expected taking into account the high particle velocity, which
reaches 500 m/s. This may be related to the action of the following main factors:

- increase in the particle velocity increases the relative area of the physical particle-base contact [8, 9],
which leads to an increase in the adhesion strength;

- reduction in the average particle size in EAS by 4-7 times reduces the particle crystallization time,
lowers both the particle-base contact temperature and completeness of chemical interaction, which can reduce
the adhesion strength. .

Thanks to the action of these factors, the adhesion strength of EAS coatings is higher by 1.8-2.2 times.

However, in manufacture of anticorrosion coatings, whose thickness is usually small (0.04-0.2 mm), the
problem of the right choice of roughness becomes principal as in this case, the layer thickness can be
commensurate with the height of microasperity. Insufficient roughness accompanied with big thickness of
coating may cause the detachment of coating, whereas a rough surface accompanied with small thickness may
become the reason of early corrosion.

As shown in Fig. 3, b, with increasing the height of base surface microasperities, the gas permeability
(Ks) increases for coatings deposited by any method of arc spraying. However, the most marked effect of R, on
K is observed on the coating made using an EAS. The different degree of the influence of the base roughness
on K; is due to the bigger particle size in the case of compressed air spraying, when the first layer of coarse
particles is jammed into pits between microasperities so that they cannot affect the coating formation process.
The stronger dependence of the gas permeability of EAS coating on R; is the result of significant inclination of
this method towards formation of porous "bumps”. Conditions for this become more favorable with increasing
the base roughness. It should be mentioned that in case of FSP with increasing the coating thickness the effect of
R, on K, is negligible, whereas for EAS coatings with h<0.2 mm, this effect only diminishes depending on the
spraying distance.
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Fig. 3. The effect of the base roughness on (a) the adhesion strength and (b) gas permeability of (1) FSP and
(2,3) EAS at a spraying distance of (1,3) 100 mm and (2) 50 mm.

Hence, as it was before shown, for coatings produced using an EAS, a decrease in the base roughness can
lead to significant reduction in their gas permeability. This should be taken into account in the development of
spraying process conditions and selection of those techniques for surface pretreatment that provide a low degree
of roughness, for example, blowing with quartz sand. Herein the adhesion strength decreases as well, and at low
R, in FSP coatings the adhesion strength required for the impossibility of coating detachment may not be
reached, whereas in EAS the adhesion strength is high enough even in case of using a polished base surface.
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Approbation of the research results

EAS was used for:

- i) renewal of worn steel cylinder parts operating under conditions of sliding friction and lubrication;

- ii) elimination of defects and protection against metal corrosion of tubes, internal and external surfaces
of reservoirs and multi-aimed welded constructions as well as various decorations using spraying with
aluminum, zinc and cadmium [8,9].

In addition, covering of about 50% surface of each neck is performed under conditions of strong support
of the gas flow, as the crankshaft webs forms semi-closed space. The difference in the coating formation
conditions causes difference in the physicomechanical characteristics of the deposited layers on different neck
spots and so their different wear. The use of EAS which includes mechanical activation of coating in the
course of spraying process allows one to equalize the properties of coating along its width and depth.
Crankshaft necks with coatings may be repolished in the course of the next overhaul for the required size.
This is not, however, reasonable as during hard and long operation the wear resistance of the coating decreases
due to filling of its pores with the wear products and other impurities. It is more reasonable to remove the old
coating and deposit a new one. EAS has renewed the sizes of support webs of engine camshafts. The results of
the operation testing of cam- and crankshafts with using EAS process have demonstrated that the service life of
these parts is 1.5-2 times longer as compared to parts renewed using FSP method.

Conclusions

1. Comparative analysis of coating properties has revealed that via using optimal spraying conditions, the
porosity of EAS-derived coatings is significantly smaller than that for FSP coatings (2-4% and 9-11%,
respectively), and at a coating thickness of 0.05-0.1 mm the difference reaches 2-5 orders of magnitude. The
adhesion strength of EAS-coatings is 1.8-2.2 times higher.

2. When developing the EAS process for deposition of coatings, one should choose those techniques for
pretreatment of the base surface which can provide reduction in the degree of its roughness (from 5 to 10 mcm)
required for decreasing its gas permeability and thus porosity.

3. As a spraying gas, EAS uses the products of combustion of propane-air mixture, varying of which
makes it possible to form a neutral or a reducing medium in the zone of electric wire melting, and in such a way:

- to decrease metal oxidation and burning-out of alloying elements;

- to increase the strength and wear resistance of coatings and so to prolong the service life of transport
means parts.

4. Using the EAS technology, including mechanical activation of coating in the course of spraying,
permits equalization of the properties of a coating along its thickness and width.
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Jlomara O.B., TosoBamyk M.B., Jlomara JI.A., CosoBux €.K., Karepunuu C.E. Brnactusocri
MOKPHTTIB, OTPUMAHMX €JIEKTPOAYrOBUM HAMWICHHAM JUIsI PEHOBaIlii JeTaneil MamuH 1 MeXaHi3MiB
TPaHCHOPTHHUX 3ac00iB

Y  pobori mpeacTaBieHi pe3yNbTaTH  JOCHI/DKCHHS  BIACTUBOCTEH  IOKPHUTTIB, OTPHMaHUX
enektponyrosuMm (D/IH) HammienHsM, 1 IX TOPIBHSHHA 3 BIACTUBOCTSAMH IIOKPHTTS, OTPUMaHHUX
ra3onoJyMEHEBUM HamMICHHAM. [lOpHCTICTH TOKPHUTTS, OTPHMAHHX EJIEKTPOIYTOBHM  HANWICHHAM,
3HaxommIacs B Mexax 8 10%. minnicts 3uemmienHs ckiaana 80...100 MIla. PesynpraTi mpoBeqeHnX ITOCTIIKECHD
MOKa3ylOTh TEPEBaru Ta IJIECIIPIMOBAHICTh BUKOPHUCTAHHS €JICKTPOAYTOBOTO HANWIICHHS AJISl BIJHOBJICHHS Ta
MiJBUIIICHHS €MHOCTI JIeTaJel MAallliH 1 MEXaHI3MiB TPAHCHOPTHUX 3aco0iB. B po0OOTi MOCHIIKECHHS BIUIUBY
(baxTOpIB IpOLIECY €IEKTPOLyTrOBOTO HAMWIICHHS: CKJIly TOPIOYOi CyMillli, AUCTAHII] HAIIMIIEHHS, AUCTIEPCHOCTI
PO3IWICHHST Ta 1H. HA BJIACTUBOCTI MOKpHUTHH. [Ipy mpoBeneHHI JOCHIIKEHb 3alpONOHOBAHO MiJBHUIIECHHS
a/re3iiHoi CTIMKOCTI, IITBHOCTI TIOKPUTTS 38 paXyHOK KepyBaHHS MapaMeTpaMH eJIeKTPOAYroBOTrO HAIMJICHHS.
Y poboTi po3riIgHyTa MOXIUBICTH 3a0e3meueHHs HeoOXiTHMX BIACTHBOCTEH BiTHOBIIOBAHHX ITIOBEPXOHH 3
METOIO MiABUIIEHHS pecypcy AeTanell MallnHU NUIIXoM perymtoBaHHs (¢akropamu EJITH. 3okpema, perymoodn
MIBUJIKICTH 1 TeMIIepaTtypy CTpPyi TPaHCHOPTYIOWOTO Ta3y i YAaCTHHOK MOXKHA 3MEHIINTH JiaMeTp Kalemb,
MiABUIINTHA TIUTBHICTD 1 3HU3UTH OKHCIIOBAHICTH MOKPUTTA. [IpHBeneHi pe3ynpTaTH MOPIBHAIBHOTO aHAIi3y
BJIaCTMBOCTEH TOKPUTTIB, HaHECEHHWX eyekTpoayroBuM HamwieHHsM (E/IH) 3 BuUKOpHCTaHHSM HPOAYKTIB
3ropaHHs TNPONaH-NOBITPsiHOT cymimn Ta rasononyMmeHeBuM HamwieHHsaM (I'TIH) 3  BukopucraHHsAM
ra3onoBITPsiHOT cyMiln. 3a ONTHUMajbHUX YMOB IPOLECY HAMMJICHHS IMOPHUCTICTh MOKPHUTTIB, OTPHUMaHHUX
€JIEKTPOJYTOBHM HANWJICHHSM 3HAYHO MEHIA MOPIBHSHO 3 ra3onoiyMeHeBUM HammieHHaM: 8-10% i 20-30%
BIJIOBiTHO. Are3ilfHa MiHICTh MMOKPUTTIB, OTPIMAHHUX €JIEKTPOAYTOBUM HAIFJICHHAM MiaBummiacs B 1,8-2,2
pazu (3 30-40 MIla npu razomonymeneBomy HanmieHi 1o 100 MIla npu enekTpoayroBoMy), 3HOCOCTIHKICTh
migBunIIIacs B 2-2105 pasw.

KoarouoBi cjioBa: enexTpoayroBe HarwiIeHHs, NMOKPUTTS, Ia30I0JyMEHEBE HAIMICHHS, IOPUCTICTb,
aaresiiHa  MIIHICTh, 3HOCOCTIMKICTh, 3HOCOCTIMKICTB, KOpO3iiHA  CTIMKICTh, TOBINMHA MOKPHUTTS,
ra3o0npoHUKHICTh
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Abstract

The kinematic characteristics of the links and individual points of the mechanism are determined by the
method of closed geometric contours and the method of designing plans. The forces of interaction between the
links of the mechanism are determined by the method of kinetostatics, and the balancing moment by considering
the dynamic equilibrium of the crank and the method of power balance. The drawbacks of the structural scheme
of the mechanism are revealed and the ways of their elimination are offered.

The results of research are presented in the form of graphical dependences of the kinematic parameters of
the cutter, reactions or hodographs of forces in kinematic pairs. The moments of resistance forces and inertia
forces are determined and the dynamic and mathematical models of the movement of the mechanism are
constructed. The technology of determining the power of the electric motor is shown, and its stable area of
operation is approximated by a straight line.

Kinematic synthesis was performed and a modernized mechanism was obtained in which the cutter can
move according to a predetermined law, in particular, without soft shocks at the boundaries of the kinematic
cycle and with quasi-constant speed (error up to 5%) in the middle of the kinematic cycle.

Key words: linkage mechanisms, optimization, synthesis, kinematic analysis, law of motion, cams
Introduction

Slotting machines are used both in serial production and in repair shops to obtain grooves, flat and shaped
surfaces of small height, but significant transverse dimensions, through and blind holes and cavities. The main
mechanism of slotting machines is a rocker with a two-lead group attached to it, the slide of which moves in a
vertical plane. The productivity of the machine is limited by the planing speed (70-80 m/min), due to the
reciprocating movements of the slide with which the cutter is rigidly connected. The movement of the cutter on
the working stroke is not even, which degrades the quality of the planing surface, the durability of the cutter. The
presence of cutter acceleration jumps at the edges of the kinematic cycle causes soft impacts, which worsens the
dynamic state of the mechanism as a whole and, as a result, further impairs the quality of the planing surface.

Literature review

Analysis of modern publications in the papers on Mechanism and Machine Science showed that the
existing methods for the synthesis and analysis of mechanisms of slotting machines, both analytical and
numerical, do not provide exact parameters to synthesize multi-link linkage mechanisms that could be
characterized by no acceleration jumps at the boundaries of the kinematic cycle and quasi-constant velocity.
cycle [1-3], including a number of modern works on this topic [8-10].

In particular, in the work [1] the methods of synthesis of linkage and cam mechanisms using unified
subroutines to calculate the main kinematical parameters of linkage mechanisms are shown. It is also considered
the problems of kinematic synthesis of linkage mechanisms, synthesis and analysis of cam mechanisms: a
number of examples of the usage of the mathematical package Mathcad for this purpose are also provided.

Copyright © 2022 V.R. Pasika, D.A. Roman, V.O. Kharzhevskyi. This is an open access article distributed under the Creative
@m_ Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
[ work is properly cited.
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Additionly, in our opinion, in the methods that are described in the existing works [1-3], there are some
drawbacks that do not allow to conduct correct calculations for the entire range of initial data and according to
all the neccesary requirements of the designer. For example, no analytical dependences are given for all variants
of the angles of inclination of vectors of kinematic quantities and reactions in kinematic pairs.

Several calculation schemes of the structural groups are described not in the most general form. For
example, for the structural group of the 2" type, when the position of the slider will be in different quadrants, the
angles of the shuttle without additional calculations can not be determined. Using modern CAD-systems, it is
possible to solve numerically many problems of kinematic and dynamic analysis of technical systems, as shown
in [10], but the problems of the kinematic synthesis, taking into account a number of additional criterai, require
special methods, which is the subject of this publication. In this paper we will use some methods that were
previously described in [4-7].

Purpose

The aim of the research is to analyze the kinematic state of the slotting machine mechanism and on its
basis to suggest the ways to improve the dynamic parameters of the mechanisn and the quality of the planing
surface; to synthesize such displacement of the additional slide (fixed cam profile) relative to the coupling link,
where the cutter will not have soft impacts at the boundaries of the kinematic cycle and move at a constant
velocity in the middle.

The kinematic analysis

The scructural scheme of the mechanism is shown in the Fig. 1 and contains: crank OA — 1, rocker slider
— 2, coupling link (rocker) ABC — 3, shuttle CD — 4 and slider DD1 — 5 to which the cutter is perpendicularly
attached and which is affected by the planing force F, .

The analysis is carried out on the basis of the structural qualification of mechanisms according to Assur,
where structural formula for constructing the mechanism is as follows:

1(0-1)—11(2-3) > 11 (4-5) 1)

Kinematic analysis is performed from the beginning of the structural formula according to the
dependences obtained in [1-3]. We connect the right coordinate system xQOy with the center of rotation of the
crank. We consider the frequency of rotation of the crank and the geometric characteristics of the links as a
known one.

Fo
a;

Fig.1. Structural scheme of the mechanism

Determination of the kinematic characteristics of the mechanism is carried out in groups from the
beginning of the structural formula (1). Crank OA.

Va=0lon; Vo =0~ 7, 8y =0 lo,, W, =0+,
where v, i y, —modulus and angle of inclination of the velocity vector Vv, to the abscissa,
a, i wy, —modulusand angle of inclination of the acceleration vector &, to the abscissa.
Structural Group ABC. Calculate the kinematic characteristics of the rocker AB:
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Calculate the kinematic characteristics of the kinematic pair C:
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Structural group CD. & — the angle of the guide 5 to the abscissa, x;=1 i y,=0 —sign of the point of
intersection of the perpendicular dropped from the beginning of the coordinate system on the guide of the slider,

ze=sign {sgn[y.cos(&)]-sgn[x.sin(&)]}
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The analysis was performed for such parameters of the mechanism:
n=120rpm; 1, =0.11m; I,;=0.05m;a=0.01m; b=0.02m; ;. =0.11m; I,=045m; | .=a; e=l,—-a. (2)
The kinematic characteristics of the cutter are shown in the Fig. 2.
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Fig. 2. Kinematic characteristics of the slider (cutter)

The results of the analysis confirm the fact that the linkage mechanisms do not provide movement of the
moving link with a quasi-constant speed. The beginning and end of the planing process occurs with an
acceleration jump, which causes a soft impact effect and leads to a deterioration of the dynamic state of the
whole machine, its productivity and the quality of the planing surface. To avoid side effects, we need:

—to synthesize or use the known laws of periodic motion [2, 6, 7], in which there are no soft impacts, and
in the middle of the kinematic cycle we have a section of quasi-constant velocity;

— to ensure the movement of the cutter according to the synthesized or selected law, replace one of the
links of constant length with a link of variable length. In this case, the problem is reduced to the synthesis of
such a variable length of the link at which the cutter will move according to the synthesized or selected law.

The kinematic synthesis

In the conclusions to [5] it is stated that the cutter on the working stroke has no interval of movements at
a constant speed, and at the ends of the kinematic cycle acceleration is not equal to zero. Such kinematic
characteristics of the cutter cannot be considered satisfactory, as soft impacts lead to a sudden action of inertia
on the cutter, and variable speed degrades the quality of the planing surface. Thus, occurs the question, is it
possible to modernize the mechanism to avoid such shortcomings?
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It is known [1, 2] that the geometry of linkage mechanisms with one degree of freedom completely
determines the qualitative kinematic characteristics of the links and it is impossible to change them. To improve
the known structural scheme of the slotting machine (Fig. 3, a), it is proposed to add one more link in the
kinematic chain in order to obtain a mechanism with two degrees of freedom (Fig. 3, b). The additional link of
the slider 6 is connected to the shuttle 4 by a rotating kinematic pair C and by a translational Cs to the slide 3.

The roller p rotates around the axis of the pair C and rolls a fixed cam, which changes the length I5..

Fig. 3. The steps of modernization of the structural scheme of the mechanism of the slotting machine

With such changes, the degree of freedom of the modernized structural scheme W=2. Kinematic synthesis
includes choosing the law of motion of the slider 6, according to which the cutter (same as point D) will move
according to a predetermined law.

If the crank 1 is driven by an electric motor, the additional slider can be moved in different ways. At the
stage of discussions step electric motors and cam mechanisms are considered. Today, the disadvantages of step
motors are that changing the position of the shaft is not a smooth line, but stepped. In addition, you need another
power supply and automated control system. The use of a cam mechanism (Fig. 3, c) allows theoretically to
obtain any law of periodic motion, but it is necessary to obtain a profile of a fixed cam k, the pressure angles of
which will not exceed the allowable. Since the cam mechanism has a higher kinematic pair, this may impose
additional restrictions on its use.

In our opinion, the use of the cam mechanism is simpler, cheaper and does not require special
maintenance. Its use in various industries from printing engineering to internal combustion engines has proven
its wide potential. The block diagram of the improved mechanism is shown in Fig. 3, d.

The essence of kinematic synthesis is to synthesize such a movement of the additional slide 6 (fixed cam
profile k) relative to the backstage, at which the movement of the cutter 5 will occur without soft impacts at the
boundaries of the kinematic cycle and at a constant speed in the middle

Theoretical grounds of kinematic synthesis

Consider links 3-5 and 6 separately (Fig. 4). Obviously, the point D and the cutter belong to the same
body, and therefore the motion of the point D is also translational. The contour of the BC can be interpreted as a
crank-shuttle mechanism (CSM) in which the length of the conditional car of the aircraft varies depending on the
angle o; =0, —7; where @, — the angle of rotation of the link ABC to the abscissa in the xOy coordinate system.

The input parameters of the synthesis, in addition to geometric dimensions, includes the law of motion
s, of the cutter (point D), which will achieve the objective of synthesis. The initial parameter of the synthesis is
the radius vector of the fixed cam.

Denote the variable length of the conditional box r. =I,. . Each position of point C must correspond to a
specific given position of point D, and the distance between them must always be constant. This problem can be
reduced to a purely mathematical one: to determine the coordinates of the point of intersection of the conditional

crank of radius 1, =4/x2 +y2 and acircle of radius l., conducted from a given point D:
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X =TI COS(@3),
Yo =1 sin(ey),
2
Xé +(Yc _YD) :IéD'
where x., Y. — coordinates of point C in the coordinate system x:By:.

However, we will determine in a more visual way. We show the positions of links 3 and 4 in cases where
the angle p between the links BC and CD is acute, obtuse and equal to 90° (Fig. 5). In the Fig. 5, and shows the
case when the angle p, is acute and straight.

Fig. 4. Structureal scheme of the
combined mechanism with variable Fig. 5. For the determination of the length of the
Iwngth of the conditional crank of the conditional crank BC

Variable radius of the conditional crank in the case of an acute angle p, r.=CP,—BPR, where

cla;/lf—olaz=\/|§—[yolsin(<p;1+g)]z . BR, =Y, sin(ey, +&) , 1, =l¢, — length, shuttle, £=-90" - the angle

of the cutter guide to the abscissa Ox;.
Therefore, for an acute angle, the radius is (Fig. 5, a):

o = Yo, SN} +€) 12 [ yo, sine, +8)]
For a right angle u=90" the radius is

2

)

Io = Yo, Sin(}, +&), )
where Yo, i @3, — moving the point D and the angle of inclination BC in the position when p=90".

For an obtuse angle u, (Fig.5b) r,=BC,=BP,—-C,P,, where BP,=y, sin(¢;+&),

C,P, =\/If —[yDZ cos(j +§)}2 . The radius of the conditional crank for an obtuse angle:

H ! ’ 2
rc = y[)1 Sm((Ps +E.>)_\/I42 _[yoz COS((Pa +é):| . (5)
The obtained three dependences (3)-(5) are valid when the angle . is obtuse, straight or acute. We apply
the sign function and write the value of the variable length of the conditional crank for any angle ¢, of the

coordinate of the point D -y, :

M ’ ’ ’ ! 2
rc = yD Sm((P?, +§)_Sgn((\03p _(\03)\/Ij _[yD COS((Pa +§)] . (6)

Obviously, the root expression cannot be negative. But if the expression is positive, then the trajectory of
point C has a gap of the first kind, which also does not satisfy us. Therefore, additional studies of sub-root

function were performed z=I; —[yD COS((p;-l-&)T and built its graphs for three cases z>0, z<0 i z=0

(Fig. 6). It turned out that to synthesize the radius vector 1. possible only if in a mutually perpendicular
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position (u=90") of links BC and CD function z=0. From this condition we determine the angle of rotation of the
conditional crank ;,, for which p=90". In addition, another synthesized parameter is the length of the crank
CD:
Lis =lops = Yo (@%,)c08( 04, +&). )
For the given geometrical characteristics, the conditional crank of BC and shuttle CD are mutually
perpendicular when the angle of turn ¢; =77.79" . The length of the synthesized shuttle 1,, =0,4611m.
With this addition, the variable length of the conditional crank (6) is equal to

H ’ ’ ’ ’ 2
=Y S'”(‘Pa"'&)_sgn(@sp _(Pa)\/lfs_[YD COS((Ps"'g):I : 8
0.2 . , . . . 90 0.15
- --2<0
0.15 N5 ——z=
\ T I B z>0
011
0.05 ~
g X:77.79
S Y:0.009892
ol ~ a7 |
X:77.79 ™7 !
Y:0 X:77.79
Y:-0.01011
-0.05 - ‘ e : 240
20 40 60 ¢,,[]1 100 120 140 270

Fig. 6. To determine the synthesized length Fig. 7. The trajectory of point C of the synthesized
of the shuttle CD mechanism at the stage of operation

Choice of the law of motion for the cutter

To eliminate the drawbacks of the mechanism of the slotting machine, it is necessary that the law of
periodic motion (LPM) of the cutter at the edges of the stroke would not have acceleration jumps, and in the
middle of the kinematic cycle there would be a constant velocity interval.

To choose a specific LPM of a cutter, we can use already known, or synthesize a new combined law.
Among the known LPM [2, 6, 7] a large number of cycloid laws in which there is no acceleration at the
boundaries. Among them are laws with quasi-constant velocity in the middle of the kinematic cycle.

The authors chose the law [6] that has the widest interval of quasi-constant velocity with 5% error.
Invariant of moving this law:

a, =(70k®—245k* +378k® —280k°® +80k") /3, 9)
where k=t/T - dimensionless time, 0<t<T - current time, T —working period. The invariants of velocities

. . . da b
and accelerations are calculated according to known dependencies b, :d_kk’ C, =ﬁ.

The chosen law is an algebraic law of the second type, for which the kinematic invariants are B = 1.46;
C = 6.51, and the interval of quasi-constant velocity is 36.92%.

In the Fig. 7 is shown the trajectory of point C is built using (6) (fixed cam profile), at which the cutter on
the working stroke will move according to the selected law (9). Visual analysis shows that the profile is smooth,

the largest angles of pressure are observed at angles close to 30° and not exceeding about 20°. It will be
possible to know more specifically after calculation of corresponding angles of pressure.
It is important to note that at half of the planing interval, the angles from ¢;=0" to ¢;=-90", the radius
of the trajectory is close to the arc of the circle, which practically unloads the highest kinematic pair of the cam.
The kinematic characteristics of the cutter of the non-synthesized mechanism are shown in the Fig. 8, a,
and the synthesized one — in the Fig. 8, b. Calculations of actual values were performed by [6]:
[S] [S]
—, 8, =C, —-,
[T] [l

Sp =ak[s]: Vp =bk
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where [S]=0.22 m — stroke of the cultter; [‘I']=27c/|(o1|((pe -,)! (9, +¢,)=0,3251sec. — period of the kinematic

cycle (operating time), ¢,=—297.036" i ¢,=-63.964"— the angle of rotation of the crank at the beginning and
end of the stroke.
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Fig. 8. Kinematic characteristics of the cutter: a - not synthesized and b - synthesized mechanism

There are no acceleration jumps at the boundaries of the kinematic cycle, and there is a quasi-zero
velocity interval in the middle. The quasi-zero velocity is almost equal to the maximum velocity of the non-
synthesized mechanism. In the mechanisms of real planing machines operation does not begin at the beginning
of the stroke and does not end at the finish. There is always a certain angle of rotation of the handle at the
boundaries of the kinematic cycle, after which the planing process begins and ends. Therefore, the constant
velocity interval of 36.92% is minimal.

Conclusions

— for the first time a six-linked linkage mechanism with variable link length was synthesized,;

— changing the length of the link is proposed to provide by a fixed cam;

— the synthesized cam profile is a smooth curve and the pressure angles are clearly less than maximum
that are allowed [y]=40" -45 [2];

- it is received the movement of the cutter with zero accelerations at the beginning and at the end of the
working stroke and with a quasi-constant speed interval of not less than 36.92% of working stroke;
— the quasi-constant velocity interval can be increased by reducing the chipping interval.
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IMacika B.P., Poman [.A., Xap:keBchkuii B.O. Kinemarnunuii aHamiz Ta CHUHTE3 pyxy pi3us
JIOBOQJIBHOTO BepCTaTy

KinemaTnuHi XapakTEpUCTHKH JIAHOK 1 OKPEMHMX TOUYOK MEXaHi3My BHU3HA4YE€HI METOJOM 3aMKHYTHX
TE€OMETPUYHUX KOHTYpPIB Ta METOAOM MpPOCKTYyBaHHS IUIaHiB. Cuiu B3aeMoJil MK JIaHKAMH MeEXaHi3My
BU3HAYCHI METOJIOM KiHETOCTATHUKH, a 3pIBHOBAXYBAILHUI MOMEHT PO3IIISIIOM JAWHAMIYHOI piBHOBAard KOpoOH i
METOJIOM OajaHCy TNOTY)KHOCTEeH. BHSBIEHO HENONIKM CTPYKTYpHOI CXEMH MEXaHi3My 1 3alpOIIOHOBAaHO
croco0u iX yCyHeHHS.

Pesynprat mocnipkeHb MojAaHi y BHIUIALL rpadivyHUX 3aJIe)KHOCTEH KiHEMaTHYHUX MapameTpiB pisid,
peakuiit abo rogorpadiB cui y KiHEMaTHYHUX MapaxX. Bu3HaueHi 3BefieH] 10 KOpOM MOMEHTH CHJI OTOPY i CHII
iHepIii Ta moOyJoBaHa AMHAMIYHA i MaTeMaTHYHA MOJIENI pyXy MexaHi3My. [loka3aHO TEXHOJIOTiI0 BU3HAYEHHS
MOTY>KHOCTI €JIeKTPOIBUTYHA, @ HOTO CTIHKY OUITHKY pOOOTH alipOKCHMOBAHO MPSIMOIO JIHIET0.

[IpoBeneHo KiHEMaTHYHUII CHHTE3 i OTPHMAaHO MOJEPHI30BAaHMHA MEXaHI3M Y SKOTO pi3elb MOXe
pyXaTHCh 3a Halepe] 3aJaHuM 3aKOHOM, 30KpeMa, 0e3 M’SKnX yJapiB Ha TpaHUNAX KIHEMAaTHYHOTO LUKIY i 3
KBa31CTAJIOI0 MBUAKICTIO (MOXHOKA 10 5 %) y cepeinHi KIHEMaTUYHOTO [IUKITY.

Karwu4oBi ciaoBa: BaxinpHI MeXaHI3MHU, ONTHMi3allis, CHHTE3, KIHEMATHYHHH aHaI3, 3aKOHH PYXY,
KyJIauKOBI MEXaHI3MHU
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Abstract

The paper shows the influence of parameters of the calibration tube jet-abrasive devices on the quality of
the process of waterjet cutting critical parts. The results of modeling the formation of two-phase flow and its
movement in the calibration tube. Determined that the effects wear ductal fluid of the tube varying intensity and
character. In this regard there is the need for functional-oriented approach to the choice of means to ensure the
desired geometric parameters of the tube. It is concluded that the decrease in the intensity of ductal Shot material
of the tube and thus maintain its geometric parameters is possible by the use of suitable protective coatings ,
thickness and physical and mechanical characteristics are selected on the basis of Value attributes according to
the intensity and type of abrasive loading surface.

Key words: waterjet cutting, calibration tube, protective layers, functional-oriented approach.
Introduction

The appearance and widespread using in industry of new structural materials, especially composites, and
new high-tech products, makes the need for new methods of treatment. One of these methods is hydroabrasive
cutting. The use of hydroabrasive cutting justifies itself especially where use of traditional methods does not give
a satisfactory quality. Additional costs for works or reducing of the production rate go into oblivion. An
additional advantage of this method is its cleanliness and environmental friendliness. Modern systems of
hydroabrasive cutting provide continuous optimization of production and quality in manufacturing. The need for
high processing results requires sustainability and compactness of jet-abrasive stream.
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Fig. 1. Calibration tubes, collet mixing chamber and sapphire nozzle inserts by firm Synergiclnc., (Provider —
ELFIHmbH, Austria)
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Using of hydroabrasive processing enables significantly improve the quality of machined surface and
cutting performance, which requires the development of promising new layout tools for combined treatment.
Among the trends of hydroabrasive treatment the improving of the accuracy and efficiency of processing
equipment is allocated. Effectiveness can be enhanced by increasing fluid pressure (600 MPa) and the number of
concurrent working heads [1, 2]. However, increasing of working pressure leads to intensification of systems of
wear of hydrocutting equipment, including calibration tubes (Fig. 1), which in turn reflected in the cost of
processing.

Obijective

Calibration tube is one of the most important elements of hydrocutting system, which affects the
technological and economic characteristics of the cutting. Industrial observations suggest that most functional
failures in the implementation of hydroabrasive cutting occurs due to sudden changes in geometry of jet-forming
elements (nozzle and calibration tube). The tube is exposed to constant wear, resulting in internal diameter
increases, which determines the wear tube. Usually firmness of tube presents 10...15 hours, and its cost arrives at
20...50 $ [2].

In this regard, an urgent task is improving the stability of calibration tube using the functional-oriented
approach. To determine the peculiarities of wear of calibration tube, the impact of movement abrasive grains and
species destruction are analyzed.

The research

It is known that in the motion of two-phase flow "liquid — solid particles" through the calibration tube
there is chaotic action on the walls of the tube of some abrasive particles at different angles of attack and with
different power of hit. Abrasive destruction of surface of the tube depends on the nature of action of the abrasive
grains on its surface. Depending on the direction of action of the abrasive jet to the surface there are the
following schemes of action: the destruction with a shock jet , when the angle of attack o = 90 (Fig. 2 a), with
sliding jet, when a = 0 (Fig. 2 b), with oblique jet, when 0 <a <90 (Fig. 2 ¢) [3, 4].
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Fig. 2. Scheme of action of the abrasive jet to the surface

If on the flat surface of the material affects the flow of hard abrasive particles that fly at the speed v, at an
angle a to the surface, each share with a punch, elastically deforms the work surface and slip on it with friction.
Assumed that the normal component of velocity vo makes only elastic deformation of the material, and tangent
Vo is partially or completely extinguished and does the work of cutting, engaging in frictional contact with the
surface. With the reduced turns out that the largest processing performance theoretically should be at an angle of
attack o = 45, which is confirmed by many authors [5]. The intensity of wear in the abrasive flow is defined as
the result of multiple impacts of solid particles on the surface wear at different angles of attack. Initial period of
destruction of the metal is characterized by the introduction of abrasive particles in the surface layer at some
depth, the second - of continuous movement of particles of the material along surface layer at some distance at
which the displacement of microvolumes of the metal in layer occurs in the direction of introduction of particles
and their separation from the array.

In implementing of the abrasive particle in the surface layer of metal in a free kick there is deformation
near the contact zone, resulting in this layer there is a complex inhomogeneous stress-strain field with a variable
limit. Stresses and strains arising from the introduction of abrasive particles in the metal depend on complex
factors that characterize the parameters of the flow of particles and resistance of the metal to elastic-plastic
deformations. Elastic and plastic deformations will develop in the contact zone, which will assist to metal
collapse under the particle in the radial direction and subsequent tangential changes in the direction of motion of
the relative particles to the surface. Depth introduction of the particle and its tangential displacement associated
with the mechanical properties of the abrasive and of material of wearing surface, particles size, and deformation
of the metal.

At small angles of attack due to the predominance of tangential velocity impact, the main process of
destruction of the surface layer is the tangential displacement microvolumes of metal in the direction of
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implementation, i.e. microcutting. At the angles of the attack close to 90°, mechanism of destruction of the
surface layer of metal in a stream of abrasive particles takes a polydeformational striking character due to the
predominance of the normal velocity. Destruction of structural materials under the action of abrasive particles
contained in the flow of fluid is very complex and may be semifluid, brittle, polydeformational or acquires
fatigue character and is complicated with phenomenon of cavitation.

Thus, the parameters of the internal profile of tube should ensure the following conditions of flow:

1) the minimum thickness of the boundary layer flow inside the tube, turbulent layer of output free jet,
which reduces the thickness and the interaction of jet with the environment;

2) reducing of the possibility of separation of boundary layer of jet, helping to reduce excitation of central
flow;

3) reducing of the possibility of cavitation, which provides an exception of formations of low pressures
inside the tube to avoid formation of bubbles and destruction of tube.

The physical and mechanical properties of the material, which facing the particle, also have impact on the
efficiency of processing. The theoretical dependence given in [5] help to assess of the impact angle of attack on
the intensity of wear only qualitatively. Therefore, to analyze the phenomena that occur in calibration tube
during the formation of liquid abrasive flow the software package flow vision was used. When modeling the
problem of detection of conditionality of diagrams load on the cross-section of calibration tube with
microhermetic parameters of jet erosion was treated, establish the role and activity of wave processes occurring
in streams and exert force on the inner diameter of the calibration tube.

The core package is a unit of the numerical solution of equations of fluid motion in the orthogonal
coordinate system (Navier-Stokes equation (1)) that for certain initial and boundary conditions defined by the
user, provides a diagram of distribution of velocities and dynamic pressures at the point of contact with the jet or
other surface:
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where f, f, & — voltages of mass forces along the respective axes; r, ¢, z; v — kinematic viscosity;

— -+, -+, —;—;—%;—% —components of the strain rates of elementary volume of fluid (the same

name derived describes the strain rate compression or stretching of line elements of the selected volume, and
dissimilar — the rate of change of the angles between them); p — mass density of fluid; vr, v,, v, — speeds of the
elementary volume of the respective coordinates.

Found stresses values of mass forces along the respective axes provided continuity

ov
%jta—‘pﬁt r% =0 determines mass force acting on the volume of liquid, which is considered:
r ¢

F = [ fpdw @
W
where W — elementary volume.

Initial conditions are determined by geometrical profile nozzle orifice, by the pressure of liquid pp and its
properties. Boundary conditions determine the leakage of jet to the surface, which is an internal cylindrical
surface of the calibration tube. Mass transfer was determined by (3) based on the Stokes equation, which
determines the strength of resistance in a stream of particles:
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where p — rate of fluid flow through the nozzle; ds — diameter of tube.

Three-dimensional model of free jet was created to determine the parameters of the system and using the
software package flow vision was determined the pressure and velocity in the jet. For the model studies was
considered the problem of leakage of jet fluid that flows out of the hole diameter of 1 mm. In order to determine
pressure and velocity of fluid in the jet the problem with free surface was created and solved.

Were given the following physical parameters:

- the initial parameters;

- basic values - temperature 273 K, pressure 101 000 Pa;

- parameters of the model - the density of liquid 1000kh/m3;

- liquid O - clear water;

- adaptation of the grid up to level 2.

Boundary conditions for the elements (walls, entrance, exit) and the degree of adaptation for each of them
are given. Speed jet at the inlet is 300 m/s. Initial mesh with 25652 cells where 21168 of them solidified it in the
area of the exit from nozzle and at the surface of leakage is given. The general model parameters and time course
of the calculation in the range from 0 to 5 * 10 are given, the calculation is standard. The calculation results
derived in the form of diagrams (Fig. 3, a, b) fill — pressure in the range of 3,5+10° Pa to 7,579+107 Pa; rate —
isolines, from 0 to 300 m/s [6].

Researches showed that most loaded from the point of view of abrasive wear are places of entrance of liquid-
abrasive mixture and on an exit from a tube (Fig. 3). In these areas transversal pressure caused by wave
processes maximally influences on the mobile particles of abrasive.
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Fig. 3. The results of modeling of liquid-abrasive mixture with the walls of the calibration tube
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Fig. 4. The photomicrography of the worn edges of the tube

Submitted photomicrography of the edge of nozzle shows that the destruction takes place on that part of
that perceived maximum hydrodynamic load (Fig. 4) caused with a back wave in time of leakage jet on an
obstacle — the work surface. Thus, the picture of the damage of tube corresponds to parameters of simulated
pressure diagram in the longitudinal and end sections nozzle channel. Obtained in Fig. 5 oscillogram shows a
periodic increase pressure on the edge of the nozzle with amplitude from 0 Pa to 250 MPa and frequency 2 * 10-
6 s, which indicates the presence of wave processes in the body of the jet.

Durability ow of materials calibration tubes with hydroabrasive wear is a complex and ambiguous
function of the conditions of interaction of material with abrasive particles and the environment [3]:

awzf(I';H;d;Km;qu';v;a;;()l (4)
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where 7 — duration of wear; 77 — concentration of abrasive particles in a liquid;

d — size of particles; Km — coefficient of hardness equal to the ratio of hardness of material to hardness of
abrasive particles; K¢' — coefficient that describes the shape of the particles; v — velocity of abrasive particles
in the moment of impact with the details surface; o — angle of velocity vector of particle to wearing surface
(angle of attack); y — coefficient characterizing the decrease of mechanical properties of material resulting
softening physical-chemical action environment.
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Fig. 5. Graph of velocity and pressure under leakage of jet on the walls of the calibration tube

Total volume of material seized in the interaction with the walls of hydroabrasive stream calibration tube will
be:

n8%n(3r-35,) , 80 (62-+18b) |

Wis =Wy + W, = , 5
iz 1 2 3 15 a ( )
hole depth ¢, and its length &, as a function of process parameters:
5. = mVZn Ra .
n 2 k,z,HB ’ , (6)
5. = mV2a Zn _ kaTZprRa
&2 kyopR, 2mz,,

where m — mass of abrasive particles; vi, va — normal and tangential component of particle impact velocity with
the treated surface; Ra, HB, on — parameters of roughness, hardness and strength of surface; z, — granularity of
abrasive particles; T, — constant, taking into account the inertia of the process microcutting; kn, ka — constant
coefficients.

Since the calibration tube takes hydrodynamic and mechanical loading from fast moving abrasive
particles inserted in the flow of fluid from the nozzle cut, the reason for its withdrawal from the calibration
aperture Dy growth over the limit and split of individual elements, thus changing the geometry formed by
grooves cut (Fig. 6). This damage is caused with wearing phenomena. It is logical increase firmness of the
calibration tubes by causing protective coatings. The use of special wear-resistant coatings can significantly
improve the time of stability of materials in aggressive environments, improve the stability of the process due to
less intensive changes in the dynamics of initial geometrical parameters of the channel [7]. However, currently
there are no clear guidelines regarding the type of coatings that can be used in this practice and rational
technologies application of such coatings on the inner surface of the channel.
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Fig. 6. The dependence of change of the calibration opening on run-in time
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To address the question of whether the use of certain surface coatings on hydroabrasive resistance the
samples with size 40x10x5 mm from titanium alloy VK8 were tested, which is instrumental material of elements
of hydroabrasive processing, as no cover, so with a vacuum-plasma coating TiN, with the nitrided layer and the
combined coverage of the nitrided layer and TiN (Fig. 7). Modes of coating are given in Table 1.

Fig. 7. Microelectronic researches of alloy VK8: a — without coating; b — with coating TiN; ¢ — with the nitrided
surface layer

Table 1
Modes of coating
Parameters Vacuum-plasma spraying TiN lonic-plasma thermocyclic nitriding
Working pressure P 2,2¢10° mmHg 100 Pa

Arc current In, A 100 10
Temperature T, °C 520 550
Voltage U, V 500 600
Time, min 40 360

To microelectronic studies of these, coating were deposited considering functional-oriented approach to
flat plates, which were established for research under certain angles to leakage jet (Fig. 8).

Functionally-oriented approach involves the production of calibration tube by special technology, which
is based on strict topologically oriented implementation of the required set of algorithms of technological
performance of processing in required micro and macro zones and parts of the product that meet the functional
requirements of their operation in each of its zone.

Fig. 8. Installation of a test piece on desktop of hydrocutting machine LSK-5-400

For a comparative analysis all experimental studies were made at the same processing parameters, which
were adopted: leakage pressure — 280 MPa, volumetric concentration of abrasive in suspension — 0,6 kg/min,
processing time — 10,5 minutes. Investigation of angle of attack for wear of samples were carried out using a
garnet sand from grit 30 mesh as an abrasive in suspension. The distance between the initial section of ejecting
adjutage of ink-jet apparatus and the sample was 80 mm. In Fig. 9 there are comparative diagrams of coating
TiN and combined coating wearing, presented as the depth of damage layer, measured relative to the plane
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undamaged surface. Angle of leakage of samples is 15 © (n/12). Found that the dynamics of damage protective
coatings is fundamentally different: coating TiN weared more rapidly and in 3 minutes damage reached its
maximum. After that damage rate declined, and on the samples were observed area almost its complete removal.
Further active destruction of substrate material began (Fig. 10). The of combined coating was more resistant to
liquid cavitation abrasive wear (almost 3 times). This wear was evenly without forming complete detachment
areas. In the following diagrams the dependence of the degree of damage is presented (like a deep hole that is
formed on the surface (h) for a fluid time). Dependence of change of depth hole formed in function of the angle
jet of leakage a is given. Impact angle of leakage boost on the speed of removal of coating was determined by
measuring the penetration of the jet in the specimen at a time equal to 1 min. Measurements performed in the
range of angles from 3° (n/60) to 30° (a further increase in angle leads to complete destruction of coating and
base and a groove about 3-4 mm). The adequacy of the obtained models — 0,95.

According to the obtained data it is easy to conclude that most works better coverage at the tangent jet of
leakage. The operation time in 1 min is not exponential, because this time is necessary to establish to ensure
comparability of measurements of the dynamics of wear at the big corners of leakage (Fig. 11). The difference
between the mechanisms of interaction between the abrasive particles to the surface of the tube along the canal
and attempts to reach approximately the same low rate of erosion due to the development of modern functional
approach discussed in the works O. Mykhaylova ([8, 9], etc.). Suggests the presence on the surface clearly
deterministic function of makro zones, which require different properties and different ways of providing
functions. These may be the appropriate coverage that satisfactorily be taken one or the other type of abrasive
loading. However, the difficulty lies precisely in the fact that the diameter of the tube is not the same and rather
small — from 4,2 mm at the inlet of the tube to 0,95-1,20 mm at its cut.

However, the use of coatings provides for a change in the design of the handset and change the material
from which it is made. We suggest to use a calibration tube of fundamentally new design. Wear-resistant gauge
tube to form a liquid abrasive jet cutting was made of two symmetrical parts, connected together by mechanical
means, including covered clip, planted with the intention to form a longitudinal axial channel for passage of the
working fluid from the abrasive surface and the longitudinal axial channel for the precedence of damage from
exposure waterjet stream inflicted with durable fragmented layer, which is based on the functional-oriented
approach is the adhesion of the film material, which the wear intensity for excellent action waterjet stream is the
same, the length of the application layer (a fragment) is responsible length of the high intensity of the action of
abrasive particles.
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Fig. 10. Samples after testing

Plot of Fitted Model
h 1 = exp(-3,91971 + 0,155241*alpha)

2 7
16 |- .
12 ]
- L i
< L ]
0,8 __ —_
0 - :
ok ]
0 5 10 15 20 25 30

alpha

a
Plot of Fitted Model
h_2 = exp(-2,93538 + 0,144434*alpha)

5F .
af -
3 :
('\lI L ]
< C ]
2 3
1F =
0k ]
0 5 10 15 20 25 30

alpha

b

Fig. 11. Dependence of wear coating TiN (a) and combined coating on the corner of accumulating (b)

According to functional-based approach product manufacturing, it should be implemented a number of
features that can be provided by individual carriers of cheaper material or work that is the least costly. Therefore,
in our opinion , the use of fragmented layer is more efficient than the production of the entire tube with a wear
resistant, but also more expensive in material.

To verify the presented ideas and get real wear profiles 10 gauge tubing coated with patchy layers (Fig.
12) were produced and tested after a fixed lifetime (T = 10,0 hours). Tubes material was regenerated solid alloy
of VK with burning created by electrocontact TiN coating thickness of 1,5 mm (factionalism 30/50 pm) at the
point where the movement of abrasive grains was ordered (in zone 1), PVD-coated in Zone 2 (where channel
sees mostly rolling effect of the abrasive particles rolling and PVD- coating of nitriding (N + TiN) at the end of
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the tube, where there is influence reflected from the surface treatment of the particles; nitride layer thickness —
200 um, coating TiN — 10 um. The results shows that the coating securely protects channel tube, embryos failed
to precede the occurrence of intense destruction on the surface of the channel, while apparent space docking in
different layers along the length of the channel, and the thickness of the PVVD-coating of nitriding (N + TiN) 200
um proved practically remove. However, the development of damage to the channel took place almost without
disturbing the original diametric portion and quite evenly. Studies performed using laser jet set LSC-400-5.
Thus, we can state that, along with other means of reducing the wear lodged in [8,9], and improve the stability of
geometric parameters of channel function approach is effective and efficient.
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Fig. 12. Coated tubes (a) and wear profile of the channel after 10 hours of work (b): 0 — without layers; 1-9 —
coated functional layers

At the same time, the need for further analysis of options for implementation layers, and in the future —
attempts to create an inverted gauge tubes, layers that build the channel (made of a material that can then be
easily removed) to the outer surface . In this case, the obvious advantage is the formation of a surface of the
channel, where carbides or nitride compounds can be oriented so that the surface was formed by low hydraulic
resistance. For these studies appropriate involvement of Rapid Prototyping. Further work is currently being
regenerated with replacement hard metal cheaper material , such as alloyed steel. However, in our opinion,
identified patterns and approaches can be used in any critical inkjet devices.

Conclusions

A model of two-phase flow of high-speed waterjet cutting stream in ductal calibration of the tube allowed
to prove the existence of certain areas in which great damage processes manifested channel based on what is
proposed to use a functional approach and created a new design tube which implies the existence of fragmented
functional layers on the surface of the channel. Experimental tests of the proposed type gauge tubes that have
proven given consideration. Of all the parameters — Dy, ook, Yok, Aok (Fig. 6), the application of functional
coatings can reduce ypk, thereby increasing the lifetime of the tube to the predicted onset of failure as
1_B=Di

7D
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Guaranteed stability of the proposed calibration tube type stability than conventional tubes at an average
of 1.5..1.8 times and averages above 17,5 hours, while the dispersion is 10-12 %. Retrieved functional
dependencies wear gauge tube coated on the criteria of sustainability hydroabrasive complement general
methodological information base and certainly contribute to the development of the principle of control
properties of the surface layer.
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Canenko O. ®@., Xopoabcbka M. C., Jlomara B.H., CoaoBbix A.E., Kymmxcskuii B.M.
BukopuctanHs (YHKIIOHAIBRHOTO IMMIAXOAY @pH BHPIIICHHI 3a1ad4 MIJBUINEHHS — MPaIe3IaTHOCTI
ripooOpa3suBHOTO 001 THAHHS

VY po0oTi nokazaHuii BIUIMB NapaMmeTpiB KaliOpyBaibHOT TPyOKH CTPYMHHHO-aOpa3MBHUX HPUCTPOIB Ha
SKICTh IIPOLIECY Tifpoabpa3uBHOTO pi3aHHs BIANOBiNaNbHUX Jeraneil. [IpuBeneHi pe3ynbTaTh MOIETIOBaHHS
(opmyBaHHS TBO(A3HOTO TMOTOKY Ta HOTO pyXy B KamiOpyBambpHiM TpyOri. Bu3HadeHo, mo IUIMHHI SBHIIA
3HOUTYBAaHHS NIPOTOKOBOI YAaCTHHHU TPYOKM MaroTh pi3HY iHTCHCHBHICTB 1 XapakTep. Y 3B'S3Ky 3 IIMM IIOCTa€
HEOOXITHICTh 3aCTOCYBaHHS (DYHKIIOHAIEHO-OPIEHTOBAHOIO MiJAXigy 10 BHOOpY 3aco0iB 3abe3nedeHHs
MOTPIOHMX T€OMETPUYHHUX IapameTpiB TpyOku. 3poOjeHO BHCHOBOK, IO 3MEHIIEHHS IHTEHCHBHOCTI 3HOMY
MaTepiary 3 MpOTOKOBOI YaCTHHU TPYOKH Ta, BiANOBITHO, MIATPUMAHHS il TEOMETPHYHUX MapaMeTpPiB MOXKIIMBE
IIITXOM BUKOPUCTAHHS BiJNOBITHUX 3aXHCHUX MOKPHUTH, TOBIIMHA Ta (i3UKO-MEXaHITHI XapaKTEPHUCTUKU SKHIX
00MparoThCS HA OCHOBI (DYyHKIIIOHAJTFHO-BAapTICHUX O3HAK BIATIOBIHO 10 IHTEHCHBHOCTI Ta BUAY abpa3sMBHOTO
HaBaHTAXXCHHS TIOBEPXHi.

KarouoBi cioBa: rigpoabpasuBHe pizaHHA, KaniOpyBajgbHa TpyOka, 3HOLIYBAaHHS, 3aXHCHI IIapH,
(hyHKIIOHATEHO-OPIEHTOBAHUH ITi X1
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Abstract

Many engineering problems related to the design of structures and machines, the mathematical
description of technological processes, etc., are reduced to the need to solve a plane problem for materials with a
significant effect of internal friction on their deformation. Such materials include a large class of materials in
which the compressive strength is greater than tensile. These are composite materials, concretes, rocks, soils,
granular, loose, highly fractured materials, as well as structurally heterogeneous materials in which rigid and
strong particles are interconnected by weaker layers. The laws of deformation and destruction of such materials
differ significantly from elastic ones. A feature of these laws is an increase in resistance to shear deformations
and an increase in the strength of materials with an increase in the magnitude of compressive stresses. This is
associated with the influence of internal Coulomb friction on the process of their deformation in the limiting and
boundary stages.

The need to formulate and solve a special boundary value problem for materials with significant internal
friction is because the results of solving problems using models of elasticity and plasticity differ significantly
from experimental data. The difference increases when approaching the limiting state of discrete materials and
depends significantly on the structure of the material and operating conditions.

The boundary value problem of the mechanics of a deformable solid is formulated as a system of
equations of three types: static, geometric, and physical. For all linear and physically nonlinear problems,
provided the deformations are small, the first two groups of equations remain the same. Thus, these differences
can be attributed to the inconsistency of the accepted in the calculations of physical relations "stress - strain™ and
the real laws of deformation of these materials, which are more complex rheological objects than structurally
homogeneous solids, liquids or gases.

The article uses an approach where the material is immediately considered as quasi-continuous, and the
physical equations are based on the experimentally obtained relationships between the invariants of the stress
and strain tensors, which consider the influence of both molecular connectivity and internal Coulomb friction.

Key words: Plane problem, internal friction, compressive stress, variable deformation modules, nonlinear
physical equations

Introduction

Plane problem for materials with significant internal Coulomb friction is formulated as a boundary value
problem for a flat, inhomogeneous, physically nonlinear area filled with a material, the deformations of the
forms of change of which are significantly affected by the values of compressive stresses [1].

The problem is to determine the stress and strain fields when the region is perturbed by force or kinematic
factors

The material in the calculation area is considered quasi-continuous. The material deformation model is a
combination of a perfectly cohesive material model (Prandtl model) and an internal friction model (Coulomb
model).

The physical relations of the model are written in the form of relations of mechanics of deformable solids
but with variable modules of deformation, the values of which depend on the achieved level of stresses and

Copyright © 2022 O.V. Bagrii. 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
C original work is properly cited.
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strains and are determined by testing macro samples of material under flat deformation.

A feature of the formulated problem is using physical equations for the active deformation process with
variable deformation parameters that are different at each point of the computational area. Therefore, the
problem’s solution can be obtained only by specially developed iterative procedures.

The analysis of the known numerical methods allowed to choose finite elements with some limitations as
the basic method for the realization of the formulated physically nonlinear problem of a flat inhomogeneous
area. First, the fulfillment of the condition of invariance of stresses within one element, which is achieved by a
special choice of the shape of the finite element and approximating functions. This makes it possible to assign
values of variable deformation modules at a particular stage of calculation not for each point of the calculation
area, but for each finite element, which allows the implementation of special iterative algorithms for solving the
problem by numerous methods. The second fundamental condition is the need to consider the volume forces of
gravity. Without this, the discrete material may not perceive an external load.

Therefore, it is necessary to formulate a nonlinear mathematical model of the environment using physical
relations that consider the influence of internal Coulomb friction on the deformation of the environment under
plane deformation conditions.

Mathematical formulation of a plane problem

To formulate the problem, we take from the array of the medium operating under conditions of plane
deformation, a flat design region O of unit thickness h=1 (Fig. 1), which can have finite dimensions or be
considered as part of an infinite plane.

Fig.1. Calculation area of a flat problem

On some section Sy of the contour, external loads (force boundary conditions) can be specified, and
known displacements (kinematic boundary conditions) on the other Swy. On the part S, the boundaries of the
displacement area may be zero.

The laws of material deformation are described by nonlinear dependencies that consider the influence of
internal friction.

In this formulation, the problem is reduced to determining the fields of stresses, strains and displacements
(o(x, y), &(x, Y), u(x, y)) of the computational area, which correspond to the accepted model of the environment
and given boundary conditions.

The problem is formulated by systems of equations:

equilibrium equations:
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geometric Cauchy relations:
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nonlinear physical equations of discrete materials:
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ay: 2 5 &y + 5 Sy?. (3)

Txy = Gsmyxy

Txy = Gswzyyx

The last relations, as noted earlier, differ from the equations of the plane problem of the theory of
elasticity in that the modules K,,, and G,,, are functions of the stress-strain state and not constants of the
material..

Mathematical formulation of the plane problem of the mechanics of discrete materials in a convenient for
numerical implementation of the matrix form can be represented as follows.

For a flat region O, on the boundary of which force or kinematic boundary conditions are specified,
determine the stresses {o}={c}(x,y), deformation {¢}={e}(x,y) and displacement {u}={u}(x,y) corresponding
to the calculation scheme and the accepted specific laws of deformation of the region's material.

The problem is reduced to solving a system of matrix equations:

[B]' {} = v} — differential equilibrium equations (4);
{e}=[BJu} - differential geometric equations (5);
{o}=[DJe} - physical equations for discrete material (6)

considering the experimentally obtained invariant nonlinear physical relations to determine the variable
parameters G,,,, K, :

G3M = P, K3M = 2G3M ) (7)
1-v

and boundary conditions:

[A]" {}={Rs } ~in S
{uf=1{us } —in Sw; 8)
{uj=1{0} —in S,

where {Rg} — vector of known forces acting on the boundary S),

[A]" - direction cosine matrix

[A]T{m ° '} ©

0 I'm
{us} — known displacements at the boundary S);
{0} — lack of movement at the boundary S).

In addition to the formulated conditions for discrete materials (primarily for bulk, granular and grainy) a
fundamental restriction is introduced on the impossibility of tensile stresses. If we introduce the rule of signs,
according to which the compressive stresses are considered positive, this restriction is formulated as

oo >0. (20)

A feature of the formulated plane problem is that the physical equations do not include the elastic
characteristics of the material G and K. Instead, functions are used with different values at each point of the
computational area, which depend on the level of stress-strain state reached in it. Therefore, to solve the
formulated problem, specially developed numerous iterative procedures are used.

There are many effective numerous methods that could become the basis for the development of iterative
algorithms necessary to solve the problem. The most famous of them are: the finite difference method (FDM),
the finite element method (FEM), the boundary element method (BEM).

The analysis of the features and capabilities of these methods made it possible to choose the
implementation of the formulated physically nonlinear problem of a flat inhomogeneous region as the basic
finite element method with some restrictions.

Finite element formulation of a plane problem

The idea of the method is to replace the computational area with its discrete model formed by a system of
finite elements that interact with each other in nodes. At these points, the continuity conditions are always
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provided. Each element is deformed according to the laws of deformation of the material of the calculation area.
The distribution of stresses and strains inside the element depends on its shape and the form of the accepted
approximating functions. The use of the FEM for continuum areas reduces the solution of the boundary value
problem to the problem of structural mechanics, which is solved by the known method of displacements.

The convenience of using FEM for solving nonlinear problems is due to the simplicity and clarity of
interpretation of all stages of the calculation, the possibility of step-by-step control of the results. However, the
most important feature of the method is that for specially selected elements of the element and the approximating
functions of stress and strain will not change within one element. Since the modulus of deformation of discrete
materials depends on the achieved level of stress, the values of the modulus of strain at a particular stage of the
calculation in this case can be assigned not for each point of the calculation area, but for each finite element.
This makes it possible to implement special iterative algorithms for calculations by numerical methods.

The sequence of solving a plane problem based on the finite element method is quite fully described in
the scientific and methodological literature [2, 3] and is reduced to the following operations:

1. Create a discrete model of the computational area - divide the solid domain into a grid of finite
elements (see Fig. 2).

2. External loads at the boundary of the region Sw), and body forces lead to forces applied at the
nodes {R}, and known displacements on the boundary S, lead to displacements of the nodes {3} . The condition

of the impossibility of displacements on the boundary S is satisfied by introducing appropriate restraints at the
nodes on the boundary of the region.

3. For each finite element, a stiffness matrix [ke] is formulated that connects the vectors of nodal forces
and displacements of nodes belonging to the same element.

4. Formulate a global stiffness matrix [K] of the system of elements, consider the "contribution” of each
finite element to the stiffness of the entire system.

5. Formulate and solve a system of canonical equations of structural mechanics, most often the
displacement method, as a result, nodal displacements are found, and through them - strains and stresses in finite
elements.
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Fig. 2. Discrete model of computational area

Most of the described steps are standard for FEM. However, to implement the previously formulated
physically nonlinear problem, it is necessary to consider the following features.

1. The shape of the finite element and the adopted approximating functions must ensure at each stage of
calculation the invariability of the achieved values of stresses and strains within one element, which allows
assigning variables of deformation modules not for each point of the region but for each finite element. This is
achieved by choosing a basic finite simplex element in the form of a triangular prism of constant length
L =1 = const (Fig. 3).

Fig. 3. Simplex element for a plane problem
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An approximating function that describes the nature of changes in displacements from the coordinates of
X, Y points is assumed to be linear.

The displacements {u} of an arbitrary point in the middle of an element are expressed in terms of the
nodal displacements {de} of its nodes by the following relation:

o= o 0o I g e a

where | — single dimensional matrix 2x2;
N — shape function

N=2T22T (12)

where a, b, ¢ - coefficients determined by nodal displacements;

A —element area (volume V = A-1).

The deformations €x, gy, yxy of the points of a finite element according to the Cauchy relations are
derived derivatives of the displacements {u}. For the accepted linear approximation, the derivatives do not
depend on the x, y coordinates of the points of the element. Therefore, the deformations in the middle of each
element are constant. This can be easily verified by performing the following differential operations.

Ex i
fee)=1 6y [ =[Belioe) = [Bi. B} B} 5; | (13)
¥ xy dm

where Bj, Bj, By — submatrix of the matrix [Be] of the differential operator. For example, the submatrix
[B; J10oks like:

N
T
[Bi]l=| 0 =—|==—|0 ¢ (14)
oy | 2A
oN  oN Ci b
| oy OX |

Similarly written matrices [Bj] Bl -
Thus, the matrix [Be], and therefore the deformations {ee} do not depend on the coordinates of the

points of the element
There is an unambiguous relationship between deformations {g} and stresses {ce |

{oe)=[Del,, tee ) (15)

where [Dg],,, — matrix of deformation parameters.

Therefore, the values of the components of the stress tensor within the finite element will also be constant
at each stage of the load.

Therefore, the choice of a finite simplex element in the form of a triangular prism with a linear
displacement function satisfies the above requirements.

2. The second fundamental feature of the problem under consideration is the need to take into account
the volume forces of gravity. Without this, the computational area of a discrete material sometimes cannot
perceive an external load. As shown by O. Zenkevich [4], body forces X, Y can be reduced to nodal forces using
the integral relation

e =~ [INT" {3 oy 5)

For the introduced shapes of the elements and the linear approximating function, after integration, we
obtain that the force of gravity is equally distributed between the three nodes of the element.
The procedure for reducing the known values of the distributed load P and displacements u at the
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boundary of the computational domain to nodal forces {R} and displacements {6} does not differ from that
adopted for linear problems.

3. The next stage of calculation - the formulation of the stiffness matrix of the element - under the
accepted assumptions is also simplified.

In the general case, the stiffness matrix of a finite element for a plane problem is determined by the
expression:

[ke ]= I[Be I" [De ][Be Jaxdy. (17)
Considering the above assumptions, expression (4.22) takes the form:

[ke]=[Be]" [De Lu[Be]A (18)
where A —the cross-sectional area of the finite element plane xy .
The components of the matrix [Be | within the finite element do not depend on the coordinates, and the
matrix of deformation parameters [De]3M contains variable modules G.,, K., the values of which depend on the
stresses and strains achieved in the center of gravity of the finite element.

K3M + 2G3M K3M - 263}14 0

[De ]3/14 = E K3M _263]\/1 K3M + ZG3M 0 | (19)
0 0 2G,,,
where G,,, = mil‘ P, K, =2G,, i—z

The formation of the global stiffness matrix [K] of the system of elements of the discrete model of the
computational area is a well-known procedure for “assembling” stiffness matrices of elements, described by O.
Zenkevich [4].

After the formation of the global stiffness matrix [K], the continuous calculation area is considered as a
normal mechanical system of deformable elements, the calculation of which is a known method of displacement
of structural mechanics and is reduced to finding displacements and forces of nodes. To do this, additional
restraints are set in the hinges that connect the finite elements, which make the system kinematically definable.
These restraints allow many possible movements of nodes. The principle of minimizing the potential energy of
the system (Lagrange principle) is used to obtain the actual displacements of the nodes [5].

The condition of the minimum of potential energy in the method of displacements is written in the form
of a system of canonical equations:

[K]s}={R}, (20)

where {R} — vector of external forces applied in the nodes of the system;

{8} — vector of movements of nodes.

In their physical essence, canonical equations (20) are equilibrium equations of nodes in which node
displacements {3} are unknown.

To obtain the solution of a specific problem, equations (20) must satisfy the boundary conditions. The
form of recording these conditions depends on the structure of the basic equations and the known values of
forces and displacements at the boundary of the calculation area.

If force boundary conditions in the form of known nodal forces are set at the boundary of the calculation
domain, they are automatically considered by the vector {R} of external forces (the corresponding components

of the vector are equated to known forces). For nodes at the load-free boundary, the vector components {R}are

zero.
If the boundary conditions are given in the form of known node displacements at the boundary of the
region, the vectors {6} and {R} , as well as the stiffness matrix [K] are partially modified by a known procedure,

for example, the procedure described in [4].

The final finite element formulation of the problem is reduced to the following operations.

Create a discrete model of the calculation area. To do this, the solid region is replaced by a grid of finite
elements in the form of triangular prisms connected in nodes. The necessary matrices of connection of humbers
of elements and coordinates of knots, vectors of known loadings and movements, force and kinematic boundary
conditions are formed.

For each finite element, a stiffness matrix [ke] is formed, which satisfies the conditions of equilibrium and
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continuity, as well as the physical relationship between stresses and strains. These conditions are described by
the following equations:

[B]' {o}={v} — equilibrium equation (4);

{e}=[BJ{u} — Cauchy equation (5);

{o}=[Dl,,,{e} — physical nonlinear equations of discrete materials (6).
Finite element stiffness matrix

ke ]=[Be ]T [De ]3M [Be A (21)

According to the principle of "assembly" of the stiffness matrices of the elements, the global stiffness
matrix [K] of the computational area is formed and the system of linear equations (20) of the displacement
method is written.

Solving the system considering the boundary conditions, we obtain a vector of nodal displacements:

o} =K HR} (22)

and through it deformations are calculated {e}=[B}{3} and stress {s}=[D],, {e} in the middle of the

element.

The described procedure can be implemented for a physically nonlinear problem only after the
development of special computational iterative algorithms. Its essence is that a complex physically nonlinear
problem is solved in stages. At each stage, a linear problem is solved in which the values of the deformation
parameters of the element are assigned depending on the level of stresses and strains achieved in it at the
previous stage.

Conclusions

In the mathematical formulation of the problem, in addition to the known equations of equilibrium and
continuity of deformations, specific physical equations are used, in which instead of elastic constants variable
parameters are introduced that depend on the values of stresses and strains achieved at each stage.

The described plane physically nonlinear problem of inhomogeneous region is solved by means of
specially developed iterative procedures. The finite element method is chosen as the base in these procedures.
The choice of finite elements in the form of triangular prisms with a linear function of the form is substantiated.
The formulated finite-element matrix relations allow to obtain the solution of the problem by the numerical
method using special iterative procedures.
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Barpiii O.B. [Liiocka 3aaua MexaHiKH JUCKPETHOTO CEPEIOBHIIA

Bararo imxeHepHUX 3a/1a4, IO MOB’s13aHi 3 MPOEKTYBAaHHAM CIIOPYA 1 MalllMH, MaTEMaTUYHUM OMTUCAHHIM
TEXHOJIOTIYHUX MPOLECIB Ta 1H., 3BOAATHCA 10 HEOOXITHOCTI pO3B’sI3aHHS IUIOCKOI 3ajaui JjIsd MarepiauiB 3
CYTTEBHM BIUIMBOM BHYTPIITHBOTO TEPTS Ha ix medopmyBaHHsS. Jl0 TaKuX MaTepialiB BiTHOCSTH BEIUKHN KJIac
MaTepialiB, y SKHX MIIHICTh Ha CTHUCK OiNbINa HiX Ha PO3TAT. 3aKOHU Ae(OpMYyBaHHS Ta PYHHYBaHHS TaKUX
MaTepialliB CyTTEBO BiAPI3HAIOTBCSA Big NpykHUX. OCOONMBICTIO NHX 3aKOHIB € 30UIBIICHHS OIOpY
nedopmamisM 3CyBY i 30UMBIIEHHS MIIHOCTI MaTepialiB 3 POCTOM BEIMYMHH CTHCKAIOYNX HampyxkeHb. Lle
ACOIIIOETHCSA 3 BIUTMBOM BHYTPINTHHOTO KYJIOHOBOTO TEpTS Ha Ipolec ix AepopMyBaHHA B NOTPaHUYHIN i
TpaHUYHIN CTamigX.

KpaiioBa 3amaya MexaHIKH Ie(OpPMIBHOTO TBEPIOrO Tila (OPMYIIOEThCS SK CUCTEMa DPIBHSHb TPHOX
BUJIIB: CTaTHYHMX, T€OMETPUYHMX 1 QizmyHnX. OCKUIbKY JUIs yCiX JIHIHHUX Ta (i3UYHO HENHIHHUX 3a/1a4 3a
YMOBH MaJIOCTi JedopMaliid nepiri ABi TPYNH PiBHSHb 3aJHMIIAIOTHCS TUMH K, BiIMiueHI po301KHOCTI MOYKHA
BIZIHECTH 32 paxyHOK HEBIAIOBIJHOCTI NMPUHHATHX B pO3paxyHKax (pi3MYHUX CIIBBIAHOLIEHH ,,HANPY>KSHHS —
nedopmanii” i peaJbHUX 3aKOHIB Ae()OPMYBaHHS BKAa3aHMX MarepialiB, siKi € OiNbII CKIaJHUMHU PEOJIOTTYHUMHU
00’€eKTaMu HiX CTPYKTYPHO OJHODIIHI TBEPJi Tija, PIANHY YU ra3u.

B cTarTi BHKOpHCTaHO MiAXiA, KOJIHM MaTepiaj oXpa3y PO3TILINAETBCS SIK KBa3iCyIINbHUH, a ¢i3udHi
PIBHSHHA TPYHTYIOTbCA Ha OJCp)KaHUX IOCHITHUM IMUISXOM CIIIBBIJHOIICHHSX MDXK iHBapiaHTaMH TEH30DiB
Hanpy>XeHb 1 nedopmamiid, fKi BpPaxOBYIOTh BIUIMB SK MOJEKYIAPHOI 3B’SI3HOCTI, Tak i BHYTPIIIHBOTO
KYJIOHOBOTO TEPTA.

Kawuosi ciioBa: 1wiocka 3agada, BHYTPIIIHE TEPTs, CTHUCKYIOUC HANPYXKCHHS, 3MIHHI MOy
nedopmanii, HeniHiMHI Qi3MYHI PIBHSAHHS



