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Evaluation of the wear of the duckfoot sweep cultivator blades and the
technology of their hardening
T.S. Skoblo, I.M. Rybalko®, O.V. Nanka, O.V. Saychuk

Kharkiv Petro Vasylenko National Technical University of Agriculture, Kharkov, Ukraine
*E-mail: irybalko.ua@gmail.com

Abstract

In recent years, research and developments related to the creation of new areas using nanotechnology take
a special place in scientific achievements. They are developed and widely used in Physics, Chemistry, Biology,
Electronics, Medicine, Food Production and to a much lesser extent in Engineering. This is due to the fact that
there are different requirements to parts and products used in mechanical engineering, they have a complex
shape, are made of different materials, production methods, heat treatment. While operating, their working layer
undergoes degradation with a significant change in structure and their hardening using nanocoatings may turn
out to be ineffective in both technical and economic aspects. In this case, only a specific approach, which is
determined by comprehensive research with identification of the main factors of parts damageability in specific
production and operation conditions, can be expedient. In addition, in some cases for hardening, repair and
restoration of parts it is expedient to use surfacing methods with the introduction of modifying agents in a liquid
bath during crystallization. These modifying agents are nano-and dispersed diamonds, which make it possible to
adjust temperature parameters of crystallization, grain size, and stress level. This approach allows using high-
alloyed, high-carbon electrodes even for thin-walled steel and cast iron products. In this case, the diamond
inclusions additive plays the role of micro-refrigerators, which significantly change the crystallization
temperature range. It is important to determine the optimal dose of the introduction of such a modifier and ensure
uniform distribution the components in the coating. The presented work is devoted to the new technology
development of hardening of cultivator blades metal with nano- and dispersed diamond additives, which are the
part of the detonation charge from the disposal of ammunition. Nowadays, in agriculture, a large number of
tillage implements are used for tillage, the working bodies of which are sweep blades. They are operated under
conditions of abrasive particles impact, and this is accompanied by their intense wear with a corresponding
change in the geometric dimensions of the main working surfaces. The worn sweep blades significantly reduce
efficiency and quality of the carried-out work. The analysis of the effective choice of surfacing materials for
hardening and improving their performance has been carried out and the nature of wear has been evaluated in
order to identify areas of maximum damage and to determine the optimal method. It is known that T-590 and T-
620 electrodes are used for the restoration surfacing of tillage implements. It was found the hardfacing of thin-
walled parts is accompanied by a smaller heat sink and, in some cases, they are flooded with defect formation.
To reduce it, a non-magnetic fraction of detonation charge from ammunition disposal in the form of an electrode
modification was introduced, which ensured the uniform distribution the components in the coating. The method
of the X-ray electron-probe analysis has been used to evaluate features of structure formation and component
distribution along the perimeter of the coating. It was found out that this method of hardening reduces heat input
and increases the microhardness and wear resistance of the surfaced coating, reduces the transition zone and
thermal impact. The recommended method of metal hardening of new cultivator blades is to apply stripes on the
point tip and wings of blades. On the basis of the nature of wear, the expediency of applying stripes on the point
tip of the cultivator blade from the front side, and on wings from the rear side, is justified. The optimal
geometrical dimensions of hardening stripes and their location on the blade are presented, which allows
minimizing the local stresses and increasing wear resistance.

Key words: cultivator blades, surfacing, detonation charge, stripes, heat input, modification, structure
formation, nano- and dispersed diamonds.
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@m_ Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided
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Introduction

The analysis of the literature revealed that about 60% of duckfoot sweep cultivator blades of agricultural
machinery lose their working capacity due to the point tip and wings wear. In this case, the point tip wears out by
30 mm, wings - by 15 mm in width. It is observed metal deformation in the working area of wings. Sufficiently a
big number of methods for their reinforcing and repair were revealed. All of them are labor-consuming and after
their use the resource of working bodies does not exceed ~ 70% comparing to the new ones. Over time, while
operating, the metal loses its original properties; its degradation takes place [1]. Worn parts restoration is not
considered to be expedient since it is impossible to provide necessary properties simultaneously for all zones of
the cultivator blade, taking into account its damage rate. Let us consider some ways to harden new duckfoot
sweep cultivator blades.

There is the cultivator working body [2], which includes a duckfoot sweep blade, the working area of
which is made in the form of a curved surface, and it passes from the beginning of its point tip to the end on side
surfaces. While operating, the cultivator blade profile decreases in the direction of its movement and to preserve
consumer properties, refractory metal stripes are formed by surfacing at different angles on its surface.
Preliminary assessment of such technology of the cultivator working body blade reinforcing can be effective
while operating due to the formation of a cogged profile while operating, which will provide self-sharpening.
Such technology of increasing cultivator blades wear resistance is recommended to be used repeatedly during
their operation and wear. The disadvantage of this reinforcing method is that stripes are applied only on the
blade, which is formed by various methods (surfacing, machining work, plastic deformation, pull-off, etc.),
which leads to accumulation of additional stresses in it and they are localized on the blade edge - blade base.
Besides that, according to the studies, on the wings of the blades, the maximum wear takes place from their
opposite surface, relatively to the blade of the point tip. Therefore, taking into account zones of the biggest wear
and the reinforcing scheme adopted by the authors [2], it is impossible to achieve the self-sharpening effect. As
for the recommendation regarding additional restorative blade reinforcing when using the equipment, according
to this technology, it will also be ineffective. This is due to the fact that while operating the metal of the blade is
subjected to wear (thickness decreases by 1 ... 1.5 mm), which during application of stripes by surfacing will
contribute to its penetration.

There is also known a method [3] of reinforcing the blade and adjacent to it perpendicularly directed
zones of the cultivator blades by stripes surfacing with a wear-resistant material, and in the interstrip zones by
creating rows of holes formed while stamping. Such technology is complex and accompanied by incompatible
operations in the technological flow chart of production, which uses various approaches for applying holes by
stamping and stripes by welding. The use of various technological processes will contribute to the localization
of stresses from stripes surfacing by stamping zones, which will lead to the formation of defects and cracks at the
holes. The method also does not prevent the deformation of the wings of the blades while operating.

The solution [4] may be more effective in terms of its technological essence and results, increasing
service durability of duckfoot sweep cultivator blades. It is aimed at reducing blade wear by applying reinforcing
stripes on both of its surfaces, forming a working surface.

The application of reinforcing stripes in this work was carried out according to a different scheme. It was
carried out by local processing with a laser beam and this made it possible to apply reinforced stripes of
infinitely small sizes on both surfaces of the blade. This treatment does not provide a significant increase in wear
resistance because it does not use additional reinforcing by alloying, which can significantly increase the
hardness. This method uses carbon steel reinforcing of cultivator blades only due to heat treatment of the shallow
depth zones. This is due to the fact that the increase of heat input by this method will lead to crack formation and
disruption of the product. This method also will not provide the increase of the blade wear resistance of the
cultivator blade wings. In the considered technological solutions of reinforcing methods of duckfoot sweep
cultivator blades, specific effective recommendations are also not provided for the parameters of the applied
reinforcing stripes, the structure formation and properties achieved in reinforcement zones.

Goal and problem statement

The aim of the study was to develop a method of hardening of thin-walled cultivator blades by applying a
programmed coating by hardfacing with a high-carbon alloyed electrode with modification of secondary raw
materials for crushing the carbide phase, minimizing the transition zone and the tendency to form defects.

The goal of increasing consumer properties of the cultivator blades can be achieved by changing the
reinforcing scheme and stable operation based on a statistical analysis of wear and deformation of such a
product, with the subsequent possibility of reinforcing by surfacing with modifying and carbide-containing
components of the electrode.

The use of such technology in production requires an innovative approach to obtain reinforcing stripes by
electrode surfacing with minimization of stresses, as well as the formation of a metal structure without defects.

Earlier it was carried out some works on modifying by detonation charge from ammunition disposal when
restoring parts of sufficient thickness [5, 6], when welding cracks in cast-iron body parts [7, 8]. It was found out
that the introduction of secondary raw materials into a liquid bath while surfacing reduces heat input and creates
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favorable conditions for crystallization of various even non-technological high-carbon alloys. In this work, there
was an equally challenging task of ensuring the application of high-quality reinforcing coatings on the thin
cultivator blade, taking into account the nature of their wear and damage.

Material and Methods

A significant disadvantage of modern duckfoot sweep cultivators blades with plane deformers is poor-
quality soil loosening. The intensification of such an effect due to the cutting edges wear of the cultivator blades
has a negative effect on the energetics of the treatment process. In addition, bioactive soil structures break down
into dusty, easily subjected to erosion [9].

In this regard, it is of interest to conduct research on cultivator blades wear for new technological process
development, which, on the one hand, increases their durability and, on the other hand, improves tillage quality.

Currently, there are no real physical and mathematical models of abrasive wear and formation of the
geometry of cultivator blades cutting elements. Determination of the basic regularities of abrasive wear of
cutting elements, formation of their optimal geometry, selection of materials for manufacturing and reinforcing,
their influence on the technological process of production and operation is an important task in resource
improving of tillage machine bodies [10, 11].

It was found out 10] that the process of interaction of machine working bodies with the soil while they are
moving is characterized by the abrasive impact on a wedge with a plane or curvilinear working surface. Blade
impact on the soil depends on the nature of material deformation, wedge parameters, physico-mechanical
properties and condition of the metal, as well as the soil, the speed of machine movement.

Degree of blade abrasive wear in thickness can be represented as a function of the following factors:

Ih=f(p,L,H,,S), (1)

where p is a normal specific dynamic pressure of the soil; L is a friction path; H, is a blade material
hardness; t is an indicator of abrasive wear capacity; S is a friction area.

a b ¢

Fig. 1. Duckfoot sweep cultivator blade
of MARATHON SERIES production of OSMUNDSON company:
a-new; b, c—worn out
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j k

Fig. 2. Duckfoot sweep cultivator blade 9.3 "TigerMate 11 of CNH company:
a- new;
b - k - worn out

For the analysis of the profile change of duckfoot sweep cultivator blades in operation, products made by
MARATHON SERIES of OSMUNDSON firm (Fig. 1) and 9.3 "TigerMate Il of CNH firm (Fig. 2) were
selected. Both new and used (worn out) under the same conditions (soils) of operation [12, 13] were
comparatively studied.

The thickness and main dimensions of wings, grip were checked. Visually, it is seen that their
geometrical dimensions differ significantly after operation. A ruler and Miol digital caliper were used to
determine the thickness. Main characteristics: measurement accuracy - 0.01lmm, measurement range 0-150mm.
Blades were measured according to the developed scheme presented in Fig. 3.

vil
Vil

%

Fig. 3. Measurement of thickness and linear dimensions on new (a)
and worn out (b) cultivator blades of MARATHON SERIES and TM 11 9.3"

The circles indicate the thickness measurement points. The quality assessment of new cultivator blades
showed that their geometrical dimensions are identical on both sides, and the thickness change is 5.43 - 6.09 mm
for MARATHON SERIES and 6.34 - 7.33 for 9.3 "TigerMate Il. 14 measurements were carried out on each
blade. Grasp width of new blades of two different manufacturers was 235mm and 234mm, respectively.
Therefore, a blade was divided into three conditional zones from the center, through 39mm each. Geometrical
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dimensions are indicated by Roman numerals — the dimensions of wings, point tip, which corresponded to 7
dimensions. These measurements were necessary to assess wear rate.

Further, grasp width was measured on worn blades - size A (see Fig. 3), the differences of which can be
noticed visually. By the difference of indications of new and out-of-service blades, they were judged on their
wear, as well as on the analysis of their combination (superposition).

Results and Discussion

On the basis of the proposed technique, the cultivator blades of both foreign and domestic production
were analyzed (Fig. 4 - 7). While operating the blade width of MARATHON SERIES remained almost
unchanged, and 9.3 "TigerMate Il decreased from 234mm to 227mm.

From the data obtained it follows that the cultivator blades do not wear evenly, the thickness in all areas
of the analysis is different (Fig.4, 6). The dimensional characteristics of new blades are the same and
symmetrical. After operation, they vary greatly (Fig.5, 7). This indicates that blades work in different conditions,
soils and wear out unevenly. Skewness can be seen when fixing them on the rack of the cultivator. Some blades
had visible abrasions (in the blade attachment zone) of the base metal, which indicated their long operating time
and untimely replacement during maintenance or repair.

Wear of the cutting edges of cultivator blades is an irreversible process, during the interaction with the
soil while operating. The size and nature of wear is determined, first of all, by stress pattern distribution on
working surfaces of the cultivator blade [14].

To ensure cultivator blades durability, reduce the amount of their wear, it is necessary, on the one hand, to
reduce the tendency to abrasive damage to the impact, and on the other hand, to improve the operational
properties of the material by the technology and the type of applied reinforcing coatings.

Based on the experience of experts of Kharkiv Petro Vasylenko National Technical University of
Agriculture, this may be most effective when using reinforcing with an optimal material and special
modification. Experimental studies indicate that the greatest wear intensity of duckfoot sweep cultivator blades is
typycal for the point tip. As moving away from it, the wear rate of the blade cutting edge decreases.

e e blade e Worn out blade Nol e Worn out blade No2

65 L

e

i
W

il
1 2 3 4 5 6 7 8 9 10 11 12 13 14
MEASUREMENT POINT

BLADE THICKNESS, MM

Fig. 4. Change in metal thickness of cultivator blades
of MARATHON SERIES made in the USA while operating

—#—New blade == Worn out blade No1 =——de=Worn out blade No2

g

[<=}

I IT I1I v v VI VII
SECTION NUMBER

BLADE WIDTH BY SECTIONS, MM

Fig. 5. Change of cultivator blades sizes
of MARATHON SERIES made in the USA by sections (see. Fig. 3)
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Fig. 6. Change in metal thickness of cultivator blades of 9.3 ""TigerMate Il made
in Canada while operating (according to Fig. 3)
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Fig.7. Changing cultivator blades sizes of 9.3 "TigerMate Il made in Canada
by sectional zones (according to Fig. 3)

The pattern of wear intensity change of the blade along the length of its cutting edge, presented in works
[9, 10], has the form:
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H, X EMSI
. H T
i=ioml Ta VPLo @)

where H, and Ha - hardness values of blade material and abrasive, respectively;

X —an empirical constant, taking into account optimal factors;

Ewm — a coefficient of blade material elasticity;

S — an area of the blade working surface;

p — a specific load of the soil on the blade;

T — an operating time on one blade;

L — a length of the section of reservoir;

i —a wear rate.

The proposed dependence of wear rate along the cutting edge length shows that the uneven wear of the
cultivator blades can be explained by the varying pressure of the soil on different zones around the perimeter.

Having studied the nature of cultivator blades wear, a new method of their reinforcing along the working
surface perimeter was proposed [15]. The method consists in surfacing wear-resistant stripes on the blade surface
with the introduction of modifying agents with nano- and dispersed diamonds. Stripes on duckfoot sweep
cultivator blade were formed according to Fig. 8, taking into account intensity and nature of its wear. According
to the nature of wear, into point tip stripes with the size of 20 mm, and wings with the thickness of 12-15 mm
with the distance of at least 10 mm between them will be formed by the reinforcing coating in order to prevent
the length overlapping of heat-affected zones.

The optimal stripe sizes are determined from the conditions of the stress state formation during electrode
surfacing, as well as by the coating quality and the tendency of the metal to damage during reinforcing. It is
important to take into account, stresses appearing in the cutting edges and the transition zone of the blade base,
wings while operating. Taking into account the maximum wear and wings deformation, reinforcing stripes in
these zones were applied from the opposite surface relatively to the point tip (see Fig. 8).

'

/\\\ f‘ D \ ///\
\\ » \/ﬁ \‘\/ /
\{\"‘- L] 4
\ % N .

b N7 ’ /'/b

Fig.8. The scheme of reinforcing stripes surfacing
on a duckfoot sweep cultivator blade surface (see Fig. 1,3, 2, a):
a— point tip;
b —wings

The possibility of using reinforcing surfacing to create stripes with T-620 carbide-containing electrode,
which contains, %: 3,0 C, 2,2 Si, 1,2 Mn, 22,5 Cr, 0,7 Ti, 0,8 B, 0,03 S was studied. Such an electrode provides
maximum penetration of the cultivator blade with the thickness of 6 mm to its depth up to 3 mm without defects
when modifying it with a coating of non-magnetic component of the detonation charge obtained from the
ammunition disposal. Such a charge, according to the chemical analysis, includes nano- and dispersed diamonds,
and graphite (a small fraction) 3.37 - 3.43 % C, as well as copper (up to 3.14 %) and iron (up to 2.9 %) [16].

Previous studies [15] showed that the optimal share of the modifying additive is 6 - 8 %. For uniform
entry into a liquid bath, it was used as an electrode coating. Current strength 160A and voltage 28V were used as
the hardening parameters.

Application of the reinforcing technology to a small depth by stripes surfacing provides a high-quality
reinforcing coating and fusion zone with minimal heat input due to the micro-refrigerators creation - inclusions
of dispersed diamonds that do not dissolve in the liquid bath, but significantly reduce its temperature (by 250-
300 °C). This reduces the grain size by 20%, the heat-affected zone by 40% and stress, and also increases the
anisotropy of the structure in the applied reinforcing stripes not only on the cutting edge, but also in the base
metal. The anisotropy of the structure in such a built-up metal is 0.95-0.97. These properties provide the
operational durability increase due to the absence of the tendency of the metal to crack formation in the heat-
affected zone of surfacing when stripes are applied.
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Fig.9. Microstructure over the section of samples:
a - surfacing with T-620 electrode;
b - surfacing with T-620 electrode
with non-magnetic fraction modification of the detonation charge

Fig. 9 comparatively shows the formed structures during surfacing without modifying by secondary
charge (a), which were accompanied by crack formation in the varying thickness blade-base area, as well as in
another blade part, and (b) using a modifying agent, which was previously applied on the surface of electrodes &
4,0 mm with charge proportion of 6.0 - 8.0 % [15]. When forming stripes, a current of 150 - 180A was used, the
deposition rate was 17 - 19 m/h.

Besides identified defects (pores, cavities and cracks), it should be noted that in the area of reinforcing
stripes application a more heterogeneous structure is formed with the formation of zones of coarse, thin, and
extended carbide sockets near the fusion boundary, which is characterized by increased microhardness.

When modifying, such carbide sockets are more evenly distributed in the metal matrix, and they differ in
structure. Instead of extended thin inclusions, they are fragmented, what contributes to the formation of a more
homogeneous structure, less stress state of the transition zone, as well as its length decrease. In this transition
layer, there are no defects at all.

Distribution of chemical components along the depth of the surfaced stripe in accordance with two
options - without and with the use of a modifying agent was locally estimated by X-ray electron probe analysis
(XREPA) (Fig. 10 and 11, Table 1 and 2).

Fig.10. Electronic photographs of the structure of the surfaced stripes with T-620 electrode indicating XREPA zones:
a - surfacing surface;
b - middle;
¢ - heat-affected zone
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Fig.11. Electronic photographs of the structure of the surfaced stripes with T-620 electrode with a non-magnetic
fraction modification of the detonation charge indicating XREPA zones:
a - surfacing surface; b - middle; c - heat-affected zone

When modifying metal surfacing in the stripe, the temperature of the liquid bath decreases (the presence
of micro-refrigerators - diamonds) and the crystallization conditions change [17]. This is accompanied by
increase in the average share of the carbide phase by 27 % in the upper zone, in the middle by — 32 % and
transitional — 70 %. Besides that, the homogeneity of the distribution of carbon-bearing phases in surfaced
stripes is more uniform across the section during the modification with the secondary charge. Thus, during
conventional surfacing, carbon concentration in the upper zone varies within 2.8 %, the middle is 1.83 %, and
the transition one is 1.64 %. In the case of modification, there is a large homogeneity in the distribution of this
component in various zones. This corresponds to the achieved microhardness level. With the conventional
method of surfacing there is a significant proportion of oxygen in all zones of analysis up to 1.6 - 3.39 %. When
modifying with the secondary charge (see Table 2), this component was singly detected only in the upper zone of
the stripe (2.28 %).

As for the distribution of Mn, Si, Mo components, they are close in concentration in comparable variants.
Regarding the proportion of iron, its average value is 8.4 % more when modifying, and in the upper and middle
zones it differs even more significantly - by 14.5 %. The observed can be explained by the formation in these
zones of a larger amount of cementite-type carbides.

Table 1
XREPA data on the distribution of chemical elements over the section
of the deposited stripes with T-620 electrode, %
Surface
Spectrum C 0 Al Si Cr Mn Fe Zr Mo
1 8.71 3.15 0.51 1.69 22.24 5.38 55.47 0.34 2.50
2 8.91 2.78 0.19 1.48 24.05 4.96 54.61 0.86 2.15
3 10.51 - - 0.05 42.71 5.49 39.47 - 1.77
4 7.71 2.52 0.17 1.60 23.35 5.34 56.83 0.84 1.64
Max 10.51 3.15 0.51 1.69 42.71 5.49 56.83 0.86 2.50
Min 7.71 2.52 0.17 0.05 22.24 4.96 39.47 0.34 1.64
Middle
Spectrum C ) Al Si Ca Cr Mn Fe Zr Mo
1 8.05 242 0.23 1.53 0.18 24.24 5.75 54.81 0.81 1.98
2 7.60 2.37 0.29 1.60 22.85 5.55 57.03 0.36 2.37
3 7.69 1.60 0.29 1.55 0.09 24.04 5.53 56.86 0.34 2.02
4 9.43 42.95 5.19 41.00 1.43
Max 9.43 242 0.29 1.60 0.18 42.95 5.75 57.03 0.81 2.37
Min 7.60 1.60 0.23 1.53 0.09 22.85 5.19 41.00 0.34 1.43
Transition zone
Spectrum C ) Al Si Cr Mn Fe Zr Mo
1 7.14 0.26 1.60 21.96 5.35 61.26 0.29 2.14
2 7.01 2.30 - 1.27 13.91 3.90 70.29 - 1.32
3 6.65 3.39 0.17 0.19 0.28 0.99 88.32 - -
4 5.55 211 - 0.17 - 0.92 91.24 - -
Max 7.14 3.39 0.26 1.60 21.96 5.35 91.24 0.29 2.14
Min 5.55 211 0.17 0.17 0.28 0.92 61.26 0.29 1.32
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Table 2
XREPA data on the distribution of chemical elements over the section
of the deposited stripes with T-620 electrode with modification
of a non-magnetic fraction of the detonation charge, %
Surface
Spectrum C ) Al Si Cr Mn Fe Mo
1 12.98 2.28 0.22 1.17 17.05 3.90 61.12 1.27
2 10.78 1.28 18.19 4.12 64.15 1.47
3 14.06 0.59 1.37 19.13 4.23 58.61 2.01
Max 14.06 2.28 0.59 1.37 19.13 4.23 64.15 2.01
Min 10.78 2.28 0.22 1.17 17.05 3.90 58.61 1.27
Middle
Spectrum C Al Si Cr Mn Fe Mo
1 13.12 1.39 18.58 4.19 61.07 1.65
2 9.28 0.47 1.45 17.06 3.79 66.54 141
3 9.23 1.30 15.47 3.60 68.80 1.60
Max 13.12 0.47 1.45 18.58 4.19 68.80 1.65
Min 9.23 0.47 1.30 15.47 3.60 61.07 1.41
Transition zone
Spectrum C Si Cr Mn Fe Mo
1 13.61 0.55 23.14 3.66 57.77 1.27
2 10.78 1.39 7.88 2.72 77.24
3 9.82 1.20 16.30 3.28 68.62 0.78
4 8.06 0.98 5.79 2.28 82.89
5 11.20 0.24 0.46 1.11 86.98
Max 13.61 1.39 23.14 3.66 86.98 1.27
Min 8.06 0.24 0.46 1.11 57.77 0.78

Chromium distribution over the three analyzed zones is 2.2 times more uniform when using modifying
with stripes application by surfacing, which is achieved by carbide phases crushing during crystallization.
Insignificant tendency of Al increase during the modification can be explained by the fact that this

component is part of the detonation charge. It was revealed that its share in different surfacing zones (upper,
middle) varies within 0.17-0.51 % at conventional stripes surfacing and - within 0.22-0.59 % in the case of
modifying with a secondary charge.

The absence of difference in the content of Al and Si components can be related to the concentration
change of these components, taking into account that with conventional application of stripes by surfacing, base
metal inclusions emerge to the coverage area, and when modifying, they are a part of the modifier and their share
in it is not stable.

Wearing tests were carried out on SMT-1 friction machine at State Enterprise V.A. Malyshev Plant.

The relative wear resistance of various reinforcing methods of parts surfaces was carried out and
evaluated according to three variants [17]:

1 - source material of a cultivator blade steel 65G;

2 - surfacing with T-620 electrode with modification by a non-magnetic fraction of the detonation charge;

3 - surfacing with T-620 electrode.

Tests were carried out according to “disc-block” scheme. Tests of samples in the abrasive medium of
quartz sand without lubrication were carried out according to Brinell scheme. Samples 10x10 mm in size, cut
from the surfacing zone and processed on a surface grinder with a load of 5 kg, were subjected to testing.
Counterbody - PTFE-4 — Fluoroplastic. In this test, fluoroplastic was used as a body to hold abrasive in the
friction area. The sand from the Staroverovsky deposit (Ukraine) with a fraction of 0.25-0.4 mm was used as an
abrasive. Before testing, the prepared samples (blocks, discs) were washed, marked, weighed on a WA-200
scales.

Test results are shown in Table. 3. The friction path was 100 m.

Table 3
Abrasion tests
No./no. Reinforcing option Wear, g
1 Source material of cultivator blade steel 65G 0.0145
2 Surfacing with T-620 electrode 0.0090
Surfacing with T-620 electrode with modification by a non-magnetic fraction of
3 - 0.0044
the detonation charge
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The proposed reinforcing method of cultivator blades is recommended for stable operation of equipment
by minimizing the creation of local stresses, which ensures the absence of defects, as well as while operating -
improvement of the working tool stability (excludes the deformation of the wings) and in 3 times increases wear
resistance comparing to the product source material or reinforcing without modification.

Experiments were carried out by comparing 81 pieces of two types of cultivator blades in one installation
of the Tiger Mate Il cultivator - 66 pieces without hardening and 15 hardened pieces, proposed by the method,
which showed on average that their wear is much less, regardless of their location and decreases 2.3 times, which
almost corresponds to bench tests. The tests were carried out in PE "Agrarian Investments" of the Sumy region,
Ukraine.

Conclusions

1. A new solution is presented for a constructive approach to reinforcing cultivator blades without
deformation and with the use of secondary raw material modifi-cation from the ammunition disposal with a non-
magnetic fraction of the detona-tion charge, which makes it possible to use a high-carbon alloyed electrode
metal.

2. As a result of the carried out research, a new reinforcing method of cultivator blades was developed
and proposed. The method consists in applying reinforc-ing stripes on the point tip from the front side of the
blade and on its wings from the back. According to the analysis of wear processes, it is optimal to apply re-
inforcing stripes on the point tip of 20 mm in size and 12 to 15 mm on the wings with a distance of at least 10
mm between them to prevent overlapping of the heat-affected zones.

3. When reinforcing stripes are surfaced with carbide-containing T-620 electrode, research were carried
out on the possibility of using for modification non-magnetic fraction of the detonation charge from the
ammunition disposal in the form of electrode coating. To control liquid bath temperature, the proportion of
introduced modifier was optimized. It was found out that this combination of blade materials and reinforcing
stripes allows to reduce heat input, improve sur-facing quality (ensure coarse carbides crushing), increase
hardness and wear resistance by 2 and 3 times comparing to the initial state and reinforcing without modifying
additions, respectively, and also to eliminate defects formation when reinforcing quite a thin working tool.
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Cxko0uo T.C., Pubaaxo I.M., Hanka O.B., Caiiuyk O.B. Ouinka 3H0Cy CTPUI4acTHX JaIl KyJIbTHBATOPA
1 TEXHOJIOT'IA IX 3MILIHEHHS.

B ocrtaHHi pokm ocoOmuMBe Miclle B HAayKOBHX [OCATHEHHSX 3aliMarOTh po3poOKHM, IOB'A3aHi 3i
CTBOPECHHSM HOBHX HAIpPSIMKIB 3 BHKOPHCTAHHSAM HAHOTEXHOJIOTiH. BOHHM pO3BHBAIOTBCA 1 IIMPOKO
BUKOPUCTOBYIOTBCA y (i3mmi, Ximii, OioJorii, eNeKTpOoHili, MEIWIWHI, XapdyOoBOMY BHPOOHHITBI 1 3HAYHO
MEHIIOI0 MipOI0 B MalIMHOOYAyBaHHi. Lle moB'a3aHo 3 THM, 1110 J10 AeTalieii i BUpoOiB, 1110 BUKOPHCTOBYIOTHCS B
MaIIMHOOYAyBaHHI, IPe sIBISIOTHCS Pi3HI BUMOTH, BOHU MalOTh CKJIaJHy ()OpPMY, BUTOTOBJISIFOTHCS 3 BIIMIHHUX
Jierpajialiii 3 iCTOTHOIO 3MIiHOIO CTPYKTYPH 1 IX 3MILIHEHHS 3 BUKOPHCTAHHSIM HaHOMIOKPHUTTIB MOKE BHSBUTHCS,
K B TEXHIYHOMY, TaK E€KOHOMIYHOMY acIlleKTaX HEe(EeKTHBHHM. Y I[bOMY BHIIAIKy IOUIILHAM MOXE OyTH
TITBKH KOHKPETHE PillleHHsI, K¢ BU3HAYAE€THCS BCEOIYHIMH TOCITIKCHHSAMH 3 BUSABJICHHAM OCHOBHHX (haKTOPiB
MIOIITKO/KYBAHOCTI JIeTaneil B KOHKPETHHX yMOBaX BHPOOHHWITBA i ekciuryaTamii. KpiM Toro, B psami BUIanIKiB
IUIsL 3MIIHEHHS, PEeMOHTY Ta BiJHOBIICHHS IeTajell NOLJIbHO BHKOPHCTOBYBATH METOAM HAIUIABICHHS 3
BBE/ICHHAM MOIM(IKYIOTh NPUCAZIOK B PIAKY BaHHY NpH Kpucramizamii. Jlo yuMcna Takux NpUCamoOK CIij
BIZIHECTH HAHO- Ta JUCHEPCHI ajMasu, SIKi JO3BOJSIFOTh KOPUTYBAaTH TEMIIEPATypHI MapaMeTpH KpHcTasizaii,
BEJIMUMHY 3€pHA, pIBEHb HaNpyXeHb. Takuil WiAXig J03BOJSIE BHKOPUCTOBYBAaTH 1 BHCOKOJICTOBaH,
BHCOKOBYTJICIICB] €JEKTPOAM HaBiTh JJIsI TOHKOCTIHHMX BHPOOIB i3 craned 1 yaByHiB. B 1pomMy Bumagky
MprcaJika MHUXTH 3 aJlMa3HOK (paKI€ro Bimirpae poib MIKPOXOIOAWIGHUKIB, SKi CYTTEBO 3MIHIOIOTH
TeMIepaTypHHH IHTepBal KpHCTamizalii. BakIMBUM € BH3HAYHTH ONTHUMAIBHY 03y BBEICHHS TaKOro
MomudikaTopa Ta 3a0E3MEYNTH PIBHOMIPHUHA pO3IOAIT KOMIIOHEHTIB y mokputTi. [IpemcraBmena pobota
NPHUCBSYCHA PO3POOLI HOBOI TEXHOJOTrIT 3MIIJHCHHS MeTally CTPUTYacTHX Jiam KyJNbTHBaTOpa HaHO- Ta
JMCIIEPCHUMHU JIOMIIIKaMHK aJiMas3iB, sSIKi BXOIATH JI0 CKJIa/ly JETOHAIIWHOT IMUXTH Bijl yTwiizauii Ooenpumnacis. B
JaHWIl Yac B CUIBCBKOMY TOCIONApPCTBI Ui OOpOOKM IPYHTY BHUKOPHCTOBYETHCS BeJIMKA KUIBKICTb
IPYHTOOOPOOHMX 3HAPsJb, 3 POOOYMMHU OpPraHaMH SIKMX € CTPIIYacTi jlanu. BoHHM eKCIuTyaTyroThCsl B yMOBax
BIUIMBY aOpa3WBHUX YAaCTUHOK, Ta 1€ CYNPOBOJKYETHCS iX IHTEHCUBHMM 3HOCOM 3 BIJIIOBIJZHOIO 3MIiHOIO
TEOMETPUYHUX PO3MIPIB OCHOBHHUX pPOOOYHMX TIMOBEPXOHBb. 3HOIICHI CTPLTIACTI JIad 3HAYHO 3HUXKYIOTh
e(eKTUBHICTh 1 SKICTh BHUKOHYBaHHX poOiT. [IpoBereHO aHami3 eQeKTHBHOTO BHOOpPY HAILIABIIOBAIHHOTO
MaTepiary Ui 3MIITHeHHS Ta IiIBUIICHHS 1X Mpare3laTHOCTI i OMIHEHO XapaKTep 3HOCY, U100 BHUABUTH i 30HH
MaKCHMAJIbHOI ITOLIKO/KYBAHOCTI, @ TaKOX BH3HAYUTH ONTUMAJBHHI cIoci0 3MinHeHHA. Bimomo, mo mis
BIZIHOBIIIOBAJILHOTO HAIUIABJICHHS [IPYHTOOOPOOHHMX 3Hapsgb 3acTOCOBYIOTH enektpoxu T1-590, T-620.
BcTaHoBiI€HO, 10 HAIUIABJICHHS! TOHKOCTIHHUX JIeTajJel CyNpOBOPKYETHCS MEHIIMM TEIUIOBIJBOJAOM Ta BOHH B
pslli BUIA/IKIB POIUIABIISIIOTHCA 3 (OpMyBaHHAM AedeKTiB. J[is oro 3HMKEHHS BBOAMIM HE MarHiTHY (Qpaxiiito
JCTOHAIIMHOT IIMXTH BiJ yTHIi3alil OoempumaciB y BUMISLAI MOAU(iIKyBaHHS €JICKTpoa, 10 3a0e3medyBaio
PIBHOMIpPHHH PO3IOIIT KOMIIOHEHTIB y MOKPHUTTI. METOJOM MiKpOPEHTT€HOCIIEKTPaIbHOTO aHaJi3y OI[iHCHO
OCOOJIMBOCTI CTPYKTYPOYTBOPEHHS i PO3MOIUTY KOMIOHEHTIB MPH TaKiii TEXHOJOTIl 3MIIHEHHS IO MEPEeTUHY
MOKPUTTA. BcTaHOBNEHO, IO MaHWN crtoci® 3MIITHEHHS 3HMKYE TETUIOBKIAJACHHS U ITiIBUIIYE MIKPOTBEPAICTS i
3HOCOCTIIKICTh HAILIABJICHOTO MOKPUTTS, 3MEHIIYE MEepexifHy 30HY W TEpMIYHOTO BIUIMBY. PekoMeHIOBaHUi
croci0 3MIIHEHHS MeTajly HOBHX Jiall KyJIbTHBATOpa MOJArae B HAHECEHHI CMYr Ha HOCOK 1 Kpwia yan. Ha
OCHOBI XapakTepy 3HOCY OOIPYHTOBAHO [OLUIBHICTh HAHECEHHS CMYyr Ha HOCOK JIalM KyJIbTHBaTOpa 3
JHMLBOBOTO OOKY, a Ha KpHJax - 3 TWIbHOTr0. HaBeneHo onTiMalibHI TeOMETPHYHI PO3MIPH 3MILHIOIOYUX CMYT 1
iX po3raimlyBaHHs Ha Jami, 110 JO3BOJISIE MIHIMI3yBaTH CTBOPEHHS JIOKAIBHHX HAIPY>KeHb 1 MiJBHUIICHHS
3HOCOCTIMKOCTI.

KarouoBi cioBa: yama KyJapTUBaTOpa, HAIUIABJIEHHS, NETOHAIlIfHA MIMXTA, CMYTH, TEIUIOBKIAICHHS,
MoJH(DiKyBaHHS, CTPYKTYPOYTBOPEHHS, HAHO- Ta JUCIEPCHI alIMa3H.
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Abstract

The nature of cathodic processes during the frictional interaction of aluminum alloy with ball corundum
in the conditions of reciprocating motion has been studied. Under conditions of anodic polarization under
conditions of friction, corrosion processes are activated and their speed during friction increases many times.
The potential on the surface of the alloy under acid rain shifts sharply in the negative direction. Changes in the
tribopotential and coefficient of friction are characterized by a gradual shift in values at the initial stage of
research. The oxide film is formed on the metal surface in neutral and acidic environments. The service life of
the film is increased due to electrochemical protection during cathodic polarization at the electrode potential of
pure alloy without oxide film. It is proved that polarization changes the life of the film in the initial stages and
the loss of material and the coefficient of friction during the entire test period. It is established that the nature of
surface fracture also changes as a result of application of the polarization potential during friction. The largest
surface damage is observed during anodic polarization.

Keywords: polarization, corrosion, damage, secondary films, friction, cathode potential
Introduction

The destruction of materials in a result of tribocorrosion occurs in many industries: processing, energy,
chemical and others [1]. Friction units operating in active media are the subjects of destruction. In such systems,
wear can occur from the flow of liquids, collisions of particles or contact of solids. Therefore, the study of
tribocorrosion processes and the influence of various factors on them is an urgent scientific and technical
problem. Electrochemical methods are important to solve them [2 - 7].

There are two interrelated areas in the field of research of electrochemical processes at the friction of
metals: the use of electrochemical parameters to obtain information about contact processes and an attempt to
control friction and wear of materials using electrochemical methods [1]. The second direction - active
intervention in the electrochemical processes on the friction contact - has received much less development than
the first, although it seems quite promising. One of the control methods is the polarization of the friction system
from an external source [8]. The method consists in the fact that the systems with the help of an external source
of polarization is shifted to a certain area for the processes of friction and wear, and is maintained at a given
level during the operation of the friction pair. Polarization of the friction system pursues various goals: to reduce
surface energy, to improve the wettability and adsorption of environmental components, and others. Some cases
of this method are anodic and cathodic protections, which change the corrosion-mechanical processes and the
formation and destruction of secondary structures.

The purpose of the work — to study the frictional interaction of tribotechnical pairs: alloy AA2024 -
corundum indenter, interacting in an acidic environment under conditions of cathodic and anodic polarization.

Materials and research methodology
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Tribocorrosion studies of aluminum alloy AA2024 (size of samples 50 x 40 x 5 mm) were performed on
a reversible friction test plant [5] according to the scheme "ball - plane". The load on the ceramic ball was 1 N,
the length of the friction track - 24 mm, the speed of movement - 1.6 mm/s, friction time 20 min. During the
tribocorrosion tests, the change in the friction moment was recorded and the polarization was set using the
PI-50-1.1 potentiostat. A saturated silver chloride reference electrode and an auxiliary platinum electrode were
used. The kinetics of changes in the measuring parameters were recorded by an analog-digital device by using a
personal computer with a measurement step of 0.25 s. The working medium was acid rain [7] with a pH=4.5,
reduced by the addition of Na,CO;.

A scanning electron microscope EVO-40XVP (Carl Zeiss) with a system of micro-X-ray spectral analysis
using an energy dispersion spectrometer INCA ENERGY 350 was used to study the surface of the aluminum
alloy after corrosion mechanical wear.

Analysis of research results

It is established (Fig. 1, a) that the character of cathode processes changes during the frictional interaction
of the AA2024 alloy with the corundum ball in the acid rain during the reciprocating motion of the indenter.
There is an oscillation of corrosion currents in the polarization curve from the corrosion potential to -1.2 V
(potential of freshly renewed surface) because there is a local change of cathode-anode processes on the
deformed surface. It indicates the formation and destruction of secondary structures. At a potential below -1.2 V,
hydrogen depolarization blocks the formation of films due to near-surface alkalization of the interaction zone,
which intensifies the rate of chemical corrosion. This is evidenced by the dissolution in the contact zone (Fig. 2,
b), especially intense local corrosion at the sites of intermetallic compounds.
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Fig. 1. Polarization curves of AA2024 alloy (a) and its damage (b) during tribocorrosion
at a potential of -1.6 V in acid rain:
1 — without load; 2 — during friction (P =1 N, counter body: ball Al,O,)

Under anodic polarization, both in stationary conditions and under frictional interaction, corrosion
processes are activated, and their speed during friction increases 5 times.
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Tribocorrosion studies have shown that potential on the surface of the alloy AA2024 in acid rain is
-0,520 V without applying a load. Its potential shifts sharply to the negative side and becomes -0,770 V with the
beginning of mechanical activation of the surface by a moving indenter. The average value of the friction
coefficient gradually increases with the beginning of research and its value was established at the level of ~ 0,43
after a stage of running-in. Changes of the tribopotential and the coefficient of friction are characterized by a
gradual shift of values at the initial stage of research. The oxide film is formed on the metal surface in neutral
and acidic environments [4]. This film contacts with the indenter, destructs and is removed from friction zones
during the friction.
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Fig. 2. Time dependences of friction coefficient
and corrosion potential of aluminum alloy AA2024
during tribocorrosion studies in acid rain solution

It was found (Fig. 3 a) that, this film is destroyed in 6 passes of the indenter without the potential
applying. The change of the polarization potential from stationary potential in the cathode and anode sides
significantly changes the lifetime of the film. The lifetime of the film increases due to electrochemical protection
at cathodic polarization in the range of -0.700...-1.200 V. It is most evident at the electrode potential of pure
alloy AA2024 without oxide film (-1.200 V). The destruction of the film intensifies as the potential increases in
the negative direction from the potential -1.200 V. The reason for this is the near surface alkalinization of the
environment due to the increase in the rate of hydrogen depolarization [10]. When level of polarization
increases, the chemical corrosion intensifies, and the destruction increases. Friction during anodic polarization
significantly accelerates processes of electrochemical corrosion and intensifies the destruction of the film.
Damage of film occurs without the frictional interaction at potentials of 0.750... 1.000 V and the indenter
already removes its remnants from the contact zone. Polarization changes the lifetime of the film in the initial
stages of tribocorrosion tests. Also it changes the material loss and friction coefficient for the entire period of
tribocorrosion tests (Fig. 3 b, ¢). Cathodic polarization reduces material loss. So the width of the track on the
surface without polarization is 230 um and it is reduced to 225 pwm with a potential shift in the negative direction.
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Fig. 3. Dependence of the rate of destruction of the oxide film (a), material loss (b) and friction coefficient (c) on the
polarization potential of the alloy AA2024 by friction in acid rain in contact with a ceramic ball (1N):
1 — polarization curve of AA2024 alloy for tribocorrosion;
2 — parameters:
a — destruction of the film;
b — the width of the friction track; ¢ - coefficient of friction

The smallest material losses are observed at a potential of -1.200 V, due to the maximum inhibition of
corrosion processes, the track width is 212 pm. Shifting the potential to more negative values, as in the case of
natural oxide film (Fig. 3 a), leads to alkalinization of the environment and intensification of corrosion processes.
Material losses increased due to corrosion-mechanical wear. Anode polarization, which is only 0.100 V relative
to the steady-state potential, increases the width of the wear track by 20 pm. With a shift of the polarization
potential to a more positive side, the loss increases the material loss and at a polarization potential of +1,000 V is
45 % compared to an alloy without polarization.

It is established that the dependence of the friction coefficient on the polarization potential for
tribocorrosion has the opposite character to the material loss. It is to some extent abnormal for most tribological
processes. Cathodic polarization does not change the value of the coefficient of friction, the increase occurs only
at the potentials -0.120 V (maximal inhibition of corrosion processes). Anodic polarization intensifies corrosion
processes, accelerates the formation of secondary structures, which consist mainly of Al (63.2 mass. %) and O
(32.19 mass %) (Fig. 4). It reduces adhesion interaction of friction surfaces. So, with increasing polarization
potential, the coefficient of friction decreases from 0.43 to 0.32 at a potential of 1.000 V.

Element | Mass. % At.%
OK 32.19 4527
MgK 1.17 1.08
AlK 62.30 51.95
SK 0.24 0.17
Mn K 0.37 0.15
Fe K 1.29 0.52
CuK 2.44 0.86

Fig. 4. Chemical composition of secondary structures, which are formed
by anodic polarization (0.100 V) of AA2024 alloy during tribocorrosion

The nature of the surface destruction also changes in a result of the application of the polarization
potential during friction (Fig. 1b and Fig. 5). Thus, the greatest surface damage is observed during anodic
polarization. For example, there are etches and products of the combined action of corrosion and friction -
especially active local corrosion - at a potential of 0.500 V on the surface (Fig. 5a). The appearance of
microcutting elements is found on the material without the application of polarization (Fig. 5, b). Under these
conditions the rate of secondary structures formation decreases compared to anodic polarization and the adhesive
interaction between the contact surfaces increases. The surface damage decreases in the case of the polarization
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potentials shift in the cathode direction, as electrochemical corrosion is inhibited, but the role of chemical
dissolution increases. There is a change in the mechanism of corrosion, and therefore the mechanism of friction
at the potential of the freshly renewed surface (-1.200V). At this potential, electrochemical corrosion is
practically blocked, but chemical corrosion begins to intensify due to near-surface alkalinization of the
environment.

Fig. 5. Topography of the surface of AA2024 alloy after tribocorrosion studies in acid rain
at different potentials of polarization:
a — polarization at +0.500 V;
b — without polarization;
¢ -- polarization at -1.200 V

As the rate of hydrogen depolarization increases, the concentration of hydrogen in the near-surface layer
increases and the pH of the solution changes intensively. It is manifested in the local etching of intermetallic
inclusions in the contact zone (Fig. 1b).

Thus, depending on the level of cathodic and anodic polarization, the intensity of destruction of the
AA2024 alloy during tribocorrosion in pair with corundum counter body changes.

Conclusions

1. The influence of external cathodic and anodic polarization on tribocorrosion of AA2024 alloy paired
with a ceramic ball in acid rain has been studied.

2. The dual influence of cathodic polarization on the tribocorrosion of AA2024 alloy is established. The
destruction of metal is inhibited at the potentials below the potentials of the freshly renewed surface. It is due to
the reduction of the corrosion rate. Above this potential, corrosion-mechanical wear intensifies due to
alkalization of the near-electrode layer of the electrolyte in a result of hydrogen depolarization. Changes in the
coefficient of friction are insignificant.

3. It is shown that the anodic polarization intensifies the formation of secondary structures. As a result,
there is an increase in losses of materials and the decrease of friction coefficient. It indicates the lubrication
properties of products that are intensively removed from the friction zone.
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Xoma M., Bunap B., X. Bacuais, Kopaabunk 1. Brims katogHux 1 aHOAHUX MNpoOIECiB Ha
TpuOOKOPO3ito aloMiHieBOro criay AA2024 y KHCIOTHOMY JIOLI.

JlocmiKeHo XapakTep KaTOAHMX NpoleciB mif yac (pUKIIiHOT B3aEMOIT allOMIHIEBOIO CIUIABY 13
KYJIbKOBHM KOPYH/IOM B YMOBaX 3BOPOTHO-MOCTYNAIBHOrO pyxy. B yMoBax aHOjHOT monspusaiii B yMOBax
TEPTS AKTUBIZYIOThCS IMpOLEcH Koposii 1 IX MBMAKICTBL MiJ| 4ac TepTs 30uiblryeTsess B pasu. [lorenuian nHa
TOBEPXHi CMABY MiJl KHCIOTHUMH JOMIAMH Pi3KO 3MINIy€ThCsl B HETATHBHY CTOPOHY. 3MiHH TPHOOMOTEHIiaTy
Ta KoedillieHTa TepTs XapaKTePU3yHThCs MOCTYIOBUM 3MIIEHHAM 3HAYCHb HA MIOYATKOBOMY ETAalli JIOCHIJIKEHb.
Oxcuana TIiBKAa YTBOPIOETHCSA HA TIOBEPXHI METaTy B HEHTpadbHMX Ta KHCIMX cepefioBHInax. TepMiH cmyxOu
TUTIBKH 30UIBIIYETHCA 3@ PAXyHOK ENEKTPOXIMIYHOTO 3aXHCTY TMPH KaTOMHIH MONApH3amii MpH eneKTPoTHOMY
MOTEHIliaNi YHCTOrO CIyIaBy 0e3 OKCHAHOI TiiBKH. JloBeeHo, M0 MOMAPH3AIiA 3MIHIOE HaC KMTTA IUIBKH Ha
MOYaTKOBHX eTamax Ta BTpaTH MaTepiamy Ta Koe(illieHT TepTs HPOTATOM YChOTO Tepiofy BHIPOOYBaHb.
BcTaHoBIEHO, L0 XApakTep I[OBEPXHEBOIO pYHHYBAHHS TAKOXK 3MIHIOETBCS B Pe3y/bTAaTl 3aCTOCYBAHHS
noTeHniany nonspu3anii mig wac TepTd. Haiidinbmi moBepxHeBi MONIKOJPKEHHS CIOCTEPITalOTHCA MiJ Hac
aHOJHOI HOIsApH3aLil.

Kaouogi ciioBa: nonsipusaliist, KOpo3is, HOLIKOJXKEHHS, BTOPUHHI [LUTIBKY, TEPTS, KATO/IHUIT MoTeH1ian
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Abstract

In the work, a methodological approach to obtaining mathematical models was further developed, which
describe the functioning of tribosystems in stationary and transient modes under boundary lubrication conditions.

The structural identification of the tribosystem as an object of modeling the functioning of tribosystems in
the conditions of boundary lubrication is performed. It is established that the operation of tribosystems is
described by a third-order differential equation and, in contrast to the known ones, takes into account the
function of changing the quality factor of the tribosystem during running-in. It is shown that the nature of the
functioning of tribosystems under conditions of ultimate lubrication depends on the gain and time constants
included in the differential equation.

It is shown that the coefficient K} takes into account the degree of influence of the input signal (load,
sliding speed, tribological characteristics of the lubricating medium), on the value of the output signal (quality
factor of the tribosystem). Coefficient K, takes into account the magnitude of the change of the output
parameters (volumetric wear rate and friction coefficient) when changing the values of the input parameters
(load, sliding speed, quality factor of the tribosystem. Coefficient K3 takes into account the degree of influence
of the input signal on the restructuring of the material structure in the surface layers of the triboelements.

The time constants of the tribosystem characterize the inertia of the processes occurring in the
tribosystem, during running-in, or during changes in operating modes. Increasing the time constants makes the
process less susceptible to changes in the input signal, the running-in process increases over time, and the
tribosystem becomes insensitive to small changes in load and slip speed. Conversely, the reduction of time
constants makes the tribosystem sensitive to any external changes.

Key words: tribosystem; mathematical model; differential equations; structural identification; gain; time
constant; boundary lubrication; quality factor of tribosystem; dissipation speed.

Introduction

Recently, methods of calculating and modeling the processes of friction and wear in tribosystems of
machines and mechanisms have been actively developing, which makes it possible to significantly reduce costs
in the process of designing and fine-tuning new structures. Difficulties that arise in the development of such
models are associated with the choice of parameters that affect the process under study.

The task of developing mathematical models of stationary and transient processes in tribosystems under
boundary lubrication conditions is related to the problems of stochastic modeling, since initial data for modeling
(tribosystem design, lubricating medium, materials from which triboelements are made, roughness of friction
surfaces, load-speed range of operation, etc.), are random functions. Analysis of models of stationary processes
in tribosystems shows that there is a large error in modeling the wear rate, up to 12,8 % and coefficient of
friction, up to 14,0 %. Such a scatter of data in measurements can be explained by the presence of an oscillatory
process of the wear rate and the coefficient of friction during the operation of the tribosystem, as well as by the
ambiguity of the choice of input parameters for modeling.

@ @ Copyright © 2021 A.V. Voitov.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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Literature review

In work [1] the analysis of the current state of the methods for calculating wear and forecasting the
resource is given and the conclusion is drawn, that analytical methods do not allow taking into account the
dynamics of changing the operating modes of the contact, and numerical methods seem to be promising. The
author of the work proposed to describe the wear by an array of vectors of probabilities of the wear values of
discrete points of the surface, which are modeled by non-stationary random functions of the Markov type, and
wear is estimated by the mathematical expectation of the probability of finding surface elements in a certain
state. The shape of the worn surface is determined using a cubic spline approximation of the mathematical
expectation of wear at the points of location of the modeled elements.

In work [2] the physical mechanisms of formation and transformation of corpuscular-vortex perturbations
in the contact of the tribosystem, which are based on the quantum-mechanical exchange mechanism of
interaction, are considered. The presence of a contact gap determines the generation of pairs of quasiparticles-
perturbations, stabilized by wavelength and frequency. It is established in the work that the internal instability
and collapse processes in such a system of perturbations lead to defect formation in the material of the
tribosystem and underlie the emergency modes of friction.

In the works [3, 4] performed analysis of the strength and durability of the surface layer material by
friction. The authors propose to take into account the presence of two areas of accumulation of damage and the
type of mechanism of destruction: the area of multicycle fatigue and a layer of debris. Methods for estimating the
parameters of the durability model for the region of multicycle fatigue are proposed. The connection between the
stress-strain state and the fatigue strength characteristics of the material with the characteristics of the material
fracture model is obtained. Analysis of the obtained ratios showed that any physical action on the surface leads
to a decrease in structural heterogeneity and prevents the development of cracks, increases wear resistance.

In work [5] theoretical studies on the substantiation of the methodology for modeling stationary processes
of friction and wear in tribosystems under conditions of boundary lubrication are presented. The authors have
developed a technique for modeling the characteristics of the actual contact spot and a mathematical model of
the rate of work of dissipation in the tribosystem, which allow simulating the rate of volumetric wear and the
coefficient of friction in stationary modes.

The author of the work [6] the theoretical and experimental dependences obtained using the developed
model are presented and the simulation error is given, which is for the wear rate - 14,03 %, for the coefficient of
friction — 12,8. The given computational models use the Q-factor of the tribosystem [7, 8].

However, the considered mathematical models do not allow determining the boundary of stable operation
of the tribosystem, i.e. the boundary of the tribosystem exit to a scuffle or the boundary when accelerated wear
of the materials of the triboelements begins. By analogy with the theory of automatic control, such a boundary is
called the loss of stable work. Determination of such modes will improve the accuracy of modeling the processes
of friction and wear in tribosystems.

Purpose

The purpose of this work is to perform the structural identification of the tribosystem and obtain a
mathematical model in the form of a differential equation in the operator form, which will allow modeling the
processes of friction and wear in tribosystems with the definition of the boundaries of their stable operation.

Methods

Identification of the mathematical model of the limits of functioning of tribosystems in the conditions of
maximum lubrication, on a steady state without damage, is reduced to definition of the operator of tribosystem.
Under the operator of the tribosystem we will understand the mathematical model of the object under study. A
review of research performed on this problem suggests that the structure of the model and the type of equations
that are supposed to describe the tribosystem are linear differential equations n-th order to the nearest
coefficients.

The dynamic model of the tribosystem in the theory of identification of dynamic objects can be given in
the form of an ordinary differential equation n-th order in the following form [9]:
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where ai, bj, i=0; 1...n; j=0; 1 ... m—model parameters to be identified.
To describe a specific transition process in the tribosystem to differential equations (1) it is necessary to
add the initial conditions and applying the Laplace transform, to obtain the transfer function as follows:
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where G(p) — transfer function;

P — Laplace transform parameter (differentiation operator);

u(p) - input signal: load; sliding speed; the initial value of the quality factor of the tribosystem;
tribological characteristics of the lubricating medium; tribosystem design;

y(p) — output signal: volumetric wear rate and coefficient of friction; limits of functioning of the
tribosystem.

Results

Based on the information provided above in the form of analysis of work on the development of models,
as well as experimental research, which are made by the author of this work, the nature of the processes in
tribosystems can be represented as the following structural and dynamic scheme, fig. 1. The structural dynamic
scheme is built on the principle of two blocks connected in series.
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Fig. 1. Structural and dynamic scheme of modeling the functioning of tribosystems

Having considered in general the systemic model of the tribosystem, three input streams can be
distinguished: matter; energy and information.

Under the input flow of matter, we mean the parameter - the quality factor of the tribosystem Q, the
physical meaning of the parameter and the calculation formulas are given in the work [8]. The concept of figure
of merit is defined as the ability of mating materials in a tribosystem (lubricating medium and rheological
properties of the structure of materials of moving and stationary triboelements) convert the work of friction
forces into thermal energy, thereby preventing energy reserves in the surface and subsurface layers of
triboelements, which can be estimated by the deformable volume. The Q-factor of the tribosystem is a function
of time Q(t) and increases during the running-in time from the initial value Qo, to the maximum possible

- Qmax. The quality factor of the tribosystem Q determines the input flow - matter.
Under the input flow energy, we mean the parameter - the rate of work of dissipation in the tribosystem
W, which, according to work [5], is quantitatively estimated by the following expressions:

Wr=Wrn+ W rs, [W]. 3)
WTR,m = Pm : nacs, [W]. (4)
WTR,f = Pf * Nags, [VV], (5)

where Wk m and W = — speed of dissipation in moving and fixed triboelements, J/s;

Nacs — NUMber of actual contact spots (ACS) on the friction surface, determined according to work [5];

Pm, Ps — the speed of dissipation in a moving and fixed triboelement on a single actual contact spot is
determined by the expressions given in the work [5]:

P, = Gacs 'Sm 'Vd

m

[Is=W], (6)

m !
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Pf = Gacs 'éf 'Vdf J [‘]/SZW]' (7)

where ¢, — stress in the material on a unit ACS, Pa;

€ m, € 1 — material deformation rate per unit ACS, 1/s, determined by the expressions given in the work [5];

Vam, Ve — volumes of material of a single ACS of movable and fixed triboelements, which are involved
in deformation, m3, determined by the expressions given in the work [5].

The speed of work of dissipation in the tribosystem Wis, formula (3), is an energy parameter and
characterizes the rate of transformation of mechanical energy into thermal energy, since the magnitude of
stresses in the material Gacs, Volumes of materials involved in deformation Vam, Var and the rate of deformation
in the surface layers of materials € m, €+ affect the "load" of triboelements in the tribosystem and depend on the
load N, N and sliding speed Vs, m/s. The speed of work of dissipation in the tribosystem Wx defines the input
flow - energy.

By the input flow - information we mean a parameter that characterizes the availability of knowledge
about the stability boundary of the tribosystem, i.e. power value Whax, at which the tribosystem begins an

accelerated wear mode or a seizure occurs. The power supplied to the tribosystem is determined by the
expression:

W, :N'Vsl;[N'%:W]! (8)

where N — tribosystem load, N;

Vs — sliding speed, m/s.

Substituting into the expression (8) maximum possible load values Nmax or sliding speed Vsimax, it is
possible to determine the stability boundary of the tribosystem, i.e. the border of the tribosystem exit to scuffing
or accelerated wear.

Summarizing the above direction of this work is the further development of methods for modeling
stationary processes in tribosystems under boundary lubrication conditions, where the input flows will be the
quality factor, the speed of the dissipation in the tribosystem, the power, which is brought to the tribosystem and
the stability boundary of the tribosystem.

The target function for modeling stationary processes in tribosystems under boundary lubrication
conditions will be the volumetric wear rate in the tribosystem I, m®/hour and friction losses, which are

determined by the coefficient of friction f.
The first block, fig. 1, simulates the change in the quality factor of the tribosystem from the input value

Qo, to values Qmax during the running-in time. Dependences of change of rheological properties of structure of
the connected materials of triboelements during running-in are resulted in works [8, 10]. From the conclusions of
the robot it follows that the quality factor of the tribosystem increases and is a function of load, sliding speed,
tribological characteristics of the lubricating medium and the design of the tribosystem.

Based on the analysis of works devoted to the running-in of tribosystems, we can conclude that the
running-in process is an inertial link, the transfer function G; can be written as [9]:

__ K )
T,p+1

1

where K — gain, which takes into account the degree of influence of the input signal (load, sliding speed,
tribological characteristics of the lubricating medium), on the magnitude of the output signal (quality factor of
the tribosystem), a dimensionless quantity;

T, — time constant of the tribosystem, which takes into account the inertial properties of the tribosystem,
due to the restructuring of the structure of the materials of the surface layers during running-in, dimension s;

p — differentiation operator, used instead of the differentiation mark d/dt.

The second block of the structural and dynamic scheme, fig. 1, simulates the reaction of the tribosystem
to a change in the input external action, followed by a change and stabilization of the volumetric wear rate and
the friction coefficient around new values. Such processes are caused by a change in the load and sliding speed
during operation, as well as a change in the tribological characteristics of the lubricating medium and the quality
factor of the tribosystem. As experimental studies show, these are inertial processes.

Transmission function G, fig. 1, is an inertial link and characterizes the sensitivity of the tribosystem to
external input influences and is determined by the expression:
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G, -, (10)
T,p+1

where K, — gain, which takes into account the magnitude of the change in the initial parameters
(volumetric wear rate and friction coefficient) when changing the values of the input parameters (load, slip
speed, quality factor of the tribosystem), the dimensionless value;

T> — time constant of the tribosystem, which takes into account the time during which the tribosystem
returns to a steady state of operation after changing the input parameters, the dimension s;

Processes characterized by an inertial link G, associated with changes in the values of the roughness of
the friction surfaces, the generation of heat at the spots of actual contact, the alignment of the temperature
gradient in the triboelements by volume.

Transfer function Gs, which is included in the scheme of the second block in the form of negative
feedback, takes into account the ability of the tribosystem to rearrange the surface layers of materials from which
the triboelements are made during secondary running-in, which is connected with change of loading, sliding
speed, tribological characteristics of the lubricating environment. Such processes are a function of time, which
allows them to be described by an inertial link [9]:

G-, (11)
T,p+1

where K3 — gain, which takes into account the degree of influence of the input signal u(t) for the
reconstruction of the structure of the material in the surface layers of triboelements, a dimensionless quantity;

T5 — time constant, which takes into account the time of restructuring of the material structure in the
surface layers of triboelements.

Structural and dynamic scheme, which is shown in fig. 1, reflects not the functional purpose and
constructive relationship in the tribosystem, and mathematical operations that are performed when transmitting
input signals (U) due to the dynamic links and properties of the tribosystem as a whole.

Applying the methods of the theory of identification of dynamic objects, it is possible to obtain an
equivalent transfer function to model the functioning of the tribosystem:

G, =G, -G, (12)

where G®, — equivalent transfer function of the second block according to the structural-dynamic
scheme, fig. 1, which is determined by the following expression:

K,
@ _ G, _ T,p+1
146G, -G, 1 K, K,
+
(Top +1)-(Tsp+1)

After substituting formula (13) into expression (12) and converting, we obtain a total equivalent transfer
function:

(13)

G = (K\K,T,)p+ KK, N
(T, TP+ (T T, +T T, +T,T)p" +(T,+T, +T,)p+K,K, +1

(14)
The corresponding equation of the dynamics of the tribosystem for modeling the limits of constant modes
of operation will be written as follows:

15
(T,1,T5) p° + (T, T, + T\Ty + T,Ta) p* + (T + T, + T) p+ K, Ky +1= (49

= (R'lR'ZTs)p + K K,.

The third-order differential equation of the dynamics of the tribosystem functioning is written in the
operator form, where the symbol p, is a differentiation operator, d/dt.
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The right part of the differential equation (15) contains the first derivative of the input signal, which is
represented as the product of the coefficients K1 K. As shown above, the coefficient K takes into account the
degree of influence of the input signal (load, sliding speed, tribological characteristics of the lubricating
medium), on the magnitude of the output signal (quality factor of the tribosystem), a dimensionless quantity.
Coefficient K; takes into account the magnitude of the change of the output parameters (volumetric wear rate
and friction coefficient) when changing the values of the input parameters (load, sliding speed, quality factor of
the tribosystem), dimensionless quantity. The dynamics of the tribosystem is influenced not only by the value of
the coefficients K1Kj, as well as the rate of their change over time (the first derivative).

The left side of the equation is the reaction of the tribosystem to the input signal. Time constants of the
tribosystem 7; have the dimension of time and characterize the inertia of the processes occurring in the
tribosystem, during running-in, or during changes in operating modes.

Increasing time constants 73 ... 75, makes the process less susceptible to changes in the input signal, the
running-in process increases over time, and the tribosystem becomes insensitive to small changes in load and
sliding speed. Conversely, the reduction of time constants makes the tribosystem sensitive to any external
changes.

In our next works, parametric identification will be performed, the purpose of which is to determine the
expressions for the calculation of the above coefficients and time constants, so that when substituting them into
equation (15), the right and left parts differ the least.

Conclusions

The structural identification of the tribosystem as an object of modeling the functioning of tribosystems in
the conditions of boundary lubrication is performed. It is established that the operation of tribosystems is
described by a third-order differential equation and, in contrast to the known ones, takes into account the
function of changing the quality factor of the tribosystem during running-in. It is shown that the nature of the
functioning of tribosystems in conditions of ultimate lubrication depends on the gain and time constants included
in the differential equation.

It is shown that the coefficient K} takes into account the degree of influence of the input signal (load,
sliding speed, tribological characteristics of the lubricating medium), on the value of the output signal (quality
factor of the tribosystem). Coefficient K, takes into account the magnitude of the change in the initial parameters
(volumetric wear rate and friction coefficient) when changing the values of the input parameters (load, slip
speed, quality factor of the tribosystem). Coefficient K takes into account the degree of influence of the input
signal on the rearrangement of the structure of the material in the surface layers of the triboelements.

The time constants of the tribosystem characterize the inertia of the processes occurring in the
tribosystem, during running-in, or during changes in operating modes. Increasing the time constants makes the
process less susceptible to changes in the input signal, the running-in process increases over time, and the
tribosystem becomes insensitive to minor changes in load and sliding speed. Conversely, the reduction of time
constants makes the tribosystem sensitive to any external changes.
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BoiitoB A.B. CrpykrypHa inentudikamiss maremMarndHoi Mozaeni (YHKIIOHYBaHHS TPHOOCHCTEM B
YMOBAaX IPaHUYHOTO MAIICHHS.

B po6oTi oTpuMaB moJasibIIui PO3BUTOK METOJUYHHUN MiJIXiJ B OTPUMaHHI MaTeMaTHYHUX MOJEJEH,
SKi ONUCYIOTh (PYHKIIOHYBaHHS TPUOOCHCTEM Ha CTAalliOHAPHUX 1 NEPEXiHUX PEKMMaX B yMOBAaX I'DAaHUYHOIO
MalleHH.

BuxoHaHO CTpPYKTypHY imeHTH}iKaIlifo TpuOocucTeMH, SK 00'€KTa MOJIENIOBaHHS (YHKIIIOHYBaHHS
TpUOOCHCTEM B YMOBaX IpaHUYHOTO MAIleHHS. BcTaHOBIEHO, MO (YHKIIOHYBaHHSI TPHOOCHCTEM OIUCYETHCS
TUQEpeHIIHHAM PIBHIHHAM TPETHOTO TOPSAAKY Ta Ha BIAMIHY BiI BIZIOMHX BpaxoBye (YHKIIO 3MiHH
JIOOPOTHOCTI TPHOOCHCTEMH TIiJl Yac mpunpairoBaHas. [lokazaHo, mo xapakrep (QYHKIIIOHYBaHHS TPHOOCHUCTEM
B YMOBaxX TPaHHYHOTO MAIICHHS 3aJICKUTHh BiJ KOe(IIi€HTIB MiACWICHHSA 1 IMOCTIHHUX dYacy, sIKi BXOISTH B
mudepeHiliHe piBHIHHS.

[TokazaHo, mo koedinieHT K1 BpaXxoBYye CTYIiHb BILIMBY BX1THOTO CUTHAY (HaBaHTa)KCHHs, IIBUKOCTI
KOB3aHHS, TPUOOJIOTIYHUX XapaKTEPUCTHK 3MallyBaJIbHOTO CEPEJOBHINA), HA BEIUYUHY BUXIJIHOTO CUTHAIY
(mobpotHicte Tpubocuctemu). Koediumient K> BpaxoBye BEIMYMHY 3MIHM BUXIIHUX HapaMmeTpiB (00’e€MHOT
MIBUAKOCTI 3HOINYBaHHS 1 KoedillieHTa TepTs) NpU 3MiHI BEIMYMH BXIJHHX NapaMeTpiB (HaBaHTa)KEHH:,
IIBUJKOCTI KOB3aHHs, J0OpoTHOCTi Tpubocuctemu). Koedinient K3 BpaxoBye CTymiHb BILIMBY BXiIHOIO
CUTHAITy Ha IepeOyIoBYy CTPYKTYpH MaTepialy B IOBEPXHEBHX MIapax TPUOOCIEMEHTIB.

[MoctiliHi 4yacy TpuOOCHCTEMH XapaKTepPHU3YIOTh IHEpIIMHICTh MpPOLECIB, MI0 MPOTIKAOTh B
TpubocuCcTeMI, MiJl Yac MPUIMpPALOBaHHS, ad0 MijJ Yac 3MiHM PEXHUMIB eKcIuTyaTarii. 30UIbIIeHHS MOCTIHHNX
yacy poOWTh IpOIeC MEHII CIPUHHATIMBUM JO 3MIHH BXIJHOIO CHUTHally, IPOIEC MPUIPAIOBAHHS
301IBIIYETHCS B Yaci, a TPHOOCHCTEMa CTa€ HEUYTIMBOK 0 HC3HAYHUX 3MIH HABAHTAXKCHHS Ta INBUIKOCTI
KOB3aHHS. | HaBNaku, 3MEHIIECHHS NOCTIHHUX Yacy, poOUTh TPHOOCHCTEMY YYTIHBOIO 10 Oy/b SKHUX 30BHIIIHIX
3MiH.

Karouosi ciaoBa: TpubocucTeMa; MareMaTHYHa MOJENb, AU(EpeHIiiiHe PpIBHSIHHS; CTPYKTYpHa
ineHTUdIKaIisA; KoedilieHT MiNCWICHHS; MOCTifHAa Yacy; TpaHWYHE MAaIleHHS; HOOPOTHICTH TPUOOCHCTEMU,
MIBUIIKICTH pOOOTH TUCHITALLI.
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Abstract

In this work, the physical phenomenon of the formation of an oil film containing fullerenes was further
developed, on the friction surface of tribosystems, which, in contrast to the known ones, takes into account the
structural viscosity and structure of the formed film under the action of the electrostatic field of the friction surface.
An increase in load significantly increases the structural viscosity of the gel structure, 13 - 20 times. The
concentration of fullerenes in the base lubricant does not significantly affect the dynamic viscosity of aggregates
in the composition of the liquid and the structure of the gel.

An increase in the tribological properties of the base lubricant medium reduces the value of the structural
viscosity of the gel on the friction surface by a factor of 3. At the same time, the concentration of fullerenes in the
range of 0.5 - 1.5% does not have a large effect on these indicators. This phenomenon can be explained by the
presence or absence of an additive package in the base lubricating medium. For those oils where the additive
package is absent or present in a small amount £_ = (18...3,6)-10" J/m? the introduction of a fullerene

spec
composition promotes the formation of clusters and micelles, which increase the structural viscosity and,
consequently, form a film on the friction surface in the form of a gel structure. Conversely, if fullerenes are
introduced into a base oil that contains a large and balanced additive package, where tribological properties are

high E,,..)(3,6—7,2)-10** J/m? interaction at the molecular level does not occur. Fullerenes to a lesser extent

will form stable aggregates in the form of micelles.

The effect of reducing the coefficient of friction, equal to 96 %, is typical for low and medium loads of
operation of tribosystems and base lubricants with average values of tribological properties. With increasing loads
or tribological properties of base oils, the effect of the use of fullerenes decreases.

Keywords: fullerenes, oil film, fullerene compositions, structural viscosity, sol structure, gel structure,
electrostatic field of the friction surface, dynamic viscosity.

Introduction

The use of fullerenes as anti-wear, extreme pressure and antifriction additives to technical liquid lubricants
gives an ambiguous answer about their effectiveness. There is a direction where fullerenes, in the form of
nanopowders, are directly introduced into the lubricant and the direction, where pre-dispersion of fullerenes is
used in solvents, for example, vegetable high oleic oils, and then the introduction of such compositions into
technical oils. According to the authors of the work [1], this use of fullerenes gives a better positive effect than the
addition of fullerenes in the form of nanopowders to lubricants.

The general structural feature of liquid lubricants in the presence of fullerenes in them is that clusters and
micelles are formed in the volume of the liquid. Based on the findings [2] it can be argued that a viscous liquid
can be considered as a continuous dispersion medium, and clusters and micelles as a dispersion phase. Fullerene
molecules interacting with each other and oleic acid molecules of vegetable oil form aggregates, and the viscous
liquid medium becomes structured.

@I}. Copyright © 2021 A.G. Kravtsov. 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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Literature review

Author of the work [3] claims that structured fluids form aggregates in the form of doublets or chains,
chains can form a continuous grid. The interaction of aggregates in the volume of fluid is expressed in the
formation of sufficiently strong compounds, primarily of coagulation origin. Anisometric units are able to rotate
when the layers of liquid are shifted. According to the author of the work [3] rheological properties of suspensions
due to the volume concentration of the dispersed phase, the magnitude of the forces of interaction between
aggregates and particles and the structure of the formed aggregates. The author considers Brownian motion of
particles to be the main factors influencing the process of aggregate formation, gravitational and repulsive forces
that occur between particles, hydrodynamic interaction between particles.

In our opinion, when considering the processes of friction and wear, when the friction surfaces accumulate
electrostatic charge [1], it is necessary to consider the forces of electrostatic interaction between the units of the
dispersed phase and the friction surface. It should be borne in mind that the concentration of units in the field of
electrostatic forces of the friction surface will be greater than at a distance from the surface where the field does
not act.

According to the conclusions of the work [2] units of the dispersed phase, combined by external
electrostatic forces into a continuous grid (frame) on the friction surface, acquire the properties of a "solid".

Insignificant external load forms elastic deformation of a skeleton. At high enough loads, the frame
collapses and the individual units disconnect. In this case, according to the authors [2], individual units (clusters
and micelles of fullerenes) can form a rotational motion between the friction surfaces. When such an interaction
mechanism occurs, the viscosity of the fluid gradually decreases [2].

The above conclusion is accepted by us as a working hypothesis of reduction of friction forces in triboses-
topics in the presence of a dispersed phase in the lubricant, which will be further confirmed by theoretical models
and experimentally.

The presence in the volume of the lubricant of the dispersed phase in the form of clusters and micelles
requires, along with the total dynamic viscosity of the liquid, to consider the "structural viscosity". This concept
was introduced in the work [4]. The use of the concept of "structural viscosity" allows to take into account not
only the dynamic viscosity of the liquid, but also the dynamic viscosity of the units that are in the volume of the
liquid, taking into account the shear rate.

The authors of the work [5] provides an overview of the literature on lubricants with added
nanoparticles. The effect of nanoparticles on the tribotechnical characteristics of oils is analyzed. It is noted in the
work that the use of nanoadditives to lubricants leads to an increase in the viscosity of the base medium, high
bearing capacity of the interface, reducing the coefficient of friction, increasing wear resistance.

In work [6] theoretical studies of changes in the structural viscosity of oil films on the friction surface with
fullerene compositions in the field of action of electrostatic forces of the friction surface and the base lubricant are
presented. Based on the working hypothesis, it was theoretically established that for a thin oil film located in the
field of action of electrostatic forces of the friction surface, the structural dynamic viscosity of the lubricant must
be considered, which at the friction surface has gel structures, and as the electrostatic forces from the friction
surface decrease, the gel structure transforms into a sol structure.

It is shown that the value of the structural viscosity of the considered aggregates is comparable with the
viscosity of polymers or bitumen. In this case, the viscosity of the gel structure is four orders of magnitude higher
than the viscosity of the sol structure. An increase in the concentration of fullerenes leads to an increase in the
dynamic viscosity of aggregates.

It has been shown theoretically that the structure of the oil film, which corresponds to the structure of the
gel, belongs to the class of non-Newtonian liquids. With an increase in the slip rate, the dynamic viscosity of such
structures decreases by a factor of 4, which is explained by the destruction of micelle clusters and the appearance
of rotational motions of elastic flocks. It is assumed that this will lead to a decrease in the value of the coefficient
of friction. It is shown that for the gel structure, the concentration of fullerenes in the bulk of the base lubricant
does not have a large effect on the structural viscosity. Conversely, for the structure of a sol, the concentration of
fullerenes has a significant effect on the value of the structural dynamic viscosity.

Purpose

The aim of this work is to obtain theoretical dependences of the effect on the structural viscosity of oil films
containing fullerene compositions in the field of action of electrostatic forces of the friction surface, operating
factors, such as load, tribological properties of the base lubricant.

Methods

In developing a microreological model for the formation of a thin film of lubricant on the friction surface
under the action of electrostatic forces, the following assumptions were made.
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1. The dispersion of clusters and micelles in the volume of liquid lubricant outside the action of the
electrostatic field of the friction surface is taken as the structure of the sol [4]. In this structure, stresses are
perceived by a viscous liquid medium and transmitted to elastic units. This structure has viscoelastic properties.

2. The dispersion of clusters and micelles near the friction surface (in the field of electrostatic forces), take
the structure of the gel [6], where between the micelles and the friction surface there are forces of electrostatic
interaction, which contribute to the formation of a framework of units, the cavities between which are filled with
a viscous fluid. This structure has elastic and viscous properties. Intermicellar forces can relax, respectively, the
structure behaves like Maxwell's body [4]. In such a structure, stresses are perceived by the elastic elements of the
units and transmitted to a viscous liquid medium.

3. A tribosystem was chosen for modeling: a movable triboelement steel 40H (HRC52); fixed triboelement

Br.AZh 9-4 (HB 100); friction area of the movable triboelement F, = 0,0003 m? fixed F, . =0,00015 m? ring-

frm
to-ring interface. The sliding speed was constant and amounted to Vs = 0,5 m/s; load varied within N = 600...1800
N; the tribological properties of the lubricating medium varied within £ =(18...7,2) 10 Jim3.

spec
Results

Based on the expressions that are given in the work [6], the structural viscosity of the sol [, and gel p,
can be determined:

He =k + Koy, Pas, @
By =Ky +Kepy s Pas, (2)

where g and p, —structural dynamic viscosity of sol and gel, which are formed under the action of the

electrostatic force field of friction surfaces, dimension Pa-s;

ki, ki — dimensionless coefficients that take into account the mass concentration of fullerenes per unit of
lubricant outside the field of action of electrostatic forces and on the friction surface, in the field of action of
electrostatic forces;

1, —dynamic viscosity of the base lubricant, dimension Pa-s;

U, W1y, — dynamic viscosity of aggregates of structures consisting of Kelvin bodies and Maxwell

bodies, dimension Pa's [7].
Calculation formulas for determining the above parameters are presented in the work [6].
Dependences of changes in the structural dynamic viscosity of a thin oil film on the friction surface, in

the field of action of electrostatic forces, which consists of aggregates of Maxwell's bodies |1,, and gel structures

W , are shown in fig. 1 and fig. 2.
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Fig. 1. Dependences of changes in the structural viscosity
of aggregates consisting of Maxwell's bodies
on the load and concentration of fullerenes
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Fig. 2. Dependences of the change in the dynamic viscosity
of the gel structure on the load and the concentration of fullerenes

The nature of the change in the presented dependencies allows us to draw the following conclusions.

As follows from the presented dependences in fig. 1 and fig. 2 an increase in load significantly increases
the structural viscosity of aggregates in the form of a Maxwell body, fig. 1 and the viscosity of the gel structure,
13 - 20 times, fig. 2. The concentration of fullerenes in the base lubricant does not significantly affect the dynamic
viscosity of aggregates in the composition of the liquid and the structure of the gel. Such an increase in the dynamic
viscosity of the gel structure can be explained by the squeezing out of a viscous liquid under load and, thereby, a
decrease in its content in the gel structure.

The general conclusion for the presented dependences is that with an increase in the load, the structure of
the oil film on the friction surface in the presence of fullerene compositions acquires the properties of an "elastic
solid™. In this case, the concentration of fullerenes in the basic lubricating medium does not play a large role.

Modeling the nature of the change in the structural viscosity in the field of action of electrostatic forces of
the friction surface with a change in the tribological properties of the base lubricant medium and the concentration
of fullerenes in this medium is shown in fig. 3 and 4.
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Fig. 3. Dependences of changes in the structural viscosity
of aggregates consisting of Maxwell bodies on the tribological properties
of the lubricating medium and the concentration of fullerenes
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Fig. 4. Dependences of the change in the dynamic viscosity
of the gel structure on the tribological properties
of the lubricating medium and the concentration of fullerenes
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The following lubricating media were used in the modeling: hydraulic oil MGP-10, Eipee =18-10" J/m3;
motor oil M-10G2k, Eopee =36-10" J/m? transmission oil VALVOLINE GL-5, g =72.10% Jm?

spec
Determination of the tribological properties of lubricating media as a parameter Espc - specific work of wear,
presented in the work [8].

As follows from the presented dependences, an increase in the tribological properties of the lubricating
medium reduces the value of the structural viscosity of aggregates in the form of Maxwell bodies, fig. 3 and the
structural viscosity of the gel on the friction surface by a factor of 3, fig. 4. At the same time, the concentration of
fullerenes in the range of 0.5 - 1.5% does not have a large effect on these indicators. In our opinion, this
phenomenon can be explained by the presence or absence of an additive package in the base lubricating medium.
For those oils where the additive package is absent or present in an insignificant amount £__ =(18...3,6)-10"

spec
J/m3, the introduction of a fullerene composition promotes the formation of clusters and micelles, which increase
the structural viscosity, and consequently, form a film on the friction surface in the form of a gel structure.
Conversely, if fullerenes are introduced into a base oil that contains a large and balanced additive package, where

tribological properties are high E_ (3,6 -7,2)-10" J/m? interaction at the molecular level does not occur.

spec

Fullerenes to a lesser extent will form stable aggregates in the form of micelles.
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Fig. 5. Dependences of the change in the friction coefficient
of the tribosystem on the load and the concentration of fullerenes
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Fig. 6. Dependences of the change in the friction coefficient
of the tribosystem on the tribological properties
of the lubricating medium and the concentration of fullerenes

The change in the structural dynamic viscosity of a thin oil film on the friction surface made it possible to
theoretically obtain the dependence of the change in the friction coefficient on the change in the load on the
tribosystem and the concentration of fullerenes in the base oil, which is shown in fig. 5. The dashed line shows the
change in the friction coefficient when the tribosystem operates on base oil, M-10G:k, solid lines in the presence
of different concentrations of fullerenes in the base oil.

Analysis of the presented dependences allows us to conclude that the maximum effect when using
fullerenes is observed at low and medium loads. The effect of reducing the coefficient of friction at N =600 N
equal to 96 %, at N =1200 N — 66 %. At maximum load N = 1800 N, the effect is 7,2 %. At the same time, a
change in the concentration of fullerenes in the range from 0.5 % to 1.5 % affects the change in the coefficient of
friction in the range of 3 — 5 %.

Theoretically, the dependences of the change in the friction coefficient on the tribological properties of the
base lubricating medium were obtained Espec and the concentration of fullerenes in this medium, which are shown
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in fig. 6. The dashed curve corresponds to the change in the friction coefficient of the tribosystem on base oils
without the use of fullerenes, solid lines for oils with different concentrations of fullerenes.

Analysis of the presented dependences allows us to assert that the introduction of fullerenes into hydraulic
oils with low values of tribological properties E,,. =18-10" J/m3 reduces the coefficient of friction by 4 %. The

maximum effect of reducing the coefficient of friction, equal to 83 — 98 %, is typical for oils with £__ =3,6-10"

spec
J/m?3. These are mid-quality oils, which include engine oil M-10Gzk.

The use of base oils with Espec>3,6-1014 J/m3 does not lead to an increase in the effect of reducing the

friction coefficient from the use of fullerenes, the friction coefficient remains constant. In this case, the magnitude
of the change in the coefficient of friction when using different concentrations of fullerenes is within 13 %.

Based on the above theoretical studies, it is possible to form a general conclusion on the use of fullerenes
in lubricants of various qualities. The maximum effect of reducing the friction coefficient, equal to 83 — 98 %, can
be obtained with oils of an average level of tribological properties.

Conclusions

The physical phenomenon of the formation of an oil film containing fullerenes on the friction surface of
tribosystems was further developed, which, in contrast to the known ones, takes into account the structural
viscosity and structure of the formed film under the action of the electrostatic field of the friction surface. An
increase in load significantly increases the structural viscosity of the gel structure, 13 - 20 times. Such an increase
in the dynamic viscosity of the gel structure can be explained by the squeezing out of a viscous liquid under load
and, thereby, a decrease in its content in the gel structure. The concentration of fullerenes in the base lubricant
does not significantly affect the value of the dynamic viscosity of the aggregates in the composition of the liquid
and the structure of the gel.

An increase in the tribological properties of the base lubricant medium reduces the value of the structural
viscosity of the gel on the friction surface by a factor of 3. At the same time, the concentration of fullerenes in the
range of 0.5 - 1.5% does not have a large effect on these indicators. This phenomenon can be explained by the
presence or absence of an additive package in the base lubricating medium. For those oils where the additive
package is absent or present in an insignificant amount £_ = (1,8...3,6)-10* J/m?, the introduction of a fullerene

spec

composition promotes the formation of clusters and micelles, which increase the structural viscosity and,
consequently, form a film on the friction surface in the form of a gel structure. Conversely, if fullerenes are
introduced into a base oil that contains a large and balanced additive package, where tribological properties are
high £__)(3,6—7,2)-10" J/m?, interaction at the molecular level does not occur. Fullerenes to a lesser extent

spec
will form stable aggregates in the form of micelles.

The effect of reducing the coefficient of friction, equal to 96 %, is typical for low and medium loads of
operation of tribosystems and base lubricants with average values of tribological properties. With increasing loads
or tribological properties of base oils, the effect of the use of fullerenes decreases.

References

1. Vojtov V. A., Kravcov A. G., and Tsymbal B. M. Evaluation of Tribotechnical Characteristics of
Tribosystems in the Presence of Fullerenes in the Lubricant / FRICTION AND WEAR, 2020, Vol. 41, No. 6, 704-
710. DOI: 10.3103/51068366620060197 [English]

2. Matviyenko V.N., Kirsanov Ye.A. Vyazkost' i struktura dispersnykh sistem // Vestnik Moskovskogo
universiteta. Seriya 2. Khimiya. — 2011. — T.52. — Ne 4.— S. 243— 276. [Russian]

3. Bibik Ye.Ye. Reologiya dispersnykh sistem. — L.: 1zd-vo Leningradskogo un-ta, 1981. -172s. [Russian]

4. Reyner M. Reologiya / M. Reyner. // perev. s angl. pod red. E.I. Grigolyuka. — M.: Nauka, 1965. — 223s.
[Russian]

5. Anurag Singh, Prashant Chauhan, Mamatha T. G. A review on tribological performance of lubricants
with nanoparticles additives // Materials today: proceedings Volume 25, Part 4,2020, Pages 586-591
https://doi.org/10.1016/j.matpr.2019.07.245 [English]

6. Kravtsov A.G. Investigation of the structural viscosity of oil films on the friction surface with fullerene
compositions. Problems of Tribology, Vol 26, No 1/99, 2021, pp. 13-19. https://doi.org/10.31891/2079-1372-
2021-96-1-13-19 [English]

7. Kravtsov A.H. Rozrobka makroreolohichnoyi modeli relaksatsiyi napruzhen’ v mastyl’'niy plivtsi na
poverkhni tertya pry nayavnosti fullereniv/ Problemy trybolohiyi. — 2018. — Ne 4. — S. 36— 40. [Ukraine]

8.Zakharchenko M.B. Yntehral’'nyy parametr otsenky trybolohycheskykh svoystv smazochnykh materya-
lov // Zbirnyk naukovykh prats’ Ukrayins’koyi derzhavnoyi akademiyi zaliznychnoho transportu. Tom 2. —
Kharkiv: UkrDAZT, 2015. — Vyp. 151. — S. 5- 10. [Russian]



https://www.sciencedirect.com/science/article/pii/S2214785319324228?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S2214785319324228?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S2214785319324228?via%3Dihub#!
https://doi.org/10.1016/j.matpr.2019.07.245
http://tribology.khnu.km.ua/index.php/ProbTrib/index
https://doi.org/10.31891/2079-1372-2021-96-1-13-19
https://doi.org/10.31891/2079-1372-2021-96-1-13-19

40 Problems of Tribology

KpaBuoB A.I'. 3anexHOCT] 3MIHM CTPYKTYPHOI B'S3KOCTI MacTHJBHUX IUIIBOK Ha IOBEPXHI TEepTs 3
(byrnepeHOBUMH KOMIO3ULISIMu/

Jicrano mnojanbiiuii po3BUTOK (izuyHe siBUIE (OPMYBAHHS MacisHOI IUIBKH 3 ()yJIepCHOBUMHU
KOMITO3MIISIMUA Ha IOBEPXHI TePTsl TPHOOCHCTEM, SIKE, Ha BIIMIHY BiJl BI/IOMHUX, BPaXOBY€ CTPYKTYPHY B'S3KICTb 1
CTPYKTYPY c(OpMOBaHOT TUTIBKH TIi /T €O EIEKTPOCTATUIHOTO MO MOBEPXHi TepTs. 301IbIICHAS HABaHTA)KEHHS
3HAYHO 301TBIIYE CTPYKTYPHY B'SI3KICTh CTPYKTYpH Temto, B 13 - 20 pasis. Take migBUIIeHHS ANHAMIYHOI B'SI3KOCTI
CTPYKTYpH TeNII0 MO)KHA HOSICHUTH BHJIABIIOBAHHSAM B'S3KOi PIAMHU Il HABaHTAXKEHHSAM 1 TUM CaMHM,
3MEHIIICHHS 11 3MICTy B CTPYKTYpi remo. Konmentpamnis ¢ynepeHiB B 6a30BOMY 3MallyBalbHOMY MaTepiami He
POOUTE ICTOTHOTO BIUTUBY Ha BETUYNHY AHHAMIYHOTO B'S3KOCTI arperariB B CKJIA1 PiANHU 1 CTPYKTYPH TEITiO.

30UTbIICHHS TPUOOJIOTIYHUX BIIACTUBOCTEH 0a30BOr0 MACTHIIBHOTO CEPEIOBHINA 3HIKYE BEITHUMHY
CTPYKTYPHOI B'SI3KOCTI TeJIi0 Ha ToBepXHi TepTst B 3 pasu. [Ipu npomy xoHneHTpauis ¢ynepeHis B mexax 0,5 -
1,5% He poOWTh BEIMKOTO BIUIMBY Ha JaHI TOKa3HUKH. JlaHe sIBUIE MOXXHA TIOSCHUTH HAasBHICTIO a0o
BIZICYTHICTIO [TaKeTa MPUCaIOK B 6a30BOMY MaCTHILHOMY CEPEAOBHII. Y THX OJIMB, J€ TAKET IMPUCAI0K BIACYTHIH
a00 MPUCYTHIN B HE3HAYHIN KITBKOCTI E, = (18...3,6) 10" JIsx/m°, BBeneHHs ByaepeHOBOi KOMIO3MIIIT CIIpHsie

YTBOPEHHIO KJIACTEPIiB 1 MULIEI, SIKi 30UIBLIYIOTH CTPYKTYPHY B'SI3KICTb, @ OT)KE 1 YTBOPIOIOTH Ha IOBEPXHI TEPTS
IUTIBKY y BUIJIA/ CTPYKTYPH Teiio. | HaBImaku, sSIKIO BBOJUTH (yJepeHH B 0a30BY OJIMBY, SIKa MICTHTh BEIHKHH i

36anancoBanmii MakeT NPUCAIOK, Ae Tprbonoriumi BractuBocti Bucoki £ )(3,6—7,2) -10% JIx/m3, B3aemopis

Ha MOJICKYJIIPHOMY piBHI He BinOyBaeThca. DysepeHH B MEHIIH Mipi OyIyTh YyTBOPIOBATH CTIHKi arperatu y
BUTJISII MILICT.

Edekr 3HmkeHHs KoediuieHTa TepTs, IO JAOpiBHIOE 96%, XapakTepHHUH asl Majdux 1 CepeaHix
HAaBaHTAXKCHb eKCIUTyaTalil TpuOocucTeM 1 0a30BMX MACTHJIBHUX MaTepialiB i3 CEepeJHIMU 3HAYCHHSIMH
TpUOOJIOTIYHUX BIaCTUBOCTEH. [Ipu 301NIbIIICHHI HABaHTaXKECHBb 200 TPUOOIOT1UHUX BIACTUBOCTEH 0a30BHX OJIMB,
edeKT Bij 3acTocyBaHHs (yJIepEeHIB 3MEHIIIY€EThCS.

Kawuosi ciaoBa: ¢ynepeHn; MacTWibHA IDIiBKA; (DYIEpeHOBI KOMIIO3HWINIi; CTPYKTypHa B'S3KICTH;
CTPYKTYpa 30JI10; CTPYKTYpa I'elIi0; eJICKTPOCTATHYHE MOJIC TOBEPXHI TePTs; JMHAMIUHA B'SI3KICTh
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Abstract

The task of this work is to find the optimal ratio between the size of the particles of silicon carbide and
their volumetric content in the nickel matrix to provide maximum characteristics of strength and wear resistance
of the working bodies of soil-processing machines.

The article investigates the processes of forming complex electrolytic coatings (CEC) on a nickel basis
with particles of the filler of various sizes of silicon carbide (SIC). It has been established that the formation of a
sicle size sicle and SiCs is carried out on a vertical, and all other particles in a horizontal cathode. The
volumetric content of SICyano and SiCs particles in nickel reaches a maximum of about 10%, and SiCigo — 46 %.

Cap with particle size 28/20 and 50/40 um allow you to get the most wear-resistant coatings. In this case,
the coating with particles 28/20 pm have higher wear resistance, but coating with particles 50/40 um are more
technological when they are formed.

The size of the filler particles has a significant effect on the tribological characteristics of the CEP,
namely wear resistance and friction coefficient. It has been established that the highest wear resistance and the
smallest friction coefficients are characterized by coatings having as a filler of fractions 28/20 and 50/40 um.
Tribological studies show the promise and efficiency of the CEP to increase the wear resistance of the working
bodies of soil-cultivating machines.

Key words: ground-making machines, composite electrolytic coatings (CEC), durability.
Introduction and relevance of the problem

Physical and mechanical characteristics of the CEC based on a nickel matrix containing a silicon carbide
(SIC) are largely determined not only by the geometric dimensions of SIC particles, but also their volumetric
content in the nickel matrix. Thus, in [1] it is indicated that there is a proportional dependence between the
hardness of particles, their number in a nickel matrix and durability. The maximum strength value is achieved
with the optimal content of particles in the coating, the excess of which dramatically reduces the physical and
mechanical characteristics of the CEC. Therefore, the task of this work is to find the optimal ratio between the
size of the particles of silicon carbide and their volumetric content in the nickel matrix to provide maximum
characteristics of strength and wear resistance of the working bodies of soil-processing machines.

Analysis of recent researches

The problem of increasing the wear resistance of the working bodies of soil-cultivating machines is
devoted to a significant number of scientific works [1...4].

Numerical studies indicate the existence of various approaches to solve this problem. Thus, in the paper
[1], the issues of strengthening the blades of soil-processing operations of agricultural machines are considered
to form the effect of self-combustion, and in [2] distinguish structural, operational and technological methods for

Copyright © 2021 M.S. Stechyshyn, A.O. Kornienko, N.M. Stechyshyna, A.V. Martynyuk, M.I. Tsepeniuk, V.O. Herasymenko. This
@I}. 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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increasing the wear resistance of working bodies of soil-cultivating machines. Technological methods include
primarily selection of materials and heat treatment, which provide high wear resistance in conditions of abrasive
wear [1 - 4].

In [3], it has been shown that the use according to optimal modes of carbaazonation in a non-hydrogen
teaching discharge allowed to increase the wear resistance of the cultivator's paws in 1.7...1.8 times.

The author of work [4], the following materials for the manufacture of parts operating in the abrasive
mass are recommended: manganese steel (30T, 50T, 65T, 110T'6X3J1), steel doped chromium (38XA, 40X, 45X,
X12, X12®1, X6B®), multicomponent doped steel and alloys (12XH3A, 17XT2C®P, 08X18H10T), solid
sintered alloys (BK6, BKS, BK15, BK20).

Technical requirements for discs to domestic technology provides for their manufacture of steel 65T, or
its substitute - steel M76 and steel 45 with heat treatment on hardness 39...44 HRC. Disks of foreign
manufacturers are made of more durable steels, in particular the discs of the Bellota firms - from the steel
28MnB5, CASE Firms - from Earth Metal. The cost of such disks in 2.0 ... 2.3 times higher than the cost of
domestic disks and has 20 ... 30% higher wear resistance [2]. The use of high-quality metals and alloys are
economically inappropriate, so the output should be searched in the used methods of surface strengthening of
working surfaces.

Surface reinforcement is used to increase wear resistance in cases where there are no increased
requirements for the volume strength of parts, but their high surface durability is required.

In agricultural machinery, 90% of all strengthening works are induction surfacing. The main
disadvantage of this method is the high cost of alloys for surfacing [2].

Laps of cultivators are one of the most mass details of the working bodies of agricultural machines. As a
result of small service life, a large number of pieces are spent in the form of spare parts, the production of which
requires a significant amount of high-quality metal.

In accordance with the technical requirements, the guarantee experience of the archery legs of the
cultivator should be no less than 25 hectares, but as shows the practice of exploiting such working bodies, their
work for refusal on various soils does not exceed 14 - 19 hectares.

At present, in Ukraine, serial working bodies of soil-cultivating machines are made of steels 65I", 45 and
JI53, which in a tempered state (hardness 37 ... 43HRC) have satisfactory indicators of relative elongation but a
small boundary of strength (ov = 880...1080 pPa). According to many years of research and analysis of the
results of operating tests of ro-cultivating machines, only for the first year of operation due to breakage (or
deformation with subsequent breakage), about 40% of ploughshare and 15% shelves, 20% of cultivators and
30% of different types of disk working bodies [1].

Studies [5] shows that application for strengthening laser heat treatment allows 1.3 ... 1.4 times reduce the
wear of parts of cutting elements in comparison with bulk quenching, and the use of laser surfacing of the Alloy
IIC - 14-60 + 6% B4C in 1.7 ... 1.8 times compared to the basic induction surfacing technology. Laser
technologies provide local heating in the absence or minimum deformations with the next cooling of
strengthened products. Receiving high physical and mechanical properties of surface layers is associated with a
high heating and cooling rate, which is 104-106 °C/s.

In general, it can be stated that for most regions of Ukraine, one set of details of the working bodies of
soil-cultivating machines is not enough on the current annual cycle (spring + autumn), and therefore it is
necessary to continue the searches for new, economically substantiated methods and methods of surface
strengthening of the working bodies of soil-cultivating machines.

Thus, the purpose of the study is to develop a technology for strengthening the working bodies of soil-
cultivating machines by applying composite electrolytic coatings (CEC).

Materials, electrolytes and electrolysis modes when forming a heart

In the scientific literature, the prospects of use of nickel as a matrix for the next formation of a heap of
different composition, filling and properties are noted. Nickel is characterized by high affinity to most types of
filler particles. Nickel Based CEC is divided into several types: core, multilayer coatings with increased
corrosion resistance in the atmosphere, self-residual coatings, etc.

The analysis of cermetes conducted in [6] indicates a great curiosity of researchers to this type of
coatings. In this case, their high thermal resistance and good mechanical properties are noted. Thus, the Ni-SiC
coating can operate at a temperature of 2600 °C. A similar coating with a thickness of 200 is firmly coupled
with steel and retains hardness (HRC 63) to 260. The coil layer 25 on steel is deformed without hacking with a
special steel ball. With multiple immersions of Ni-SiC coated products in water after its heating up to 650
cracks are not formed. The Ni-SiC is used instead of a chromium coating and service life while increases several
times [6].

It is also noted [7, 8] that the cathode extraction of the current and the productivity of the coating process
is quite high, and the electrolytes for deposition of nickel are simple and reliable.

Choosing a filler for a chest is determined by the requirements for the properties of the coating: high
strength of grip with matrix, affinity with matrix material, corrosion resistance in aggressive environments,
highly high mechanical characteristics, etc.



Problems of Tribology 43

Such requirements will some extent satisfy the powders of carbides and, in particular, silicon carbide.
The silicon carbide is recommended for the creation of compositions to increase the hardness and wear
resistance in friction without lubrication and at elevated temperatures [6, 7, 8], corrosion resistance [7]. The
silicon carbide in the nickel matrix improves the coating properties: microhardness increases by 1 ... 2.5, internal
stresses decreases in 3 ... 8 times, and corrosion resistance increases in 4 ... 50 times [8]. Coverage with silicon
carbide has the best grip with steel compared to other fillers. By strength of grip with the base we have such a
row: 487-SiC; 213-TiC; 216-Cr7C3 [6].

In addition, silicon carbide has high mechanical characteristics: microhardness 29 ... 35, elastic modulus
E=394, border strength to the rupture -180, to bend -173 ... 225, on compression -800 [8].

The silicon carbide has a low cost and is produced in large quantities in the form of powders packed by
fractions.

Based on the above, in the work are a nickel base with a filler of sic different fractions from 100/80 to
nanoparticles of less than 50. Thus, the SiC powders with dimensions are used in the work: less than 50 -
nanoparticles; M5; 28/20; 50/40; 100/80. According to SiC particles in the future, the following designations
are given: Ni-SiCnano; Ni-SiCs; Ni-SiCgs; Ni-SiCso; Ni-SiCygo.

For the formation of a cavity on a nickel matrix, sulfate or sulfatchloricular nickel electrolytes [6, 7] is
used for the most part. The disadvantage of such electrolytes is a low rate of precipitation of nickel: 20...40 with
a current density of 0.2...0,5. Increasing current density leads to a deterioration of the quality of the coating.

In this paper, a chloride nickel electrolyte was used, which allows to increase the cathode density of
current, increase the rate of depositing nickel [9]. The composition of the electrolyte is given in Table.1.

Table 1
Composition and characteristics of a nickel of electrolyte chloride [6, 7]
Composition of electrolyte, g/l Technological modes of electrolysis
NiCl; x 6H,0 - 300 Acidity of pH 3...4.
H3BOs - 40. Operating temperature t = 60 ... 70 °C.

Sodium lauryl sulfate - 0.01 ... 0.02 Catholic density of current I.= 1 ... 3 KA/m2.

Nickel precipitation rate
Vo =90 ... 100 um/h

To the advantages of the selected nickel electrolyte include the stability of the value of pH throughout the
time of electrolysis, which eliminates the effects of acidity change on the volume content of the filler particles
into a cavity.

The electrolyte was additionally administered to sodium pair lauryl sulfate in an amount of 0.01 ... 0.02,
which according to [8] contributes to the inclusion of SiC particles in the coating and improves the conditions for
increasing the nickel matrix.

Also, the amorphous boron powders were added to the size of the amorphous boron in size about 1, which
is due to the possibility of interaction of boron and nickel with the subsequent heat treatment of coating and
obtaining new structures (solid solutions, eutectics, dispersion-solid alloys).

The SiC and B powders were injected directly before the formation of a cavity in an amount from 10 to
110, depending on the location of the cathode, electrolysis modes, and the required volumetric content of the
filler particles in the nickel matrix.

Samples for applying the CEC were made of steel 40X. CEC was applied to the working and side surface
of the sample. The choice of the sample form is due to the need to conduct in further tests on the cavitation-
erosion wear resistance of the obtained coatings for MSV. The same samples were used for electrochemical
measurements and potentiostatic studies.

Operational, including tribological and especially cavitation-erosionary characteristics of wear resistance
of the CEC depend on the strength of the coupling (adhesion) of the coating with the base. The force of
adhesion clutch with a steading base (steel 40X) depends on the degree of surface cleaning from oxides and
other chemical compounds. Therefore, before applying CEC, samples are degreased by Viennese lime and
subjected to anode treatment for 3... in a 20% solution of sulfuric acid with a density of current 2.

The general view of the installation for the anodic cleaning of the samples is shown its principal electrical
circuit in Fig. 1.

As an anode, nickel plates were used for the formation of the specimens 65 x 35 x5 mm.
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Fig. 1. Principlable electrical scheme of installation
for anodic cleaning of samples before applying CEC:
1 - block of DC power;

2 —voltmeter;

3 —ammeter;

4 —nickel plate;

5 — bath;

6 — sample

The coatings with the inclusion of SiC particles larger than 10 were formed on a horizontal cathode in a
pulse mixing mode, and with a particle size of up to 10 on a vertical cathode with a continuous mixing with a
magnetic stirrer, for example, a cavity with the inclusion of amorphous boron and particles SiC size 50 and M5
(SlClnano and S|C5)

The current density determines the rate of precipitation of the matrix metal. For selected nickel-chloride
electrolyte (Table 1), the permissible current density reaches 3, and working-2.0 [7]. According to the results of
studies [8], the coatings were carried out with a current density in the range of 0.4 ... 1.0.

To increase the mechanical characteristics of the resulting CEC, their annealed at temperatures above
200. According to [8] at a temperature of 200 and exposure to 1 ... 2 in the Ni-B system are formed by the nickel
borid.

The temperature of the formation of eutectics in the Ni-B system is 1060 ... 1080 [8], and therefore
annealing in a vacuum in an OKb 8086 was performed at a temperature of 1100, kept 3...5 and cooled together
with the furnace.

Formation of the Ni-SiCnano and Ni-SiC5 cavity, as well as with the inclusion of amorphous boron, was
carried out on a vertical cathode with a continuous stirring of a suspension on the installation developed by us
[10]. Formation of cells with particles SiCas, SiCso, SiCigo With the addition of amorphous boron powders was
carried out on a horizontal cathode. Changing the content of particles in the matrix was regulated by a change in
relation and (mixing / sedimentation time) and a change in the concentration of SiC particles and in in the
electrolyte.

The number of particles of boron and silicon in the coating was determined by methods of chemical and
metallographic analyzes.

The volumetric content of the filler particles depends on the geometric particle sizes. The maiden-shaped
users contained as much as 8 % vol. for SiCnano and up t013% by volume for SiCs.

Testing for friction and wear

To study the antifriction properties of the composite coatings, the car of M22-M (Fig. 2) was used, which
allows in the process of conducting an experiment to automatically record the main characteristics of friction and
wear (linear wear of steam and friction coefficient) without removing the sample from the car. As a result,
rollers were used in diameter 40 mm, made of tempered steel 45 (HRC 45-48). At a distance of 0.5 mm from the
surface of friction, a chromel-digestive thermopore was injected, which allows you to control the temperature
change in the friction zone and judge the stabilization of friction and wear processes. Testing samples with
coatings were carried out under friction without mammary according to the scheme of the shaft-plane (Fig. 3),
loading with rubbed formed P = 20; 40; 60; 150 N, speed of sliding vV = 0.5 m/s. The rubbing path L = 1 km.

The frictional knot M22-M (Fig.2) consists of a housing 3, in which moving bearings is mounted shaft 11.
At the end of the shaft fixing movable contracement 4. On the housing 3 mobile on bearings mounted carriage 2,
the axis of which coincides with the axis. Rotation of the shaft 11. Caret 2 is fixed by rotation of the carriage 12,
interacting with the dynamometer spring 1. The deformation of the dynamometer spring 1 is controlled by the
linear displacement sensor 13, fixed on the rack 14. On the carriage of the carriage 10 in the guide 6 installed
assembly 7 with the ability to radial displeasure Regarding the axis of the hall 11. A plant 7 is fixed in a fixed
sample 5, which are in conjunction with a mobile countertop 4. In the hole of a caliper 7 is freely located in a
radial direction of rod 8, one end of which freely rests into the rear side of the sample 5 and the second in the
sensor of linear movement 9, fixed on the bracket 10. Rod 8 is made of material with a small coefficient of thermal expanded.
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Contrity

Sample

Fig. 2. Scheme of friction node Fig. 3. Scheme friction shaft-plane

The size of the samples on which 10 x 10 x 5 mm test were performed (Fig. 3, Fig. 4). Before testing the
sample and the countertoll was washed with gasoline, acetone and alcohol and dried in air. Determined the mass
of the sample and counterparted with an error of not more than 0.0005g. With the help of lab scales (the largest
limit of weighing 200g, weighing error is not more than 0,0005g). In the test process, friction coefficient and
linear frictional wear are recorded during sustainable wear. The end of the work was determined by stabilization
of temperature and friction coefficient. Recording coefficient of friction and linear wear of frictional steam
during test was performed every 5 minutes. The intensity of wearing samples with coatings was evaluated by
loss of mass of the sample and the magnitude of linear friction pair [8].

After each test, the counterattack and sample were removed from the machine, washed with gasoline,
acetone and alcohol and dried in air. Determined the mass of the sample and counterbalanced with an error of
not more than 0.0005g by means of laboratory scales.

Fig. 4. Samples from a CEC after friction test

The intensity of the wear of the sample and counterticked and (mg/km) was determined by the formula:
= (m1 — mz)/l_,

where: M; — mass of sample (countertick) to test, mg;
m; — mass of sample (countertick) after testing, mg;
L — rubbing path, km.

Research results

Physical and mechanical characteristics of the CEC based on a nickel matrix containing a silicon carbide
(SiC) are largely determined not only by the geometric dimensions of SiC particles, but also their volumetric
content in the nickel matrix. Thus, in [7], it is indicated that there is a proportional dependence between the
hardness of particles, their number in a nickel matrix and durability. The maximum strength value is achieved
with the optimal content of particles in the coating, the excess of which dramatically reduces the physical and
mechanical characteristics of the CEC.

Thus, the coating on a nickel base with particles of sic different fractions and for convenience, we will
denote coating by the size of the filler particles. For example, nickel bp with particles SiC fractions 5/10 pm,
denote both Ni + SiCs, fractions 28/20 um as Ni + SiCys, 50/40 uM - Ni + SiCs, 100/80 - Ni + SiCigo, and
coating with nanoparticles in size about 50 nm - Ni + SiCnano. When conducting work also used amorphous
boron dispersion of about 1 um.
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Studies have shown that the size of the filler particles has a significant impact on the wear resistance of
the coating. According to the results of experiments, the largest linear wear with loads of 20 and 40 N have
specimens from steel 40X without coating. When applied to a steel layer of galvanic nickel, which has a
hardness Hu = 2.4 ... 2.7 GPa, linear friction pair decreases by 1.4 times, weight demolition of the sample - by 2
times, and countertil in 3 ... 7.6 times Compared to test samples without coating (Fig. 5).
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Fig. 5. Wearing resistance of Ni-SiC CEC, depending on the size of the filler:
a — weight wear of the sample and countertick, mg / km;
b — linear friction pair of friction, pm / km

Wearing resistance of samples from the CEC containing the SiC filler of different fractions is higher than
in purely nickel coatings. So, for samples with the inclusion of a fraction of 100/80 pum there is a significant
weight and linear wear, which even exceeds the wear of the sample without coating. The hardness of the matrix
with this slightly increased and is Hu = 2,8 - 3,0 GPa, that is, increased by 10 — 15 % compared with a clean
nickel due to composite strengthening and larger stresses in the matrix. The obtained results are explained by the
fact that the size of the particles is compared with the coating thickness (200 - 300pm) and in these conditions,
the plastic nickel matrix can not compensate for contact loads on large SiC particles, which leads to fragile
destruction and distorting. In addition, the volumetric content of SiCiqo particles in the coating is the largest
compared to other test samples and is 46 %. Under such a carbide content, significant stresses that the plastic
matrix can not be compensated effectively.

A large weight wear of the sample is observed in the application as a filler for small particles of fraction
less than 5 pm and nanoparticles 50 nm (Fig. 5). The use of such particles slightly increases the wear resistance
of the coating in comparison with galvanic nickel, but not significantly (a decrease in weight loss of the sample
is 10 — 20 %) because the content of SiCs particles and SiCnano Was 8 and 3 vol % respectively, that is, it is less
than large particles and such particles are more efficiently strengthening the matrix (disperse hardening occurs)
than increasing wear resistance in comparison with larger particles. This is due to the fact that in such
compositions, the particle size is smaller than the size of individual contact spots, they can not effectively
perceive the load and therefore the main contribution to wear resistance introduces the NI matrix, which has low
mechanical properties and due to the emergence of significant stresses possible occurrence of cracks [8] .
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The highest wear resistance among the above coatings have a cap with the inclusion of fractions 28/20
and 50/40 pm that have the smallest wear with all loads. The content of the filler in such coatings is,
respectively, 24 and 28 vol%. In this case, slightly less wear is covered with the inclusion of a fraction of 28/20
um. Weight wear of such samples is an order of magnitude smaller than for coatings with smaller and large
particles. Compared to galvanic nickel, such coatings have a decrease in wear 12, 9 and 5 times with loads of
20, 40, 60 N, respectively (Fig. 5).

The highest wear resistance of coatings with inclusion of 28...50 um may be due to the distribution of
load they perceive. The solid inclusion load is equal to the actual contact pressure when their sizes are smaller or
vessel with a single contact spot (2 - 10 um). For compositions with optimal particle sizes (28 wm) there are no
processes of seizing, abrasive and fragile destruction and there is a normal mechano-oxidation process of wear.

In addition to wear resistance, an important tribotechnical parameter is the coefficient of friction f. An
analysis of the test results showed that the coefficient of friction significantly affects the load when the SiC filler
and the size of the SiC filler and clearly follows such a regularity that with an increase in loading such as friction
decreases (Fig. 6). This is due to the fact that with an increase in normal load n, the friction force FTR increases
not so significantly and, accordingly, the ratio f = Fi, / N decreases.

coefficient of
friction.f

0,2 4

0 1 . r

0 20 40 60 80 100
the size of the filler, um

Fig. 6. Dependence of coefficient of friction f from
the size of the particles of the filler CEC:
1—load 20 n;
2-40Nand3-60N

As to the influence of the size of the particles of the filler of the CEC on the friction coefficient F, it can
be noted that the friction coefficient decreases and for the range of particles of filler 40 ... 60 um friction
coefficient is minimal. For coatings with larger filler particles (fraction 100/80) friction coefficient is greater.
This can be explained by the fact that for small particles of the contact spot is greater than the size of the
particles and friction occurs on a nickel matrix that has a high friction coefficient and is prone to gripping. For
particles of larger than 10 um, the size of the contact is smaller than the size of the particles and the main
contribution to the friction is introduced by the filler particles, which contributes to the reduction of friction
coefficient and increased wear resistance. For large particles it is possible to distort them and the abrasive
destruction begins. It can also be noted that for greater loads (60N), the effect of the size of the filler particles on
the friction coefficient decreases, while there is a greater difference between the friction coefficients of nickel
coatings (F = 0.82) and filling coes (F = 0.73 and below). . Probably, with larger loads of solid particles, the
filler begins to perceive more efficiently load, which in turn positively affects the friction processes.

Practical recommendations

1.Formation of a sac with particles SiCnano and SiCs is carried out on a vertical, and all other particles in a
horizontal cathode. With such particles, we obtain the highest corrosion resistance of the coating.

2.The volumetric content of particles SiCyano and SiCs in nickel reaches a maximum of about 10 %, and
SiCio0 — 46 %.

3.Cap with particle size 28/20 and 50/40 um allow you to get the most wear-resistant coatings. In this
case, the coating with particles 28/20 pm have higher wear resistance, but coating with particles 50/40 um are
more technological when they are formed.
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Conclusions

1.Sumulary of filler particles has a significant effect on the tribological characteristics of the CEC,
namely wear resistance and friction coefficient. It has been established that the highest wear resistance and the
smallest friction coefficients are characterized by coatings having as a filler of fractions 28/20 and 50/40 um.

2.Tribological studies show the promise and efficiency of the use of a cavity to increase the wear
resistance of the working bodies of soil-cultivating machines.
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Creyumimn M.C., Kopnienko A. O., Creunmuna H.M., Mapruniok A.B., Lenenok M.IL.,
I'epacumenko B. O. 3HocOCTIHKICTh pOOOYMX OpraHiB IPYHTOOOPOOHUX MaIlInH 3MiltHeHUX HaHeceHHsM KEII

Y crarti gocmijpkeHo mpouecH (GopMyBaHHS KOMIUIEKCHHX enekTponitiuHux mnokputriB (KEIT) nHa
HIKeJIEBiil OCHOBI 3 YaCTHMHKAMH HAMOBHIOBaYa Pi3HWX po3MipiB kapGimom kpemuito (SiC). BcranoBieHo,mo
dopmysannast KEIT 3 posmipamu SiCyano 1 SICs IPOBOANTECS Ha BEPTHKAIBHOMY, @ YCiX IHIIHX 32 PO3MipoOM
YAaCTHHOK Ha TOPU30HTAJIbHOMY KaTomi. O6’eMHHIA BMICT YaCTHHOK SiCuano 1 SICs B HiKeMi cAra€e MakCUMyMy B
cepexupomy 6ist 10%, a SiCyoo - 46%.

KEIT 3 posmipamu uactmHOK 28/20 Ta 50/40 MKM [O3BONAIOTH OTPUMATH HAHOINBII 3HOCOCTIHKI
mokpuTTA. [Ipu 1IbOMY TOKPHTTS 3 YacTHHKamu 28/20 MKM MalOTh BHIIY 3HOCOCTIMKICTH, aje MOKPHUTTA 3
yacTuHKamu 50/40 MKM € OUIIbII TEXHOJIOTIYHUMH TIPH iX (OPMYyBaHHI.

Po3mip yacTMHOK HallOBHIOBa4Ya Ma€ 3HAYHWH BIUIMB Ha TpuOosoriuHi xapakrepuctuku KEII, a came
3HOCOCTIMKICTh Ta KOCQIIieHT TepTsa. BCTaHOBICHO, MIO HAWBHIIOK 3HOCOCTIMKICTIO Ta HaHMCHITUMH
Koe(iliEHTaMU TEPTs XapaKTePU3yIOTHCSI MOKPHUTTS, 1110 MalOTh Y SIKOCTI HAITOBHIOBAaYa IMOPOIIKK (pakxiii 28/20
ta 50/40 mxm. TpubosnoriyHi AOCTIDKEHHS MOKa3yIOTh HNEPCIEKTHBHICTH 1 eekTuBHicTh 3acTocyBaHHs KEII
JUTS T IBMIIICHHS 3HOCOCTIHKOCTI POOOYHX OpPTraHiB IPYHTOOOPOOHUX MAIIIHH.

KawuoBi ciaoBa: 1pyHTOOOpPOOHI  MamIMHM, 3HOCOCTIHKICTh, (OPMYBaHHS  KOMIUIEKCHHX
CJIEKTPONITHIHUX MTOKPUTTIB
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Technological factors influence on the antifriction coatings quality
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Abstract

The conditions for the antifriction coatings formation during finishing antifriction non-abrasive treatment
(FANT) are analyzed. The requirements for this kind of coatings and the main criteria for assessing their quality
are noted. A relationship has been established between the quality of the coating obtained with FANT and the
technological factors that determine the conditions for contacting the tool with the treated surface. It is proved
that the shape and size of microroughnesses of the treated surface determine the efficiency of the microcutting
process and filling the microcavities with the rubbed material.

Technological factors influence on the coating quality was investigated during FANT by implementing a
multifactor experiment, as a result of which a connection was established between the technological parameters
of the process (total friction path, load on the tool), as well as the length of the supporting surface with indicators
characterizing the coating quality.

Statistical models were obtained for mass transfer of antifriction material, area (continuity) of the coating
and surface roughness at natural values of the factors, which made it possible to establish the studied factors
influence on the optimization parameters.

The analysis of the experimental scattering graphs made it possible to clarify the nature of the factors
changes and analyze their mutual influence on the optimization criteria. Taking into account the inversely
proportional relationship of the optimization criteria, the achievement of their maximum values at the same time
is impossible, therefore, the values are taken according to the final result of the FANT process.

The range of the studied factors values is established, the regularities of their change are substantiated
from the point of view of the selected optimization criteria. Determination the rational values of the FANT
process technological parameters will improve the antifriction coatings quality obtained by a friction-mechanical
method.

Key words: finishing antifriction non-abrasive treatment (FANT), antifriction coating, optimization,
continuity coating, mass transfer, roughness.

Introduction

A generally recognized direction in the field of the working surfaces of machine parts quality improving
is the development and widespread use of antifriction coatings [1]. From all the variety of methods for obtaining
antifriction coatings, coatings with optimal values of hardness and elasticity modulus with increased antifriction
properties, providing the favorable internal stresses creation, as well as maximum adhesion characteristics of the
coating with the base material, seem to be preferable [2].

Such kind of coatings can be obtained by frictional rubbing of plastic metals by finishing antifriction non-
abrasive treatment (FANT) [3]. Rubbing the friction surface with a tool made of copper and its alloys in the
presence of a process fluid makes it possible to create coatings with a thickness of 2 - 5 microns on the friction
surface, as well as to harden the surface of the base material to a depth of 70-80 microns due to high pressure at
the point of linear contact. FANT, characterized by environmental friendliness, makes it possible to reduce the
running-in time of parts, eliminate scuffing of friction surfaces, increase the bearing capacity of parts and joints,
protect the friction surface from hydrogen wear, reduce the friction temperature and extend the operating period
of the friction unit when the lubricant supply is turned off, reduce the coefficient of friction, etc. [4].

@m_ Copyright © 2021 1.V. Shepelenko. 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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The antifriction coating formation during FANT largely depends on technological factors that determine
the conditions for contacting the tool with the treated surface, and the shape and size of microroughnesses
determine the quality of the resulting coating, its continuity [5]. The study of the contacting surfaces features, as
well as the main parameters of the FANT process, their regularities will improve the antifriction coating quality,
and hence the operational properties of the part. In this regard, studies of the main parameters influence of the
FANT process on the formation of an antifriction coating, depending on the conditions of contact interaction of a
copper-containing tool with a treated surface, seem to be very relevant.

The widespread use of FANT is also hindered by the lack of extensive information on the relationship
between the technological factors of the process and the geometric parameters of the surface layer, and above all,
with the roughness, which, according to a number of researchers [6, 7], is one of the main criteria for the
resulting coating quality. Thus, it becomes necessary to conduct special studies of the technological factors
influence that determine FANT on the antifriction coating quality.

Literature review

A number of requirements are imposed on antifriction coatings, regardless of the methods of their
formation, the main of which should be attributed [8]:

- density and continuity;

- high adhesion to the metal surface;

- uniformity of the coating in thickness and a sufficiently high cleanliness of its surface;

- the ability, together with the base metal, to withstand operational loads;

- durability.

These requirements determine the coatings quality obtained with FANT.

In a number of studies devoted to the formation of the FANT antifriction coating, the authors of studies
[9] consider surface roughness to be one of the main criteria for assessing the quality of the applied skin. Earlier
it was proved that the surface roughness parameters are one of the main factors that determine the intensity of the
friction pairs wear [10], in a certain way affect the indicators of its physical state (cold-hardening, internal
stresses, microcracks, structure) [11] have a significant effect of roughness on corrosion resistance [12] and on
the reliability of parts fixed joints [13]. Due to the fact that the authors of [14] obtained and substantiated the
initial microrelief of the surface to create favorable conditions for microcutting the antifriction material with
microprotrusions of the initial surface and to improve the coating formation quality by the friction-mechanical
method, it becomes necessary to conduct special studies of the FANT influence with the established parameters
on the roughness of surface layer.

According to [7], such parameters as the coating thickness, as well as its adhesion to the base material,
play a key role in the coatings quality. An important factor is the stress-deformed state of the surface layer and
the initial microgeometry.

In [15], as an assessment of the coatings quality obtained with FANT, the following were used: the
coating thickness, the degree of its porosity, the roughness parameter, and wear resistance. It should be noted the
inconsistency of information available in the available literature. Thus, the authors of [16] obtained a coating
thickness by the friction method in the range of 0.3 - 0.5 microns, and in [17], a coating thickness of about 30 -
40 microns was obtained. Such a large difference in the results indicates the need for additional studies to
determine the coating thickness.

The authors of [18] made an attempt to optimize the process of applying antifriction coatings. For this
purpose, the quality of processing was assessed using points, and the parameters were taken: the color of the
coating; reducing the length of the rubbing rod - the intensity of rubbing; uneven coating - gaps in the applied
layer; smoothing the coating layer. This approach to assessing the coating quality and the effectiveness of the
FANT technology, according to [15], is inaccurate, since the color, thickness, porosity and other indicators are
indirect characteristics of the coating quality, they can be used at the stage of testing the coating technology. The
main indicator of the coating quality is its wear resistance (ability to resist wear).

The results of wear tests of antifriction coatings formed by the friction-mechanical method from various
materials (brass, bronze, copper) are presented in [19]. However, the difference in coating applying modes, the
lack of information about measuring instruments raise doubts about the information reliability and the
experimental technique correctness.

The given data of literary sources do not allow assessing the effectiveness of the FANT technology. In
this regard, it becomes necessary to conduct research to determine the influence of the technological parameters
of the FANT process on the coating quality obtained by the friction-mechanical method.

Purpose

The aim of the work is to establish the basic laws of the technological factors influence of the FANT
process on the resulting coating quality.
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Research Methodology

To achieve this goal, the greatest difficulty is presented by studies to determine the factors influence on
the optimization parameters. Such studies should include the influence on the indicators characterizing the
applied coating quality (area (continuity), roughness and mass transfer of antifriction material from the tool) of
the main processing modes: the friction path L and the load on the tool P, as well as the supporting surface

length of the treated sample Al. In order to reduce the number of experiments for these studies, the planning of
experiments was carried out.

The study of the surface, processed by the FANT friction-mechanical method, was carried out on special
samples of gray cast iron SCH20 made in the form of disks, on which a preliminary applied microrelief with

different Al (Fig. 1).

a b c

Fig. 1. Samples of cast iron SCH20,
processed by the FANT friction-mechanical method with different Al:

a—-Al=0,2 mm;
b-Al=0,4 mm;
c-Al=0,6 mm

The friction path was changed within 2 ... 30 mm by varying the length of the brass tool (Fig. 2) and the
number of its passes.

Fig. 2. Tools for frictional mechanical processing with different lengths I:

a-1=2mm;
b-1=4mm;
c—l=6mm

Thus, the total friction path was calculated taking into account the tool size using the formula:
L=I-N, 1)

where — | is the length of the tool, mm;

N — is the number of cycles (passes) of the tool.
The value of mass transfer was determined by weighing the instrument before and after FANT on a
TBE-0,21-0,001 laboratory scales (Fig. 3, a) according to the formula:

Am=m —m,, (2
where — M; is the tool mass before FANT, g;
m; — tool mass after FANT, g.
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Fig. 3. Weighing a brass tool after FANT (a)
and measuring the roughness of the machined surface (b)

Under the selected conditions and processing modes, antifriction coatings were applied on the surface of
the studied samples (Fig. 4) by a friction-mechanical method using a setup developed by the authors [20].

Fig. 4. Studied samples with an antifriction coating applied
by a friction-mechanical method

Coverage area (continuity) based on the results of metallographic analysis of the surface using digital
image processing methods on a PC. For this purpose, a program was written in C ++ using the Qt framework and
the OpenCV image processing libraries.

Surface roughness before and after FANT was assessed using a Mahr XR20 profilograph (Fig. 3, b), a
PC-based device that allows to determine more than 75 parameters of roughness, waviness, P-profile and Motif-
parameters in accordance with international standards.

The aim of the experiments series was to implement a matrix of the central compositional plan 22 + star

points, resulting in the factors influence (L x N (total friction path), P (force per 1 microroughness of 1 mm of
its width), Al (length contact)) on the indicators characterizing the coating quality obtained with FANT.
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Results

The STATISTICA 12.0 application software package was used to process the experimental data, as a
result of which statistical mathematical models were constructed for the coating mass m (Y4), the coverage area
S,/S (Y2) and the surface roughness Ra/R. i (Y3) at natural values of factors:

Y,(m)=0,005519 +0,000735- X, —0,000462- X, —0,001442- X, -
~0,001895- x” —0,001603- x2 —0,001799- X + : 3)
+0,000248- X, - X, +0,000306 - X, - X, —0,00031- X, - X,.

Y, (SA j — 0,668755+0,044408- X, —0,056635- X, — 0, 275208 X, —

-0,199841- x” —0,200608- x? —0,149047 - X} — ; 4
—0,014875-x, - X, —0,042875- X, - X, +0,006198 - X, - X,.

Y, (F% j =0,626308—0,088358- X, —0,00778- X, +0,077667- X, +

+0,163163- X +0,048406 - x> +0,061634 - x; — : )
—0,017354-x, - X, +0,015312- X, - X, +0,003099- X, - X,,

where X; — is the total friction path, mm;

Xz — force per 1 microroughness of 1 mm of its width, N;

X3 — contact length, mm.

As an example, a standardized Pareto map for the surface roughness Ra/ R, . is shown in Fig. 5.

After analyzing the Pareto map for surface roughness (Fig. 5), we note the maximum influence on the

optimization criterion Y3 parameters X; (total friction path), Xs (contact length) and X, (force per 1
microroughness of 1 mm of its width), which determine the change in surface roughness. Response surfaces and

graphs of equal output lines for Ra/ R, i are shown in Fig. 6. Their analysis allows us to note that the lowest
surface roughness is achieved with the following values of factors:

X1 = Lxn=18...20...22 mm; X, - Pz = 110...130...150 N; X3 - Al =0,3...0,35...0,4 mm.

Pareto Chart of Standardized Effects; Variable: Y5
3 factors, 1 Blocks, 16 Runs; MS Residual=,0015046
DV: Y5

(@) b _6‘093335
(1)x(L) -3,62095
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Fig. 5. Standardized Pareto map for surface roughness Ra/ Ra nir
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Fitted Surface; Variable: Y3(Ra/Raucx)
3 factors, 1 Blocks, 16 Runs; MS Residual=,0015046
DV: Y3(Ra/Rancx)
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Bl <09
[ 1<08
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Fig. 6. Response surfaces and graphs of equal output lines (Y3) Ra/Ra inir

Similar calculations were performed for other parameters Y (M), Y2(S./S).

Given the inversely proportional relationship of the optimization criteria Y:(mM) and Y2(S,/S) with
Y3s(Ra/ Rainir), achieving their maximum values is impossible at the same time, which shows the difference in the
rational values of some parameters, especially parameters X; and Xi, therefore take the required value of this

parameter based on the final result of the FANT process.
Analysis of experimental scattering graphs makes it possible to clarify the nature of factors changes and

analyze their mutual influence on the three optimization criteria. Thus, when increasing the friction path X:(AL)
to 18 ... 20 mm, the maximum effect of mass transfer of antifriction material is achieved. Further growth of the
friction path does not increase it. This is due to the fact that the most active transfer is on the first passes of the
tool. Increasing their number does not significantly affect the subsequent results of the process. In turn, the
increase in the force per 1 microroughness of 1 mm of its width Xo(P) to the value of 100 ... 140 N also
contributes to the growth of mass transfer. However, a further increase of this technological parameter reduces
the transfer of antifriction material. This nature is associated with the deformation process of the cast iron
surface layer, and the increase in effort contributes to the strengthening of graphite inclusions. Cast iron becomes
denser, ie there is a strengthening of cast iron. Note that the increase in mass transfer occurs at the value of the

contact length X3(Al) =0.3...0.5 mm.
Since the mass transfer of antifriction material and the area of the coating has a direct relationship, it

should be noted such a pattern. At values of Xi(AL) = 18 ... 20 mm; X(P) = 100 ... 140 N; X3(Al) =0.2...0.3 mm, the
largest coverage area is observed, which is explained by the considerations described above.

The lowest surface roughness occurs at the values of the friction path X)(AL) = 18 ... 22 mm. Subsequent
rubbing cycles do not increase the antifriction coating quality. With an increase in the force per 1

microroughness of 1 mm of its width Xo(P) to values of 110 ... 150 N, there is a decrease in surface roughness,
due to intense mashing of antifriction material (brass L63) in the depressions of microprotrusions and smoothing

of their vertices. The most rational values of the contact length Xs(Al) in terms of reducing the treated surface
roughness occurs at values of 0.3 ... 0.4 mm. This once again proves the influence of the surface microrelief size
on the coating quality obtained with FANT.

Conclusions

Analyzing the response surfaces and graphs of equal output lines for optimization criteria and scattering
graphs of technological factors, we can conclude that the rational friction path is 12 mm, which is sufficient to
achieve quality coverage from the standpoint of the considered criteria. Regarding the force per 1
microroughness of 1 mm, it can be stated that its rational value for increasing the mass transfer of antifriction
material, the coating area and reducing the surface roughness is the value at 105 N. Regarding the value of the
support surface to be treated, it should be noted that its rational value within 0.4 mm is clearly traced for all
optimization criteria. Determined technological parameters of the FANT process will improve the quality of
antifriction coatings obtained by friction-mechanical method.
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IMeneaenxo I.B. Brius TexHosorivaux GakTopiB Ha SAKICTh AaHTUPPHUKIIHHUX TOKPUTTIB.

[IpoananizoBano ymoBH (OpPMYBaHHA AHTU(QPHUKIIWHUX TMOKPUTTIB NpH GiHINHIA aHTHQPHUKLIIAHINA
6e3abpasuBHiit 00pobui (PABO). OkpecieHo BUMOTH 110 OAIOHOTO POy IIOKPUTTSI THOMEpA OCHOBHI KpHTEpil,
SKi 3aCTOCOBYIOTBCS Il Yac OIIHIOBaHHS iX SKOCTi. 3a3HAYEHO B3a€MO3B'SI30K MK SKICTIO MOKPHUTTA,
orpumanoro npu ®ABO, i TeXHOJIOTIYHIMH YNHHUKAMH, [0 BU3HAYAIOTh YMOBY KOHTAKTYBaHHS IHCTpYMEHTA 3
00pobimoBaHOl0 TOBepxHer. JloBeneHo, mo ¢opma i po3Mipun MiKpOHEpiBHOCTEH OOpOOIIOBaHOI IMOBEpXHI
BHU3HAYAIOTh €(EKTHBHICTH MPOTIKAHHS MPOIECY MIKPOPi3aHHS 1 3alIOBHEHHS MiKpO3alaguH aHTHQPUKIIHHIM
MaTepiasoM.

JocmimkeHHs BIUIMBY TEXHOJIOTIYHIX YHHHHUKIB Ha SKiCTh TOKPHUTTA pu PABO BHKOHYBAIOCS MUIIXOM
peamizanii 06arato)akTOPHOTO EKCIEPUMEHTY, B pe3yJbTaTi SKOTO0 BCTAHOBJICHO BIUIMB TEXHOJOTTYHHX
napaMeTpiB mnpouecy (CyMapHHMH HUISIX TepTs, HaBaHTRXEHHS HA IHCTPYMEHT), a TAaKOX JOBXWHH OIOPHOI
MOBEPXHI Ha IIOKAa3HUKH, WO XapaKTepPHU3YIOTh SKICTb MNOKPUTTS. OTpUMaHO CTATHCTHYHI MOJET JuIs
MacollepeHeCceHHsT aHTH(PUKLIHHOTr0 Martepialy, IOl MOKPUTTS (CYLUIBHICTH) 1 IIOPCTKOCTI MOBEPXHI MPH
HaTypaJbHUX 3HAUCHHSAX YHHHHKIB, 110 AaJI0 3MOTY BCTAHOBUTH BIUIUB JIOCIIPKYBaHUX (aKTOPIB Ha mapamMeTpu
onTHMIi3alii.

AHaiti3 eKcliepuMeHTaIbHUX TpadikiB po3CifoBaHHA JaB IiJICTABH YTOYHUTH XapakKTep 3MiH YAHHUKIB i
NpOAHANI3yBaTH X B3a€MHHI BIUIMB Ha KpuTepil onrTuMizauii. BpaxoByioun 3BOPOTHO-IIPONOPLIHUIA 3B'I30K
KpUTEpiiB ONTUMi3alii, NOCSATHEHHS X MaKCHMAaJIbHHX 3HA4YeHb OJHOYACHO HEMOXKIJIMBE Oe3 BpaxyBaHHI
KiHIeBoro pesynbrary mnpouecy @DABO. BceraHoBneHO [iama3oH 3HAa4eHb JOCHIDKYBaHHX YHHHHKIB,
0OTpYHTOBaHO 3aKOHOMIPHOCTI iX 3MiHH y (poKyci BHOpaHUX KpUTEpiiB onThMizamii. Bu3HaueHHS parioHanbHUX
3Ha4YeHb TEXHOJOTiYHMX mapamerpiB mnpouecy D®ABO pactb 3MOry MiABUIIUTH SIKICTh aHTH()PUKLIHHKX
MOKPHTTIB, OTPUMAHUX (PPUKLIHHO-MEXaHIYHIM CIIOCOOOM.

KoarouoBi ciioBa: ¢inimHa anTudpukiiina 0e3adbpasuBHa 00podka (PABO), anTupuUKIiiiHE TOKPUTTS,
ONTHMI3allisl, CYLUIbHICTh MOKPHUTTS, MacONepeHEeCeHHs, IIOPCTKICTS.
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Abstract

The article considers the influence of discrete (3 mm) basalt fiber on the tribological properties of
secondary agglomerated polyethylene terephthalate. It was found that the introduction of the filler reduces the
coefficient of friction and the intensity of linear wear of the initial polymer 1,5 and 4,5 times, respectively,
reaching the minimum values at a basalt fiber content of 5 mass.%. The obtained results are due to the fact that
the appearance of basalt fiber strengthens the polymer matrix that confirms the increase in hardness by 15%, and
inhibits the development of cracks on the surface of the composite. The study of the temperature in the contact
zone showed its increase that is due to the low thermal conductivity of the filler (0,064 - 0,096); as a result, there
is an accumulation of heat in the friction zone. Further increase in fiber content (up to 10 mass.%) leads to a
sharp deterioration of the tribological and physico-mechanical properties of basaltoplastics because of the
increase in the defect of the material. It is determined that the effective content of filler in the polymer matrix is
5 mass.%. As a result, this composite was recommended for the manufacture of parts for movable joints of
agricultural, automotive and metallurgical equipment.

Key words: polyethylene terephthalate, basalt fiber, coefficient of friction, intensity of linear wear,
temperature in the contact zone, hardness, roughness.

Introduction

Nowadays the ecological situation in Ukraine and around the world is very close to critical. Thus, as of
2019, the volume of municipal solid waste (MSW) of polymers amounted to 215 million tons. 20 % of them
were sent for recycling, and only 10 % were actually recycled. At the same time, 4,8 - 12,7 million tons fall into
the ocean [1].

Widespread methods of the disposal of municipal solid waste, including polyethylene terephthalate
(PET), are incineration, recycling, pyrolysis, decomposition and reusing. However, these methods are
characterized by a number of such disadvantages as: environmental (release of toxic substances has a negative
impact on the human body and the environment) and economic (periodic or semi-continuous principle of
operation).

Actually, one of the common practices of the disposal of municipal solid waste is the creation of
composite materials (CM) of structural (lattice drainage systems, covers and housings of hatches, bottoms of
bodies and door modules of cars), general (waterproof furniture, park benches [2, 3]) and tribotechnical (gears,
sliding bearings) purpose. Secondary use of MSW allows obtaining a number of such advantages as:
improvement of the ecological situation, due to safe utilization of PET waste and increase of economic
efficiency (the cost of secondary PET is 40 % lower than the primary) [4].

Therefore, the search for new effective contains of CM, including tribotechnical purposes, on the basis of
secondary waste is an urgent task for scientists.

Copyright © 2021 A.-M.V. Tomina, A.V. Yeromenko, V.S. Makarov. 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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Literature review

In the XXI century much attention is paid to the possibility of recycling different polymeric materials,
including polyethylene terephthalate. Recycling can reduce the negative impact on the environment and return
valuable polymer raw materials to the production process.

The performance characteristics of secondary PET differ slightly from the ones of primary PET. But they
have low toughness index and wear resistance. To improve the technical properties of polyethylene
terephthalate, various modifiers are introduced. They are: bifunctional organic compounds, dispersed
(polycarbonate, quartz glass, crushed gravel, slag, sand, fly ash) and fibrous (basalt wool, fiberglass) fillers.

Today basalt fibers (BF) are one of the promising fillers for the creation of CM. The use of BF will allow
to obtain CM with a high indicator of wear resistance, low coefficient of thermal linear expansion, resistance to
moisture, acids and alkalis. These composites can be successfully used instead of serial materials (cast iron, steel
and non-ferrous alloys) in the manufacture of parts of tribological joints in the automotive, agricultural and
metallurgical industries [5-7].

Given the above, the aim of the work was to study the influence of discrete basalt fiber on wear,
coefficient of friction and hardness of secondary agglomerated polyethylene terephthalate

Methods

Agglomerated secondary PET was selected as the polymer matrix to create CM. Polyethylene
terephthalate is a synthetic linear thermoplastic polymer that belongs to polyesters. It is characterized by [8]
good heat resistance in the temperature range from 233 to 423 K, resistance to shocks and deformations, acids,
alkalis, lubricants and most organic compounds.

Basalt roving (BR) (manufacturer is PrdSC "Research Institute of Fiberglass and Fiber" (RIFF, Ukraine))
was chosen as a filler for secondary PET. It was later cut to a size of 3 - 4,5 mm. Technical characteristics of BR
are given in table 1 [9].

Table 1

Properties of basalt roving

Indicator Value

Density, kg/m® 2700
The average diameter of the unit fiber, pm 13,6
Linear density of a complex thread, tex 170
Breaking load of roving (not less), N (kgf) 500 (50)
Operating temperature, K 23-923
Chemical resistance (weight loss,% after three hours of boiling) in:

- H.O 1,6

- 2NaOH 2,75

- 2NHCI 2,2
Thermal conductivity coefficient, W/m -K:

-at398 K 0,064

-at573 K 0,096

Preparation of basaltoplastics (BP) on the basis of secondary PET containing 5 - 10 mass.% of BF was
carried out in several stages. Thorough drying of PET was carried out to remove residual moisture (permissible
amount was 0,02 - 0,5 %). It was done, because the further processing of undried PET at elevated temperatures
leads to partial hydrolysis of the chains and, as a consequence, the irreversible deterioration of the physical,
chemical and thermal properties of the polymer. Drying was carried out at 408 K in SPT-200 thermal cabinet for
3 hours. Mixing (combination) of the components was carried out in the apparatus under the influence of a
rotating electromagnetic field (0,12 T) using ferromagnetic particles that were then removed from the
composition by the method of magnetic separation. Pre-prepared prepregs were loaded into a mold heated to
383 K, then they were heated to 533 K and kept at this temperature for 15 minutes without load. Next, the
samples were cooled under constant load (40 MPa) to a temperature of 383 K and removed from the mold.

Tribotechnical characteristics in the conditions of friction without lubrication according to the "disk-pad"
scheme were studied on the SMC-2 friction machine at a load of 1,0 MPa, sliding speed of 0,5 - 1,5 m/s. Steel 45
(45 - 48 HRC, Ra = 0.32 um) was used as a counterbody. The roughness of the samples was measured on
170621 profilometer using a sharp solid needle (probe), which moved on the surface of basaltoplastics and
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polyethylene terephthalate copying its irregularities. Studies of the friction surface morphology of the developed
BP were performed using "BIOLAM-M" microscope. The hardness of PET and basaltoplastics based on it was
determined using TD-42dynamic hardness tester [10].

Results

Analyzing the results of tribological studies, it was found that the basalt fiber reinforcement of secondary
agglomerated PET leads to a decrease in the coefficient of friction (Fig. 1) and the intensity of linear wear
(Fig. 2) by 1,5 and 4,5 times, respectively, reaching minimum values at the filler content 5 mass.%.

It can be seen from Fig. 1 that f (v) dependence is extreme, that is, in the initial period the coefficient of
friction increases with increasing sliding speed, and then, reaching its maximum value, gradually decreases [11].
The increase in the coefficient of friction in the range of speeds of 0,5 - 1,0 m/s is due to the increase of the
friction force in the contact zone due to the frictionality of the BF. Further decrease of this indicator at a speed of
1,5 m/s can be explained by the fact that the sample volume is dominated by the processes of destruction (brittle
fracture) due to the development of defects (pores, cracks) at the "PET - basalt fiber" interface. This is confirmed

by the fact that the intensity of linear wear increases sharply (see Fig. 2) at v = 1,5 m/s [12].

C, mass.%

v,m/s

Fig. 1. Dependence of the friction coefficient of pure polyethylene terephthalate
and basaltoplastics based on it on the sliding speed (specific load P =1 MPa)

3
In PETF (1)
5 mass.% BF (2)

1,51E-06| 10 mass.% BF (3) .
1,01E-06
5,10E-07 {

l 7 3 2 3 2
1.00E-08 vty >

0,5 1,0 1,5 v, m/s

Fig. 2. Dependence of the intensity of linear wear of polyethylene terephthalate
and basaltoplastics based on it on the sliding speed (specific load P =1 MPa)

As for the temperature in the contact zone (see Fig. 3), it was found that the introduction of basalt fiber
leads to its growth by an average of 15 %. This can be explained by the fact that the basalt fiber has a low
thermal conductivity (see table 1) and, as a consequence, insufficient temperature removal from the contact zone.
Reducing the temperature can be achieved by introducing fillers with high thermal conductivity. They can be:
graphite, nickel, aluminum, copper, carbon and organic fibers.
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LK pETE (1)

410 S mass.% BF (2)
10 mass.% BF (3)
390
0,5

350
: 1,0 1,5 v,m/s

Fig. 3. Dependence of temperature in the contact zone
of polyethylene terephthalate and basaltoplastics based
on it on the sliding speed (specific load P =1 MPa)

The study of the morphology of the friction surfaces showed (Fig. 4) that the introduction of basalt fiber
reduces the depth of abrasion tracks by 40% (roughness of BP). Strengthening of BP is due to the fact that basalt
fibers due to high technical characteristics complicate the movement of dislocations in the polymer binder under
the action of the applied load. Confirmation of this is an increase in the hardness of polyethylene terephthalate by
15 %.

56 HRC
R

Fig. 4. Microstructure (x 100) of the friction surface during wear of polyethylene terephthalate (a)
and basaltoplastics based on reinforced with 5 (b) and 10 (c) mass.%
of fibers (specific load P = 1 MPa, sliding speed v =1 m/s)

From the above data it can be seen that the tribological properties and hardness improve only when the
BF content is 5 mass.%, and with its further increase to 10 mass.% there is a sharp decline due to the growth of
defects in the volume of the composite. This is confirmed by the fact that the calculated density of basaltoplastics
(Fig. 5) containing 5 mass.% of fiber is less than the experimental density, and at 10 mass.% of fiber it is higher
than hydrostatic one [13].
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, g/sm’
OB hydrostatic (2)
1,44
1,40
1,36
’ 0 5 10 C, mass.%

Fig. 5. Dependence of calculated
and hydrostatic density of polyethylene terephthalate
on the content of basalt fiber

This can be explained by the fact that at a basalt fiber content of 5 mass.% the process of ordering
polyethylene terephthalate prevails over loosening at the "matrix - fiber" interface, and at a content of 10 mass.%
it is vice versa.

Conclusions

Analysis of the results of the research (tribological and physico-mechanical) of the developed CM
showed that the use of discrete basalt fiber as a filler for secondary PET is a promising way to increase wear
resistance by 4,5 times and reduce the coefficient of friction by 50 %. BP with effective filler content was
recommended for the manufacture of plain bearings for automotive, agricultural and metallurgical industries.

References

1. Voprosy razvitija vtorichnoj pererabotki PJeT v uslovijah transformacii sfery obrashhenija s othodami
v kontekste mirovyh jekologicheskih tendencij 2020 [Development of PET recycling in the context of
transformation of the waste management industry in the context of global environmental trends in 2020].
Elektronnij resurs — Rezhim dostupu: https://www.refinitiv.ru/blog/market-insights/voprosy-razvitija-vtorichnoj-
pererabotki-pjet-v-uslovijah-transformacii-sfery-obrashhenija-s-othodami-v-kontekste-mirovyh-jekologicheskih-
tendencij-2020/

2. Kashparov I.1., Klushin V.A., Vinokurov I.P., Zubenko A.F., Kashparova V.P., Smirnova N.V. (2017).
Kompozicionnye materialy na osnove othodov sel'skogo hozjajstva, proizvodstva 5-gidroksimetilfurfurola i
polijetilena [Composite materials based on agricultural waste, production of 5-hydroxymethylfurfural and
polyethylene]. Al'ternativnaja jenergetika i jekologija. (19-21), 116-125.

3. Korin'ko 1.V., Goroh N.P., Kovalenko A.N., Timoshenko V.V., Jaroshenko Ju.V. (2006). Perspektivy
ispol'’zovanija polimernyh kompozicionnyh materialov [Prospects for the use of polymer composite materials].
Kommunal'noe hozjajstvo gorodov, 67, 56-64.

4. Ershova 0.V., lvanovskij S.K., Chuprova L.V., Bahaeva A.N. (2015). Sovremennye kompozicionnye
materialy na osnove polimernoj matricy [Modern composite materials based on a polymer matrix].
Mezhdunarodnyj zhurnal prikladnyh i fundamental’'nyh issledovanij. Ne 4-1, 14-18.

5. Arlamova N.T., Burmistr M.V., Hohlova T.V., Rozgon O.V., Soroka M.L. (2012). Jekologicheskie
aspekty perera-botki othodov polijetilentereftalata [Environmental aspects of recycling polyethylene
terephthalate waste]. Vestnik DNUZhT. 146-149.

6. Evmenov S.D. , Silinina E.B., Smirnov A.V. (2004). Issledovanie processa poluchenija vtorichnogo
polijetilentereftalata i kompozicionnyh materialov na ego osnove [Investigation of the process of obtaining
secondary polyethylene terephthalate and composite materials based on it]. Vestnik Kuzbasskogo
gosudarstvennogo tehnicheskogo universiteta. 62—65.

7. Petrova P.N., Sokolova M.D., Zarovnjaev B.N., Majer A.F., Gogoleva O.V., Vasil'ev S.V. (2014).
Perspektivnost' ispol'zovanija bazal'toplastikov dlja gornoj promyshlennosti [Prospects for the use of basalt
plastics for the mining industry]. Gornyj informacionno-analiticheskij bjulleten' (nauchno-tehnicheskij zhurnal.
413-4109.

8. Kirsh LLA., Chalyh T.I., Anan'ev V.V., Zaikov G.E. (2015). Regulirovanie fiziko-mehanicheskih
svojstv vtorichnogo polijetilentereftalata putem himicheskoj i fizicheskoj modifikacii [Regulation of the physical
and mechanical properties of secondary polyethylene terephthalate by chemical and physical modification].
Vestnik tehnologicheskogo universiteta. 18, 7, 79-82.

9. Basalt roving [Echo-pulse method]. Elektronnij resurs — Rezhim dostupu: http://niisv.com.ua/ru

10. Burya O.I., Tomina A.-M.V., Yeriomina Ye., Tomin S.V. (2019). The impact of organic fibers on the
tribotechnical properties of phenylone aromatic polyamide. Problems of Tribologyy, 24 (3/93), 68-73.



https://www.refinitiv.ru/blog/market-insights/voprosy-razvitija-vtorichnoj-pererabotki-pjet-v-uslovijah-transformacii-sfery-obrashhenija-s-othodami-v-kontekste-mirovyh-jekologicheskih-tendencij-2020/
https://www.refinitiv.ru/blog/market-insights/voprosy-razvitija-vtorichnoj-pererabotki-pjet-v-uslovijah-transformacii-sfery-obrashhenija-s-othodami-v-kontekste-mirovyh-jekologicheskih-tendencij-2020/
https://www.refinitiv.ru/blog/market-insights/voprosy-razvitija-vtorichnoj-pererabotki-pjet-v-uslovijah-transformacii-sfery-obrashhenija-s-othodami-v-kontekste-mirovyh-jekologicheskih-tendencij-2020/
http://niisv.com.ua/ru

Problems of Tribology 63

11. Shelkovoj A.N., Mironenko E.V., Klochko A.A. (2013). Kriterii formirovanija struktur i parametrov
sistem obrabotki, obespechivajushhih zadannye jekspluatacionnye svojstva zakalennyh krupnomodul'nyh
zubchatyh koles [Criteria for the formation of structures and parameters of processing systems that provide the
specified performance properties of hardened large-modular gears]. Suchasni texnologiyi v mashy nobuduvanni.
8, 185-200.

12. Alisin  V.V. (2019).Cirkonievye keramicheskie materialy tribotehnicheskogo naznachenija
[Development of science and education]. Razvitie nauki i obrazovanija. 5-16.

13. Tomina A.-M. (2019). Vstanovlennia zakonomirnostei vplyvu orhanichnykh volokon na vlastyvosti ta
strukturu aromatychnoho poliamidu fenilon [Establishing patterns of influence of organic fibers on the properties
and structure of aromatic polyamide phenylone]. Candidate’s thesis. Kamianske.



64 Problems of Tribology

Tomina A.-M.B., Epsomenko O.B., Makapos B.C. Bruus 6a3anbToBOro BoJIOKHa Ha TPUOOJIOTIUHI
BJIACTHBOCTI BTOPHHHOTO TOJIieTUIIeHTEpedTaIaTy.

3pocTanHs OOCSTIB CHOKMBaHHS KOMITO3MLIHHAX MaTtepialliB, 30KpeMa TPHOOTEXHIYHOTO NPU3HAUYEHHS,
B 0araTh0OX rajy3sx cy4acHOi MPOMHMCIIOBOCTI HOTpeOye po3poOKH HOBHX 3HOCOCTIHKMX MarepialiB, 3AaTHHUX JI0
TpHUBaJIOi eKcIuTyaTamii. BukopucTaHHsS TBepAWX MOOYTOBHX BIIXOMIB IUII BUTOTOBJICHHS KOMIIO3HIIIHHHAX
MaTepialiB, 30KpeMa IollieTHIeHTepedTaNaTy, JO3BOJISE OTPUMATH PSIII IIepeBar: eKOJOTIYHUI acIeKT, ITOIHT
CIOXWBAYIiB 1 HU3HKY BapTiCTh CHPOBHHHU. Y CTAaTTi PO3TILTHYTO BIUIMB JHCKPETHOTO 0a3albTOBOTO BOJIOKHA Ha
TpHOOJIOTIYHI BIACTUBOCTI BTOPWHHOTO arjlOMEpPOBAaHOTO IMOJieTHICHTepedTamaTy B yMoBax Tepra 0e3
3MAaICHHS 33 CXEMOIO «IHCK-KOJIOAKa». BcTaHOBIIEHO, 10 BBEICHHS HAIIOBHIOBAYa NPU3BOJUTH 1O 3MEHILCHHS
KoeilieHTy TepTs Ta IHTEHCUBHOCTI JIiHIFHOTO 3HOIIYBaHHS BHXiITHOTO mojimMepy B 1,5 Ta 4,5 pa3u BimnoBigHo,
CsIraroud MiHIMallbHUX 3HAa4eHb IPH BMICTi 0a3aJbpTOBOr0 BOJIOKHA 5 Mac.%. OTpuMaHi pe3ysibTaTé 00yMOBIICHI
THUM, IO THOsBa 0a3aJbTOBOTO BOJIOKHA 3MILHIOE MOJIMEPHY MATpPUIO, a L€ B CBOIO Yepry IiATBEPIKYE
3pocTaHHs TBepAocTi Ha 15 % 1 raybMye po3BUTOK TPIIIMH HA TIOBEPXHI KOMIO3UTY (LIOPCTKICTh 3MEHITYETHCS
Ha 40 %). JociiJKeHHsT TeMIepaTypud B 30HI KOHTaKTy MOKa3ano ii 30iMbLICHHS, IO 3YMOBJICHO HH3bKUM
MOKAa3HUKOM TEIUTONPOBiIHOCTI HamoBHIOBaua (0,064 - 0,096). B pe3ynbraTi bOro B 30HI TepTs BiIOyBa€ThCS
Hakonu4eHHs Terotu. [lonankie 30inbineHHst BojokHa (10 10 Mac.%) NpU3BOAMTH 0 PI3KOTO MOTipLIEHHS
TpUOOJOTIYHNX 1 (I3MKO-MEXaHIYHUX BJIACTUBOCTEH 0a3albTOIUIACTHKIB, IO CHPHYUHEHO 3POCTAHHSIM
JIeeKTHBHOCTI MaTepiany. BuzHaueHo, mo eQeKTHBHUI BMICT HAllOBHIOBAaYa B IOJIMEpHIN MaTpHUIl CKiIagae
5 mac.%. BHacmigok 4Woro maHmii KOMIO3HT OyB pPEKOMEHIOBAaHMH JUIi BHUTOTOBJICHHSA JeTaleld PyXOMHX
3’€IHAHb arpapHOl, aBTOMOOIITHHOT Ta METATYPTriltHOT TEXHIKH.

KoarouoBi ciaoBa: nomierunentepedranar, 0a3aabToBe BOJIOKHO, KOe(]iLliEHT TepTs, IHTEHCHBHICTb
JHIHHOTO 3HOLIYBaHHS, TEMIIEPATypa B 30HI KOHTAKTY, TBEPAICTb, IIOPCTKICTb.
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Abstract

The article analyzes the research aimed at the use of various materials, additives and additives to oils. It is
established that their application is mainly limited to the stages of operation, bench and operational running-in.
The use of antifriction materials at the stage of processing the parts of internal combustion engines, limiting the
resource, is small, despite the fact that such treatment reduces the running-in time and improves the finish of the
friction surfaces. Theoretical calculation of the parameters of the working surface of the engine cylinder liner
during their finishing using special antifriction materials showed a 2-fold increase in the bearing surface (from
0.2 to 0.4 of the nominal surface area at the level of the middle line of the profile) and a roughness of 0.27 um,
which is close to the values after the bench run-in. This proves the possibility of using this treatment in order to
reduce the time of preparation of CNG and improve the characteristics of the surfaces to be worked. It is
established that the finishing of engine cylinder liners with antifriction materials should be carried out at the
contact pressure of the working tool (brass bars) on the surface of the sleeve 3 MPa, the speed of the working
tool 5.5 m/s, the processing time of the sleeve 20 min. Finishing of sleeves with use of compositions TSK-B100
+ SURM-KV, SURM-UO and RVS allows to reduce mechanical losses on friction in TsPG by 5-19% at the
beginning of process of running in after processing in comparison with mechanical losses at the end of cold
running in without finishing sleeves; to obtain the roughness parameters after finishing the same as after cold
running in without additional processing of the sleeves; increase the bearing surface by 2 - 2.5 times (from
0.2 - 0.25to 0.4 - 0.5 of the nominal surface area at the level of the middle line of the profile), which confirms
the calculated data. The final treatment of sleeves with compositions based on antifriction materials TSK-B100 +
SURM-KV, SURM-UO and RVS allows to provide values of parameters of a working surface of sleeves
(reduction of roughness, increase of a basic surface) approaching their values after cold running in, therefore
allows to increase contact loadings. in the connection "sleeve - piston ring" after this treatment and reduce the
time of the bench run-in (to the values required for the attachment of other engine connections).

Key words: finishing, wear resistance, friction reduction, antifriction materials, nanocompositions,
resource.

Introduction

One of the factors that determine the durability of engines is the condition of the friction surfaces. It is
known that wear resistance depends on the finishing (final) technological treatment of the surfaces of parts.
There are experimental studies on the effect of roughness of friction surfaces on the intensity of wear. For
widespread joints, the optimal values of roughness parameters have been identified, at which wear of parts is
minimal. It is established that not only the primary (running-in) wear, but also constant wear depends on
finishing of details, ie primary finishing can influence intensity of wear at long operation of cars. First of all, this
applies to the parts of the cylinder-piston group (CPG) of internal combustion engines. When forming friction
surfaces, it is necessary to ensure the optimal tribotechnical characteristics of the mating surfaces, such as low
coefficient of friction, high wear resistance, optimal physical and mechanical properties. To a large extent, they
are determined by the methods of treatment of friction surfaces. Recently, new technological processes of
finishing have been developed, which allow to reduce running wear and increase antifriction properties (increase
the lubrication of parts, reduce the coefficient of friction, etc.), as well as reduce the time of friction pairs [1].

Copyright © 2021 D.D. Marchenko, K.S. Matvyeyeva. This is an open access article distributed under the Creative Commons
@m_ Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
[ properly cited.
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However, the analysis of information obtained from printed and electronic sources makes it possible to
state that not all reserves of intensification of CPG production processes in terms of application of new methods
of finishing cylinder liners are exhausted.

Recently, the market for a variety of antifriction materials, additives and additives in oils, which form
protective films on friction surfaces, is developing rapidly. The possibility of using such drugs to provide the
working surfaces of the sleeves with optimal tribotechnical characteristics at the stage of their final processing in
the repair or manufacture of internal combustion engines has been little studied [2]. Therefore, the influence of
the treatment of cylinder liners with different antifriction materials in the repair or manufacture of internal
combustion engines on the characteristics of working surfaces and processes of making connections is a relevant
topic for research.

Literature review

Operating conditions of agricultural machinery reduce the service life of engines, which is largely
determined by the service life of cylinder liners. Wear resistance and serviceability of cylinder liners depend on
the quality of their working surfaces, which, in turn, is due to a combination of characteristics of roughness and
corrugation, physical, mechanical and chemical properties, as well as the microstructure of the surface layer. The
quality of the inner surfaces of the sleeves is formed in the process of performing a set of technological
operations, taking into account the manifestation of technological heredity. Especially important are the finishing
operations, as a result of which the main characteristics of the surface layer are finally formed.

Many scientists have studied the processes of making friction surfaces during the running-in of internal
combustion engines, methods of processing the working surfaces of CPG parts, and the application of various
antifriction materials. The following authors devoted their scientific works to these topics: S.G. Arabyan, V..
Balabanov, N.S. Zhdanovsky, V.F. Karpenkov, V.S. Kombalov, V.N. Kuzmin, V.N. Listovsky, I.A. Mishin,
V.S. Nekrasov, S.A. Ovodov, L.I. Pogodayev, G. Polzer, V.N. Popov, E.V. Ryzhov, V.V. Striltsiv, V.I. Tsyptsin
and many others [3, 4].

The analysis of the conducted researches shows that, despite a very large number of works devoted to
quality improvement and reduction of time of finishing of surfaces of the rubbing engines, some questions
demand the further studying. In particular, little research has been presented on the application of new methods
of finishing cylinders based on various antifriction materials in order to intensify the processes of LNG
production [5].

Despite the achieved level of development of traditional methods of finishing cylinders of internal
combustion engines (ICE), their application in agricultural repair practice is associated with considerable
complexity, and the use of the most advanced technological processes is unable to meet modern requirements for
quality cylinders and holes. to increase their reliability and durability [6]. In this regard, there is a need to
develop a new method of finishing the cylinder liners using a tool design available to agricultural repair
companies and provides the necessary characteristics of the surface layer.

Purpose

The purpose of the research is to improve the processes of CPG production by applying the finishing of
cylinder liners with antifriction materials.

Research methodology

When the contact surfaces slide, first the process of attachment takes place, which is accompanied by a
change in the microgeometry, as a result of which some constant roughness characteristic of these friction
conditions is established. In the process of finishing, the physical and mechanical properties of the surface layers
also change, because the contact is usually dominated by plastic deformations. Therefore, based on the initial
microgeometry and the initial properties of the surfaces, it is possible to determine the contact characteristics
only in the initial period of attachment. The process of finishing can be considered as a gradual increase in the
bearing surface and the elastic component of the contact area, reducing the proportion of plastic, resulting in
reduced total wear.

The process of finishing can be assessed by changing the reference curve. The reference curve
characterizes the distribution of material along the height of the rough layer and plays an important role in
calculating the area of rough bodies. According to N.B. Demkin and 1.V. Kragelskiy initial part of the reference
curve can be represented as:

M
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where 1, — is a parameter of the relative reference length of the profile;
ZAIp — the total length of the sections of the protrusions at the level of p, mm;

| - base length of the profile, mm;

A, — cross-sectional area of the protrusions at the level of p, mm?;

A. —nominal area, mm;

b and v — are the coefficients of static approximation of the reference curve (obtained by appropriate
processing of surface profiles);

a — is the distance from the line of protrusions to the level of the section, pm;

Rmax — maximum height of profile irregularities, pum.

Dependence (1) well approximates the initial section of the reference curve (to the middle line of the
roughness profile).

The approximate values of the parameters of the roughness of the sleeve at different stages of its
processing and running-in, used to calculate the reference curve, are presented in table. 1, which is compiled
according to V.S. Kombalov, E.V. Ryzhov and S.A. Ovodov, as well as obtained during previous experiments

[7].
Table 1

The value of the parameters of the roughness of the sleeve to calculate the reference curve

Processing stage Rimax, Ra, r, um b Vv

pm pm
After honing 4,7 0,65 15 0,7 1,8
After finishing with special drugs 2,4 0,27 30 1,4 1,7
After the bench run-in 2,3 0,25 35 2,0 2,0

Research results

In Fig. 1 presents the calculated values of the initial section of the reference curve.
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Fig. 1. Estimated values of the initial section of the reference curve

Also, the process of finishing can be assessed by changing the roughness parameters. For cylinder liners
of the D-240 engine the normative and technical documentation normalizes the parameter Ra (arithmetic mean
deviation of the profile).

According to L.E. Hallstani change of the arithmetic mean deviation of the R, profile during surface
finishing occurs according to the hyperbolic law:

k-Ra,

Ra(t)= ————,
a() t-Ra, +k

@)
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where Ra(t) is the arithmetic mean deviation of the profile, which varies depending on the wear time,
pm;

Ra,, — the initial value of the arithmetic mean deviation of the profile, um;

t — time of preparation, h;

k — coefficient depending on the time of attachment [8].

Using the empirical Bosch formula f = , the coefficient k was expressed:

l+c-v
k=f-(1+c-v), ©)

where f — is the coefficient of sliding friction (dimensionless), with time f decreases and for different
times of attachment t will be different; c is the coefficient (for metals C = 3+4);

V — is the speed of the piston, m/s (accepted speed V = 3.36 m/s).

The data obtained by S.A. Ovodov were used to calculate the coefficient of friction during the running-in
of the CHP and the change in the intensity of wear during the running-in [9].

After conducting preliminary laboratory tests, the dependences of the coefficient of friction f on the time
of attachment for different methods of processing the working surface of the sleeves were derived. At the initial

coefficient of friction f = 0.1 on the oil M-10G2 were obtained dependences of the coefficient of friction during
running after honing f, and after finishing with antifriction materials f; from time t.

f, =0,1006 —0,0414-t+0,0246 -t —0,0050-t* @)
f, =0,0691-0,422-t+0,0343-t* —0,0089-t°. ()

Suppose formulas (4) and (5), as well as the value C = 3.5 and V = 3.36 m/s in the fallowness (3), and then
the formula in the fallowness (2) is taken away, the bullets neglected the formulas for the size of Ra(t):

Ra, =(t/(1,183-0,487-1+0,289-1* ~0,059-t°)+1/ Raw()_l; (6)

Ra, =(t/(0,813-0,496-t+0,403-t* ~0,105-t*)+1/ Raw)*l, ™

where Ray, Ray — the average arithmetical view of the profile, which changes fallowly during the hour of
growth, when used for honing and processing with antifriction materials of microns [10].
Deposits (6) and (7) are shown graphically in Fig. 2 at: cob value for the reduction of fine grain

processing Ra,, = 0.65 microns, cob value for the reduction of fineness processing with antifriction materials
Ra,; = 0.27 microns.
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Conclusions

Calculation and theoretical analysis of the process of making cylinder liners allowed us to draw the
following conclusions:

- finishing of cylinder liners increases the bearing surface by 2 - 2.5 times (see Fig. 1), while the values of
the reference curve after finishing are close to its values after the bench run-in CPG;

- coefficient of friction and roughness at the beginning of the process of CPG preparation in the case of
pre-treatment of sleeves with antifriction materials, equal to the values of these parameters at the end of the
bench running of CPG in the case of sleeves after honing (see Fig. 2);

- since the intensity of wear is directly proportional to the coefficient of friction and pressure in the
friction pair, the finishing of antifriction materials reduces the running-in wear, which affects the durability of
the sleeves;

- based on the above, it can be argued that the finishing of the cylinder liners with antifriction materials
can intensify the process of finishing CPG, which is expressed in reducing the hour of running and running-in
wear.
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Mapuenko J.JI., MarBeeBa K.C. TeopeTnyHi JOCTIIKEHHS TEXHOJIOTi OOpPOOKHM IWMIIHAPIB
AHTU(PUKIIHHUMA MaTepiaaMH.

B crarTi nmpuBeneHo aHali3 AOCIIKEHb, CIPSIMOBAaHUX Ha 3aCTOCYBaHHS Pi3HHX MaTepiaiiB, J00aBOK i
IpHCcaoK 0 Macesl. BcTaHOBIEHO, IO 1X 3aCTOCYBaHHS B OCHOBHOMY OOMEXKYETBhCS €TallaMH eKCILTyaTallii,
CTEHJIOBOI 1 eKCIUTyaTaIliifHol 0OKaTKH. 3acTOCyBaHHS aHTH(PHUKIIITHUX MaTepialiB Ha eTari oOpoOKu meraneit
JIBUTYHIB BHYTPIIITHEOTO 3rOpaHHs, JIMITYIOUHX pecypc, Mayo, He AUBJISTYHCH Ha Te, III0 Taka 00poOKa T03BOIISE
CKOPOTUTH dYac MpOBeAeHHS OOKAaTKM 1 IMOINIMIIATH HPUPOOJICHHS ITOBEPXOHb, IO TPYTHCSA. TeopeTHIHMHA
pPO3paxyHOK mapaMeTpiB po00Y0i IOBEpXHI TiMB3WM NWJIHApPa IBUTYHA NpH iX QiHIOHIA 00podmi i3
3aCTOCYBaHHSM CIICIIaIbHUX aHTU(QPUKIIHHIX MaTepialiB MmoKa3aB 30UIBIICHAS OMOPHOI MOBEPXHi B 2 pasu (3
0,2 no 0,4 Big HOMIHAJIBHOT TUTOLII TTIOBEPXHI Ha PiBHI cepeqHbol JiHil npodinto) i orpuManHs mopcrkocti 0,27
MKM, 110 OJIM3BKO 10 3HAUCHB MiCIs CTEHI0BOI 0OKaTku. L{e JOBOMUTh MOXKIUBICTE 3aCTOCYBAHHS 1€l 00pOOKH
3 METOI0 3MeHIIeHHs yacy npupoosaenHs LI i moninmeHHs XapakTepUCTUK MMOBEPXOHbB, 10 NPUPOOIISIOTHCS.
BcranoBneno, mo ¢iHimHy 00poOKy Triib3 HWIIHAPIB JABUTYHA AHTUQPUKIIHHUMM MarepiajaMy Cilij
MPOBOJIUTH NIPH KOHTAKTHOMY THCKY poOOYOro iHCTpyMeHTY (JIAaTyHHUX OpyCKiB) Ha HOBepXHIO riib3u 3 Mlla,
MIBUAKOCTI POOOYOro IHCTPYMEHTY 5,5 m/c, yacy o0poOku rime3m 20 xB. @inimHa o0poOka Tinb3 i3
3acrocyBarHaM komnosuliit TCK-B100+CYPM- KB, CYPM-VO i PBC no3Boisie MOHM3UTH MEXaHIYHI BTpaTH
Ha Tepta B LIII' Ha 5-19% Ha mouatky mpomecy OOKaTKH Iicisi oOpoOKHM B TMOPIBHAHHI 3 MEXaHIYHUMH
BTpaTaMH y KiHIII XOJIOJHOI OOKaTKM 0e3 (iHIOTHOI OOpOOKHM Tiib3; OTPUMATH ITapaMeTPH IIOPCTKOCTI IiCIs
(inimHEOT 00pOOKH Taki Xk, AK MICIA XOJOAHOI OOKAaTKH 0e3 MOJaTKOBOI OOpPOOKH Tiib3; 30UTHIIUTH OIOPHY
nmoBepxHio B 2 - 2,5 pasy (3 0,2-0,25 no 0,4-0,5 Bix HOMiIHaIBHOI IUIOMII MOBEPXHI HA PiBHI cepeaHBOl JiHIT
npodio), MO MATBEPIKYE po3paxyHkoBi mani. OcraToyna oOpoOKa Tib3 KOMIIO3WI[IIMA Ha OCHOBI
antudpukiiiiaux marepianiz TCK-B100+CYPM-KB, CYPM-YO i PBC no3Bossie 3a0e3me4yuTd 3HAYCHHS
napaMeTpiB  poOouoi MOBEpXHi TiNk3 (3MEHLICHHS IIOPCTKOCTI, 30UIBLICHHS OIMOPHOI TOBEpXHI) IO
HAOJIMKAIOTHCS 10 1X 3HAYEHD IICIIA XOJOAHOT 0OKATKH, OTXKE JO3BOJISAE 301IBIINTH KOHTAKTHI HaBaHTa)KEHHS B
CroJTy4eHH1 "Tib3a - MOpIIHeBe Kijblie" micys i€l 0OpoOKH 1 3MEHIIMTH Yac CTeHA0BOI 0OKaTKH (10 3HAYeHb,
HEOOXIHUX IS IPUPOOJICHHS IHIIUX CIIOIYYCHb ABUTYHA).

Kawuosi ciaoBa: Qinimmaa 00poOka, 3HOCOCTIHKICTh, 3MCHINCHHS TEpTs, aHTH(PUKIIIHI MaTepiaim,
HAaHOKOMIIO3HL1, pecypc.
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Abstract

The course of friction and wear processes in the surface layers of conjugations of machine parts is
clarified on the basis of the idea of dilaton and compression bonds of atoms in the materials of parts. Dilaton-
compression connections are random in nature, and therefore in this work the theory of destruction of parts by
S.M. Zhurkov, thermodynamic and quantum physical approaches. The entropy at the macro-, meso- and
microscopic levels and the local regions of the materials of conjugation of the parts subject to friction loading are
considered. In the diagram of the state of atomic-molecular bonds the dependence curve Fi(ri) or Ti(ri) is
considered and the analysis of transformations of bonds according to the specified diagram is carried out. From
the point of view of solid state physics and tribophysics, the manifestation, evolution and consequences of the
influence on the characteristics and properties of the friction zone of dilaton and compression bonds of material
atoms are considered. Composite materials (composite coatings) are substantiated in more detail. This takes into
account the assessment of the concept of material stresses in the friction zone, the ability to relax it, as well as
the presence of the SD effect. The fracture process is associated with the modulus of elasticity of the components
of the composite material and the bulk content of the filler. An appropriate condition is proposed, which
determines the tribological efficiency of composite materials and coatings.

Key words: dilaton and compression connections, state diagram, entropy, fracture, composite material
(coating), SD-effect, stress concentration.

Introduction

Increasing the intensity of load application to the materials of conjugations of parts, assemblies and units
of machines determines the speed of their deformation, increasing the stress state and changing the tensile
strength [1]. Under such conditions, the behavior, characteristics and properties of parts, local areas of their
materials and work surfaces differ significantly. The nature of the processes of friction and lubrication that occur
in the surface layer of parts is multifactorial. The micro-impact load in the process of collision of abrasive
particles and wear particles with the working surfaces of parts, friction, as well as the destruction of the material
is determined by its impact strength and strength [2, 3]. The behavior of the material of parts in such conditions
is primarily determined by the following factors: the structure and properties of the material of parts;
composition, properties and wear capacity of the working environment; the magnitude and nature of the load of
external forces; their distribution, etc. [4, 5, 6].

The destruction of the materials of tribocouples of parts during operation has a thermofluctuation nature
[7, 8]. For crystalline materials, an active specific change in the state of their surface layers under load has been
established: from nanostructuring to amorphization, intensive dislocation processes to the formation of cracks,
and so on.

Copyright © 2021 V.V. Aulin, S.V. Lysenko, A.V. Hrynkiv, O.D. Derkach, D.O. Makarenko, L.V. Zhylova. This is an open access
@m_ article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction
= in any medium, provided the original work is properly cited.
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The Kinetics of friction and wear of materials in tribophysics is considered at the atomic-molecular level,
taking into account the state of the electronic subsystem of materials under load. Mechanical loading of the
surface of materials leads to perturbations in the electronic subsystem, and the rupture of interatomic bonds
means a sharp excitation of electronic states. In the kinetics of wear, the interlevel transition of processes is
important. The results of detailed studies of the properties of the surface layers of materials indicate a close
connection between mechanical processes and electronic ones. The nature and characteristics of the phenomena
of wear of surface layers can be substantiated by tribophysical methods on the basis of the proposed
methodology [9].

The operational wear resistance of most parts and working bodies depends on their working condition and
the complex of physical-mechanical and operational properties of the working surfaces of the parts [9, 10, 11,
12, 19]. Their failure is primarily due to the size and nature of wear, as well as fatigue of the material.

Purpose

The purpose of this work is to clarify the possibility of using the theory of destruction of materials of
parts S.M. Zhurkov and ideas about local areas of compression and dilaton connections, to explain the state and
behavior of the material in the friction zone of the conjugation of parts, components and units of machines.

Results

During operation, the transition of materials of tribocouples of parts in the contact zone from
nonequilibrium to equilibrium, the formation of micro-, meso- and macroformation in it depends on the
formation of electromagnetic dipoles of local areas of dilaton or compression connections between them and
their mutual transition. According to the theory of S.M. Zhurkov, from the point of view of thermodynamics [13,
14, 15, 16], the state of the i-th local region of the material of the part can be described by the equation:

F)IdVI =TidSi , (1)

where P; — is the load in the i-th local region with a volume of dVi, which causes the formation of
residual stresses;

dSi — change in entropy associated with the development of defects in the structure of materials (internal
entropy);

Ti — thermodynamic temperature;

i=1n.

Entropy is a general characteristic of irreversible thermodynamic changes observed in the material and
have a macro-, meso- and microscopic nature. Macroscopic changes in entropy determine the formation of
cracks, dents, streaks, porosity, scratches, various transitions from geometric shape, and others. Mesoscopic
changes in entropy are due to the ability of the structure of the structural material of the parts to phase
transitions. Microscopic changes in entropy are an indicator of the degree of perfection of the material structure
of machine parts. They need to take into account both the number of atomic-molecular bonds and their energy
evaluation.

According to quantum solid state physics (SSP), based on Debye's theory, there is a directly proportional
relationship between microscopic entropy and the number of atomic-molecular bonds and their relative energy:

Si =kgNipor; ; 2

_ AT
520 gl 2 [T 3)
'8

where kB — became Bora;

N; bon, O; — respectively, the number and coefficient of relative energy of atomic-molecular bonds;
T;, 6 — respectively thermodynamic and characteristic temperatures in the i-th region.
The state of interatomic or molecular bonds is determined by the local temperature T; and the free energy

Fi in this region. The condition of the material of the part is significantly affected by the processes occurring at
the microscopic level. Because the critical change in the material is the formation of microcracks in it, which are
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associated with the destruction of the crystal lattice.

The diagram of the state of atomic-molecular bonds of local regions of the material is graphically
represented by the curve dependence Fi(ri) and 7i(r;) (fig. 1), which consists of a depression (acceleration pit)
and a ridge (brake barrier).

The ratio of these thermodynamic temperatures is as follows:

Tp>T¢ >Ty. 4)

Let us analyze the state diagram of atomic-molecular bonds in the local region of the friction zone, in the
surface layer of conjugation details (fig. 1).
In the local region of the acceleration cavity (brake hole), state diagrams (r1, ) form dilaton types of

bonds in the material, and in the local region of the brake barrier (2, I's) — compression types. From the point of
view of SSP, the type of bond is characterized by the directions of spins of atoms (molecules) in the nodes of the
crystal lattice of the material [26, 28]: for dilatons spins are parallel, which causes electrostatic repulsion of
atoms (molecules) and back, which leads to the appearance of forces of attraction and the creation of local areas
of compression deformation.

Free energy, F,

Thermodynamic temperature, 7,

1 ] n . 3

Interatomic (intermolecular) distances, r

Fig. 1. Diagram of the state of atomic-molecular bonds
of local regions of the material as a function of free energy and thermodynamic temperature from
the interatomic (intermolecular) distance:
Td — the minimum thermodynamic temperature in the depressions,
which is characteristic of the dilatonic type of bonds of atoms or molecules;
Tp — thermodynamic equilibrium temperature;
Tt — phase transition;
Tc — the maximum thermodynamic temperature
in the ridge is characteristic of the compression type of connections

From the diagram of the state of atomic-molecular bonds it can also be seen that dilaton bonds are formed
in the low-temperature region with a minimum of free energy, and compression — in the high-temperature region
with a maximum of free energy. When phonons are emitted by compresses, the local temperature of the material
decreases and it passes into the dilaton region, while the dilaton region cannot pass into the compresson region.
Under the influence of friction loading in the dilaton regions of the materials of conjugations of parts there is a
fragile deformation and destruction, and in the compression, during their transition to the dilaton region - plastic.
Of course, these processes are random. At their imposing the whole macroregions of brittle or plastic
deformation, and also directions of development and distribution of microcracks in surface layers of material of
details can be observed.

It was found that metals and alloys capable of phase transformations (PT) [5, 17, 18] have mainly atomic
bonds of the compression type, while abrasive materials and solid fillers in composite materials have mainly
dilaton bonds. type. Based on the SSP, compresses and dilatons have an electromagnetic nature and are
electromagnetic dipoles. The flow of AF in the materials of parts indicates their role as energy characteristics of
the crystal lattice nodes, which in the process of friction and wear of the material go into nonequilibrium, and in
the transition to steady state dipoles emit a stream of electromagnetic wave energy [20]. Under the action of an

external load or the influence ,Z{pT of a physical field, the state of dipoles changes with intensity. Dipoles

perpendicular to the direction of the external field APT emit phonons and the temperature of the local region
approaches Td, and in the planes in which the dipoles are located along the field, the bonds absorb phonons at
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T = T., increasing the size of the local regions of the material.
The nonequilibrium state in the local region of the material of the part during friction is described by the
equation;

Y (dVi/Vi +dp./pi)= kN, bonTi5i(dNibon/Nibon+dTi /T, +d5i/5i), (5)

in which the deviation from equilibrium is due to deformation dV; /V; and changes in load resistance

dp; / p; and is accompanied by a decrease in the number of connections dNibon/Nibon , thermal radiation

dT; /T; and disruption of energy connections dd&;/d;. The nature of the friction processes is determined

primarily by the strength of the flux of atomic-molecular bonds in the local regions of the material.
Static and dynamic tension in this case causes a reduction in the cross-sectional area of the material near

the fracture site, because NTC > NTd . Note that with tired wear Ny~ Ny . The fracture surface usually has

two zones: the actual fatigue fracture, which is formed due to the decay of the dilaton type of bonds at
temperature T4, and the final fracture at temperature T of the compressor type of bonds. The duration of stable
existence of atomic-molecular bonds of local regions of the material is determined by the range of

thermodynamic temperatures (T, Tq), which does not exceed 15 ... 20 % of the full temperature range [16]. At
critical temperatures T or Tq, the bonds are destroyed and energy is emitted in the form of a pulse:

G =kzd; p=(ka/hp)Arms?, (©)

where hp —is the Planck constant (hp = 6,62.10-%* J.s);

M — is the mass of interacting atoms.
If the difference in thermal deformation of the inhomogeneous material or matrix and filler in the

composite material when the temperature changes by AT is O, , then in the local areas of significant
inhomogeneity or matrix with a shear modulus G, around each filler particle there are stresses, the maximum
values of which reach 2G,,0; and can cause plastic deformation.

When the macrodeformation corresponding to the yield strength of the composite material o, shear stresses

are concentrated due to flat clusters of dislocations of local regions of inhomogeneity either in the composite material
and the coating around or in front of the filler particles [21, 27]. This leads to a decrease in reverse stress and an
increase in stresses in the main clusters of dislocations. In this regard, new flows of dislocations are generated, and

existing dislocations pass along the plane of sliding at a distance much greater than Ln . The value of the yield
strength is:

Or =01y + VGmGHBB /2 I‘nén ) (7)

where G,,, G,, — shear modules of the matrix material and filler particles;

& —numerical coefficient, ¢ n =30[21, 26];

O v — Vield strength of the matrix material. This is true for dispersed materials, when the maximum level of
hardening of parts is achieved provided: d, =2Gbg /o, . If d, <2Gbg /0, , then the radius of curvature of
the dislocation Iy = 4bg can not be neglected [27] and the yield strength of the composite material is equal to:

1 1
0, =05, +Gned/ 4c,| 082 —-c3 | ®)

where ¢, — is the volumetric content of the filler.

In parts reinforced with composite materials and coatings, the SD-effect can be observed [21], which consists
in the appearance of micropores in the vicinity of the filler particles during tensile deformation and their absence
during compression deformation. If the connection between the components of the material and the coating is strong,
the dislocations are repelled from the boundary of their separation. If a micropore is present, the dislocation is attracted
to the interface between the filler particle and the matrix. When the matrix is strengthened by solid particles of
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spherical filler [22, 23, 24], the maximum concentration of tensile stresses is on the surfaces of these particles. At
uniaxial tension (o, > 0), we have:

ONp / Op = 2/ @+ ,ucm(cc)) +]/ (4- 5/ucm(cc)) ; ©)

where o, — is the tensile stress on the surface of the filler particle at points with coordinates ¢ =0and
9 =180°
O, —applied tensile stress;

Hem(cey — Poisson constant of the composite material, and at a compressive stress of oy, <0, we obtain:

ONe /O-c = (1_ /Ucm(cc))/(l"' /ucm(cc)) - (5 - 5/Ucm(cc))/(8 _10;ucm(cc)) . (10)

If the interfacial boundary does not have sufficient strength, then the concentration of tensile stresses can cause
its local destruction. This determines the presence of SD-effect, the manifestation of which is influenced by: the ratio
of the modulus of elasticity of the matrix and the filler; chemical interaction at the interface of material components;
correspondence of their crystal lattices; volume content of filler; test speed and temperature. When compressing
stresses, such a concentration is not observed and the interface is not destroyed. Increasing the temperature increases
the ability of the material to relax internal stresses and at some value the stress concentration will be lower than the
strength of the interface of the material components, in which case there will be no breaks and SD-effect at the filler-
matrix boundary.

V.1. Trefilov and V.F. Moiseev [25] identified two main factors influencing the nature of the destruction
of disperse-strengthened materials: the strength of the interfacial boundary and the plasticity of the matrix. In this
case, a qualitative characteristic of the strength of the interfacial boundary in the material may be the presence or

absence of SD-effect: if SD = 0, the interfacial boundary is strong and does not collapse to O, and if SD >0,

the interphase boundary collapses even in the elastic local region.
To assess the plasticity of the matrix of the composite material in the friction zone and the ability to relax

the stress concentration, you can use parameter K p [21]:
K, =(G,-G,)/(G,+G,). (11)
Studies show that the smaller the value of K, ,, the lower the level of stress concentration in the region of
dislocation clusters, and for the interface between brittle and plastic local regions of materials — K, = 0,3 [25].
Given the value of K, and the presence or absence of SD-effect, we have the following groups of

materials reinforced with composite materials and coatings:
— fragile matrix and weak interfacial boundary (K, < 0,3, SD > 0);

— plastic matrix and weak interfacial boundary (K, > 0,3, SD > 0);
— brittle matrix and strong interfacial boundary (K, < 0,3, SD =0);
— plastic matrix and strong interfacial boundary ( X', > 0,3, SD = 0).

In each of these groups of materials, the filler particles (strengthening phase) play a different role in
inhibiting the movement of cracks [8, 9]. Cracks can form both inside the filler particles and on the interface.
The test results [10, 23] show that the cracks tend to be located perpendicular to the direction of maximum
tensile deformation. J. Gerland [29, 30] proposed two theoretical models of the destruction of filler particles: the
mechanisms of loading and accumulation of dislocations. According to the first model, the increase in stresses in
the filler particles is associated with the shape or coefficient of their shape. The modulus of elasticity of the

material Ecmcc) is within:
EnE, /[(1_ Cn )En + CnEm] < Egmeey < (1_ Cn )Em +enEy . (12)

The left part of inequality (12) means that the filler and the matrix are equally stressed, and the right - that
they are equally deformed. Note that the particle size of the filler does not affect the modulus of elasticity of the
composite material (composite coating) Ey ), if the coefficient of thermal expansion (CTE) of the matrix and

the filler are almost equal. At the same time, if the CTE are different, cracks may appear around the larger filler
particles Egq ). The shape of the filler particles does not affect the value of Eqy ), if the particles are not
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oriented in the composite material. When the filler content is ﬁn > 0,3, especially if the filler is fine, pores may

form in the composite material and the value of Ecm(cc) will decrease [10, 11].

This indicates that the particles of the filler of the composite material depends on both strengthening and
destructive effects. They can be the initiators of cracks that occur under load of friction, and large particles are
more dangerous than fine ones. If cracks do not occur in the composite materials, then controlling the modulus

of elasticity of the components £, and E,,, you can influence the size and nature of the strengthening of the
materials of the parts, in their tribological efficiency.

Conclusions

1. The use of the theory of S.M. Zhurkov for the description of tribophysical processes in local regions of
conjugations of details of knots of systems and units of machines on the basis of the diagram of a condition of
atomic and molecular communications of them with dilaton and compression thermodynamic temperatures.

2. It was found that dilaton bonds are formed in the low-temperature region with a minimum of free
energy. If phonons are emitted during tribophysical processes, the compresses reduce the local temperature and
the material passes into the dilaton region, while the dilaton regions cannot pass into the compression region. In
the dilaton areas of the material there is a fragile deformation and destruction, and in the compression, in the
transition to dilaton - plastic. It is revealed in which cases metals and alloys have dilaton and compression type
of atomic-molecular bond of atoms.

3. Based on solid state physics, compresses and dilatons have an electromagnetic nature and are
electromagnetic dipoles. Phase transformations in materials can be associated with the influence of external
physical fields on the behavior of electromagnetic dipoles and changes in their state and orientation.

4. The material in the friction zone of the tribocouples of parts has a non-equilibrium state, the degree of
non-equilibrium of which is determined by the relative values of deformation and load, change in the
concentration of the number of bonds, relative intensity of thermal radiation and energy bonds.

5. For composite materials and coatings theoretically substantiated their behavior in the friction zone, the
ability to relax the stress concentration K, and the presence of SD-effect, using the theory of S.M. Zhurkov and

the idea of electromagnetic dipoles. Taking into account the specified parameters the characteristic groups of the
materials strengthened by composite materials and coverings are resulted, their characteristics concerning
formation of cracks are given.
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Ayain B.B., Jlucenko C.B., I'punbkiB A.B., Jlepkau O.[., Makapenko /1.0., Kuiaosa LB.
NeoperruHe OOTpyHTYBaHHs BIUIMBY 3MiHU JUIATOHHHUX 1 KOMIIPECOHHMX 3B’SI3KiB aTOMIB MaTepialiB feranei
MaIlMH Ha X TPHOOJIOTiYHy €()EeKTUBHICTb.

3'sicOBAaHO MPOTIKaHHS MPOLECIB TEPTS Ta 3HOLIYBAHHS B TOBEPXHEBUX IIapax CIPSDKEHb JeTalled MalluH
Ha OCHOBI YSBICHHS NP0 JUIATOHHI 1 KOMIPECOHHI 3B'SI3KM aTOMIB B Marepiajax paeraneil. JlimaTtonHo-
KOMIIPECOHHI 3B'S3KH MAlOTh BHUIIAJKOBY MPHUPOIY, & TOMY B IMaHii poOOTi BHKOPHCTAaHO TEOPil0 PyHHYBaHHSI
neraneit C.M. XKypkoBa, TepMOIMHAMIYHAN Ta KBAaHTOBO-(Di3MIHMIA migxoau. PO3TIstHyTO €HTpOIio Ha MaKkpo-,
Me30- 1 MIKpPOCKOMYHOMY pIiBHAX Ta JIOKaJbHI OOJIACTI MarepialliB CHpsDKEHHS [eTaliel, IO IIiUIATaroTh
HABaHTAKCHHIO TEPTAM. B miarpami ctany aTOMHO-MOJIEKYJISIPHUX 3B'SI3KiB PO3TISIHYTO KpUBY 3aiexxHocTi Fi(ri)
a6o Ti(ri) Ta 3xmificHeHO aHa3 MEPETBOPEHH 3B'I3KIB 3TiMHO 3a3HAYEHOI miarpaMd. 3 TOUYKH 30py Gi3uKH
TBEPAOTO TiNa Ta TPUOO]I3MKH PO3IJISIHYTO IMPOSIB, €BOJIOLIS Ta HACTIIKM BIUIMBY Ha XapaKTEPUCTHKH 1
BJIAaCTMBOCTI 30HM TEpTs [IIATOHHUX Ta KOMIIPECOHHUX 3B'A3KIB aToOMiB Marepiany. bijgpm neTaibHO
OOIpYHTOBAaHO KOMIIO3WIIMHI MaTepiaan (KOMIIO3MIiiHI mOKpUTTs). [Ipy LBOMY BpaxoBYEThCS OIiHKA
KOHILIETIIT Hampy)XeHb MaTepialy B 30HI TepTs, 3[4aTHICTh pelakcyBaTH ii, a Takoxk HasBHICTH SD-edexry.
[Ipouec pyiiHyBaHHS MOB'S3y€TbCS 3 MOIYJISAMH IPYKHOCTI KOMIIOHEHTIB KOMIIO3HMLIHHOTO Marepianry Ta
00'eMHOr0 BMICTy HaIOBHIOBaYya. 3allpOIIOHOBAHO BIAINOBIAHY YMOBY, $Ka BH3HAya€ TPHOOJIOTIYHY
e(eKTHBHICTH KOMITO3UIIHHNX MaTepialliB Ta MOKPUTTIB.

KawuoBi cioBa: mimaToHHI 1 KOMIOpPECOHHI 3B'S3KH, [iarpaMa CTaHy, CHTPOIIisA, pPYHHYBaHHS,
KOMIIO3UIITHUN MaTepian (MOKpuTTs), SD-edekT, KOHIEeHTpallis HallpYKEHb.
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Abstract

The article is dedicated to the study of the influence of auger wear on the parameters of the dehydration
process of municipal solid waste in the garbage truck. An improved mathematical model of the drive operation
of dehydration of solid waste in the garbage truck is proposed, which takes into account the wear of the auger
and allowed to numerically determine the dynamics of the drive during start-up. It was also established that
increasing wear of the auger, the pressure of the working fluid at the inlet of the hydraulic motor rises, and the
angular velocity and speed of the auger is significantly reduced. The research of this mathematical model was
carried out using the numerical Runge-Kutta-Felberg method of the 4" order with a variable integration step. By
means of the method of regression analysis, the power dependencies of the change of nominal values of
pressures at the inlet of the hydraulic motor, angular velocity and speed of rotation of the auger from the value of
its wear are determined. The last-mentioned dependence defines the detuning from the optimal speed of the
auger during its wear and is used to determine the energy consumption of dehydration of solid waste, taking into
account the wear of the auger. It is established that the wear of the auger by 1000 um leads to an increase in the
energy consumption of dehydration of solid waste by 11.6%, and, therefore, also leads to an increase of the cost
of the process of their dehydration in the garbage truck. It was also established the expediency of further research
to determine the appropriate material of the auger and the ways to increase its wear resistance.

Key words: wear, auger press, garbage truck, dehydration, solid waste
Introduction

One of the important tasks in machine building is the increasing the wear resistance and reliability of
machine parts. Dehydration of municipal solid waste, which is accompanied by their pre-compaction and partial
grinding, during loading into the garbage truck is a promising technology for their primary processing, aimed at
reducing both the cost of transportation of solid waste and the negative impact on the environment. Dehydration
of solid waste in the garbage truck is carried out by means of the conic auger, its surface undergoes an intensive
wear due to the friction. This is due to the fact that solid waste contains, in particular, components such as metal,
glass, stones, ceramics, bones, polymeric materials, which can be attributed to abrasive materials, because they
have different shapes, sizes and hardness. The presence of moisture in the amount of 39-92% in solid waste
creates an aggressive corrosive environment. Therefore, the study of the influence of auger wear on the
parameters of the process of dehydration of solid waste in the garbage truck is a topical task.

Literary review

The results of experimental studies of wear resistance of different materials of auger with different
thermal and chemical-thermal treatment in a corrosive-abrasive environment on special friction machines that
simulated the operating conditions of extruders in the processing of fodder grain with saponite mineral
impurities are given in the article [2].

Comparative studies have shown 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

Copyright © 2021 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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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 steel X12 strengthen by nitro-hardening technology for the
manufacture of parts of the extrusion unit.

A mathematical model for calculating the wear rate of triboelements in a tribosystem which operates in
the conditions of corrosion and abrasive wear was developed in the paper [3]. Input factors are active acidity,
abrasiveness, roughness, load and sliding speed. Theoretically, the degree of influence of the above factors on
the wear rate is established. Abrasiveness is the most important factor, and, by the decrease of influence — the
level of active acidity and the load.

In the article [4], it was found that the intensity of abrasive wear of the screw surface of the auger, and
hence wear resistance, mainly depends on the hardness, surface roughness, the volume of abrasive particles
involved in friction and the area of their contact with the surface.

To restore the auger, it is necessary to process fusing or spraying a layer of a certain thickness on the end
part of the auger coil, and the width of the restored layer is usually a few millimeters [5]. 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. The authors state that plasma
spraying of composite powder materials will increase the durability of the auger by 2-3 times, which will reduce
repair costs by tens of times.

The article [6] presents 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 transportation. Theoretical calculation of grain
interaction with elastic section of 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 diminish its
damage

The paper [7] is dedicated to the analysis of the process of auger briquetting of plant materials into fuel
and feed. Dependencies of this process are the basis for determining the rational parameters of the working
bodies. When designing briquette presses, it is necessary to consider the deformation of biomass taking into
account the change in physical and rheological properties at the time of interaction with the auger mechanism.

The influence of geometric parameters on the performance and design of the briquetting machine was
studied in the paper [8] using a pressure model based on the theory of piston flow. 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 positively predicted the wear of the auger and showed that the
greatest influence on it are 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 service life of the
auger and the productivity of the machine for briquetting biomass.

The process of pressing wood chips in auger machines is researched in the article [9]. The processes
occurring in different parts of the auger are established, also were defined the formulas that allow to calculate the
loads acting on the auger turns, 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 also defined.

The wear of a twin-auger extruder of rigid PVC resins was researched in the article [10]. 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 screw core were determined. Numerical modeling of the flow was
performed using the power parameters of the viscosity of the resins.

In the paper [11] the results of experimental studies of the process of solid dehydration based on the
planning of the experiment by the Box-Wilson method are shown. Quadratic regression equations with 1st order
interaction effects were obtained using rotatable central composite planning for such objective functions as
humidity and density of pre-compacted and dehydrated municipal solid waste, 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 (frequency of auger speed,
the ratio of the radial gap between the auger and the housing, and the ratio of the diameter of the auger core to
the outer diameter of the auger on the last coil) both for mixed and “wet” solid waste. The obtained experimental
dependences allowed to build a mathematical model of the drive of dehydration of solid waste in the garbage
truck [12], which allowed to study the dynamics of this drive and the influence of control parameters on the main
indicators of the drive. But this mathematical model and experimental dependencies do not take into account the
wear of the auger, so, it requires further research.

Purpose

The aim of the article is to research of the influence of auger wear on the parameters of the dehydration
process of municipal solid waste in a garbage truck.
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Methods

To study the mathematical model of the drive of dehydration of solid waste in a garbage truck taking into
account the wear of the auger in the form of a system of ordinary nonlinear differential equations with
corresponding boundary conditions, the numerical Runge-Kutta-Felberg method of the 4™ order with variable
integration step was used [13].

To determine the paired dependencies of change of nominal pressure values at the inlet of the hydraulic
motor, angular velocity and speed of rotation of the auger from the values of its wear, the method of regression
analysis was used [14]. Regression analysis was performed on the basis of linearizing transformations, which
allow to transform the nonlinear dependence to the linear one. The determination of the coefficients of regression
equations was carried out by the method of least squares using the developed computer program "RegAnaliz",
which is protected by copyright law and appropriate certificate, as described in the paper [15].

Results

In the Fig. 1 a calculation scheme of the drive of dehydration of solid waste in the garbage truck is shown,
the following elements and parameters are designated: HM — hydromotor, TR — throttle, P — hydraulic pump,
OV - overflow valve, F — filter, T — tank with working liquid, p1, p2, ps — pressures respectively at the pump
outlet, at the inlet of the hydraulic motor, at the outlet of the hydraulic motor; Wi, W2, W3 — pipe volumes
between pump and throttle, throttle and hydraulic motor, hydraulic motor and filter; Qx — actual pump feed;
Str-the area of the throttle hole, Sg — the surface area of the filter element; g, — working volume of the
hydraulic motor; J — the moment of inertia on the shaft of the hydraulic motor; My — torque of technological
loading on a shaft of the hydraulic motor; @ — angular velocity of the hydraulic motor shaft.

TR gy M b HM
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Fig. 1. Calculation scheme of the drive of dehydration of solid waste in garbage truck

The operation of the solid waste dehydration drive in the garbage truck, taking into account the wear of
the auger, can be described by the corresponding system of differential equations (1-4) with the boundary
conditions (5) and the algebraic equation (6):
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0 < {p1, p2, p3} < pov; 0 < w; (%)
Qux = Oy /(21) , ©)

where Layg — the length of the auger, m; po — the initial density of the solid waste, kg/m?; T —the average pitch of

the turns of the conical auger, m; u — wear of the auger, m; D — the average outer diameter of the auger; d — the
average diameter of the screw core, m; payg — the density of the auger material; nc — the number of coils of the
auger; h — coil thickness; L.— auger core length, m; wo — the initial relative humidity, %; n — nominal auger
speed, rpm; Aayg — radial clearance between the auger and the housing, m; Dmin — outer diameter of the auger on
the last turn, m; dmin — diameter of the core of the auger on the last turn, m; gux — radial working volume of the
hydraulic motor, mé.

The results of the numerical study of the mathematical model (1-6) are shown in the Fig. 2, where the
numbers 1-6 denote the curves that correspond to such values of screw wear: 0, 150, 300, 450, 600, 750 um, in
accordance. As shown in the Fig. 2, with increasing wear of the auger the pressure of the working fluid at the
inlet of the hydraulic motor, but the angular velocity and the speed of the auger are significantly reduced.
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Fig. 2. Transient processes in the drive of solid waste dehydration during start-up: a) pressure at the inlet of the
hydraulic motor; b) angular velocity of the auger

Nominal values of pressures at the inlet of the hydraulic motor, angular velocity and speed of rotation of
the auger for different values of its wear are given in Table 1.

Table 1

Nominal values of pressures at the inlet of the hydraulic motor, angular speed and speed of rotation of the
auger for different values of its wear

u, um 0 150 300 450 600 750
P, MPa 7.763 7.794 7.972 8.202 8.485 8.825
w, rad/sec 8.396 7.919 7.267 6.430 5.394 4.150
n, rpm 52.75 49.69 45.66 40.40 33.89 26.08

As a result of regression analysis of the data in Table 1, the power dependencies of the change of nominal
values of pressures at the inlet of the hydraulic motor, angular velocity and speed of rotation of the auger from
the values of its wear are determined:

p_=7.745+1.4.10"°u"’; )
»=8.348 —2.033-10*u"®; (8)
n=52.43-1.276 -10°u"°. 9)

The correlation coefficient is 0.99955; 0.99968; 0.99968, correspondently, which indicating the sufficient
convergence of the results.

In the Fig. 3 are shown the graphical dependences of the nominal values of the pressure at the inlet of the
hydraulic motor, angular velocity and speed of rotation of the auger on the value of its wear, plotted using
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dependences (7-9), so sufficient convergence of the obtained dependencies in comparison with the data in the
Table 1 is confirmed.
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Fig. 3. Dependences of nominal values of pressures at the inlet of the hydraulic motor (a), angular velocity (b)
the speed of rotation (c) of the auger from the values of its wear: actual o, theoretical —

The dependence (9) describes the detune from the optimal speed of the auger in the process of its wear
and is used to determine the energy consumption of solid waste dehydration taking into account the wear of the
auger
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In the Fig. 4 is shown a graphical dependence of the increasing of energy consumption of solid waste
dehydration due to the auger wear:
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Fig. 4. Increase in energy consumption of solid waste dehydration due to the auger wear
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As shown in the Fig. 4, 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 dehydration of
solid waste in the garbage truck. In addition, it also leads to significant additional heat dissipation in the pressing
area. This heat is mainly concentrated at the end of the working zone of pressing. The result is melting and
coking of solid components, which converts them into abrasive particles. Consequently, in the auger material
under the influence of significant temperatures and mentioned factors, phase transformations occur and
catastrophic wear occurs.

Therefore, the definition of the rational material of the friction surfaces of the auger and the ways to
increase its wear resistance require further researches.

Conclusions

An improved mathematical model of the operation of the drive of dehydration of solid waste in the
garbage truck, taking into account the wear of the auger, which allowed to numerically research the dynamics of
this drive during start-up and determine that with increasing wear of the auger, the pressure of the working fluid
at the inlet of the hydraulic motor rises, but the angular velocity and speed of rotation of the auger are
significantly reduced. The power dependencies of change of 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 detune from optimum frequency of rotation of the auger during its wear. That is used to
determine the energy consumption of dehydration of solid waste, taking into account the wear of the auger. It is
established that the wear of the auger by 1000 um leads to an increase in the energy consumption of dehydration
of municipal solid waste by 11.6%, and, consequently, to the increase in the cost of the dehydration process in
the garbage truck and accelerate the wear process. Therefore, determining the rational type of material of the
auger and the ways to increase its wear resistance require further researches.
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Bepesok O.B., CaByasik B.l., XapxeBcbknii B.O. Brnus 3HOCy IIHEKka Ha mapaMeTpu MpOLECY
3HEBOJJHEHHS TBEPAUX MMOOYTOBHX BiAXOMIB y CMITTEBO31

AHoTanis

CTaTTs MpUCBSYEHA JOCIIKEHHIO BIUIMBY 3HOCY LIIHEKa Ha MapaMeTpH MpoLecy 3HEBOJHCHHS TBEPIUX
MOOYTOBUX BIAXOMIB y CMITT€BO3i. 3allpONOHOBaHA YJOCKOHAJCHa MaTeMaTHYHA MOJEIb POOOTH MPHUBOILY
3HEBOJHEHHS TBEPIUX MOOYTOBHX BiIXOMIB y CMITTE€BO3i, sIKA BPaxOBY€ 3HOC ITHEKA i JO3BOJMIA YHCEIHHO
JOCTIIUTH AWHAMIKY JaHOTO MPHUBOIY IIiJ Yac MyCKy Ta BU3HAUMTH, IO 3i 301IBIICHHSIM 3HOCY IITHEKA 3pOCTaE
THCK Po0odYOoi pIOgMHM Ha BXOMI TiIpOMOTOpa, a KyTOBa MIBHIAKICTH 1 YacTOTa OOCpPTaHHS IIHEKAa CYTTEBO
3HWKY€EThCs. JlOCHiKeHHs. NaHoi MaTeMaTHYHOI MOJeNi MPOBOAMIOCH 32 JONOMOTOI YHCEIBHOTO METOIY
Pynre-Kyrra-®ensbepra 4-ro mopsaky 3i 3MIHHMM KPOKOM IHTETpyBaHHA. 3a JIONMOMOI'OI0 BHUKOPHCTAHHS
METOJy PEerpeciiHOro aHamizy BH3HAYCHO CTCIICHEBI 3aKOHOMIPHOCTI 3MiHM HOMIHAJIbHHMX 3HAYCHb THCKIB Ha
BXOJli TiZIpOMOTOpA, KYTOBOI LIBHJKOCTI Ta YacTOTH OOEpPTaHHS IIHEKa BiJl BEJIWYWHH HOTO 3HOCY, OCTaHHS 3
SKHX OIMCYE BiJUIaroJDKEHHS BiJl ONTUMAJIBbHOI YacTOTH 00epTaHHs IIHEKa B MPOIeci HOro 3HOCY 1 BUKOPHUCTaHA
JUIS BU3HAYEHHsI €HEproEMHOCTI 3HEBOJHEHHS TBEPAUX MOOYTOBUX BIIXOMIB i3 ypaxyBaHHSM 3HOCY IIHEKa.
BcraHoBneHo, mo 3Hoc mHeka Ha 1000 MKM NPHU3BOIMTB O 3pOCTaHHS CHEPrOEMHOCTI 3HEBOAHECHHS TBEPAMX
noOyToBux BimxoniB Ha 11,6%, a, oTxe, 1 1O MOJOPOXKYAHHS IPOLECY IXHHOTO 3HCBOIHEHHS Y CMITTEBO3I.
BusiBneHO TOUUIBHICTE IPOBEICHHS NOJAIBIINX AOCITIKCHb 3 BU3HAYCHHS PalliOHaJIBHOTO MaTepiaiy [IHeKa Ta
[IJIAXIB MiIBUIIEHHS HOro 3HOCOCTIMKOCTI.

KuarouoBi cjioBa: 3HOC, IIHEKOBUIT IIPeC, CMITTEBO3, 3HEBOAHEHHS, TBEP/i MOOYTOBI BiIXO/IH.



