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Abstract

The article presents the results of the development of a technological method and equipment for the
renovation of erosion-worn parts of automotive equipment. In the parts of machines and mechanisms subjected to
mechanochemical wear, thin-sheet steel, the specific weight of which in car structures is on average 80%, is
especially destroyed, as well as the working organs of machines: threaded joints, welding seams, internal friction
surfaces (hubs, bearings, rollers and etc.). The solution to this problem is simplified when surface surfacing is used
and it is possible to obtain a relatively flat surface with good separation of the slag crust without sharp height
differences in the overlapping area.For welding wear-resistant and corrosion-resistant layers, it is necessary to use
wires with a diameter of up to 2 mm, which allow applying thin layers of steel alloyed mainly with Cr, Ni, Mn,
Mo during arc welding. The welding of such steels to ensure high quality of the deposited layers from the point of
view of achieving high corrosion resistance is quite difficult. This is due to the fact that during the operation of
welded parts and even when they are kept for a long time before operation, stripes with low corrosion resistance
appear on the welded surface (dark colors on the polished surface of the working layer). In the process of
developing the technology of surfacing the surface of worn parts, powders of ultra-fine particles were developed,
which were used to fill the core of powder-coated wires with diameters of 1,6 and 2,2 mm. The composition of the
charge included exotic additives, in particular chromium, molybdenum and complex liquid and alkaline earth
ligatures, in particular yttrium and cerium, which made it possible to significantly increase the wear resistance of
the deposited layer.

Key words: surfacing, corrosion, wear, modification, alloying, structure.
Introduction

As evidenced by literary sources [1-9,11] and practice, long-term operation of automotive parts in
conditions of mechanochemical wear (mechanical friction) is accompanied by local damage (in the form of ulcers),
which lead, as a rule, to loss of performance of the unit or device as a whole.

It is possible to reduce the negative impact of local wear and tear on the performance and, in general, the
accident-free resource of the main elements of automotive equipment by performing strengthening procedures in
relation to the areas of probable wear predicted in advance. Moreover, it is desirable to do this at the stage of
manufacturing parts, and even more so during the repair of parts. This problem is equally characteristic of friction
gears, variator cups, thrust of control mechanisms, etc.

Thus, in the process of corrosion and mechanochemical wear, a large proportion of nodes that fail
prematurely are lost. Thus, according to the data of the source [1] only in Ukraine in 2001, losses from corrosion
and wear and tear were estimated annually at approximately more than 2 million tons. At the same time, 1 million
tons are irretrievably lost annually. For example, up to 2 million tons of metal is lost in the form of scrap, i.e.,
unusable products for further operation, which are discarded due to high wear and corrosion of individual units
and assemblies, i.e., such a part of assemblies is excluded from the active part and goes to scrap metal.

At the same time, it is known [1] that the costs of repairing nodes per day of work are 4 times higher than
the costs of repairing cars and 4.5 times higher than the costs of repairing cars, and the costs of repairing imported
cars are 8 times higher 10 times.

Studies have established [1] that the intensity of wear of parts of machines and devices subjected to
Copyright © 2023. V. D. Makarenko., S. Yu. Maksimov., Yu. Ye. Mieshkov, I. A. Selieverstov. This is an open access article distributed
w 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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mechanochemical wear increases by 3-4 times and the long-term (fatigue) strength of metal decreases by 40-50%.

It was established that thin sheet steel, the specific weight of which in the construction of automobiles is
on average 80%, is especially destroyed, as well as working organs of machines: threaded connections, welding
seams, internal friction surfaces (hubs, bearings, rollers, etc.).

Many years of observations have established that parts made of ordinary low-carbon structural steel: St08kp
or St10kp without protection, in the non-working period, are subject to corrosion to a depth of .21 mm in the first
year. Moreover, the service life of such parts is reduced by 2 times, and the depth of corrosion pitting increases to
50 um. Without proper conservation and the application of effective anti-corrosion measures (for example, the use
of anti-corrosion coatings), automotive equipment will continue to be subject to an intensive process of corrosion
damage with severe technical and economic consequences.

Based on the analysis of literary domestic and foreign sources, it can be concluded that in order to solve
the problem of anti-corrosion protection and effective preservation of automotive equipment, all the efforts of
engineers of welding technologies and related processes should be directed to solving the following problems:

- the implementation of modern technological processes and innovative materials for the restoration of
corrosion-damaged and mechanochemically worn parts, which were developed at the Institute of Electric Welding
named after E.O. Paton of the National Academy of Sciences and extensively tested at various enterprises and
specialized repair workshops;

- advance application of anti-corrosion protection to parts during their production in the basic (factory)
conditions of the production cycle, i.e., in the process of conveyor production of agricultural machinery;

- implementation of modern repair and storage technologies with reliable conservation of automobile
machines and mechanisms;

-training of highly qualified specialists in the field of anti-corrosion protection of automotive equipment;

- car manufacturers and repair organizations to actively cooperate with the scientific centers of the National
Academy of Sciences of Ukraine;

- to widely introduce advanced materials into production, first of all, high-strength, corrosion-resistant,
alloyed steels, metal-plastic and polymer materials, composite metals for surfacing wear-resistant materials, use
ultra-dispersed powders as a charge of powder-coated wires of small diameter (1.6-2.2 mm).

It is necessary to bring the cost of anti-corrosion protection of cars up to 20% of its total cost.

As is known from practice, most of the equipment parts are operated in corrosive and aggressive
environments. The most famous representatives of such parts are rods and plungers of various hydraulic and
mechanical devices (Fig. 1), in particular, loading and unloading equipment: shafts and threaded connections of
construction machines and mechanisms.

To increase the service life of such parts, their working surfaces are already protected with galvanic
coatings, mainly chrome ones, during manufacture. The thickness of the applied layer is, of course, 5-50 microns.
The high hardness of chromium (HB 800-1000) and a low coefficient of friction (for chrome on steel, the
coefficient of friction k¢ = 0.16; for chrome-on-chrome kx = 0.12, to a certain extent characterizes resistance
against abrasive and mechanical wear as a result of friction in combination, strong adhesion to the base metal,
which determined the wide use of only this type of coating [6].
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Fig. 1. Rod (a) and plunger (b) of cargo-lifting equipment

One of the methods that allows you to restore worn rods and plungers and friction pairs, as well as to return
hydraulic devices and wear nodes to operation is arc surfacing under flux. At the same time, surfacing under the
flux of such parts has the following features:

1. Wear of the working surface of these parts is relatively small and is usually within tenths of 1-2 mm.
Therefore, surfacing is performed in one layer and powder-coated wires of a relatively small diameter (up to 2
mm) are used;

2. Rods and plungers are mainly made of medium-carbon, low-alloy steels of the type 30XT'CA, 30X,
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which belong to steels with limited weldability. This means that the welding or surfacing of such steels may be
accompanied by the formation of cracks. To exclude them, surfacing must be performed using certain
technological techniques, in particular, with preheating by applying a soft underlayer;

3. As a result of the mixing of the base and deposited metals during single-layer deposition, it is difficult to
obtain the required composition of the deposited metal. To compensate for the effect of mixing, it is necessary to
use surfacing materials with a higher degree of doping;

4. On the corroded surface of the parts, areas of chrome coating remain to a greater or lesser extent;

5. Rods and plungers are relatively small in size and weight. At the same time, during their restoration, it
is necessary to weld almost the entire outer surface, which leads to overheating of the part and makes it difficult
to separate the slag crust. Therefore, it is necessary to apply cooling of the part or interrupt the surfacing process.

Let's consider the technique and technology of welding rods and plungers of hydraulic units. There are two
known technologies for surfacing rods and plungers.

The first, the simplest, is surfacing with a low-alloy wire of the 30KhHSA type under the AN-348 flux.
Application during cooling of the deposited part with running water allows surfacing along the spiral line of rods
and plungers with a diameter of 70-90 mm. The deposited metal in this case is not corrosion-resistant and therefore
the deposited surfaces are subjected to chrome plating in the future, as provided by the usual manufacturing
technology. The main drawback of the technology is the two-stage recovery scheme with preservation of
ecologically polluted production (chroming).

The second technology involves the application for surfacing of corrosion-resistant steels and the exclusion
of chrome-plating operations in this connection. The main task in the implementation of this technology is the
correct choice of surfacing material. Also, different groups of stainless steels are used in different industries.

The first is martensitic steel. They contain 12-17% Cr and 0.1-0.5% carbon. Hardness cannot reach HPCS55.

The second group includes steels of the ferritic class, which contain 16-20% Cr. Their carbon content is
usually very low with a low chromium content. With an increase in chromium to 30%, the carbon content can also
increase to 0.35%.

As noted above, the considered parts wear out not only as a result of corrosion, but also due to abrasive
wear. Therefore, the surfacing of austenitic steels offered by some companies allows to achieve increased corrosion
resistance but does not protect the working surface from abrasive wear. For conditions of operation of automotive
equipment with increased technological danger, it is most rational to use steels of the martensitic class. However,
machining of such steels is difficult due to their increased hardness. The solution to this problem is simplified
when, during surfacing, it is possible to obtain a relatively flat surface with good separation of the slag crust
without sharp differences in height in the area where the rollers overlap. When considering the influence of
chemical elements on the properties of alloy steels, the following can be noted. The minimum chromium content,
at which the increased resistance of steel against corrosion in a humid atmosphere and various mildly aggressive
solutions is manifested, is approximately 12%. With this chromium content, dense gas-impermeable oxide films
are formed on the surface of the metal [2,3,11].

Considering the information presented above from a theoretical point of view, for surfacing wear-resistant
and corrosion-resistant layers, it is necessary to use wires with a diameter of up to 2 mm, which make it possible
to apply thin layers of steel alloyed mainly with Cr, Ni, Mn, Mo during arc surfacing. However, as the practice of
welding such steels has shown, it is quite difficult to ensure the high quality of the deposited layers from the point
of view of achieving high corrosion resistance. This is due to the fact that during the operation of welded parts and
even when they are kept for a long time before operation, stripes with low corrosion resistance appear on the
welded surface (dark colors on the polished surface of the working layer). These strips are located in the overlap
zone of the welded rollers.

On the basis of the performed literature review, during the welding of parts such as the rods of hydraulic
cylinders, powder-coated wires 30X20MN and 30X22MN were developed and tested, which provide the desired,
stainless chromium metal of the martensitic-ferrite class already in the first deposited layer. Based on the fact that
metals of type 30X20MN and 30X22MN are characterized by sufficiently high indicators of operational properties,
it was decided to bring them to the optimal level by testing during surfacing using various technological methods.
In addition, this approach to the selection of the deposited metal was due to the fact that its composition is relatively
simple in comparison with the metal 08X20N10G7T recommended for surfacing the cutting edges of mining
machines and various devices, which contains an order of magnitude less expensive nickel (with a more than 2
times increased hardness). As can be seen from the composition, the wires contain an increased proportion of
chromium to compensate for mixing with the base metal during single-layer surfacing. Since the carbon content
in the wire is at the level of the content in the base metal, the composition was not adjusted for carbon.

Development of a new type of powder-coated wire charge type PP-PN-30X20MN with the selection
and manufacture of equipment for its production and development of the technology of surfacing with the
developed wires

Despite the fact that we proposed two types of flux-cored wires for welding rods - PP-PN-30X20MN and
PP-PN-30X22MN, which differ in the content of the alloying element - chromium, which is responsible for the
resistance of the deposited metal, the main research was carried out with wire PP- PN-30X20MN, as the most
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economically favorable.

Arc surfacing under flux was performed in one layer with 30% overlapping of the rollers. The deposited
surface was subjected to grinding, as in the previously performed studies.

It is known [2] that a technically effective and economically expedient method of increasing the corrosion
resistance of welded metal structures is the microalloying of weld metal with rare-earth, alkaline-earth elements -
modifiers. A sharp inhibition of the corrosion process was observed when metal alloying Ce, Y, Ba, Ca. The
deposited metal of welding seams, economically modified with micro additives, is characterized by a low content
of dissolved gases (oxygen, nitrogen and hydrogen), as well as harmful impurities (sulfur, phosphorus). The low
content of gases in the metal containing micro-additives is explained by the high chemical affinity of Ce, Y, Ca
and Ba to them, as a result of which thermodynamically strong and almost insoluble in liquid metal oxides, nitrides
and hydrides are formed, which are removed into slag during the melting process. that is, the metal is refined.

The positive effect of modifying the deposited metal of type 15X8H2M1 with yttrium in the amount of
0.005-0.013% consists in crushing the primary structure, changing the composition, shape, size and nature of the
distribution of non-metallic inclusions, as well as increasing their dispersion. These factors ultimately have a
favorable effect on the mechanical properties, wear resistance and heat resistance of the deposited metal. And
although the corrosion resistance was not studied in detail in this work, by analogy with the results [1,12] we can
assume a positive effect of yttrium on the resistance of the deposited metal to the occurrence of corrosion.

In the experiments, samples made of 40X steel, 40 mm thick (the blanks are similar to those used in the
previous experiments) were welded with three flux-cored wires, which differ in micro-additives introduced into
the charge:

- sample -1, Al-Ce in the amount of 3% was additionally introduced into the charge of 2.2 mm powder-
coated wire;

-sample 2, yttrium in the amount of 3% was additionally injected into the powder wire charge @2.2mm;

) -sample 3, Si-Ca (CK30) in the amount of 3% was additionally introduced into the charge of powder wire
?2.2mm.
The welding mode of all samples 1= 250A; U = 30V; V=18m/h; wire protrusion 20-25mm; AN-20P flux.

Preparation of a flux-cored wire charge with components manufactured using ESH

The ability to successfully resist the influence of the environment, in particular corrosive, turns out to be
one of the most stringent requirements for modern structural materials, first of all for steels. For stainless steels,
the indicated capacity is the main, i.e., the main quality criterion.

The positive effect of electrometallurgical remelting (ESM) on the properties of the deposited metal was
shown earlier in experiments using powder wire charge for surfacing tool steel made from a ligature of ESM and
ferroalloys [1].

As a remelting component of the charge, we chose the main alloying component - high-carbon ferrochrome
FH-800.

In order to fulfill the task, technologies and equipment were used for non-compact material EES without
the use of any additional electrodes that support the electroslag process. As a result, a device was produced - a 90
mm current-powered crystallizer, which provides simultaneous performance of three technological functions -
support of the electroslag process; rotation of the slag and metal bath and the formation of the remelted ingot. In
order to exclude the arc process and increased chromium fumes, the beginning of melting was carried out by
pouring molten slag into the crystallizer (liquid start). Melting of the flux and accumulation for its pouring into the
crystallizer was performed in a special device (Fig. 2). The process of melting the flux in this device and pouring
it into the crystallizer are presented respectively in Fig. 3.

Fig. 2. Current-driven crystallizer 390 mm
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Fig. 3. The process of melting the flux and accumulating slag in the ladle

The ingot obtained as a result of ECP was crushed and dispersed on sieves to obtain powder grains with a
size of < 0.3 mm. Later, ferrochrome powder (ligatures) was introduced into the composition of the charge, which
was prepared according to the production technology of ordinary powdered wire.

Experiments on arc welding were carried out with experimental flux cored wire on the regimes that were
previously taken as a basis.

Production of a charge in the form of ultra-dispersed powder wire particles

The technological method of using ultra-dispersed particles in order to improve the quality of the metal and
give it high operational characteristics is based on two scientific representations, the so-called structural heritage
in the "charge-molten metal-solid casting™ system and the effect of changing the crystallization process of the
liquid metal in the presence of a relatively small number of "seed" particles.

The idea of structural inheritance in the charge-molten metal-solid casting system is associated with the
dependence of the structure and properties of the casting on the structure and properties of the charge materials
observed in practice.

A sensitive modifying effect is provided by the introduction of a small amount of fine-grained
(ultradisperse) charge particles into the liquid metal [8]. At the same time, the following processes take place in
the liquid metal: the number of inherited particles per unit volume of the melt treated with such particles is much
greater than in the untreated melt; the presence of fine-grained particles has an exciting effect on embryogenesis;
the dispersed particles themselves turn out to be potential centers of crystallization.

It was assumed that the dispersed component (size < 50 um) in the charge would be 30% on average. The
transformation of a conventional charge into a dispersed charge was carried out in a high-energy device - a
planetary mill in a time of 1 hour.

The production of experimental flux-cored wires showed that the presence of a fine-dispersed component
in the charge sharply worsens its flow (fluidity) - separate local layers, which differ in color from the rest of the
charge, are formed on the dispenser tape of the state of flux-cored wire drawing. Drying of the charge (1500C
exposure in the oven for 2 hours and cooling with the oven) does not improve its fluidity.

Therefore, technological techniques used in powder metallurgy and spraying were used - before dosing, the
charge was flocculated, followed by sifting of lumps (wiping) on sieves. At the same time, two methods of
flocculation were tested. According to the first, the charge is mixed with polyvinyl alcohol, forming a conglomerate
after drying. Second, the same process is performed on the KMC glue.

The fluidity of the powder obtained after wiping was evaluated according to DSTU 2640-94 "Metallic
powders. Determination of particle sizes by dry sieving". By both methods, it was possible to obtain a charge with
satisfactory flowability, which made it possible to produce a suitable powder wire from it with stable arc burning,
which ensures high-quality surfacing.

Conclusions

1) The experimental method, which provides for the selection of a relatively low-alloy composition of the
deposited metal and the improvement of its properties due to changes in the technology and technique of surfacing,
has shown its promise.

2) One-layer surfacing of metal type 30X20MN with any amount of overlap does not allow to achieve high
corrosion resistance of the superimposed layer.

3) An increase in the chromium content in the 30X20MN type metal by approximately 2% does not
significantly increase the corrosion resistance of the metal due to reaching the lower limit of the chromium content
in the remelted metal (base + deposited metal), at which the positive effect of the chromium content in the
deposited layer is manifested.

4) Multi-layer deposition improves the corrosion properties of the deposited metal, but its application
significantly reduces the cost-effectiveness of the deposition process.

5) By adjusting the surfacing welding cycle, it is possible to improve the corrosion resistance of the
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surfacing metal, but this approach complicates surfacing conditions and may have a negative impact on its
economic feasibility.

6) It was established that the introduction of RZM into the composition of the charge changes the indicators
of metal corrosion in a positive direction.

7) The use of ultradisperse components in the charge of powdered wires should be considered a promising
technological method, especially when they are obtained with the help of a binding CMC.

8) The positive effect of ESH on reducing the number and shape of non-metallic inclusions, and, therefore,
on the corrosion resistance of the deposited metal obtained by melting powder-coated wire, in the charge of which
a ligature was partially used, and not ferroalloys, was confirmed.

9) The use of small current pulses during welding allows you to significantly influence the penetration of
the base metal and heat deposition in the metal of worn parts.
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Maxkapenko B./., MakcumoB C.FO., MemkoB 1O. €., CexiBepcroB 1.A. TexHomorii Ta Martepianu 3
PCHOBAIIIT epO3iHO-3HOIICHHUX JICTaNICH aBTOMOOLIBHOT TEXHIKH

B crarti HaBeJeHI pe3ysbTaTH po3pOOKH TEXHOJIOTTYHOTO METOAY Ta 00JaJHAaHHS 3 peHOBalil epo3iiHO-
3HOIICHUX JeTalieii aBTOMOOUTbHOI TEXHIKH. B meransx MamuH i MeXaHi3MiB, MiANAaTHX MEXaHOXIMITHOMY
3HOIIYBaHHIO 0COOJINBO PYHHY€ETHCS TOHKOJIMCTOBA CTaNlb, INTOMA Bara K01 B KOHCTPYKIIISX aBTOMAIIINH CKII1a€e
B cepenHboMy 80%, a Takok poO0Ui OpraHy MaIlInH: pizb00Bi 3’ €JHAHHS, 3BaPIOBAJIbHI IIIBY, BHYTPIIIHI MOBEPXHI
TepTs (BTYJIKH, ITiJIIATHAKY, POJIHUKH Ta iH.).

Pimenns miei 3amadi COpONIYETHCS, KOIM 3aCTOCOBYETHCS HAIDIABICHHS IOBEPXHI 1 € MOXIHUBICTP
OTPHMATH BiTHOCHO PiBHY IIOBEPXHIO 3 JOOPUM BiIOKPEMIIEHHSIM [IUIAKOBOI Kipky 0€3 pi3KuX MepenasiB BUCOT B
30HI EPEKPUTTSI.

Jlis HamaaBlCHHS 3HOCOCTIMKHMX 1 KOpPO3IHHOCTIMKMX IIapiB HEOOXiTHO BUKOPHCTOBYBATH JPOTH
JiaMeTpoM 10 2 MM, SIKi JI03BOJIIIOTH HAHOCHTH TIPH JYTOBOMY HAIlIaBJICHHI TOHKI IIapH CTajl, JIErOBaHOI
romoBauM unHoM Cr, Ni, Mn, Mo.

HannaBienHst takux crajed, mo0 3a0e3NeyuTd BUCOKY SIKICTh HAIUIABICHHX INApiB 3 TOYKH 30Dy
JIOCSITHEHHS BUCOKOT CTIHKOCTI IPOTH KOPO3ii 10CTaTHBRO CKJIaHO. Lle moB’13aH0 3 THM, 110 Mij 9ac eKCILTyaTarii
HAITaBJICHUX JIeTajied 1 HaBiTh NpH IX TPHUBAIiii BUTPUMII JO EKCIUTyaTallii Ha MpPOIUIABJICHIH MOBEpXHi
MOSABIISIIOTHCSI CMYTH 3 HU3BKOIO CTIHKICTIO MPOTH KOPOo3ii (TeMHI KOJIhOpH Ha HUTi(OBaHIN MOBEPXHI poOOTOTO
mapy).

B mporreci po3poOKu TeXHOIOTIT HaIIaBIICHHS TOBEPXHI 3HOLICHUX JeTanel Oyiu po3po0iIeHi TOPOIIKH 3
YIABTPAIUCIICPCHUX YACTHHOK, SKMMH HAIIOBHIOBAJIN CEPLIEBIHY MOPOIIKOBUX JIpOTiB Aiamerpamu 1,6 12,2 mm. B
CKJIJl IIUXTH OyJIM BBEACHI €K30TH4YHI J100aBKH, 30KpeMa XpOM, MOJIO/IEH Ta KOMIUIEKCHI PIJKO Ta JIyXHO-
3eMeJIbHI JIIraTypH, 30KpeMa iTpiid Ta uepiif, Mo T03BOJIMIO CYTTEBO MiJBUIINTH 3HOCOCTIHKICTh HAIIABJIEHOTO
mapy.

Koaro4oBi cjioBa: HamiaBiIeHHs, KOPO3is, 3HOIYBAaHHS, MOTU(IKYBaHHS, JIETYBaHHS, CTPYKTypa
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Abstract

During vibration tests of structurally complex equipment on electrodynamic shakers, the measured
vibrations on the shaker table, test fixtures and various places of the tested product may differ. One of the reasons
is the deformable shaker table, the stiffness of which can significantly affect the results of vibration tests. The
electronic equipment being tested, as a rule, does not have an axisymmetric shape and therefore, during testing, it
is very difficult to align the center of gravity of the product and the vibrating table or equipment with the axis
passing through the center of the shaker table. The paper theoretically shows that the shaker table can be considered
a rigid body only if there is no displacement of the weight of the tested product from the center of the table, as
well as at excitation frequencies significantly lower than the critical frequency of the table. For theoretical analysis,
the disc-shaped shaker table is presented in the form of a thin plate. Vibrography of the vibrating platform
experimentally confirmed the effect of increasing vibrations when moving away from the center of the shaker
table. If during vibration tests it is not possible to place the electronic unit coaxially with the center of the vibrating
table, it is necessary to monitor the value of vibrations at different points of the tested product, for example, at the
points farthest from the center.

Keywords: vibration test, shaker, test fixtures, electronic equipment
Introduction

Products of electronic equipment used in space and aviation equipment are subject to significant overloads
(10...20)g [1]. One of the main parameters of such equipment is their vibration resistance. The specified equipment
is subject to increased requirements for vibration protection, since the failure of a relatively inexpensive
interconnection, electronic unit or component can lead to the destruction of the entire aircraft [2]. Therefore, during
production and operation, on-board electronic equipment is subject to mandatory testing on various types of
shakers. Electrodynamic shakers are used for testing electronic devices, assemblies and aircraft units [3, 4]. The
accuracy of vibration test results significantly depends on the accuracy of the measured vibration parameters.
Idealizing a shaker table or test fixture as an absolutely rigid body increases vibration measurement errors. To
improve the quality of vibration tests, it is necessary to take into account the deformability of the vibrating table
and equipment.

Literature review

The most important link in the system for ensuring the quality of vibration impacts transmitted to the object
during vibration and impact testing of products is the fixture for attaching the test product to the table of an
electrodynamic vibration stand [5, 6]. Such fixturte can introduce distortions into the process of vibration
transmission from the vibrating table to the product being tested [7]. Vibration monitoring based on readings from
sensors installed on the shaker does not reflect real vibrations. Analysis of the results obtained from many vibration
tests of electronic control units of aerospace equipment showed a significant spread between the level of vibrations
measured on the shaker table and the vibrations of the test fixture or products being tested [8].

Copyright © 2023. A. Goroshko*, M. Zembytska. This is an open access article distributed under the Creative Commons Attribution
w License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
£ cited.
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When testing electronic equipment, which, as a rule, does not have an axisymmetric shape, it is very
difficult to align the center of mass of the product and test fixture with the axis passing through the center of the
shaker table. If the axis of the shaker rod and the exciting force acting along this axis do not pass through the center
of mass of the product with the table, a bending moment occurs. The associated vibrations of the entire system in
planes perpendicular to the plane of the shaker table are superimposed on the main vibrations and further
complicate the vibration response. This has prompted many researchers to further investigate vibration
transmission models during testing. [9-13].

The authors in [9, 13] created a mathematical model of an electrodynamic shaker, which takes into account
the transmit of mechanical load from the launch vehicle to the spacecraft. Possible distortions of the center of
gravity of the tested product are taken into account. For this purpose, modal analysis and the design of experiments
(DOE) method were used. As a result, three shapes of the shaker head expander were proposed to select the
geometry with the best vibration characteristics.

The work [10] shows the principle mechanical and electrical parts of a lumped-parameter, one-dimensional,
three DoFs, electromechanical shaker model and describes a basic model of a Modal shaker. It was shown in
[11,12] that due to the unbalanced radial electromagnetic force and the displacement of the center of gravity of the
tooling or test sample, in practice, an electrodynamic shaker can generate significant vibration in the transverse
direction. As a result, the accuracy of vibration control of the equipment under test is greatly reduced. To take into
account the lateral vibration of the moving system, a dynamic model of an electrodynamic shaker with 7 DOF was
developed in [11].

Purpose

The purpose of this work was a theoretical analysis and experimental study of the influence of the
deformability of the VEDS-200 shaker table on the magnitude of the measured vibrations.

Research methodology
Dynamic model of vibrations in the assumption of an absolutely rigid shaker table

Let us consider the process of vibration testing of an electronic product mounted on a shaker, containing a
housing and a printed circuit board. In this case, we assume that the shaker table is a rigid body with a mass that
much exceeds the mass of the test product. The electronic unit under test, as an oscillatory system, consists of two
passive masses, representing its body and board, which are interconnected by elastic elements.

In the general case, the oscillatory system is elastically connected to the movable platform of the shaker.
The movement of the moving platform is determined by the kinematic excitation of oscillations of the system
under study. Assuming a significant excess of the mass of the moving platform of the vibration stand compared to
the masses of the body and board, a discrete model with 2 DOF, which is presented in Fig. 1.

The motion of such a two-mass oscillating system is described by a system of differential equations

M

m, (% —Z,)+kz,+k,(2,-2,)+c,2, +¢,(2, - 2,) =0,
m, (2, -2, )+k,(z, - 2,)+¢,(2,-2,)=0,

where m; is the mass of the body of the block, represented by a solid body installed on the elastic-dissipative
support of the fastening node with a stiffness coefficient ki and a vibration resistance coefficient c;

m; is the mass of the electronic board, whose elastic-dissipative support models the elastic-dissipative
properties of the board itself with a stiffness coefficient k, and a vibration resistance coefficient cy;

zi (i =1, 2) is displacement of masses m;;

Z0=Zosinat — is the harmonic oscillations generated by the vibrating platform. The function zo(t) describes
the movement of the moving platform of the shaker, causing the kinematic excitation of the vibrations of the
system under study.

The solution of the system of equations (1) has the form:

@

z, =U, cosawt +V, sin at,
z, =U, cosawt +V, sin at.

After substituting (2) into (1), we obtain a system of four linear algebraic equations for unknowns U;, Vi (i
=1,2):
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(c,+c,) ) 2 (K, ) +V, (—C,0) =

( ((

(6 +6) (~@)) +Vi (K +k, —mya? )+ U, (c,0) +V, (<K, ) =
(
(

U
U

, ®)
U, (-k,)+V, (c,0 +U2(k2—m2w )+Vz(cza))=—m220a) ,
U

) )
1(C0)+V; (=K, ) +U, (c,0) +V, (k, ~m,0* ) =0.

The amplitudes of mass oscillations m; and m; are determined by the formulas:

:JUl2 +V.2, Z, :,/Uz2 +V22 . (4)

Given the statement of the problem, from system (3), using formulas (4) we obtain expressions for

L . . S = Z, . . . .
determining the relative amplitude of oscillations Z =Z—n in particular, for mass m,, which simulates the
0
concentrated mass of the tested electronic device:

Zz = ) (%)

where

{Dl =k, +k, —-mae’ +c,0’ +C,0°,

6
D, = (k, +k, ~m@*)(k, ~m,0*) ~k; —c,c,0” + w[(cl +C,)(k, —m,@”) + ¢k, —C, (k; — mlwz)]- ©

In the considered model, the shaker table is presented as a rigid body. However, monitoring vibrations at
various places on the shaker table shows that this is not the case, and in fact the table can become deformed
[13, 14]. We theoretically study the influence of finite stiffness on the deflections of a shaker table made in the
form of a disk.

Mathematical model of a shaker table represented by a flexible thin plate

A typical design of the moving part of an electrodynamic vibration stand is shown in Fig. 2. A vibration
table with a thickness h and a radius b is rigidly bolted to a cylindrical rod with a radius a, which performs vertical
reciprocating movements at the frequency of the generator of the shaker control system. As a rule, for most
vibrating tables the following condition is met 0,025<h/a<0,2, therefore, to estimate the rigidity and

deflections of the vibrating table, you can use the theory of calculations symmetrical bending of thin circular plates
with small deflections [15].

Let us consider an approximate model of a shaker table in the form of an elastic round plate, rigidly clamped
along the contour with a radius r=a (Fig. 2). The load on the shaker table be distributed uniformly with intensity

g.
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i table
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« e b >
'
z,SinQt « »
Fig. 1. Dynamic model of oscillations of an electronic Fig. 2. Load scheme of the deformable

product fixed on a rigid shaker table shaker table by its own weight
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In the polar coordinate system, plate deflection and load are functions of r and 6, respectively: w(r,9),
q(r,6). The differential equation of a curved plate has the form [15]

dr> rdr r?> d@* )l dr? r dr r® dé? ’

where w=w(r) is the deflection as a function of the coordinate r;
q is the uniformly distributed load on the surface;

_ ER
12(1+ 42°)
L is the Poisson's ratio.
The problem is axisymmetric if the load on the plate, as well as the conditions for securing its edges, do
not depend on the polar angle €. Then the deflections do not depend on the polar angle 6, and they are only a

function of the coordinate w=w(r). The general differential equation for the equilibrium of the curved middle
surface of a circular plate has the form

is the bending stiffness of the plate;

d4w+g.dsw+_i.dzw+i.d_w—& (8)
dr* r dr* r* dr* r* dr D
Integrating (8), we obtain the equation of the rotation angles
w= 3 +C+C,Inr+Cyr* +Cr2 Inr . 9
64D
The linear radial bending moment is equal to
2
M, =—p| 4V, 4 W] _pde, @ (10)
dr r dr dr r

where ¢ = —2—W is the angle between the tangent to the curved middle surface and the axis r.
r

To determine the integration constants in solution (7), we have the following boundary conditions:

1) r=a, w=0;
2) r=a, ¢=0;
3) r=b, M=0;
2
4y r=p, @=Me_ pdfdw u dwi_,.
dr dr\ dr r dr

Substituting the deflection functions into these boundary conditions w(r) (7), moment M(r) (8), angle ¢(r)
and reduced shear force Q(r), we obtain the following matrix system of equations:

4

qa
1 Ina a’ a’lna ~ 64D
0o a' 2a a(l+2Ina) C ga®
ol |-
0 ﬂb;l 2(L+p) 2Inb(L+u)+3+u || o |= 1(:;? : (1)
3
- 3
2(1- u) c.) | 160
0 5= 0 WP (ea) b
B3
ap 3+4)

Solving system (11) we find the integration constants Ci, Cz, Cs, Ca.

To illustrate the nature of the behavior of dependence (7), an analysis of the obtained results was carried
out on the example of the deflection of the shaker table of the laboratory vibration stand VEDS-200, the appearance
of which is presented in fig. 3. The technical characteristics of the shaker are given in the table. 1. The
characteristics of the shaker table of this vibrating stand are given in the table. 2 To calculate the maximum
deflections, we will use the maximum permissible load conditions from the technical specifications. At the same
time, the transverse force is uniformly distributed over the surface of the vibrating table with intensity q=11493
H/m?,
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Table 1.
VEDS-200 Shakers specifications
Maximum of Maximum Displacement  Frequency range Acceleration Acceleration
force shaker payload P a yrang without load with maximum load

2000 N 45 kg 12,5 mm 5-5000 Hz 409 (392 m/s?) 49 (39 m/s?)

Table 2.
Shaker table specifications
Material Table’s Radius ~ Rod’s Radius Height Young’s modulus  Poisson's ratio
Aluminum b=230 mm a=90 mm h=25 mm E=70 GPa 1=0,34

Having solved system (9), we obtain: C:=-0.0538-103, (,=-0.0172-103, (3=-0.8828-103, (,=-0.99943.
Analytically calculated according to dependence (7), the shape of the middle surface bend in XYZ coordinates is

presented in Fig. 4, where r = /x*> +y* .

<1072 Mid/dle surface
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Fig. 4. Static deflection of the shaker table at
Fig. 3. Shaker VEDS-200 with a test electronic unit absence of displacement

The analysis of dependence (7) shows that the rigidity of the shaker table decreases sharply when moving
away from point O to the edge of the table. Therefore, when testing large-sized blocks, the attachment of which to
the vibrating table is located at a distance r>a, the idealization of the shaker table as a rigid solid body in the
dynamic model (1) is unjustified. In the model of the testing process, it is necessary to introduce an additional
spring with a stiffness of ks, which takes into account the elastic properties of the shaker table. Such a spring is
connected in series with a spring with stiffness ki, simulating the stiffness of the body of the electronic product.
The resulting rigidity of the vibrating table-body system kis is less than ki:

k1 — k1k3

Pk k]
which explains the phenomenon of a decrease in the real critical speeds of the shaker-product system and an
increase in vibrations compared to those expected in the range of operating frequencies of the shaker.

Results of experimental studies and discussion

To experimentally confirm the deformability of the shaker table and assess the influence of elasticity on
the level of vibrations at different points on its surface, experimental studies were carried out. The subject of study
was the VP-90M platform of the VEDS-200 shaker expansion table in the form of an aluminum plate. Before the
study, the platform was divided into 12 sectors.

In each sector at a distance of 100; 330; and 560 mm from the center, the working vibration sensor was
alternately fixed (Fig. 5). A control vibration sensor was fixed in the center of the shaker table. Both vibration
sensors, complete with the amplification equipment of the shaker, were pre-calibrated for an acceleration of 1g. A
vibration sensor of the ABC 027-01 type (Fig. 6) complete with a matching amplifier and a VZ-38 millivoltmeter
was used as a reference. Sinusoidal oscillations with an acceleration of 1g were applied to the shaker table. The
acceleration values were monitored by a working vibration sensor fixed alternately around a circle with a radius
of 100, 330, and 560 mm in each of the 12 sectors of the surface of the vibrating table platform. The study was
conducted for 28 frequency values in the frequency range of 5-1000 Hz. Based on the obtained values of vibration
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overloads, diagrams of the distribution of vibration overload on the surface of the shaker table were constructed.
Examples of diagrams for sampling frequencies {100, 300, 450, 650, 800, 1000}Hz are presented in fig. 7.

Fig. 5. Scheme of the location of the sensors Fig. 6. Sensor ABC 027-01
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Fig. 7. Diagrams of distribution of vibration accelerations over the surface
of the expansion shaker table at an acceleration value of 1g in the center
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Research results show that the values of vibration overloads at different points of the platform of the
vibrating table differ significantly from the values measured in the center. They can be from 3 to 6 times less than
specified (for example, at f = 450 Hz), or from 7 to 17 times greater (for example, at f = 300 Hz).

Electronic equipment that undergoes vibration tests on electrodynamic vibration stands can have a weight
from units to thousands of Newtons. The design of structurally complex electronic devices can be considered as a
system consisting of a large number of masses with elastic-damper connections (case, printed circuit boards,
components, fasteners, connectors, etc.). Such an electronic unit, having many natural critical frequencies, installed
on the vibrating table platform, will further increase the difference in vibration values at the center and other points
of the shaker table.

Conclusions

A real shaker table can be considered a rigid body only if the axis of the shaker table rod and the line of
action of the exciting force passes through the center of gravity of the test product and test fixture, and also at
excitation frequencies significantly lower than the critical frequency of the table. When modeling and simulating
electrodynamic shakers, as well as during vibration testing of electronic device structures, it is necessary to take
into account the stiffness of the shaker table. Varying the flexibility and deformability of the shaker table makes it
possible to more accurately determine the real resonant frequencies of the table testing system. These resonant
frequencies are lower than in the case when the shaker table is considered a rigid body. In addition, deformation
of the shaker table leads to the fact that the vibrations at different points on its surface are not the same. In practice,
this means that when testing an electronic unit, control of the vibration level in the center of the vibration table is
inaccurate. Vibrations exceeding the control value can be transmitted from the table to the test fixture and the
electronic product being tested, and there they can intensify many times over.

In order to increase the accuracy of test results, it is necessary to comply with the condition that the line of
gravity of the device being tested coincides with the axis of the shaker table rod or lies as close as possible to it.
In this case, the rigidity of the table is much higher than the rigidity of the product or fastening, and the elastic
properties of the table can be neglected.

If during vibration tests it is not possible to place the electronic unit coaxially with the center of the vibrating
table, monitoring the vibration value must be carried out at different points of the tested product, for example, at
the most distant points from the center.
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I'opomiko A.B., 3emOounbka M.B. Anani3 BIUIMBY OpPCTKOCTI BiOpOCTONa Ha TOYHICTH PE3YJbTATiB
BiOpauiifHUX TeCTyBaHb EJICKTPOHHUX BUPOOIB

[Tpu BiOpauiiHUX BUNPOOYBaHHIX CTPYKTYPHO-CKJIaJHOT €IEKTPOHHOT aapaTypy Ha eJIEKTPOJMHAMIYHUX
BiOpOCTEH1aX BUMIpPsIHI BIOpaLil Ha CTOJI, OCHACTLI 1 PI3HUX MICIIX TECTOBAHOTO BUPOOY MOXYTb BiAPI3HSITHUCE.
OpHie€lo 3 pUIHH € AeOpMiBHHUH CTix BIOPOCTEHIA, KOPCTKICTh SKOTO MOXKE CYTTEBO BIUIMBATH HA PE3YIbTATH
BiOpariitaux BunpoOyBanb. TecToBaHe eNEKTPOHHE 00JaTHAHHS SK IIPABHIIIO HE MA€ BiCECUMETPUIHOI (opMH i
TOMY TIPH BHIIPOOYBaHHSX Jy’>Ke CKJIaIHO CYMICTHTH IEHTP Mac BUpoOy i BibpocToma abo 0CHACTKH C Biccio, sKa
MIPOXOIUTH Yepe3 LEeHTp BiOpocTona. B podoTi TeopeTnyHO MOKa3aHO, M0 BiOPOCTLI MOKHA BBa)KATH JKOPCTKUM
TIJIOM JIHIIIE 32 YMOBH BiICYTHOCTI 3MIIIIEHHS CHJIM Bard TECTOBAHOTO BUPOOY BiJ IIEHTPY BiOpOCTOIIA, a TAKOK Ha
gacToTax 30y/DKEHHS, 3HAYHO MEHIINX 32 KPUTUYHY YacTOTy CTojda. [ TeopeTHdHOro aHamizy BiOpoCTiN y
(dopMi AMCKY TpEICTaBICHO y BUIVIAAI TOHKOI IJIACTHMHHU. 3a JIONOMOrol0 BiOporpadyBaHHs BiOpamiiiHOT
wiaTGopMu EKCIIEPUMEHTAIbHO MiATBEp/XKEHO edeKT 3pocTaHHS BiOpauild INpHM BiIJalIeHHI BiA LEHTPY
BiOpocTosa. Slkimo mig gac BiOpamiiHMX BUIPOOYBaHb HEMAae€ MOXKIMBOCTI PO3MICTUTH E€JIEKTPOHHHUM OJIOK
CHIBBICHO 3 IIEHTPOM BiOpOCTOIIa, KOHTPOJIb 32 3HAUSHHSIM BiOpaiii HeoOXiIHO 000B’I3KOBO ITPOBOANUTH Y Pi3HUX
TOYKaX TECTOBAHOT'O BUPOOY, HAIIPUKJIA]] Y HaMBiANEHIIINX TOYKaX BiJl LEHTPY.

Krouosi ciioBa: BiOpamniliHi BUIpoOyBaHH:, BIOPOCTEHA, OCHACTKA, €IEKTPOHHUI BHPIO
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Abstract

The article is dedicated to the establishment of dependencies of the influence of the wear of the cylindrical
brush on the operational characteristics of the mounted sweeping equipment of the garbage truck. By using the
planning of the second-order experiment with the first-order interaction effects, using the Box-Wilson method, the
adequate dependencies of the influence of the wear of the cylindrical brush on the performance characteristics of
the mounted sweeping equipment of the garbage truck were determined. It was established that, according to the
Student's criterion, among the investigated factors of influence, the wear of the cylindrical brush has the greatest
effect on the deformation of the cylindrical brush, and the width of the contact spot has the least influence. The
required pressing force of the cylindrical brush is most affected by the width of the contact spot, and the least by
the wear of the cylindrical brush. The response surfaces of the target functions are shown — the amount of
deformation and the required pressing force of the cylindrical brush and their two-dimensional cross-sections in
the planes of influence parameters, which make it possible to visually illustrate the specified dependences of target
function data on individual influence parameters. It was established that the wear of the cylindrical brush of 50%
of cases leads to an increase in the deformation of the cylindrical brush by 1.3 times, and the necessary force of
pressing of the cylindrical brush — by 3.1...3.6 times, depending on the width of the contact spot. It is shown the
expediency of conducting further researches of the effect of antifriction materials on the wear of the friction pairs
of the mounted sweeping equipment of the garbage truck.

Keywords: wear, operational characteristics, mounted sweeping equipment, cylindrical brush,
deformation, clamping force, garbage truck, regularity, experiment planning.

Introduction

Increasing the wear resistance, reliability and service life of machine parts is one of the main problems that
are being solved in the field of mechanical engineering in Ukraine, in particular for sweeping and cleaning
machines [1, 2]. To clean the road surface from dirt, the utility machines with brush work equipment are generally
used. At the same time, brush work equipment with cylindrical brushes with a pile made of polymer material has
become the most widespread. During the work process, the pile of a cylindrical brush wears out when it interacts
with the working surface, which contains abrasive particles, while its elastic characteristics change, which requires
an increase in the necessary pressing force to maintain the most desirable value of the width of the contact spot
under the conditions of ensuring high cleaning quality and minimum intensity of pile wear. According to the
analysis of statistical data, the fleet of utility companies of the Khmelnytskyi region experienced a slight decrease
in the level of wear and tear in the period from 2015 to 2020, despite the measures taken, from 63% to 59% [3, 4].
According to the Resolution of the Cabinet of Ministers of Ukraine No. 265 [5], an important task is to ensure the
use of modern and highly efficient garbage trucks in the country's communal economy. This is important for an
industry that is key in the collection, transportation and primary processing of municipal solid waste (MSW). In
particular, this is facilitated by the expansion of the garbage truck's functionality by equipping it with attached
sweeping equipment. This helps to increase the overall reliability of the functioning of communal enterprises,

Copyright © 2023. O.V. Bereziuk, V.I. Savulyak, V.0. Kharzhevskyi, Ye. S. Harbuz. This is an open access article distributed under
w 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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simultaneously with the solution of various environmental problems. The planning of renewal, maintenance and
repair of municipal equipment is facilitated by determining the dependencies of the influence of the wear of the
cylindrical brush on the operational characteristics of the mounted sweeping equipment of the garbage truck.

Analysis of recent research and publications

The article [6] sets out measures that allow to significantly increase the efficiency of the technological
process of road surface cleaning, reduce the need for cleaning equipment and manual labor costs, and improve the
sanitary-hygienic, aesthetic, and transport-operational condition of road surfaces in urban areas. In particular, it is
stated that the required modulus of elasticity of road surface of inner-quarter passageways should be at least 125
MPa, sidewalks and pedestrian alleys with a width of more than 3 m — not more than 85 MPa. When the humidity
of the garbage is up to 20%, it is advisable to use sweeping machines, additionally moistening the garbage with a
humidity of less than 15%, and when the humidity of the garbage is more than 20%, it is advisable to use washing
machines.

The work [7] presents the results of a study of a set of partial indicators (operating fuel consumption,
performance of work, costs for maintenance and repair of elements of brush work equipment, cost of cleaning a
fixed unit of the area of a road or urban area), which can be used to evaluate the effectiveness of the use of
communal cleaning machines with a brush working body; the functional scheme of the formation of the
generalized efficiency criterion is presented and the mathematical expression for its determination is obtained. An
expression for the determination the generalized criterion for the efficiency of the use of utility vehicles is obtained,
which is based on the selected aggregation function. Also, for a visual presentation of the interrelationships of
factors that affect the partial efficiency indicators of the use of a communal sweeper machine, with a generalized
efficiency criterion, a functional scheme of its formation is proposed in the work.

The materials of the article [8] present a study of brush modeling using the finite element method to
facilitate the automation of the road sweeping process. Depending on the type of garbage and road conditions, the
sweeper machine’s driver needs to adjust the vertical pressure, angle of inclination and rotation speed of the curb
brush, and also has to frequently monitor the sweeping results. The driver's job becomes more difficult because he
has to concentrate on the road and sweep its surface at the same time. Achieving effective road sweeping has been
difficult in the past, in part because the basic characteristics of sweeping brushes were unknown. A finite elements
model was used to analyze the deformation of metal sweeping brushes when they are compressed and rotated on
the road. The following key brush parameters were considered: bristle length, width and thickness, bristle
installation radius, bristle installation angle and bristle orientation, number of bristles per cluster, number of
clusters per row, and number of rows. The brush bristles were treated as thin cantilever beams and modeled by the
commercial FEA software package ANSY'S. Using this model, some important brush characteristics such as force-
deformation relationship, contact pattern, and torque were obtained. By means of this model, the influence of
different geometry of the bristle on the characteristics of the brushes was also analyzed.

In [9], it is stated that brush seals can improve engine performance by reducing losses. Brush seal wear
models provide methods for predicting wear and leakage. However, rotor eccentricity, radial deformation, and
bristle hysteresis effects are not systematically considered in existing models, which can lead to large errors in
some cases. To investigate the effect of rotor-stator eccentricity and radial strain on the wear process and leakage
characteristics of a brush seal, a brush seal test was conducted, in which the air leakage rate was measured at
different test times and operating conditions, and the eccentricity and radial strain were measured using eddy
current sensors. The test results showed that eccentricity and radial deformation significantly affected the wear
behavior and leakage efficiency. In the theoretical study, the abrasive wear equation is adopted to describe the loss
of material by bristles, and a simplified description is used to express the eccentric movements of the rotor-stator.
A wear model of the brush seal was obtained, taking into account the eccentricity of the rotor-stator and radial
deformation, in which the hysteresis effect is particularly pronounced. The wear model was validated
quantitatively based on brush seal test data, and the results show that there is an error of 20% with the estimated
wear loss when rotor eccentricity, radial deformation and hysteresis effect are comprehensively considered.

The idea of the work [10] is to take into account the mutual, force and temperature influence on the friction
and wear of the brush pile, as well as to establish quantitative characteristics that determine the resource and
efficiency of the sweeping work process in relation to the properties of the removed dirt and the operating modes
of the process itself. A simulation model of the functioning of the brush unit of a communal cleaning machine was
developed and implemented on a PC, which allows predicting the characteristics of the process and identifying
their cause and effect relationships with the parameters of the brush, modes and conditions of the work process
itself. The simulation model makes it possible to predict the resource and performance of the brush even at the
early stages of designing the brush body of the utility vehicle, and taking into account the model conditions of its
subsequent use. Parametric adjustment of the simulation model was carried out by matching the estimated and
experimental values of brush pile wear obtained in real conditions. The criteria characterizing the intensity of brush
pile wear are also defined. It has been established that the main reason limiting the improvement of the operating
modes of utility vehicles is the frequency of rotation of the brush and, to a lesser extent, the speed of the vehicle,
the heating of the contact surface of the pile occurs, and, as a result, the intensity of wear increases due to the
decrease in the mechanical properties of the material of the pile.
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Article [11] is dedicated to the problem of improving the quality of road surface cleaning and increasing
the operating life of brush work equipment. Improving the quality of cleaning and the operating life of the brush
work equipment will allow to reduce the costs of the utility machine. In the work process, the pile of the cylindrical
brush wears out, while its elastic characteristics change, which is reflected in the necessary pressing force to
maintain the most favorable value of the width of the contact spot under the condition of ensuring high cleaning
quality and minimal intensity of pile wear. The dependence of the degree of pile wear of brush work equipment
on the actual radius of the cylindrical brush is given. The effect of the degree of wear on the elastic characteristics
of brush work equipment is considered. The dependence of the average stiffness coefficient on the degree of wear
of the pile of a cylindrical brush, as well as the value of the required pressing force on the degree of wear for
different values of the width of the contact spot of the cylindrical brush, is given. The dependence of the pressure
in the hydropneumoaccumulator of the device for controlling the position of the brush working body on the actual
free length of the pile wire of the cylindrical brush was obtained.

In the scientific article [12], regression analysis was used to establish dependencies that describe and allow
predicting the wear and tear of garbage trucks in Khmelnytskyi region. In addition, the results of this analysis can
help develop strategic plans for the infrastructure of utilities, such as the storage and renewal of garbage trucks,
the creation of a production base for maintenance and repair. All this is necessary to solve the problem of solid
municipal waste management.

The scientific article [13] presents an improved mathematical model of the functioning of the solid waste
dehydration mechanism in the garbage truck, which takes into account the wear of the auger. This model made it
possible to carry out numerical studies of the dynamics of the mechanism during start-up and to determine the
effect of screw wear on the operational characteristics of the device. The results of the study showed that with an
increase in the degree of wear of the screw, the pressure of the working fluid at the input of the hydraulic motor
of the mechanism increases, and the angular speed and frequency of rotation of the screw decrease significantly
with a constant flow of the working fluid. The dependence of these parameters on the degree of wear of the auger
was expressed in the form of power functions. In addition, it was established that the wear of the auger by 1000
um leads to an increase in the energy consumption of the solid waste dehydration process by 11.6%, which,
accordingly, increases the costs of this process in the garbage truck and accelerates the process of wear of the
auger.

However, as a result of the analysis of known publications, the authors did not find specific mathematical
dependencies describing the impact of the wear of the cylindrical brush on the operational characteristics of the
mounted sweeping equipment of the garbage truck.

Aims of the article

Study of the effect of wear of the cylindrical brush on the operational characteristics of the mounted
sweeping equipment of the garbage truck.

Methods

Determination of the dependencies of the influence of the cylindrical brush wear on the operational
characteristics of the mounted sweeping equipment of the garbage truck was carried out by planning a second-
order experiment with first-order interaction effects by the Box-Wilson method [14]. The coefficients of the
regression equations were determined using the developed computer program "PlanExp", which is protected by a
certificate of copyright law for the developed software and is described in the work [15].

Results

Preliminary processing of the results of experimental studies [11] showed that such operational
characteristics of the mounted sweeping equipment of the garbage truck, such as the amount of deformation and
the necessary pressing force of the cylindrical brush, are functions of the following 2 main parameters:

AYeq, Fpg = f(Cw’ Xk)v 1)

where AY cg is the amount of deformation of the cylindrical brush, mm; Fpr— necessary pressing force of
the cylindrical brush, N; Cw— degree of wear of the cylindrical brush , %; X « — the width of the contact spot, mm.

The study of the influence of the above factors on the amount of deformation and the necessary force of
pressing the cylindrical brush when processing the results of one-factor experiments by the method of regression
analysis is characterized by the significant difficulties and amount of work. Therefore, in our opinion, it is
expedient to conduct a multivariate experiment to obtain regression equations for the response functions — the
values of deformation and the necessary pressing force of the cylindrical brush using the planning of a multivariate
experiment by the Box-Wilson method [14].

The data about the effect of wear of the cylindrical brush on the value of deformation and the necessary
force of pressing the cylindrical brush for different widths of the contact spot are given in table 1 [11].
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Table 1

Data on the influence of wear of a cylindrical brush on the amount of deformation and the necessary force
of pressing the cylindrical brush for different widths of the contact spot [11]

Lo Width of the contact spot, X«
The degree of Wearczf '([)Q)e cylindrical brush X =80 mm X .= 100 mm X =120 mm

' AY | mm Frr, N AY ,om | Fer, N AY |, mm Fo, N
0 2.92 1060 4.58 1426 6.63 1874
10 3.06 1282 4.80 1740 6.94 2312
20 3.21 1572 5.03 2156 7.28 2904
30 3.37 1960 5.29 2722 7.65 3726
40 3.55 2492 5.58 3514 8.07 4907
50 3.75 3242 5.89 4662 8.54 6676
60 3.98 4341 6.25 6399 9.07 9463
70 4.24 6026 6.66 9175 9.67 14157
80 4.53 8767 7,13 13940 10.36 22792
90 4.86 13584 7.66 22953 11,15 40755
100 5.25 23019 8.29 42533 12.08 85554

Based on the data in Table 1, using the planning of the second-order experiment with the first-order
interaction effects, by means of the developed software (protected by a copyright law), after rejecting insignificant
factors and interaction effects according to the Student's criterion, the dependencies of the influence of the wear
of the cylindrical brush on the amount of deformation are determined and the necessary pressing force of the
cylindrical brush for different widths of the contact spot:

AYg, =0,02832X, —0,04836C,, +6,822-10°C,, X, +1,674-10*C2 —4,297-10* X?; @)

In F,, =6,13-0,03422C,, +0,01138X, +1571-10*C,, X, +2,061-10“C2 +3,497-10° X 2; (3)

from where, by potentiating the dependence (3), the following is obtained:

F - e6,13—0,034220W+0,01138Xk+1,571-10’4CW Xy +2,061:10#C2+3,4971078 X2 )
PR — .

In Fig. 1 shows the response surfaces of the objective functions — the amount of deformation and the
required pressing force of the cylindrical brush and their two-dimensional cross-sections in the planes of influence
parameters, built using laws (2) and (4), which allow to visually illustrate the specified dependencies.

AY g, mm

420 FPR 5 N

4 610

4 10

120

X, mm

a) b)
Fig. 1. The response surfaces of the objective functions — the values of deformation (a) and the required pressing force
(b) of the cylindrical brush
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It was established that, according to Fisher's criterion, the hypothesis about the adequacy of regression
models (2) and (4) can be considered correct with 95% confidence. The multiple correlation coefficients were
0.99894 and 0.99315, respectively, which indicates the high accuracy of the obtained results.

According to the Student's criterion, it was established that among the investigated influencing factors, the
degree of wear of the cylindrical brush has the greatest effect on the deformation of the cylindrical brush, and the
width of the contact spot has the least influence. For the required pressing force of a cylindrical brush is most
affected by the width of the contact spot, and the least by the degree of wear of the cylindrical brush.

It was established that the degree of wear of the cylindrical brush of 50% leads to an increase in the
deformation of the cylindrical brush by 1.3 times, and the necessary pressing force of a cylindrical brush 3.1...3.6
times depending on the width of the contact spot.

Thus, the determination of the influence on wear and development of recommendations for the selection of
anti-friction materials for the friction pairs of the mounted sweeping equipment of the garbage truck require further
researches.

Conclusions

The dependencies that describe the wear influence of the cylindrical brush on the operational characteristics
of the mounted sweeping equipment of the garbage truck have been determined, which are adequate according to
the Fisher criterion. It was established that, according to the Student's criterion, among the investigated factors of
influence, the degree of wear of the cylindrical brush has the greatest effect on the deformation of the cylindrical
brush, and the width of the contact spot has the least influence. The required pressing force of the cylindrical brush
is most affected by the width of the contact spot, and the least by the degree of wear of the cylindrical brush.

The response surfaces of the objective functions are shown — the values of deformation and the required
pressing force of the cylindrical brush and their two-dimensional cross-sections in the planes of influence
parameters, which make it possible to visually illustrate the specified dependences of given objective functions on
individual influence parameters. It was established that the degree of wear of the cylindrical brush in 50% of cases
leads to an increase in the deformation of the cylindrical brush by 1.3 times, and the necessary force of pressing
the cylindrical brush by 3.1...3.6 times, depending on the width of the contact spot. Determination of the influence
on wear and development of recommendations for the selection of anti-friction materials for the friction pairs of
the mounted sweeping equipment of the garbage truck require further research.
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Bepesok O.B., CaByask B.1., Xap:keBcbkuii B.O., 'apoy3 €.C. Bu3naueHHs 3aKOHOMIpHOCTEH BILTUBY
3HOCY IWJIIHIAPUYHOI LIITKM Ha eKCIUTyaTaliifHi XapaKTepUCTHKW HaBICHOIO MiJAMITAILHOTO O0JaHAHHS
CMITTEBO3a

CrarTsi TpHCBSYEHA BCTAHOBJICHHIO 3aKOHOMIPHOCTEH BIUIMBY 3HOCY LWJIIHAPUYHOI ILITKH Ha
eKCIUTyaTaliifHi XapaKTepUCTUKH HAaBICHOTO MiJMITAJLHOTO OOJaJHaHHS CMITTEBO3a. 3a JIOIMOMOTIO0
BUKOPHCTAHHSI IUITaHYBaHHS €KCIIEPUMEHTY JIPYroro MOpsIKy 3 eeKTaMy B3a€MOIIT MEPIIOro MOPSIKY METOIOM
Bokca-YincoHa BH3HaYCHO a/IeKBaTHI 3aKOHOMIPHOCTI BIUIMBY 3HOCY LIMTIHAPWUYHOI IIITKH Ha eKCIDTyaTamifHi
XapaKTEePUCTHKN HaBICHOTO MiJMITAILHOTO 00JIaTHAHHS CMITTEBO3a. BeTaHOBIIEHO, 110 32 KpuTepieM CThIoJeHTa
cepell JOCHiIKeHNX (DaKTopiB BIUIMBY HaWOUTBIIE HA BENHMYMHY AeopMamii NWTIHIPWIHO! MIITKH BIUTUBAE
CTYMiHb 3HOCY IWIIHIAPWUYHOI NIITKM, a HalMeHIle — IIMpPHHA IUIMH KOHTakTy. Ha HeoOXimne 3ycmiis
MPUTHCKaHHS OWIIHAPUYIHOI IITKN HAHOUIbIIE BIUIMBAE MIMPHHA IUIIMHA KOHTAKTY, a HAHMEHIIIE — CTYIIiHb 3HOCY
WIHAPUYHOT IiTKH. [TokazaHo moBepxHi BIAIYKIB LidbOBUX (QyHKILIN — BennunHu Aedopmaltii Ta HeoOXiJHOTO
3YCHJUISL IPUTUCKAHHS LMTIHAPUYHOI IIITKKM Ta IXHI JIBOMIpHI Nepepi3u B IUIOIIMHAX MapaMeTpiB BIUIUBY, SIKi
JIO3BOJISIFOTH HAIJISIHO MPOLTIOCTPYBATH BKa3aH! 3aJIe)KHOCTI JaHUX LIIbOBUX (PYHKIIN BiJl OKPEMHUX MapaMeTpiB
BIUIMBY. BCTaHOBJIEGHO, 110 CTYMiHb 3HOCY HMJIIHAPUYHOT ITKH B 50% NPHU3BOAWTH IO 3pPOCTaHHS BEJINYMHH
nedopmarii nuIiHAPUIHOT THiTKH B 1,3 pasw, a HEOoOXiAHOTO 3YCWIUIS MPHUTUCKAHHS MHJIIHAPUYIHOI MIITKHA B
3,1...3,6 pa3u B 3aJIEKHOCTI Bl IIUPUHU IISAMH KOHTAkTy. [loka3aHo AOIIIBHICTH MPOBEACHHS MOJATHITUX
JIOCJIIJPKEHb BIUIMBY aHTU(PHUKIIHHUX MaTepialliB Ha 3HOC BY3JIIB TEPTS HaBiCHOTO IMiAMITaJIbHOTO 00JIa HAHHS
CMITTEBO3A.

KarouoBi caoBa: 3HOC, eKCIUIyaTaliifHi XapaKTEpPUCTHKH, HaBICHE MigMiTalbHe OOJaHAHHS,
IWIHAPUYHA [IiTKa, JedopMaris, 3yCHWUId NPUTHUCKAHHS, CMITTEBO3, 3aKOHOMIpDHICTh, IUIaHYBaHHS
EKCIIEPUMEHTY.
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Abstract

The work provides an analysis of research devoted to the problem of manufacturing and operation of
current-transmitting elements of electric transport, namely, the durability of contact parts according to operational
and tribological characteristics. The work of current-transmitting elements of electric transport consists in the
continuous sliding of one element on the surface of another and is accompanied by wear. At the same time, two
types of wear are distinguished: mechanical and electrical. It has been established that the correct choice of
materials has the greatest impact on reducing friction and wear of electrical contact elements. The basis for this is
graphite material, which has the best current-conducting characteristics, but has insufficient strength and wear
resistance. Approaches to the creation of materials for electrical contact elements using composite metallographite
materials based on copper, aluminum, lead and other materials are analyzed.

Key words: electric transport, metal-graphite inserts, friction, wear, composite materials.
Introduction

The work of current-transmitting elements of electric transport consists in the continuous sliding of one
element on the surface of another and is accompanied by wear. At the same time, two types of wear are
distinguished: mechanical and electrical. Electric current accelerates wear, especially during sparking and arcing.
The ratio between electrical and mechanical wear depends on the contact pressure between the transmission contact
element and the copper wire.

The main foreign manufacturer of electrical contact elements is the company "Electrokarbon”. Electric
contact brushes are produced for various international companies, such as BOSCH, Makita, Hitachi, Hilti, etc.
Most of these brushes are standardized and differ only slightly in geometric dimensions.

Contact inserts of various designs are used in the trolley bus collector: profile shape, flange, cross-sectional
configuration along the length and shape in plan, as well as material: carbon graphite, metal and metal-ceramic.
The applicability of one or another type of inserts is determined by their technical characteristics: resistance to
abrasion, mechanical strength, electrical conductivity, spark intensity when ensuring the durability of contact wires
of trolleybus lines, as well as their cost, which is often decisive. for the consumer. However, despite these structural
differences, as well as differences in the use of materials (compositions) in the manufacture of contact inserts, it is
possible to single out a common design feature of the inserts.

A carbon brush that slides over an electrical contact carries current from or to the moving surface. The
brush performs this function within a limited mechanical system. Unlike most other electrical contacts, brushes
require more frequent replacement, resulting in longer brush wear, which is a key issue. Brush wear is caused by
a combination of mechanical wear from friction and electrical wear due to excessive surface contact resistance
(arcing). For quantification, this leads to frictional breakdown and causes mechanical wear of the brushes and
voltage drop is the main indicator of electrical wear. At any time during operation, the carbon brushes wear both
mechanically and electrically at the same time. Thus, total wear is the sum of mechanical and electrical wear. It is
also important to note that there is often a slower rate of wear with the highest allowable brush pressure.

Copyright © 2023 O. Kovtun, O. Dykha. This is an open access article distributed under the Creative Commons Attribution
w License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
£ cited.
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However, insufficient attention is paid to electric contact elements of trolleybuses in modern literature due
to their limited use. At the same time, current-carrying elements of railway transport have a lot in common with
trolleybus collectors. At the same time, such constructions are more widely used in the world.

Main material

Among the problems related to the manufacture and operation of current-transmitting elements of electric
transport, the main one is the durability of contact parts in terms of operational and tribological characteristics.
The study of the wear resistance of electrical contact inserts is carried out by theoretical and experimental methods.
Bench and operational tests are necessary to verify the effectiveness of the proposed technological and design
recommendations. At the same time, the bench tests should be close to the operating conditions of the friction unit.

In studies [1-2], the authors proposed a device for testing the elements of the contact electrical network of
transport for friction and wear (Fig. 1). The device had the following parameters: the maximum speed of rotation
of the disk with a contact wire was 1200 rpm; the length of the contact wire, which is installed on the disc, 1 m;
pressure 1.5... 8.5N; the current through the sliding contact was 500 A; humidity in the contact zone varied in a
controlled manner.

B o r P P B R

Fig. 1. Device for the study of electric contact pairs of friction [1 ]:
1) converter, 2) contact wires, 3) connecting conductor, 4) contact bars, 5) power source, 6) cooling system, 7)
clamping mechanism, 8) pump, 9) thermometer

To obtain qualitative results of wear of friction pairs, tests were carried out for different types of contact
strip materials: graphite, carbonite, copper.

The wear of the contact wire and contact strips was assessedafter 10,000 passes of the contact bars with the
contact wire. Each test was performed 6 times. To ensure constant friction and maintain a constant temperature
in contact, the device was equipped with an air cooling system with a non-contact temperature gauge.

The resulting test electromechanical wear of the sliding contact had a clearly defined U-shaped character,
which is due to the simulation of real operating conditions. The appearance of condensation on the contact wire
was caused by increased sparking, and the separation caused a short-term appearance of an electric arc.

The analysis of the obtained dependences showed that for the contact wire and all types of contact strip
materials, an increase in wear was observed with an increase in the clamping force and current strength in the
contact. It was established that wear in the friction pair increases with increasing humidity and current regardless
of pressure. This is due to the appearance of a low-conductivity film in the contact zone, which dramatically
changes the nature of the interaction of the friction pair and significantly increases the contact resistance between
the contacting surfaces. Thus, the appearance of moisture in the contact negatively affects the degree of wear of
the contact bars. This is especially noticeable for direct current. It was also established that when the pressing
force was reduced, electrical wear of components prevailed over mechanical wear. This conclusion applies to both
the wear of the contact wire and the contact strips.

In the article [3], the classification and causes of the most common carbon damages of the contact surfaces
of pantographs operated on the railways of Poland are given. It is noted that in Poland it is possible to use carbon
composite impregnated with metal impurities, the metal content of which in carbon contact pads cannot exceed
40% by weight.

The requirement to comply with the main technological characteristics of the material for carbon contact
elements is noted. On the other hand, such limitations do not allow the efficient use of such graphite elements at
high voltages (more than 10 kV) and alternating current. In this case, increased heating of the contact elements is
possible.

To ensure reliable operation, it is necessary to evenly distribute the copper in the volume of the carbon
overlay and firmly connect it to the carbon composite. Failure to comply with this technological requirement leads,
in addition to overheating, to delamination, as shown in fig. 2. Exfoliation of the material, in this case copper, is
visible in the lower part of the cavity of the depicted defect. In this case, a catenary-related cause can be clearly
ruled out due to minor mechanical loads on this part of the catenary strip.
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Fig. 2. Exfoliation of the material of the contact element [3]

The most common damage to coal contact strips and the identified causes of their occurrence, listed and
classified in the article, testify to the need to observe the appropriate parameters of the material and construction
at the stage of design, production and proper technical operation. The causes of damage also indicate the need for
constant diagnostics of the state of the catenary network using devices for measuring forces and the location of the
catenary network relative to the vehicle.

In work [4], a metal-saturated carbon fiber carbon composite (C/C composite) is recommended for the
manufacture of contact strips of the pantograph of high-speed electric railway vehicles, as its mechanical bending
and impact strength is much higher than that of ordinary graphite impregnated with metal. The authors investigated
the wear properties of a C/C composite impregnated with a copper-titanium alloy sliding on a copper disk under
the action of an electric current under the action of arc discharges. The tested C/C composite was produced by
pressing and sintering laminated carbon fiber sheets. A certain anisotropy in the physical properties of the material,
which arises due to the orientation of the lamination of carbon fiber sheets, has been established. The C/C
composite was tested for friction in two directions, parallel or perpendicular to the sheet layer. Test results show
that the wear rate when sliding in the parallel direction exceeds the rate in the perpendicular direction. This is
especially evident in cases where the material is exposed to higher current density and more frequent arc
discharges.

In [5], the authors investigated the effects of friction and electrical phenomena, such as arcing and sparking,
which regulate the rate of wear of the sliding contact between the contact wire and the collector strip. These two
effects are interrelated in a complex way. Conducted research on the wear of collector tape and contact wire using
laboratory tests, conducted comparative tests between different combinations of materials. Dependences on basic
parameters such as sliding speed, contact force and current strength are established. A procedure is proposed that
combines a wear model for the contact between the collector strip and the contact wire with the simulation of the
dynamic interaction between the pantograph and the catenary. The adopted wear model is based on the results of
the wear pattern and takes into account the effect of electric current based on the results obtained on the laboratory
test bench.

The dependence of the electric contact resistance on the contact force between each contact strip of the
pantograph and the contact wire of the overhead line was considered, and the corresponding electric current on
each of the two collectors of the pantograph was estimated. The values of contact forces and electric current were
entered into the wear model and the degree of wear of collector strips and contact wire along the overhead line
was calculated, creating an irregular profile of the contact wire.

The proposed procedure is applied to two cases: the first one compares contact wire wear using copper
collector strips and graphite collector strips for a DC line. In the second, the consequences of changing the
mechanical tension of the contact wire according to the levels of wear are provided.

Composite electrically conductive graphite-filled materials with increased tribological properties are also
of interest. In [6 ], the tribological behavior of metal matrix composites containing graphite particles is considered.
A theoretical hypothesis regarding friction and wear is presented; composites in the presence of a thin lubricating
film. Experimental results showed that friction and wear rate in metal matrix-graphite particle composites are
significantly reduced compared to those in matrix alloys as a result of the introduction of graphite particles. When
the graphite content in metal matrix composites exceeds about 20%, the coefficient of friction approaches that of
pure graphite and becomes independent of the matrix alloy. Initially, during the sliding of the film, there is no
graphite, but it is formed as a result of surface and subsurface deformation, which leads to the transfer of graphite
to the tribosurface. A dynamic steady state of the film is established, which is characterized by its friction and rate
of wear. The effects of variables such as normal pressure, sliding speed, and composition on steady-state friction
and wear rate are discussed. It was established that the presence of graphite particles in the matrix of aluminum
alloys increases their resistance to burrs and allows them to work under extreme lubrication without burrs. Copper-
graphite and silver-graphite compositions are used in electric brushes and contact strips.

In the article [7], the effect of alloying aluminum with copper (2—-4%), silicon (2-4.5%), tin (10-15%), and
lead (10-15%) on its wear resistance under steam friction conditions was investigated with copper contact wire.

In practice, it is customary to use cheap electrographic inserts that work without lubricating the contact
wire. According to some parameters, these inserts are superior to metal counterparts, but due to fragility and low
strength, they fail as a result of impacts. Their service life is limited, and high humidity and sticking wet snow
reduce it by one or two orders of magnitude. Metal-ceramic copper-lead-graphite inserts made of 87% copper
powder, 9% lead, 4% graphite are more effective: they do not damage the contact wire and are suitable for use
due to their wear resistance, but in the case of atmospheric precipitation, the wear of these inserts is 2.2 times
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greater than that of electrographite . In addition, their use is limited by the high cost of components and
manufacturing. The latter is also characteristic of metal inserts made of aluminum-tin alloys with electrographite
bushings placed in the middle part of the working track in fig. 3.

Fig. 3. Combined metal-electrographic current collector insert [7]: (a) structural features, (b) general
appearance, (1) electrographite, (2) metal base

With the help of casting, it is possible to achieve high electrical conductivity and lower hardness compared
to the contact wire (to prevent its mechanical damage), high wear resistance and low cost of trolley inserts. A
comparison of the properties of metallic electrical contact materials shows that aluminum is preferred.

However, even with minor plastic deformations, pure aluminum, compared to other soft metals, tends to
stick with copper during dry friction. Under certain conditions, aluminum-based materials capable of self-
lubrication (that is, such materials that contain soft but impact-resistant components and a hard matrix).

It has been established that alloying increases the wear resistance of metals and reduces the wear of contact
wires. The use of an electrographite sleeve reduces the wear of the metal insert. Field studies of metal trolley
current-carrying inserts with electrographite bushings showed that their durability in dry weather is 5-8 times
longer, and in rainy weather - 2-3 times longer than that of conventional products.

In [8], the tribotechnical and operational properties of composite materials based on dispersion-
strengthened copper were investigated in comparison with the known ones when they are used as current
collectors of moving urban transport. The impact on the coefficient of friction and material wear of the method of
its compaction - pressing followed by sintering and hot stamping - was studied. It has been established that the
highest operational properties have the inserts of tram rails, which are made of material based on dispersion-
strengthened copper by the method of hot stamping, which is due to its low coefficient of friction and low intensity
of wear of both the material and the counterbody.

High-speed electric sliding was studied in [9] because of its many important industrial applications. In the
paper, a friction testing machine with a sliding speed of up to 75 m/s and a current of 100 A was constructed, and
the friction and wear resistance of carbon graphite material during high-speed sliding with and without current
was investigated. The influence of load, sliding speed and electric current on the tribological behavior of the tested
material was investigated. The wear debris was examined by SEM. The test results showed different indicators of
friction and wear of the tested material with and without current.

A series of tests on the friction and wear behavior of pure carbon strip/copper AC contact wire was carried
out in [ 10 ] on a high-speed block slip ring tester. Electric current, normal force, and sliding speed had distinct
effects on the test results. The worn spot has the smallest size without an electric current. The worn area increases
with increasing electric current. Arc ablation pits, dark arc ablation current lines, skid marks, chips and a copper
layer are found on the worn surfaces. The main wear mechanisms are arc erosion, abrasive and adhesive wear.

The service life of the pantograph/contact network system directly affects the stable operation and stable
current intake of electric locomotives. In [11], a series of tests was conducted to study the friction and wear
behavior of carbon strips and copper contact line using a high-speed line-on-block tester. The friction and wear
behavior of carbon strips/copper contact line is significantly affected by normal load, electric currents and sliding
speed. By comparing different worn microscopes of carbon strips, it can be found that abrasive wear, adhesive
wear and arc ablation are the main wear mechanisms.

In a number of works, the authors focus on the design features of contact electrical systems of transport,
both in terms of material composition and the structure of current collector systems.

In [12], the effect of electric current on internal deformation processes in materials is studied.
Manufacturing processes (such as forging, rolling, extrusion, and forming) use heat to reduce the forces involved
in making parts. However, due to the negative consequences associated with hot processing, it is desirable to use
another, more efficient way of applying energy. This article investigates changes in material properties of various
metals (aluminum, copper, iron, and titanium-based alloys) in response to the flow of electricity. The theory of
electromigration and electroplasticity is reviewed and implications are analyzed. It is shown that with the help of
an electric current, the voltages of the currents are reduced, which leads to a lower specific strain energy. The
approaches proposed in the work can be used to explain the mechanism of the effect of electric current on materials
used in contact transport electrical networks.

The article [13] describes the technology for obtaining a carbon-aluminum alloy of the composite type
using a non-autoclaved (gasless) method of impregnating a carbographite base from a matrix aluminum alloy.
The use of aluminum alloy as a matrix alloy and carbon graphite or ceramics as a porous blank allows to obtain
composite materials that are widely used in mechanical engineering for the manufacture of current receivers,
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pantograph inserts, electric brushes, sealants, and bearing liners. There are several types of brushes, such as: metal
graphite, electro graphite, graphite, connected with resin, carbon graphite. Metal graphite (with impregnation)
brushes are used in more responsible nodes and various mechanisms. From this it follows that the use of brushes
made of a composite carbon-aluminum alloy will be appropriate and appropriate.

Carbon

Al -+ Si

Fig. 4. Carbon graphite inserts of a trolleybus pantograph impregnated with an aluminum alloy [13]

It is advisable to improve the design of contact brushes by impregnating the working layer with an
aluminum alloy to increase strength, electrical conductivity and anti-friction properties. In terms of electrical
properties, aluminum is not significantly inferior to copper, since its share in the composition of the composite is
only 15%, and therefore it has better casting properties (fig. 4). In addition, the use of the gasless impregnation
method allows to significantly reduce the cost of composite materials due to the use of conventional structural
materials in the equipment. Due to the low cost of equipment, it is possible to manufacture a large humber of
impregnation tanks for the organization of series or mass production of composites.

The paper [14 ] considers the problems of extending the life of contact bars for pantographs of electric
traction vehicles by choosing the elemental composition of the inserts. In particular, the use of nanostructured
crystals of partially stabilized zirconium dioxide for the modification of inserts is proposed. The effect of doping
zirconium dioxide crystals with rare earth elements on tribological properties was experimentally investigated.
Sample hardness and crack resistance were assessed by the Kinetic microindentation method. It has been
established that alloying zirconium dioxide crystals is an effective method of increasing strength properties.
Samples of crystals that showed the highest characteristics of crack resistance and hardness were selected.
Tribological tests of the selected samples under dry sliding conditions were carried out on laboratory friction
machines. It was established that the rate of wear of surfaces for constant friction is directly proportional to the
nominal pressure. The morphology and mechanism of wear of the friction surfaces were studied, the appearance
of unevenly distributed films of secondary structures on the friction surface was shown. The use of zirconium
inserts in the contact strips increases the wear resistance and permissible load on the assembled pantograph, which
reduces the potential of arc discharge.

The study [15] describes the designs of current collectors, which ensure the prevention of rebound and
premature wear of the contact wire on the supports by reducing the lifting resistance of the current collectors.
Suspended contact systems for electric vehicles use a catenary or single-contact wire suspended from consoles,
brackets, or running wires. For a single contact wire, the inclined pendulum suspension provides optimum
performance for pantograph or trolley pantographs, although it is underused in the United States. A typical
suspension for a single contact wire consists of straight suspension suspensions with stable arms. A rigid mount
has been shown to result in a heavy, stiff suspension, resulting in pantograph bounce, arcing, and premature contact
wire wear. Inclined pendulums can be used in constant tension systems or variable tension systems where they
provide semi-constant line tension and keep the wire tension relatively constant over a range of temperatures. Such
suspensions provide less resistance to the lifting of current collectors at the suspension point, so that the lifting of
the contact wire occurs as the collector approaches and passes under it. The energy wave created in the wire by
the moving collector allows the collector to pass smoothly without rebound or loss of continuous contact.

The article [16] provides data on particle shape, component and granular composition, for information on
the relationship between compact density and pressing pressure for powder materials with special properties based
on tungsten and carbon suspensions.

It was shown in [17] that in the manufacture of electrodes and current receivers based on graphite, there is
a significant simplification when using a flexible graphite sheet. The incorporation of the flexible graphite sheet
Grafoil and its powder into lithium was evaluated using an electrochemical charge-discharge cycle in a
configuration with a lithium anode and a graphite cathode. A sheet form with and without a copper current collector
was used. It is noted that the relatively low capacity of the Grafoil sheet is explained by the limitation of diffusion
of the structure, especially for the high capacity of its powder form. The highly irreversible ability of the powder
material may be due to non-functional graphite structures or impurities present in the powder. The presence of the
second impedance arc indicates that a structural modification occurs in the graphite anode due to the formation of
a porous structure as a result of graphite expansion.
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The purpose of the work [18] is to determine the main ways of increasing the resource of inserts of coal
current receivers of high-speed electric rolling stock. The existing approaches to the production of surface inserts
of current collectors in Europe and Ukraine are considered. The most effective ways of increasing the current-
conducting capacity and wear resistance of the elements of the current receiver have been determined. It has been
established that the existing system for determining the quality of manufacturing of current-carrying elements has
a number of shortcomings that complicate the control of receipt and make it impossible to diagnose current-
carrying elements in operation. Based on the facts, we offer a new stand for the needs of the locomotive depot,
which will avoid the existing difficulties with the diagnosis of the current collector elements. According to the
results of the operational studies conducted on the basis of the locomotive depot, it is proposed to introduce a
system of operational diagnostics of the state of the current collector elements during operation. In the course of a
comparative analysis of existing and prospective directions of development of current-receiving elements with
high load current-conducting capacity and durability, the design conditions for the optimal ratio of inserts were
determined. It has been established that a significant part of failures occurs due to an imperfect maintenance
system. The obtained results of the analysis of the sources of information determine the need to introduce a copper
component to the coal inserts, which will increase the load capacity of the current receivers. Deficiencies of the
existing diagnostic systems of carbon current-carrying inserts of pantograph runners have been established, the
solution of which should be the basis for the development of new diagnostic tools and systems of current-carrying
elements.

In the article [19 ], a simulation model of the dynamic interaction between the contact network and the
pantograph was developed using flexible multibody methods of dynamic analysis. In the analysis model, the
pantograph is modeled as a rigid body, and the catenary wire is designed using the formulation of absolute nodal
coordinates, which allows efficient analysis of large deformable parts. Furthermore, to represent the dynamic
interaction between these parts, their relative motions are constrained by a sliding joint. Using this model, data on
contact force and contact loss for a given speed of movement are obtained. The results are evaluated according to
the international standard EN 50318.

The purpose of the work [20 ] is to manufacture hybrid metal matrix composites for dry sliding and to study
the effect of sliding speed, load and reinforcement (aluminum oxide and graphite) on wear properties, as well as
its contact friction. The behavior of dry sliding during wear of the Al-Si1l0Mg alloy reinforced with 3, 6, and 9
wit% was considered. of aluminum oxide together with 3% by mass. graphite The method of casting with mixing
was used for the manufacture of composites. Mechanical properties such as hardness and tensile strength were
evaluated. A disc wear test device was used to evaluate the wear rate and the friction coefficient by changing the
loads of 20, 30 and 40 N, sliding speeds of 1.5 m/s, 2.5 m/s and 3.5 m/s. It was found that the mechanical properties
of the hybrid metal matrix composites showed significant improvement. The wear rate and coefficient of friction
for the alloy and composites decreased with increasing sliding speed and increased with increasing applied load.

In [21], a study of the interaction of contact elements of pantographs of electric transport operated on direct
and alternating current sections of railways was carried out. In contrast to the known methods of bench tests, the
mechanism of current collection and wear resistance was investigated on a new test setup in a minimally narrow
zone of sliding contact. Experimental studies have confirmed that the intensity of wear of contact elements of
current collectors depends on the current load of the contact zone, the amount of contact pressure, the area of the
contacting surface and the speed of movement. The possibility of maintaining a reliable contact connection in a
sliding contact in extreme operating modes in the case of using a reliable contact material of the current collector
pads has been practically proven. It is proposed to use a composition of powders based on bronze, iron and graphite
for the manufacture of contact elements of current collectors, which can provide reliable contact through
interaction with the contact wire.

Conclusions

1. The main problem related to the manufacture and operation of current-transmitting elements of electric
transport is the durability of contact parts according to operational and tribological characteristics. The study of
the wear resistance of electrical contact inserts is carried out by theoretical and experimental methods. The work
of current-transmitting elements of electric transport consists in the continuous sliding of one element on the
surface of another and is accompanied by wear. At the same time, two types of wear are distinguished: mechanical
and electrical.

2. The correct choice of materials has the greatest impact on reducing friction and wear of electrical contact
elements. The basis for this is graphite material, which has the best current-conducting characteristics, but has
insufficient strength and wear resistance.

3. The basic approach in the creation of materials for electrical contact elements is the use of composite
metallographite materials in a certain ratio of components. Copper, aluminum, lead and other materials with good
electrical conductivity and anti-friction properties are used as metal components.

4. 1t is possible to improve the operational and tribological properties by reducing the contact pressure or
its uniform distribution over the contact zone by using the appropriate modernized designs of electric transport
current receivers and using computer modeling methods.



34 Problems of Tribology

References

1. A. V. Antonov and V.G. Sychenko, Theoretical and Experimental Research of Contact Wire and
Pantograph Contact Elements Wear, Metallofiz. Noveishie Tekhnol., 43, No. 3: 425—433 (2021)
https://doi.org/10.15407/mfint.43.03.0425

2.A. V. Antonov, Yu. L. Bolshakov, and V. G. Sychenko, Problemy Kolejnictwa, 61, No. 177: 13 (2017).
https://problemykolejnictwa.pl/images/PDF/177_2.pdf

3. Sitarz M., Adamiec A., Manka A.: (2016) Uszko- dzenia weglowych nakladek stykowych panto- grafow
kolejowych stosowanych w Polsce, Techn ika transportu szynowego, 1-2, 70-74.

4. Kubo S., Tsuchiya H.: (2005) Wear properties of metal-impregnated carbon fiber-reinforced car- bon
composite sliding against a copper plate under an electric current, World Tribology Congress Ill.
https://doi.org/10.1115/WTC2005-63457.

5. Bucca G., Collina A. A procedure for the wear prediction of collector strip and contact wire in
pantograph—catenary ~ system.  Wear,  Volume 266, Issues 1-2, 2009, Pages  46-59,
https://doi.org/10.1016/j.wear.2008.05.006.

6. Rohatgi, P. K., Ray, S., & Liu, Y. (1992). Tribological properties of metal matrix-graphite particle
composites. International materials reviews, 37(1), 129-152. https://doi.org/10.1179/imr.1992.37.1.129

7. Shyrokov, V.V., Vasylenko, Y.I., Khlopyk, O.P. et al. Development of antifriction aluminum-base alloys
and compositions for sliding current collectors. Mater Sci 42, 843-848 (2006). https://doi.org/10.1007/s11003-
006-0153-y

8. Bogatov O. S., Stepancyuk A. M. Operating properties of antifriction materials based on dispersion-
strengthed copper by using them as current collectors of trams // Problems of friction and wear. 2018. Issue 1 (78).
P. 50-55. URL: http://ecobio.nau.edu.ua/index. php/PTZ/article/viewFile/12758/17591

9. Zhao H., Barber G. C., Liu J. Friction and wear in high speed sliding with and without electrical current
// Wear. 2001. Vol. 249, Issue 5-6. P. 409-414. doi: https://doi.org/10.1016/s0043-1648(01)00545-2

10. Ding T., Chen G. X., Wang X., Zhu M. H., Zhang W. H., Zhou W. X. Friction and wear behavior of
pure carbon strip sliding against copper contact wire under AC passage at high speeds. Tribology International.
2011. Vol. 44, Issue 5. P. 437-444. doi: https://doi.org/10.1016/j.triboint.2010.11.022

11. Ding T., Li Y., Xu G., Yang Y., He Q. Friction and Wear Behaviors with Electric Current of Carbon
Strip/Copper Contact Wire for Pantograph /Centenary System. DEStech Transactions on Engineering and
Technology Research. 2017. doi: https:// doi.org/10.12783/dtetr/apetc2017/11246

12. Perkins, T. A., Kronenberger, T. J., and Roth, J. T. (June 14, 2006). "Metallic Forging Using Electrical
Flow as an Alternative to Warm/Hot Working." ASME. J. Manuf. Sci. Eng. February 2007; 129(1): 84-94.
https://doi.org/10.1115/1.2386164

13. V. A. Gulevskiy, S. A. Shtremmel and etc., Scientific Bulletin of Naval Academy, Vol. XXI 2018, pg.
8-18. DOI:10.21279/1454-864X-18-12-001

14. Alisin, V. (2021). Improving the Reliability of Current Collectors of the Municipal Vehicles. In:
Murgul, V., Pukhkal, V. (eds) International Scientific Conference Energy Management of Municipal Facilities and
Sustainable Energy Technologies EMMFT 2019. EMMFT 2019. Advances in Intelligent Systems and Computing,
vol 1259. Springer, Cham. https://doi.org/10.1007/978-3-030-57453-6_41

15. White, PF, Keo, DS, & Kola, G. "Improved Overhead Contact System Operation With Inclined
Pendulum Suspension.” Proceedings of the 2018 Joint Rail Conference. 2018 Joint Rail Conference. Pittsburgh,
Pennsylvania, USA. April 18-20, 2018. V001T09A001. ASME. https://doi.org/10.1115/JRC2018-6105

16. Samodurova, M.N., Barkov, L.A., Mymrin, S.A. et al. Powder Compaction Phenomenology for
Composite  Materials based on Tungsten and Carbon. Metallurgist 57, 935-943 (2014).
https://doi.org/10.1007/s11015-014-9825-2

17. Yazici, M. S., Krassowski, D., & Prakash, J. (2005). Flexible graphite as battery anode and current
collector. Journal of Power Sources, 141(1), 171-176. https://doi.org/10.1016/j.wear.2008.05.006.

18. Bolshakov, Y. L., & Antonov, A. V. (2015). Increase the resource of current collector elements of the
electrified high-speed transport in operating conditions. Science and Transport Progress, (4 (58)), 57-
70.https://orcid.org/0000-0002-1513-2992

19. Lee J.H., Park T.W. Development and Verification of a Dynamic Analysis Model for the Current-
Collection Performance of High-Speed Trains Using the Absolute Nodal Coordinate Formulation. Transactions of
the KSME, 2012, no. 36 (3), pp. 339-346. doi: 10.3795/KSME-A.2012.36.3.339.

20. Radhika, N., Subramanian, R., Prasat, S. V., & Anandavel, B. (2012). Dry sliding wear behaviour of
aluminium/alumina/graphite hybrid metal matrix composites. Industrial Lubrication and Tribology, 64(6), 359-
366.

21. Babyak M. Comparative tests of contact elements at current collectors in order to comprehensively
assess their operational performance / M. Babyak, V. Horobets, V. Sychenko, Y. Gorobets // Eastearn European
Journal of Advanced Technologies. 2018.- Ne 6(12).- C. 13-21. http://nbuv.gov.ua/UJRN/Vejpte_2018 6(12)__ 3.



Problems of Tribology 35

Kostyn O.C., luxa O.B. TepTs Ta 3HOIIYBaHHS CTpyMOIIepeIaBAIbHUX CJIEMEHTIB EIEKTPOTPAHCIIOPTY i3
3aCTOCYBaHHSIM METAIOrpadiTOBMX KOMIIO3ULIHHNX MaTepiaiB

B po6oTi HaBeneHWi aHadi3 IOCTIIKEHb, NMPUCBIYHUX NPOOJEMI, IO CTOCYIOTHCS BHI'OTOBJICHHS Ta
eKCIUTyaTalii CTpyMonepeaBaIbHAX IEMEHTIB eIEKTPOTPAHCIIOPTY, @ CaMe JOBIOBIYHOCTI KOHTAKTHUX JeTaseit
3a eKCIUTyaTalifHUMH 1 TPHOOJOTIYHMMH XapaKTepUCTHKaMH. PoOoTa crpymomnepenaBaIbHHX €JIEMEHTIB
eJIIEKTPOTPAHCIIOPTY ToOJdsATae B Oe3mepepBHOMY KOB3aHHI ~ OJHOTO €JE€MEHTa II0 IIOBepXHI IHIIOTO i
CYIPOBOMXKYEThCA 3HOCOM. IIpy IIbOMY pO3pI3HAIOTE  [OBa BHOM 3HOCY: MEXAaHIUYHHMH 1 eJIEeKTpUYHHMIL.
BceranoBneHo, M0 Ha 3HIKCHHSA TEPTS 1 3HOCY EJICKTPOKOHTAKTHHX €JIEMEHTIB HAaHOUTBIINN BIUTUB Mae
TpaBWIBHUHN BHOiIp MaTepiamiB. 3a OCHOBY IIPH IBOMY NPHHMAETHCA TpadiTOBHI MaTepial, KUl Mae HalKpamli
CTPYMOIIPOBIJIHI XapaKTCPUCTUKH, aJic Ma€ HEJOCTATHIO MIIHICTh 1 3HOCOTIHKICTh. [IpoaHani3oBaHO MiIXOu
I110J10 CTBOPEHHS MaTepiajiB eJIEKTPOKOHTAKTHUX €JIEMEHTIB 13 3aCTOCYBAaHHS KOMIIO3ULIHHUX MeTanorpadiTHIX
MaTepialliB Ha OCHOBI Mili, aJJFOMiHIF0, CBUHIIIO Ta HITUX MaTepiaiB.

KoarouoBi cioBa: enexTpoTpaHcropt, Merano-rpadiTHi BCTaBKH, TEpTs, 3HOLIYBAHHS, KOMIIO3MIIiiTHI
MaTepianm
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Abstract

The paper presents the multi-criteria optimization results of heat-resistant coatings detonation spraying
technology. The following criteria for optimization of detonation spraying technology are chosen: critical
deformation of coating fracture, adhesion-cohesion equal strength of coating and specific technological cost of
coating application. Dependences of the strength properties values of the studied detonation coatings at change of
technological and constructive factors have been obtained. It is proved that the greatest influence on the mechanical
properties of the studied detonation coatings is exerted by the material of the hardened part and the material
composition of the sprayed coating, which is caused by the difference in their thermophysical, chemical and
mechanical properties, as well as by the physical and chemical processes occurring during the formation of the
sprayed layer. The optimum technological parameters allowing to obtain coatings with specified mechanical
properties have been established.

Key words: detonation spraying, heat-resistant coatings, multicriteria optimization, structural and
technological factors, mechanical properties of coatings.

Introduction

The choice of optimal coatings and technologies for their production is complicated [1, 2]. This is largely
due to the fact that the composition and structure of the coating thickness, as well as its thickness, optimal in terms
of adhesion properties and durability depend on many factors.

The development of any coating technology is inevitably associated with the solution of optimization
problems. This should be explained by the large number of coating application methods in combination with
different materials from which the coatings are formed, as well as a large number of influencing factors provides
technologies with a wide range of alternative solutions [3]. This has contributed to the development of a new
direction — technological processes of protective coatings application optimization according to the criteria of
durability.

The peculiarity of the new direction lies in the ideology of conducting research according to a single
experiment planning matrix taking into account design and technological factors, a complex of mechanical and
operational characteristics. Thus, were optimized according to the complex criterion of fatigue resistance strength,
wear and corrosion resistance (gas-thermal coating technologies), adhesion-cohesion equal strength and critical
deformation of the base (detonation spraying technologies), isothermal and thermocyclic creep (technologies of
electron-beam application of heat protective coatings), strength, stress-deformed state and wear resistance
(electrochemical technologies, electrospark alloying) [4].

The work [5] shows the indisputable advantages of detonation coatings, which ensured their widespread
use in the world practice of aircraft engine building, as well as in other branches of mechanical engineering.

Copyright © 2023 E.K. Solovykh, 1.V. Shepelenko, M.I. Chernovol, V.P. Shumliakivsky, A.E. Solovuch, S.E. Katerynych. This is
w an open access article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution,
b and reproduction in any medium, provided the original work is properly cited.
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Literature review

Detonation coating technologies are becoming more and more widespread in industry, including gas turbine
construction, and are used both in manufacturing and repair [5, 6]. Detonation spraying technologies are constantly
being improved, industrial complexes of modern automated equipment are being developed, mathematical models
of this method and optimization approaches have been obtained [4, 7]. Ukrainian scientists have made a great
contribution to the development of detonation spraying technology [8]. The V.N. Bakul Institute of Superhard
Materials of the National Academy of Sciences of Ukraine has developed the Perun-C unit, the peculiarity of
which is the presence of a device for coating and abrasive treatment of the sprayed surface.

At the same time, the efficiency of this technology is hampered by the difficulties in optimizing its modes
due to the lack of qualified scientific analysis of research results. Multicriteria optimization of spraying modes will
ensure its wider use in all industries.

Let us consider the factors (criteria) that can be used in the multi-criteria optimization of detonation
spraying technology of protective coatings.

Parts with heat-resistant coatings characterized by high indicators of wear and corrosion resistance can
malfunction due to their delamination (insufficient adhesion of the coating with the part) and cracking of coatings
(low cohesion of the coating itself) under the influence of operational loads. It is noted in work [9] that the main
criterion that determines the strength of the coating adhesion with the base is the critical deformation of coating
fracture (&).

In the practice of creating protective coatings prevails the desire to provide higher adhesion strength of the
composition "base — coating" is the main condition for its functionality. Adhesion strength of the system "base —
coating" is provided by the technology of coating spraying (temperature of spraying process, jet speed, powder
fraction, required quality of the sprayed surface pre-treatment) and selected finishing treatment. It is the coating
technology that influences the adhesion strength of the "coating — base" system and has a decisive effect on the
load-bearing capacity of the base material. However, by hardening the part by applying a coating, we can get the
opposite effect — to unstrengthen it. In order to create an equal-strength composition with minimal de-
strengthening, the criterion of adhesion and cohesive strength was chosen in work [10]. This criterion allows to
provide simultaneously the necessary indicators of adhesion and cohesive strength of the system "coating — base",
and, thus, to exclude delamination and cracking of coatings with minimal de-strengthening of the hardened or
restored part material.

The cost of coated parts and the economic effect from the use of detonation coatings depend on a number
of factors: type of production, equipment used, materials, part configuration, required dimensional accuracy, etc.

The authors [11] propose to assess the economic efficiency and feasibility of using detonation coatings for
restoration and hardening of parts by the criterion of specific technological cost of coating application (Cr):

C

C; s ()

where C =C’- K — cost of coating thickness h and area S, due to the consumption of powders and gases;
C'=V,C; +V,C, +V,.C, +m C_ — cost per shot; C;, C,, C, — respectively, the unit volume costs of fuel,
oxidizer and inert gas; Cp — cost per unit mass of powder; V;, V,, V, —volumes of fuel, oxidizer, inert gas per

-h-
ﬁ — number of shots; M, — powder weight per cycle; 7. — coating density; K, — material
p " Nmu

shot; Kg =

utilization rate.
Thus, the following criteria were selected for multi-criteria optimization of detonation spraying technology:
- critical fracture deformation of the coating (&);
- adhesion-cohesion equal strength;
- specific technological cost of coating application due to the consumption of powders and gases (Cr).

Purpose

The aim of the work is the selection of optimal modes of detonation coatings application taking into account
technological and constructive factors, providing the obtaining of protective coatings with the required mechanical
properties.

Research Methodology

Taking into account the above arguments, a multicriteria optimization of the detonation spraying
technology of heat-resistant coatings applied to the parts of tribocouplings of the aviation gas turbine engine hot
path has been carried out in the paper, taking into account such criteria as critical deformation of coating fracture,
technological cost of the process and adhesion-cohesion equal strength.
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According to the estimates of various researchers, the properties of detonation coatings are influenced by
20 to 150 factors [4, 5]. The selection of the most significant factors, on the one hand, should have a dominant
influence on the coating properties (optimization parameters), and, on the other hand, should allow their control
by the operator. Applying the methods of expert evaluation, using the results of a number of researchers works on
optimization of detonation spraying process [6, 9, 12], as well as in order to clarify the specific technological cost
of coating application, we selected technological and design parameters for optimization of detonation spraying
technology (Fig. 1).

20

SHARE OF PARTICIPATION, %

L] [P

1 2 3

DETONATION SPRAYING FACTORS

Fig. 1. Ranked series of detonation spraying factors: technological parameters (1 — powder material; 2 — base material; 3 — powder
weight per cycle; 4 — spraying distance; 5 — volume of detonating mixture; 6 — number of shots per second; 7 — temperature of water
for barrel cooling; 8 — speed of part movement), constructive parameters (9 — coating thickness; 10 — powder granulation).

For modeling the detonation spraying process, based on the analysis of the technological and design
parameters presented in Fig. 1, the input parameters that have the greatest influence on the properties of coatings
(the value of optimization parameters) were selected. A similar methodology was used in works [13-15].

Table 1 presents the input parameters of the detonation spraying technology (coating material, base
material, coating thickness, powder weight per cycle, spraying distance, cost per cycle) that were included in the
planning matrix for the optimization of this technology.

Table 1
Levels of design and technological factors variation of detonation spraying technology
Name and Factor | Levels in natural Matrix level Levels
designation of No. units designation = X; Z
the factor
VT-20 VT 0 -1 0,5
B ial
ase material, 1 EP-648 EP6 1 0 1
EP-718 EP7 2 1 0,5
VK-25M VK 0 -1 0,5
Coating
material, C 2 PG10NO1 PG 1 0 -1
PS12NVK-01 PS 2 1 0,5
130 130 0 -1 0,5
__Spraying 3 170 170 1 0 1
distance, L, mm
210 210 2 1 0,5
. 150 150 0 -1 0,5
Powder weight
per cycle, my, 4 225 225 1 0 -1
mg
300 300 2 1 0,5
150 150 0 -1 0,5
Coating 5
thickness, h, um 250 250 1 0 -1
350 350 2 1 0,5
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Such powder materials as titanium alloy VT-20, alloys EP-648 and EP-718, which are most often used in
the manufacture of tribocouplings parts of the aviation gas turbine engine hot path, were chosen as the base material
for research.

Standard powders VK-25M, PG10N01 and PS12NVK-01 were used as materials of heat-resistant coatings.
The feasibility of their use for application of coatings by detonation spraying was confirmed in work [12] for
hardening of heavily loaded tool materials.

Results
As a result of experimental studies, the strength properties values of the studied detonation coatings at

changing technological and constructive factors according to the experiment plan were obtained (Table 1).
Experimental dependences of strength characteristics on spraying distance are shown in Fig. 2 — 5.
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a) b)

Fig. 2. Dependence of critical coating fracture deformation & (a) and shear bond strength = (b) on spraying distance
L: 1-VK-25M; 2 -PG10NO1; 3 -PS12NVK-01

As a result of the research it was found that & of the base material hardened by detonation spraying has a
minimum value (Fig. 2, a), and =, sprayed coating with the base reaches the maximum value (Fig. 2, b) at L = 170
mm.

It has been established that high z; of the coatings obtained by detonation spraying with the base is achieved
due to not only adhesion bonds at the interface "base — coating", but also chemical ones. This was confirmed by
the study of the chemical composition of the transition zone between the coating of powder alloy VK-25M and
titanium substrate. Double chemical compounds of cobalt and titanium and triple compounds of tungsten, cobalt
and titanium are formed at the interface "powder alloy VK-25M - titanium substrate™.

Er, GPa —— T ———3 O ,MPa
o p—orr—1 720
13
120 640 -
100 R 560 |- : 3
e |t =
80 —1 480 ]
——— e
60 L 420
130 146 162 178 194 L, mm 130 146 162 178 194 L, mm
a) b)

Fig. 3. Dependence of elastic modulus of coating Ec (a) and shear bond strength ok (b) on spraying distance L: 1 —
VK-25M; 2 - PG10N01; 3 - PS12NVK-01

When reducing the spraying distance L to 130 mm, there is a noticeable decrease in the cohesive strength
of the coating, and excessive, up to 210 mm, increase of this parameter increases porosity in the interface zone and
reduces the adhesive strength of the system "coating — base". There is an overheating of the coating and its cracking
under the action of thermal stresses. Note, however, that the increase up to 210 mm leads to a slight increase of Ec
(Fig. 3, a) and ok (Fig. 3, b) of the coating. This is obviously due to the improvement of cohesive and chemical
bonds between the layers during the formation of multilayer coating.

Such a technological parameter of detonation spraying, such as powder weight per cycle mp, also has a
significant effect on the properties of coatings (Fig. 4-5).
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Fig. 4. Dependence of critical coating fracture deformation & (a) and shear bond strength =z (b) on powder weight mp:
1-VK-25M; 2 - PG10NO1; 3 — PS12NVK-01
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Fig. 5. Dependence of shear bond strength ox (a) and modulus of coating elasticity Ec (b) on powder weight mp: 1 —
VK-25M; 2 - PG10N01; 3 - PS12NVK-01

Moreover, & (Fig. 4, a), 7. (Fig. 4, b), ok (Fig. 5, a), Ec (Fig. 5, b) have extreme values at the weight m,,
about 225 mg/cycle. When increasing the powder weight m,, from 150 to 300 mg/cycle, there is a decrease (by
26-30%) in the adhesion strength of coatings z; (Fig. 4, b), because the location and nature of the powder cloud
distribution in the barrel of the unit changes, which significantly affects the speed and temperature of the sprayed
powder particles.

It was found that the dependence of Ec on the coating thickness h, has an extreme character (Fig. 6). This
should be explained by the influence on this characteristic of the uneven distribution of multicomponent coating
chemical elements over the thickness, as well as changes in the chemical composition at the interface "coating —
base", associated with the occurrence of diffusion interaction of chemical elements included in the coating and the
material of the hardened part.
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Fig. 6. Dependence of coating elastic modulus Ec on coating thickness h:
1-VK-25M; 2 - PG10NO1;
3 - PS12NVK-01

Based on the results presented above, it can be concluded that the greatest influence on the mechanical
properties of the studied detonation coatings is exerted by the material of the hardened part and the composition
of the sprayed coating material, which is due to the difference in their thermophysical, chemical and mechanical
properties, as well as physical and chemical processes occurring during the formation of the sprayed layer.

The experimental results were analyzed and mathematical models were verified according to the
methodology described in work [16]. The models were calculated using a package of application programs.

Dependences of coating fracture critical deformation, modulus of coatings elasticity, adhesive shear
strength, cohesive strength, specific technological cost of coating application, criterion of adhesion-cohesion equal
strength on technological and constructive factors were obtained by regression statistical analysis and presented in
work [4]. The experimental-statistical approach, which was applied to the study of the coating application process
by detonation spraying, allowed to obtain dependences of coating properties on technological and design factors.
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The complex analysis of the obtained data makes it possible to evaluate the influence of the studied factors on the
properties of coatings.

The technological process of detonation spraying is characterized by a significant number of technological
and design parameters that affect the obtaining of the required properties of coatings. Establishment the optimal
technological parameters of detonation spraying is the most important task, the solution of which will make it
possible to obtain coatings with the required properties. Fig. 7-8 show the response surfaces of the selected criteria
of detonation spraying technology, from which we can see a rather complex influence of the input parameters
(factors) of this coating technology on the dependent variables.

Fig. 8. Response surface of the regression dependence K=f(Xi). (a) and &p=f(Xi) (b)

When selecting optimal spraying modes for detonation spraying, it was found that the quality of coatings
obtained by this spraying method is characterized not by one, but by several significant coating properties.
Therefore, multicriteria optimization of this technology is necessary by determining some compromise point
equally satisfying all requirements (Pareto compromise).

Table 2 shows the results of the multi-criteria optimization.

Table 2
Results of multi-criteria optimization of detonation spraying technology

. . Values of dependent
Values of independent variables variables
Spraying Powder Coating
Base material, Coa’glng distance, L, weight per thickness, h. & % K
M material, C cycle, my,
mm um
mg

VT-20 PG10NO01 189,4 287,1 164 0,793 0,42
EP-648 PG10NO1 208,75 292,9 265 0,43 0,23
EP-718 PG10NO01 201,25 278,9 172 0,73 0,543
VT-20 VK-25M 155,6 158,2 242 0,774 0,437
VT-20 PG10NO01 151,25 297,7 341 0,639 0,525
VT-20 PS12NVK-01 208,75 293,0 266 0,442 0,106
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Comparison of coatings properties obtained in this work with the properties of analogues showed that
optimization of detonation spraying technology provided an opportunity to increase the adhesion strength of heat-
resistant coatings made of powder alloy VK-25M by 25%, cohesive strength — by 23%, as well as to propose the
use of powders PG10NO1, PS12NVK-01 for detonation spraying, which are 2...3 times cheaper than those used
industrially, while providing a sufficient level of products strength.

Thus, the conducted studies of the technological process of heat-resistant coatings detonation spraying have
allowed to obtain multifactor mathematical models that allows to select technological and design factors that
ensure the obtaining of detonation coatings with given mechanical properties.

Conclusions

The presented studies of multi-criteria optimization of heat-resistant coatings detonation spraying
technology allowed us to draw the following conclusions:

1. The expediency of detonation coatings optimization taking into account the critical deformation criteria
of coating fracture, technological cost of the coating process and adhesion-cohesion equal strength of the coating
has been substantiated.

2. Taking into account the methods of expert evaluation, as well as in order to clarify the specific
technological cost of coating application, technological and design parameters for optimization of detonation
spraying technology were selected.

3. The obtained values of strength properties of the studied detonation coatings at change of technological
and constructive factors have shown that the greatest influence on the mechanical properties of the studied
detonation coatings is exerted by the material of the hardened part and the composition of the sprayed coating
material.

4. Multicriteria optimization of heat-resistant coatings detonation application technology provided the
possibility of increasing the adhesion and cohesive strength of coatings, as well as significantly reduce the cost of
the coating process.
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Coaosux E.K., lllenenenxo 1.B., Yepuosoa M.IL., lymaskiscskuii B.IL., CosoBux A.E., Katepunnu
C.E. baratokpurepiaigpHa ONITUMI3aIlis TEXHOJOTI IETOHAIIIIHOTO HATIMIICHHS )KapPOCTIHKIX TIOKPHUTTIB

[IpencraBnenHi pe3yabTaTH AOCHIIKEHb OaraTOKpUTEpiallbHOI ONTHUMI3aIlil TEXHOJIOTIi JeTOHALIHHOTO
HaIWJICHHS )KapOCTIHKMX MOKPUTTIB. SIK KpuTepil onTuUMizalii TEXHOJOTi JeTOHAIHOrO HAWICHHS 00paHo:
KpUTHYHY AedopMalito pyiHYBaHHS TMOKPUTTS, aare3idfHoO-KOre3iiHy pIBHOMILHICTh MOKPHUTTS Ta HMHUTOMY
TEXHOJIOTIYHY COOIBapTICTh HAaHECEHHs MOKPHUTTS. OTPUMaHO 3aJIEKHOCTI 3Ha4€Hb MILHICHUX BJIACTHBOCTEH
JIOCJTIDKYBAHHUX JA€TOHALIHHUX NOKPHUTTIB MPH 3MiHI TEXHOJOTIYHUX 1 KOHCTPYKTUBHUX (hakTOpiB. BeranosineHo,
0 HAaHOUTBIIUI BIUITMB Ha MEXaHIYHI BJIACTHBOCTI JOCIIDKYBAaHUX JETOHAI[IHHUX MOKPHUTTIB MAOTh MaTepiai
JIeTalli, 10 3MIIHIOETHCS, 1 CKJIA] MaTepialy HaMWIIOBAHOTO TOKPUTTS. lle 3ymMOBIEHO BiAMIHHICTIO iX
TeIO(pi3NYHNX, XIMIYHMUX 1 MEXaHIYHHUX BIACTUBOCTEH, a TakoX (I3UKO-XIMIYHUMH TIPOIECaMH, SIKi
BiIOYyBaIOTHCS ITi yac pOpMyBaHHS HAIMIIOBaHOTO mapy. Ha mizcraBi H0ciiDKEHHS TEXHOJIOTIYHOTO MPOLECY
HAaHECEHHsS JETOHAIIHMX IOKPUTTIB OTpHMMaHO OaraTo(akTOpHI MaTeMaTHYHI MOJeli, SKi Jal0Th 3MOTY
BU3HAYHUTH MOETHAHHS TEXHOJIOTIYHHX 1 KOHCTPYKIIHHUX (DAKTOPIB, 3a IKMX MOXIJIMBE OTPUMAHHSI I€TOHALII THIX
MOKPHTTIB i3 33/IaHMU MEXaHIYHIMH BJIACTHBOCTSMH.

KirouoBi cnoBa: peroHariiiHe HamMIEHHS, JKapOCTiIHKiI MOKPHTTS, OaraTOKpHUTepiadbHa ONTHMI3aIlis,
KOHCTPYKILIHHI Ta TEXHOIOTiYHI (paKTOpH, MEXaHIYHI BIACTUBOCTI TIOKPHUTTIB.
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Abstract

Vibration diagnostics makes it possible to detect defects in the friction parts of the machine at the early
stages of their development, which provides for the repair or replacement of parts before they fail. In this work, an
analysis of modern research on the use of vibration diagnostics in tribology is carried out, which includes aspects:
vibration diagnostics in technology and tribology; vibration during friction and wear; vibration assessment
methods; theoretical approaches in the analysis and modeling of vibrations. It is noted that an important aspect is
the development and implementation of theoretical approaches in the analysis and modeling of vibrations, which
allows a deeper understanding of the dynamics of friction and wear. This approach makes it possible to develop
accurate and adaptive strategies for maintenance and optimization of tribotechnical parameters. It is shown that
vibration diagnostics is not only a tool for detecting malfunctions, but also a key element for ensuring the long-
term and efficient functioning of friction units of machines. The effective use of vibration diagnostics can
significantly reduce maintenance costs, increase the reliability and productivity of equipment, which becomes an
indispensable condition for the effective functioning of modern technical systems.

Key words: wear, friction details, vibrations, diagnosis, repair, forecasting
Introduction

Machine friction units make up no more than 5-7% of the mass of machines as a whole, it is minor changes
in mass or physical and mechanical properties and geometric parameters of triboelements that cause up to 80% of
all failures in the operation of machines and mechanisms. Agoone of the main directions of research is the study
of friction, lubrication and wear of the surfaces of parts, as well as diagnosing their condition by various methods
that are in a complex interaction. Currently, various methods are used to monitor the state of friction nodes,
including vibration analysis, acoustic diagnostics, analysis of lubricants and wear products, and others. The
application of vibration analysis is one of the most effective methods due to the simplicity of its implementation
in online monitoring. However, it remains challenging to extract and process useful wear-related vibration signals
and develop specific vibration-based indicators for wear characterization and monitoring.
Combinationachievements of tribology and vibration mechanics opens up prospects for solving a number of topical
problems related to increasing the wear resistance of contacting surfaces and reducing the level of vibrations in
mechanical dynamic systems. In the context of optimizing the tribotechnical parameters of friction nodes, vibration
diagnostics becomes an important tool for detecting and monitoring the condition of the equipment. An important
direction in this topic is conducting experimental studies aimed at determining the relationship between contact
interaction and tribological behavior of materials, taking into account the structure of vibrations. The basis for
such research is a thorough substantiation of methods of processing vibration oscillations. This approach allows
you to respond to different types of defects, such as cracks, wear, other damage or abnormal operating conditions.

Vibration diagnostics allows detecting defects in the early stages of their development, which allows repair
or replacement of parts before they lead to serious breakdowns. Vibration monitoring helps determine optimal
operating modes for specific friction assemblies, which can improve their service life and overall performance.
Thanks to the early detection of problems, it is possible to avoid expensive repairs and save resources. Regular
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monitoring of the state of friction nodes allows you to plan maintenance, avoid unexpected failures and reduce
costs for scheduled maintenance.

In this work, an analysis of modern research on the use of vibration diagnostics in tribology is carried out,
which includes: vibration diagnostics in technology and tribology; vibration during friction and wear; vibration
assessment methods; theoretical approaches in the analysis and modeling of vibrations.

Vibration diagnostics in technology and tribology

Vibration diagnostics shows its importance in engineering and tribology - fields that investigate the
interaction of friction, wear and lubricants. In the context of these industries, vibration diagnostics becomes not
only a method of identifying problems, but also a tool for studying and optimizing tribotechnical parameters,
ensuring stable and productive operation of equipment.

The following are the main stages of tool diagnostics in technology and tribology:

- inuse of vibration sensors to collect information about vibrations at various points of the equipment;

- Processing and analysis of collected data to determine frequencies, amplitudes and other parameters of
vibrations;

-comparison of analysis results with standards to detect any abnormal deviations;

-determining the forecast of the technical condition and developing strategies for optimizing the parameters
of friction nodes.

Machines generate vibration during operation, and unwanted vibrations occur that disturb the machine's
system, resulting in malfunctions such as imbalance, wear, and misalignment. Thus, vibration analysis has become
an effective method of monitoring machine health and performance. Machine vibration signals contain important
information about the machine's condition, such as the source of the fault and its severity. Operators also receive
early warning for scheduled maintenance. Over the years, numerous approaches to machine vibration data analysis
have been proposed, and each approach has its own characteristics, advantages, and disadvantages. The article
"Vibration analysis, practical control of machines for technological installations" [1] presents a systematic review
of modern vibration analysis for machine monitoring and diagnostics. It involves data collection (applied tool such
as analyzer and sensors), feature extraction and fault recognition methods using artificial intelligence. Answers to
several research questions have been provided. A combination of time-domain statistical functions and deep
learning approaches is expected to be widely used in the future, where fault characteristics can be automatically
extracted from raw vibration signals. The availability of a variety of sensors and communication devices in new
intelligent machines will be a new and huge aid to vibration monitoring and diagnosis.

Vibration and wear product analysis are the two main condition monitoring techniques for machine
maintenance and fault diagnosis. In practice, these two techniques are usually performed independently and can
diagnose only about 30-40% of faults when used separately. However, recent evidence shows that combining these
two methods provides greater and more reliable information, resulting in a more efficient maintenance program
with significant economic benefits to industry. Correlation of vibration analysis and wear residue analysis was
investigated [2]. An experimental test bench consisting of a worm gear and driven by an electric motor was created
to test the correlation of the two methods under different wear conditions. Three tests were performed under the
following conditions: (a) no proper lubrication, (b) normal operation, and (c) presence of contaminants added to
the lubricant. Oil samples and vibration data were collected regularly. Analysis of wear products included
investigation of the number and size distribution of particles, investigation of morphology and particle types to
determine possible wear mechanisms, and chemical composition analysis to assess the sources of wear. Fault
detection in the vibration signature was compared to particle analysis. The results of this paper provided a better
understanding of the dependent and independent role of vibration and wear product analysis in machine condition
monitoring and fault diagnosis.

Smooth and trouble-free operation of electric motors is a requirement of modern industry. To ensure this,
vibrodiagnostic is perfect. The study [3] analyzes the time and signal spectrum of the two most effective types of
signals, i.e., vibration and current, for various electric motor faults. Analysis of the vibration and current signal
(temporal and spectral) is performed using signals measured from various faulty electric motors from a laboratory
setup. The advantages and disadvantages associated with these traditional procedures are shown. Next, existing
research and development in the field of signal automation of condition monitoring methodologies for fault
detection and diagnosis of various electrical and mechanical faults of electric motors is presented and summarized.
Currently, artificial intelligence methods are used to diagnose malfunctions of electric motors and other machines.
Advances in Al-based fault diagnosis, including popular approaches, are reviewed in detail. These methods are
integrated with traditional monitoring methods. Overall, this article provides an overview of system signals,
conventional and advanced signal processing techniques; however, it mainly covers the selection of effective
statistical features, artificial intelligence techniques, and appropriate training and testing strategies for electric
motor fault diagnosis.

Vibration damage detection has virtually no alternative for rotating steam turbine shafts during operation.
To date, many vibration detection methods have been developed. But the effectiveness of all these methods
depends very much on the type of structure, the way it is deformed and the type of damage. At the moment,
practical engineers do not have a tool for correctly choosing the most suitable method of detecting damage to a
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particular structure. Comparative evaluation of the effectiveness of different methods of vibration diagnostics for
detecting damage up to a critical size is a complex and time-consuming process. Thus, a rather simple method of
choosing the most effective vibration method of damage detection for a certain structure with a certain type of
cracks and with a certain type of deformation was developed [4]. This method is based on determining the relative
change in shaft compliance due to a crack using linear fracture mechanics. As an example, a comparative analysis
of the sensitivity of several vibration detection methods to the presence of a longitudinal and transverse crack in
the shaft during bending and torsional vibrations was carried out.

Wind power, which is one of the fastest growing sources of renewable energy, also has a high failure rate
and O&M costs. Thus, condition monitoring and fault diagnosis of a wind turbine generator set are essential.
Among the various components of a wind turbine generator set, the planetary gearbox plays a crucial role in the
transmission and leads to a relatively higher failure rate and longer downtime. In this regard, a number of studies
were published in academic journals and conference materials. The article "Vibration-Based Condition Monitoring
and Fault Diagnosis of Wind Turbine Planetary Gearbox" [5] provides a systematic and relevant modern review
of wind turbine planetary gearbox condition monitoring methods on the topics of fundamental analysis, signal
processing, feature extraction, and fault detection. In addition, several valuable open questions are pointed out and
potential research directions are suggested.

Having analyzed the articles [1-5], we have an intermediate conclusion that vibration diagnostics is an
effective tool for improving the technical condition of friction units of machines. Timely detection of defects,
optimization of work modes and cost savings make this method an integral part of tribotechnical management
strategies. The use of vibration diagnostics allows you to maintain the equipment in an effective and reliable
working condition, contributing to the extension of its service life and the reduction of maintenance costs.

Vibrations during friction and wear

In the process of friction and wear, vibrations occur, which can indicate various aspects of the technical
condition of the equipment. Vibrations can occur due to uneven surfaces, improper lubrication, material defects,
or malfunctions of friction units. Vibration diagnostics allows you to detect these vibrations and identify their
sources.

Vibration analysis is a powerful diagnostic tool, and troubleshooting major technological mechanisms
would be unthinkable without modern vibration analysis. There are many ways in which vibration data can be
acquired and displayed to detect and identify specific problems in rotating machinery. By far the most important
of these methods involve measuring vibration amplitude and frequency data. There are dozens of different data
collectors and/or data collection modules available for this task.

The frictional force between sliding surfaces arises as a result of various and complex mechanisms and can
cause undesirable dynamic characteristics of many mechanical systems. The laws of friction are phenomenological
in nature because they are based on quantities that can be observed and measured. The mechanics of contact and
friction of metal-metal and elastomer-metal contact surfaces are considered [6]. Unfortunately, there is no
satisfactory method for determining or measuring the area of contact between sliding bodies. Both dry friction and
lubricated friction are considered. Modeling the friction force in mechanical systems depends on several factors.
These include material properties and geometry of sliding surfaces, surface roughness, surface chemistry, sliding
speed, temperature, and normal load. Other factors include the effects of normal and tangential vibrations on static
friction. Here, static friction is considered as a special case of kinetic friction. This basis is important for the study
of friction-induced vibration.

Vibrations can directly affect the coefficient of friction. The change in the friction coefficient with a change
in the vibration frequency and relative humidity on a mild steel disc was experimentally investigated[7]. The Pin-
on-disc type apparatus is used for the experiment, which has the ability to vibrate the disc with different frequencies
and amplitudes. During the experiment, the normal load, speed and relative humidity were varied. It was found
that the coefficient of friction under conditions of no vibration is higher than under conditions of vibration, and
the values of the coefficient of friction decrease with an increase in the frequency of vibration. Likewise, the
friction coefficient decreases with increasing relative humidity. It was also observed that the rate of reduction of
the friction coefficient has a certain relationship with the frequency of vibration and relative humidity.

The theory from the previous paragraph is confirmed by other studies [8]. The object of the study was the
effect of external vibrations on the force of friction using different frequencies, amplitudes, loads and materials.
The results show that it is possible to influence the force of friction between two contact surfaces using vibration.
The force of friction can be weakened mainly due to separation of surfaces or increased by welding phenomena
on contact surfaces. Experiments have shown that by changing one of the parameters, surface pressure, frequency
or amplitude, it is possible to obtain either an increase or a decrease in frictional forces. Surface roughness,
direction of vibration, relative velocity and materials can also play a determining role. Thanks to vibration support,
the tendency to slip is reduced or eliminated.

Another study in this area provided new insight into the nature of the system's motion and the load—
velocity—friction relationship. Thus, in the article [9], a tribological study of the macroscopic manifestation and
characteristics of sliding friction was carried out. The aim of the task was to measure the friction in lubricated
sliding contacts and to check the interaction between the environment (test stand) and the experimental friction
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contact. Vibrations caused by friction were observed and studied as a manifestation of the process. The standard
set of speed and force/torque sensors has been supplemented with a multi-channel vibration detection system. The
operating modes of the system were identified using spectral analysis in confrontation with the natural vibration
frequencies of the subsystems of the test stand.

Vibration assessment methods

There are several methods for evaluating vibrations in machine equipment. Among the most common are
vibrometers (accelerometers), as well as the use of spectrum analyzers and filters for the selection of specific
vibration components. Let's consider some real studies in this area.

Vibration-based structural performance monitoring methods are one of the most common approaches to
structural damage identification. The presence of damage in structures can be determined by monitoring changes
in dynamic behavior under external loading, and is usually performed using experimental modal analysis or
operational modal analysis. These tools typically require a limited number of physically connected transducers
(such as accelerometers) to record the structure's sensor parameters for further analysis. Sensors, wires, wireless
receivers, and a data acquisition system are also typical components of traditional sensor systems. However,
equipping lightweight structures with contact sensors such as accelerometers can introduce mass-loading effects,
and for large-scale structures, instrumentation is laborious and time-consuming. Achieving high spatial resolution
measurements for a large-scale structure is not always possible when working with traditional contact sensors, and
there is also the potential for insufficient reliability associated with fixed contact sensors that will outlive the life
of the main structure. Among the state-of-the-art non-contact measurements, digital video cameras are capable of
rapidly collecting high-density spatial information from structures at a distance. In this paper, subtle motions from
recorded video (i.e., image sequences) are extracted using Phase-based Motion Estimation (PME), and the
resulting information is used to identify wind turbine damage. The PME and incremental motion-based approach
estimates structural motion from a captured image sequence for both baseline and test cases of wind turbine blade
damage. The operational deflection shapes of the test articles are also quantified and compared for the base and
damaged states. Additionally, having adequate lighting can be a challenge when working with high-speed cameras,
so image enhancement and contrast adjustments were also performed to improve the raw images. Ultimately, the
selected resonant frequencies and deflection waveforms are used to detect the presence of damage, demonstrating
the feasibility of implementing non-contact video measurements to perform realistic structural damage
detection[10].

In the work "Method of visual characteristics of vibration for intelligent diagnosis of malfunctions of
rotating machines” [11] a new method of diagnosis of malfunctions based on visual selection and characteristics
of vibration is proposed. Instead of using conventional accelerometers to obtain fault data, the visual diagnosis
method obtains full vibration information with rich vibration characteristics and does not create a mass load effect
on the measured object. This method obtains time-domain vibration information from collected image sequences
through image phase difference and then encodes it into grayscale images as input to a convolutional neural
network model. Experimental test results on a bearing vibration image dataset show that the proposed method can
achieve excellent performance in fault diagnosis. It provides excellent results with high classification and
recognition accuracy.

The paper [12] provides an overview of the methods of vibration and acoustic measurements for detecting
rolling bearing defects. Detection of both localized and distributed categories of defects is considered. The
occurrence of vibration and noise in bearings is explained. Vibration measurements in both the time and frequency
domains were considered, as well as signal processing techniques such as high-frequency resonance techniques.
Other acoustic measurement methods such as sound pressure, sound intensity and acoustic emission were
considered. Recent trends in bearing defect detection research, such as the wavelet transform method and
automated data processing, have also been included.

The vibration diagnostics method is also used to monitor the state of ball bearings. Since the vibration graph
reveals important information about the development of a defect in them [13]. Analysis of the time-domain
vibration signature, such as peak-to-peak amplitude, rms, cross factor, and kurtosis, indicates ball bearing defects.
However, these factors do not determine the position or nature of defects. Each defect causes a characteristic
vibration in ball bearings. Therefore, the study of the vibration spectrum can provide information about the type
of defects. In this article, a test bench was developed and a pair of brand new commercial ball bearings were
installed. Bearings operate throughout their service life under constant speed and load conditions. During the test,
vibration signatures are recorded and statistical indicators are calculated. When anomalies are detected in the
statistical measurements, vibration spectra are acquired and examined to determine where the defect is located on
the running surfaces. At the end of the test, the ball bearings are disassembled to take microscopic photographs of
the defects.

For the quantitative diagnosis of rolling bearing malfunctions, a nonlinear vibration model was created in
the study [14] to assess the severity of rolling bearing malfunctions. The defect size parameter of the outer ring is
entered into the dynamic model, and the vibration response signals of the rolling bearings at different defect sizes
are simulated. The signals are analyzed quantitatively to observe the relationship between vibration response and
defect sizes. The points of impact, when the ball rolls on and away from the defect, are determined by the vibration
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response signals. Next, the impact characteristic is obtained based on the time interval between the two impact
points, which reflects the severity of the malfunction in the rolling bearings. When the bearing fracture width is
small, the signals are presented as a distinct single shock. The signals gradually become double shocks as the size
of the defects increases. The vibration signals of the rolling bearing test rig are measured for different sizes of
damage to the outer ring. The experimental results are in good agreement with the simulation results. These results
are useful for understanding the vibration response mechanism of rolling bearings under different fault severities.

From the articles [11-14], we can see that there are a large number of different methods of vibration
assessment, from traditional vibrometer measurements to acoustic and photo observations. Each method has its
advantages and disadvantages, but all of them are aimed at identifying and qualitatively assessing the condition of
machines and mechanisms.

Theoretical approaches in the analysis and modeling of vibrations

The study and analysis of vibrations in machine equipment plays an important role in ensuring the reliability
and productivity of technical systems. Theoretical approaches in the analysis and modeling of vibrations make it
possible to understand the dynamics of the interaction of friction, wear and structural elements of equipment. In
this article, we will consider the key aspects of theoretical approaches, their influence on the development of
vibration diagnostics and the importance of improving tribotechnical parameters.

One of the main components of theoretical approaches is the development of mathematical models for
describing vibrations in friction and wear systems. Models can include various factors such as stiffness, damping,
mass, and other parameters that determine the dynamics of the system. The development of mathematical models
makes it possible to accurately analyze various interactions and predict the behavior of systems in various
conditions.

Analysis of deformations and stretching of materials allows to determine the influence of vibrations on
structural components of machines and friction nodes. Dynamic systems study the interaction of objects taking
into account temporal and spatial parameters, helping to build complex models of dynamics.

Consideration of tribological aspects is important for understanding the effect of friction and wear on
vibrational dynamics. Modeling of tribosystems allows to analyze the effect of lubrication, properties of lubricants
and other tribological parameters on equipment vibrations.

Theoretical approaches should always be accompanied by experimental confirmation. Real vibration data
allow you to check the adequacy of mathematical models and improve them for more accurate forecasts and
analysis of the influence of external factors. Let's consider several experimental studies on various equipment with
the analysis of vibration oscillations.

In the work "Signal processing methods for estimating rolling bearing defects” [15], signal processing
methods are proposed for selecting entry and exit points from the bearing vibration signal to estimate the size of
the defect. The entry point is the starting point of the low-frequency response when the rolling element enters a
localized defect in the raceway that is contaminated with background noise and difficult to identify. For effective
identification of the entry point, a signal processing method based on an empirical model is proposed. A variational
decomposition mode is applied to the bearing input signal for more accurate estimation. The differentiation
technique is used to identify the high-frequency exit point with more reliable threshold values for automatic
diagnosis. Then, based on the defect size estimation models for both the inner and outer ring defects, the defect
size can be estimated. The proposed methodology is tested on the machine tool spindle bearing system.
Experimental results show that the proposed signal processing methods provide less biased spindle speed results
and more accurate estimation.

Time-frequency analysis can give a general idea of the behavior of friction-induced vibration. In the article
[16], the short-time Fourier transform, the Wingner—Will distribution, the Choi—-Williams distribution, and the
Zhao—-Atlas—Marx distribution are used to analyze the time-frequency characteristics of friction-induced vibration.
The result shows that there is always a frequency change in the frequency-time representation of the vibration at
the location where the vibration is confined. Frequency changes in time-frequency representations are related to
the nonlinearity of vibration systems. The nonlinearity can be considered as evidence to support the idea that
friction-induced vibrations are limited to limit cycles due to the nonlinearity of the system. On the basis of the
frequency-time representation of oscillations, it can be concluded that the frictional vibration system is generally
a linear system in the phase of vibration occurrence, but is a nonlinear system in the phases of limitation and
disappearance of vibration.

Another model is proposed in the article "Damage diagnostics using time series analysis of vibration
signals"” [17]. It presents a novel time series analysis to identify the sources of damage in a mechanical system
operating in various operating environments. The source of the damage is determined solely by analyzing the
acceleration time history recorded from the structure of interest. First, a data normalization procedure is proposed.
This procedure selects a reference signal that is "closest" to the newly obtained signal from an ensemble of signals
recorded when the structure is undamaged. Second, a two-stage prediction model is built based on the selected
reference signal (a combination of autoregression and autoregression methods with exogenous inputs. Then the
residual error, which is the difference between the actual acceleration measurement for the new signal and the
prediction obtained from the model developed on the basis of the reference signal, is defined as a damage-sensitive
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function. This approach is based on the premise that if a structure has been damaged, a prediction model previously
defined using an undamaged time history will not be able to reproduce the newly obtained time series measured
from the damaged structure. Furthermore, increasing residual errors will be maximized on sensors installed close
to the actual damage locations.The applicability of this approach is demonstrated using acceleration time histories
obtained from an eight-degree-of-freedom mass-spring system.

The autoregressive model was studied in detail in the article "Non-stationary modeling of vibration signals
for monitoring the condition of machines" [18] and the corresponding processes of feature selection and condition
monitoring. For the analysis, an orthogonal transformation is introduced both to compress the features and to create
a statistical model of the template representing the normal state. Finally, the measure of monitoring is determined
using pattern recognition theory similarity analysis. An example of vibration monitoring of a reciprocating
hydraulic pump shows how the proposed method can be used.

Another type is "Cyclostationary simulation of vibration signals". The study of [19] is to demonstrate that
machine signals require special processing that is much more subtle than that of communication signals, from
which the cyclostationarity paradigm originally arose and was developed for. First, different types of
cyclostationarity are distinguished, covering many signals of a rotating machine. In particular, the importance of
considering pure and not impure cyclostationarity is emphasized. Next, the relations between cyclostationarity of
angle and time are investigated and some useful results are obtained. It is shown that the vibration signals exhibit
cyclostationarity if and only if the random fluctuation of the machine speed is periodic, stationary or
cyclostationary. As a result, a comprehensive methodology for the processing of actual cyclostationary signals is
proposed: three typical examples are presented concerning the vibration signals of an internal coupling motor, a
gearbox and a rolling bearing, each of which is characterized by a different type of cyclostationarity.

This theory is confirmed in the article "Cyclostationary processes: application in early diagnosis of
malfunctions™ [20]. It presents the theory of cyclostationary processes as a powerful tool for diagnosing rotating
machines. It is shown that the well-known method of synchronized averaging is an expression of the first-order
cyclostationarity, and the spectral correlation function obtained from the second-order cyclostationarity is an
effective parameter for the early diagnosis of rotating machine faults. In addition, it is shown that the vibration
signals measured on gear systems exhibit second-order cyclostationarity. The application for early diagnosis of
chipping in gear teeth demonstrates the power of this new parameter.

Conclusions

1. At the current stage of development of the field of surface engineering, when technologies are developing
rapidly and requirements for equipment reliability and productivity are constantly increasing, vibration diagnostics
becomes a crucial element of strategies for managing the technical condition of machines and optimizing their
tribotechnical parameters.

2. Directions for the use of vibration diagnostics for assessing the condition of friction units of machines
are presented. It has been established that vibration diagnostics is an integral component of modern technical
maintenance and management of machinery. The vibrodiagnostic technique allows for timely detection and
analysis of various defects and anomalies in the operation of friction units, providing the possibility of preventing
serious breakdowns and general improvement of machine reliability. Early detection of defects, optimization of
operating modes and effective management of tribotechnical parameters make vibration diagnostics a necessary
component to ensure the stability and efficiency of technical systems.

3. An important aspect is the development and implementation of theoretical approaches in the analysis and
modeling of vibrations, which allows a deeper understanding of the dynamics of friction and wear. This approach
makes it possible to develop accurate and adaptive strategies for maintenance and optimization of tribotechnical
parameters.

4. It is shown that vibration diagnostics is not only a tool for detecting malfunctions, but also a key element
for ensuring the long-term and effective functioning of friction units of machines. The use of this approach can
significantly reduce maintenance costs, increase the reliability and productivity of equipment, which becomes an
indispensable condition for the effective functioning of modern technical systems.
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Jluteunos 0.0., [uxa O.B. BiOpozaiarHocTika BY3JiB TEpTs MaIMH: aHaJ3 Cy4acHOrO CTaHy Ta
HEePCIIEKTHBU

BiOpaiiilina NiarHOCTHKa IO3BOJISE BUSBIATH Ae(EKTH AeTaleld TepTs MAIIMHUA HA PaHHIX CTaIisX iX
PO3BHTKY, IO Tepeadadae MPOBOJIEHHS PEMOHTY abo 3aMiHy AeTanel 0 TOro, SIK BOHH BiIMOBIATH. B maHiit
poOOTI IPOBEACHUH aHaNi3 CydaCHHUX JOCIHI/KEHb 3aCTOCYBAaHHS BiOPOMIarHOCTHKH B TPHOOJIOTII, IO BKIIIOYAE
aCTIeKTH: BiOpOAiarHOCTHKA B TEXHiMi 1 TpuOOIIOTii; BiOparlii mpu TepTi i 3HOIIYBaHHI; METOIH OIiHKHU BiOparliii;
TEOPETHYHI MiJXOMW IPHU aHaji3i i MoJemoBaHHI BiOpamid. 3a3Ha4ueHo, IO BaXJIMBHUM aCIIEKTOM € po3podKa i
BIIPOBA/KCHHS TEOPETHYHMX MiAXOMIIB IPH aHAJi3i i MOAETIOBaHHI BiOpalliif, 0 JO3BOJISIE TIIHOIIE PO3yMITH
IUHAMIKY TEpTs Ta 3HOITYBaHHA. TakWil WiAXiA JO3BOJISIE PO3POOIIATH TOYHI Ta amalTHBHI CTpaTeril
00CIyroByBaHHsI Ta OoNTUMi3aulii TpuOOTeXHIYHMX mapamerpiB. [lokazaHo, 110 BiOpoJiarHOCTHKa € He JIHMIIE
IHCTPYMEHTOM JUIsl BUSIBJICHHSI HECIIPaBHOCTEH, ajie 1 KIIFOUOBHM €JIEMEHTOM JUIsl 3a0e3NeUeHHs] TPUBAJIOTO Ta
e(eKTUBHOTO (PyHKLIOHYBaHHS BY3IiB TepTs MamiH. EQexTuBHe 3acTocyBaHHs BiOpaliiiHOT A1arHOCTHUKH MOe
CYTTE€BO 3MCHIINTH BHUTPAaTH Ha TEXHIYHE OOCIYrOBYBaHHS, MiJBUIIUTH HaAIHHICTh Ta NPOJIYKTHBHICTbH
o0JiaiHaHHS, 110 CTa€ HEBiJ'€MHOI0 YMOBOIO JUIS €pEKTUBHOTO (DYHKIIIOHYBAHHS Cy4aCHUX TEXHIYHUX CHCTEM.

KiarouboBi cj10Ba: 3HONIYBaHHSA, NeTalli TePTs, BiOpaIlii, JiarHOCTyYBaHH:, PEMOHT, IIPOTHO3YBaHHS
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Abstract

In the course of this research in the field of automotive technology, systematic patterns and features of
wear of structural materials with wear-resistant coatings that were applied using various technologies, depending
on the change in friction modes, were revealed. Our research led to the identification of physical parameters of
tribological properties and their changes in the friction process.

An interesting property discovered in the course of our work is the fact that changing the contact area
several times does not significantly affect the change in the friction coefficient. Instead, changes in the coefficient
of friction are mainly related to the chemical composition of the secondary structures that are formed during
friction.

An important aspect of our findings is that the change in the coefficient of friction is usually due to the
chemical composition of the secondary structures, which in turn depend on the chemical composition of the base
material, the characteristics of the coating, the characteristics of the environment and the temperature conditions
in the friction zone. An analysis of the chemical composition of secondary structures formed during friction was
carried out, which allows for a deeper understanding of wear mechanisms and creates opportunities for optimizing
materials and coatings in the field of automotive technology.

Keywords: wear, coatings, automatic measurement, thickness, chemical composition.
Introduction

Over the past decades, wear-resistant coatings have been widely used in various fields of human activity,
performing various functions under different conditions - from chemical composition to application methods. This
direction is extremely important, because the development of multilayer or combined coatings is equivalent to the
creation of a new material with unique properties.

During the development of new coatings, laboratory studies of wear resistance are an important stage,
which make it possible to predict the duration of operation of the tribocouple with the coating. The formation of
secondary structures under the influence of specific conditions and modes of friction solves one of the key tasks -
determining the thickness of the coating.

Insufficient or too large coating thickness can significantly affect the result: the difference in adhesion
indicators and insufficient tribological effect from the first case, or the risk of rupture due to internal stresses from
the second case. That is, the thickness of the coating plays a decisive role in achieving the desired indicators of
wear resistance.

One of the important aspects is establishing the nature and dynamics of the process of wear of the coating
over time. Knowing the necessary and sufficient thickness of the coating allows you to effectively influence the
results of operation, and the detection of optimal values guarantees maximum indicators of wear resistance.
Methods of determining the wear resistance of coatings, aimed at establishing tribological characteristics, play a
key role in this process.

To determine the tribological characteristics of coatings in the field of automotive technology, it is
necessary to focus on measuring and controlling the thickness of these coatings during their operation. The coating

Copyright © 2023 O.M. Makovkin, A.A. Vychavka, 1.K. Valchuk. This is an open access article distributed under the Creative
w Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
£ original work is properly cited.
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thickness usually ranges from a few micrometers to hundreds of millimeters, which is important to consider when
analyzing its tribological properties in the automotive industry.

According to the recommendations of the GOST 30431-96 (DSTU 3366-96) standard for automotive
tribological studies (autotribology), it is important to pay attention to point 4.4, where it is stated that the lapping
of the coated sample should take place at a speed of 0.7 m/s and a pressure of 1 MPa to values of the roughness
parameter from 0.2 to 0.3 um. If the transition from the technological microrelief to the operational one takes less
than 15-35 minutes, using the specified parameters, then a gradual increase in pressure up to 3 MPa, testing of
various options for increasing the sliding speed should be considered. The maximum possible sliding speed is 3
m/s in the context of automotive research.

Before running in the sample with the coating, it is necessary to carry out a similar process with the base
sample without coating. In thin-layer coatings, in particular thin films, their partial or complete wear is observed.
It is important to consider that there are coatings that are used in the automotive industry to improve the wear
resistance of assemblies, and whose tribological characteristics can be difficult to determine using standard
techniques, especially if they are relatively soft and have a small thickness.

As a result of exposure to uncontrolled high specific pressures and temperatures during processing, a
change in the internal structure may occur on the surface of the sample or a certain part of it. Accordingly, research
results may be limited and used only for comparative analyses. In the automotive field, all these factors introduce
significant errors into the final conclusions and results regarding materials and coatings. Using standard methods
allows you to establish the tribological properties of both the coating itself and the base material, but this leads to
obtaining average values, since it can be difficult to distinguish between the wear of the base and the coating.

Usually, determination of the thickness of car coatings is carried out by a chemical method. The sample,
usually a plate, is covered with a layer of material, and then the base is chemically dissolved, leaving only the
coating (foil), which is weighed. This approach is relatively accurate and simple. However, to establish wear
resistance, friction coefficient and other tribological parameters, it is necessary to use experimental methods using
mechanical action.

In addition, it is important to establish the optimal, as thin as possible thickness of the coating, which
would prevent intensive wear, considering that thick coating layers do not always guarantee a high-quality and
durable coating.

In the automotive industry, there are tribological pairs, such as coating-substrate or coating-coating (in
the case of multi-layer coatings), which exhibit high wear resistance despite their small thickness (a few
micrometers). Studies show that with an increase in the thickness of the coatings, even a small amount of wear can
become more intense [1-3]. This confirms that tribological methods should be used to evaluate the tribological
characteristics of coatings, and not any other approaches.

In general, the interaction of friction in the field of automotive engineering is an extremely complex
process, which at the moment is almost impossible to completely describe mathematically for any conditions.
Thus, the friction properties of materials are studied with the help of experiments. The obtained results can be used
to develop mathematical models and engineering calculations.

Increasing the wear resistance of automotive parts can be achieved at the design stage, using technological
methods, as well as during operation. Among the most common methods of increasing wear resistance in the
automotive industry is the use of technological methods.

One of the ways to protect the friction unit from wear in the automotive sector is to use wear-resistant
coatings using various technological methods. Application of composite and multi-layer coatings is carried out in
various ways, such as powder sintering, surfacing, galvanic methods and others.

Understanding the characteristics of each material used in complex multilayer or composite coatings,
predicting the behavior of such a composite becomes a challenge, as it depends on many factors: chemical
composition, proportions of components, application technology and thickness of the coating itself. The interaction
of heterogeneous elements leads to an effect equivalent to the creation of a new material [1], the properties of
which differ from the properties of each individual component in terms of qualitative and quantitative indicators.
The difference in the characteristics of materials is directly related to their composition and structure. In the field
of automotive technology, this is especially relevant, since the properties of complex coatings can determine the
quality and durability of automotive elements.

According to A. V. Chichinadze [2], the main difficulty in the development of wear-resistant coatings is
that in the modern process of designing mechanisms there is no agreed methodology for the optimal use of various
methods of strengthening friction nodes.

A. S. Vereshchak [3], considering a cutting tool that works under conditions of high load, tries to use
multilayer composite coatings to create tool materials with "ideal properties”. However, this task is not an easy
one, since the improvement of some parameters usually leads to the deterioration of others. This limits the
technological possibilities of using known tooling materials in the automotive industry, as their effectiveness is
usually within a limited range of applications.

Purpose and setting of the task
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The purpose of this study is to track the process of coating thickness reduction under the influence of
wear and analyze the change of tribological parameters during operation, focusing on the context of automotive
technology.

Presentation of research materials

Research was carried out on HVG steel (the chemical composition is presented in Table 1) using a
modernized tribomachine UMT 2168 [4, 5], specially adapted for the automotive field. This allowed tribological
parameters such as linear wear, friction moment and average temperature in the friction zone to be automatically
captured and recorded at a frequency of 0.5 seconds, without the need to remove the sample from the rig. The
obtained data were processed on a computer for further analysis of the results.

Table 1
Chemical composition of the investigated steels
Steel Chemical composition, % (weight)
C Si Su Mn No P Cr S w Mo
0.90- | 0.10- 0.80- 0.90- | <0.03 | 1.20-
KhVG 105 | 040 <0.30 110 <0.35 | <0.03 120 0 160 <0.30

The steel was heat treated to a Rockwell hardness of HRC 55. After that, the samples were ground to
remove the decarburized layer, achieving a roughness Ra of 0.8 to 1.6.

The research was carried out according to the scheme of dry disc-finger friction with a spherical surface
(see Fig. 1), which has advantages for automotive subjects: no need for running-in, no distortions and base errors,
the possibility of achieving high specific pressures in the contact zone.

The main goal is achieved thanks to the selected spherical working surface of the sample, which does not
require additional work-in. Fixation of wear is carried out with the help of a linear displacement sensor, which
allows you to determine the wear limit of the coating and the base without interrupting the friction process.

Requirements for the working surface of the specimen include 100% contact with the counterbody and
immediate run-in, which is achieved through the use of a spherical friction surface (see Fig. 1).

A series of experiments made it possible to identify several key areas of wear on samples with coatings,
which can be conventionally marked in fig. 1: a) the point of contact of the sample with the counterbody at the
stage of initial friction, marked as the I-I section and point A (at this moment the maximum specific pressures
occur), which ensures immediate work-in and 100% further adhesion of the contacting surfaces; b) the wear area
directly of the coating, marked as section Il-11 and plane B; c) transitional zone of general wear of the matrix and
coating, marked as section I11-111, wear of the coating (plane C) and base (plane D).
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Fig. 1. Stages of wear of the coated sample

o
——
—

N
N

To evaluate the resistance to wear, samples made of thermally hardened steel XBI' (HRC 55) were used.
The counterbody is made of high-carbon heat-strengthened steel UI0A HRC 62. The tests were carried out
according to the "disk - finger" friction scheme with a spherical contact shape (see Fig. 1). The AIN-ZrB2 coating
was applied to the sample by electrospark alloying with a thickness of approximately 0.1 mm. The test regime
included an initial specific pressure of 1300 MPa and a sliding speed of 0.67 m/s. These experiments are important
for the automotive industry, as they allow to determine the effectiveness of materials in friction nodes and provide
optimal performance for automotive parts.

As illustrated in Figures 2—4, data obtained during friction are presented. Figure 2 shows the linear wear
of the coating and the base, which can be divided into three stages: 1) 0 ... 30 m, 2) 30 ... 400 m, 3) 400 ... 0. From
the information on material consumption during coating, it is known that the thickness of the coating is
approximately 0.1 mm.
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The inflection of the curve when reaching a friction path of 400 m corresponds to wear with a value of h
= 0.08 mm (Figure 2), after which the intensity of wear increased. That is, the actual thickness of the coating is
0.08 mm. The tribological properties of this coating and the characteristics of its tribological behavior during
friction and wear were also determined.

In addition to the specified tribological characteristics, the technical capabilities of the equipment make
it possible to establish the process of changing the friction coefficient, the average temperature in the friction zone,
and the intensity of wear. It is well known that the friction coefficient for a certain tribopair under constant friction
conditions is constant. Figure 3 shows that the friction coefficient undergoes changes. This change is associated
with wear of the coating at a distance of 250 m of the friction path, from 250 to 400 m - wear, partial contact of
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the microprotrusions of the base (roughness). The number of microprotrusions from 250 to 400 m gradually
increased, and therefore the proportion of the surface contact area decreased, which led to changes in the friction
coefficient and temperature (Figures 3, 4).

There are cases where accurately defining the boundary between the substrate and the coating becomes a
challenge, and therefore a complex of tribological characteristics such as the coefficient of friction, the temperature
in the friction region and the intensity of wear must be considered. To obtain more accurate data on the thickness
of the coating, especially in the case of diffusion coatings, there is a difficulty due to the smooth transition from a
more saturated layer to a less saturated one.

Determining the thickness of such a layer turns out to be a difficult task, since there is a smooth transition
from a solid surface to a less solid base. The change in hardness is determined using a hardness tester on a cut and
specially prepared sample. This technique is quite time-consuming, it is especially difficult to cut the sample and
prepare it, requiring special equipment and high qualification of the laboratory technician.

Figures 3 and 4 show that the relative stability of the tribological parameters occurs after about 500 meters
(averaged dashed curve), which is explained by the inertness of temperature indicators and residual friction
products. This is important for the automotive industry, as it allows to determine the effectiveness of the materials
in the friction nodes and to ensure optimal performance for the automotive parts.
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Makoskin O.M., BuuaBka A.A., Baabuyk I.K. Be3nepepBHuii KOHTpOJb TOBIIMHM HMOKPUTTS IiJl 4ac
NpoLeCy 3HOIYBAaHHS BY3JIiB aBTOMOOLIIS

VY XoJli TaHOTO TOCHIHKEHHS B T'aly3i aBTOMOOUTHLHOT TEXHIKH BHSBJICHO CHCTEMAaTH4HI 3aKOHOMIPHOCTI Ta
0COOJIMBOCTI 3HOLTYBaHHS KOHCTPYKIIHHUX MaTepialliB i3 3HOCOCTIIKMMU MOKPUTTSIMH, HAHECEHUMH 33 PI3HUMH
TEXHOJIOTISIMH B 3aJIe)KHOCTI BiJl 3MiHU PEKUMIB TepTsA. Hamri mocmimkeHHS IpuBeNr 10 BU3HAYCHHS (Di3MIHIX
mapaMeTpiB TPUOOJIOTIYHNX BIACTUBOCTEH Ta X 3MiHHU B MPOILIEC] TEPTS.

[ikaBoo BIACTHBICTIO, BUABICHOIO B XOIi HAIIO1 pOOOTH, € Te, IO 3MiHa IUIOMNTi KOHTAKTY KiJTbKa pa3iB He
BIUIMBA€E iCTOTHO HA 3MiHY KoedimieHTa TepTsa. HaToMicTs 3MiHM KoedimieHTa TEpTS B OCHOBHOMY ITOB’S3aHi 3
XIMIYHUM CKJIaIOM BTOPHHHHX CTPYKTYP, AKi YTBOPIOIOTHCS i/ 9ac TePTSL.

BaxnBrM acieKTOM HaITuX BHCHOBKIB € Te, IO 3MiHa KoegiIlieHTa TepTs 3a3BUYaii ITOB’13aHa 3 XiIMITHUM
CKJIQJIOM BTOPHHHHX CTPYKTYp, SIKi, Y CBOIO 4epry, 3ajiekaTh BiJl XIMIYHOTO CKJIaJly OCHOBHOTI'O Marepiaiy,
XapaKTEePUCTUK MOKPHUTTS, XapaKTEPUCTHK HABKOJIMIITHEOTO CEPEIOBHILA 1 TEMIIEPATYPHOTO PEXXHUMY B 30HI TEPTSI.
[IpoBeneHo aHaii3 XiMIYHOTO CKJIaay BTOPHHHHX CTPYKTYp, LIO YTBOPIOIOTHCS MiJ 4ac TEPTs, LIO JIO3BOJISIE
rioIIe 3p03yMiTH MEXaHi3MH 3HOLIYBAaHHS Ta CTBOPIOE MOKJIMBOCTI JUIsl ONTHMI3allil MaTepiaiB i HOKPUTTIB y
cepi aBTOMOOTBHOT TEXHIKH.

Kiro4oBi cjioBa: 3HOITYBaHHS, TOKPUTTS, aBTOMATUYHAN BIUMIp, TOBIIMHA, XIMITHUNA CKIIa].
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Abstract

Turbochargers are used in modern engines to increase their performance by increasing the amount of air
supplied. To increase wear resistance, researchers and engineers are improving integrated technologies for
strengthening turbocharger assemblies. The purpose of this study is to evaluate and analyze the influence of
integrated strengthening technologies on the wear resistance of the turbocharger assembly. Integrated
strengthening technologies include the use of new materials, coatings, design changes and manufacturing
processes that improve the strength, thermal stability and wear resistance of the turbocharger assembly. A
comprehensive analysis was carried out, including experimental tests, mathematical modeling and numerical
simulations. Analyzed tests of wear resistance on specially designed stands simulating the real operating conditions
of turbocharger units. The results can be used to analyze the effect of integrated strengthening technologies on
wear resistance, considering various parameters such as temperature, torque and operating time.

Key words: turbocharging, rotor, wear bearings, testing, modeling
Introduction

Turbochargers are used in modern engines to increase their performance by increasing the amount of air
supplied. However, when operating at high temperatures and rotational speeds, turbocharger assemblies are subject
to significant wear and tear, which can affect their long-term operation and reliability. To overcome this challenge
and achieve greater wear resistance, researchers and engineers are improving integrated technologies for
strengthening turbocharger assemblies.

The purpose of this study is to evaluate and analyze the influence of integrated strengthening technologies
on the wear resistance of the turbocharger assembly. Integrated strengthening technologies include the use of new
materials, coatings, design changes and manufacturing processes that improve the strength, thermal stability and
wear resistance of the turbocharger assembly.

In this study, a comprehensive analysis including experimental tests, mathematical modeling and numerical
simulations has been carried out. Analyzed tests of wear resistance on specially designed stands simulating the
real operating conditions of turbocharger units. The results can be used to analyze the effect of integrated
strengthening technologies on wear resistance, considering various parameters such as temperature, torque and
operating time. The results of the above research analysis will help to improve the design and manufacture of
turbocharger units, contributing to increase their wear resistance and duration of operation. This can have a
significant practical impact on the automotive and aerospace industries where turbocharged engines are used,
providing greater reliability and lower maintenance and repair costs.

Analysis of the designs of the turbocharger friction assemblies of modern engines is important for
understanding their efficiency and interaction with other engine components. The main components of
turbocharger friction include bearings, sealing rings and adjustment mechanisms. Bearings: Bearings play an
important role in ensuring smooth rotation of the turbocharger. Two types of bearings are commonly used - rolling
and sliding. Rolling bearings, such as ball or roller bearings, provide less friction and wear, but require additional
lubrication or cooling. Plain bearings, such as film or hydrodynamic bearings, can handle high loads but have more
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friction. O-rings provide a seal between the moving parts of the turbocharger, such as the shaft and housing. They
prevent air or oil leaks and reduce joint wear. O-rings are usually made of high-strength materials that are resistant
to friction and high temperatures. Some modern turbochargers have adjustment mechanisms that ensure optimal
performance in different engine operating modes. For example, variable geometries of turbines or compressors
allow changing the air flow depending on engine speed. These adjustment mechanisms require precise frictional
contacts and are of great importance to the efficiency of the turbocharger.

The analysis of the designs of the friction units of turbochargers of modern engines allows to improve their
strength, durability and efficiency. The results of such an analysis can contribute to the further development of
turbocharger technologies and the improvement of engine performance.

Basic material

In studies of turbine blades for turbocompressors[1]distinguish two types: guide vanes, which are mounted
in the turbine stator, and working vanes, which are fixed on the rotor. Working blades are the most complex in
design and have the greatest variety. The design of the working blades can be represented as a complex system
consisting of three main parts: the tail, the working part and the head. Each of these parts has a large number of
design variations. The working parts of the guides and working blades differ in several features: the shape of the
cross-sections and their relative location along the axis of the blade, the presence of overhanging elements over
the profiles of the working part, and the way the surfaces are constructed. According to the shape of the sections
and their mutual location along the axis, the working parts are divided into parts with a constant profile and a
variable profile. Overhangs such as a tail or shelf, or both, may be present over the ends of the working part of the
vane, or there may be no overhang. According to this feature, the working parts of the blades are divided into open,
semi-open and closed. If the structural element hangs from one end of the blade, for example, from the tail side,
and there are no overhanging elements from the side of the head or in the working profile part of the blade, then
such designs of blades are classified as blades with a semi-open profile of the working part. Blades with a closed
profile have overhanging elements on both ends of the working part. Such blades have a tail hanging over the
working part on one side, and a thickening on the other.

According to the described features, there is a wide variety of designs of turbine blades studied in the
literature. In order to increase the reliability of small-sized turbochargers used in supercharging systems of auto-
tractor diesel engines, a study was conducted[1],the results of which include the following stages.

An original scheme for cooling the bearing of a small turbocharger is proposed and developed. One of the
advantages of the scheme is the use of compressed air to cool the bearing. This compressed air is supplied
selectively only at critical system operating modes. Local and automatic control of bearing cooling avoids
deterioration of overall engine efficiency.

A motorless experiment was conducted to evaluate and confirm the effectiveness of the developed bearing
cooling system. The study investigated the effect of excess air pressure in the range of 0.1-0.3 MPa on cooling
efficiency. The results of the experiment showed that when using a cooling system with an excess pressure of 0.1
MPa, a reduction in the temperature of the bearing from the critical value of 190 °C to acceptable values of 100-
120 °C is achieved after 250 seconds from the moment of coolant supply.

In order to further improve the design of the bearing unit, a mathematical model of the thermal state of the
bearing, in particular of the bronze bushing with local cooling, was developed. The results of the motorless
experiment were used to refine this mathematical model. As part of the modeling, the boundary conditions of the
thermal conductivity problem for surfaces cooled by compressed air were determined.

The conducted study revealed the effectiveness of the proposed cooling scheme of the bearing of a small-
sized turbocharger for supercharger systems of auto-tractor diesel engines. The results of the experiments and the
developed mathematical models provide grounds for further improvement of the design and implementation of the
developed system of automatic regulation of the thermal state of the bearing.

Gas-thermal strengthening methods [2]and restoration of friction parts and assemblies, in particular, plasma
spraying, have great potential for the production and repair of aircraft gas turbine engines. Plasma spraying is a
universal and technological method that can be used to apply protective coatings to various parts and assemblies.
In order to widely use this method in the field of engine construction and repair production, it is necessary to
actively work on increasing the range of modern materials resistant to failure that are suitable for plasma spraying.
To improve the reliability and operational characteristics of these coatings, it is also necessary to improve the
technologies of their application and subsequent processing to ensure the necessary service properties.

The choice of material for plasma spraying and the correspondence of its properties to the technological
possibilities of a specific spraying method is a key factor for the successful implementation of gas-thermal
methods[3]. Today, a number of enterprises produce various powders for plasma spraying, but information about
their composition, properties and purpose is limited, incomplete and outdated. Choosing the most effective and
economically feasible coating for a specific part depends on its operating conditions and is a difficult task. The
recommendations contained in the literature regarding the selection of coatings "resistant to failure" are not always
a sufficient basis for their use in specific conditions, as they are accompanied by clear limitations of the mechanical
load parameters.
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To assess the performance of gas-thermal coatings in real operating conditions, it is necessary to conduct
special tribotechnical tests on installations that simulate the friction modes of real tribocouples. Only after such
studies, it is possible to determine the optimal parameters and operating ranges of gas-thermal coatings for specific
conditions of friction and load.

In general, the development of new materials for plasma spraying and the study of their properties is an
urgent task. In addition, it is important to deepen research on the influence of operating conditions on the
performance of gas-thermal coatings, as well as the development of test methods that would ensure the reliable
use of such coatings in real conditions.

Turbojet engines (GTDs) have their own characteristics regarding the requirements for lubricants [3]. In
comparison with piston engines, in GTE, the lubricant is isolated from the combustion chamber, where the fuel
burns. In addition, in the most responsible friction nodes, such as bearings, mainly rolling friction is realized, rather
than sliding, which is characteristic of piston engines. The coefficient of rolling friction in GTE is much lower
than the coefficient of sliding friction.

In turbojet engines, the turbocharger shaft is well balanced and operates without sudden variable loads at
high speeds and significant axial and radial loads. This places special requirements on lubricants, which must
ensure stable and effective lubrication of the friction surfaces of the turbocompressor shaft.

Lubricants for turbojet engines must have the following properties:

- high thermal stability, the lubricant must be able to withstand the high temperatures that occur in gas
turbines and avoid degradation or oxidation under extreme operating conditions.

- high resistance to oxidation, the lubricant should minimize the formation of deposits and sludge that may
occur as a result of oxidation at high temperatures.

- the ability to provide effective lubrication of the turbocharger shaft and other friction components, which
reduces heat generation and wear.

- the lubricant should provide stability and minimal wear under high axial and radial loads occurring in the
friction nodes.

In Article[4]the question of increasing the durability of the turbocharger by using composite materials is
considered. It is noted that some methods of restoring and strengthening parts cannot provide the necessary
resource, especially for parts working in abrasive and corrosive environments. Therefore, the use of composite
materials becomes a relevant direction for improving the wear resistance and other properties of parts.

The article describes a new method of restoration and strengthening of turbocompressor parts using
chemical vapor deposition of metals (CVD - method). This method is based on the decomposition of
organometallic compounds. As a result of research, it was established that the developed composite material,
obtained using the CVD method, provides an increase in the wear resistance of parts by two to two and a half times
compared to new parts. The article also provides a detailed description of the turbocharger, its design and problems
associated with its operation. It is noted that the turbocompressor operates in conditions of high rotation
frequencies and elevated temperatures of exhaust gases containing chemically aggressive compounds. These
factors lead to wear of the turbocharger parts, especially the bearing assembly and the middle housing. The article
emphasizes that almost all parts of the turbocharger are subject to wear, and the most damaged part is the middle
housing part. The main defects of this part are described, such as wear of the bores under the sleeve, due to
crumpling, mechanical abrasion and abrasive wear.

All these facts emphasize the need to develop and implement new ways of restoring and strengthening
turbocharger parts in order to increase their durability and wear resistance. The use of composite materials obtained
using the CVD method can be one of the effective solutions in this direction. Deposition of coatings by the CVD
method is carried out by thermal decomposition of organometallic compounds (MOC). The text states that it is
advisable to use chrome coatings obtained by thermal dissociation of chromium hexacarbonyl (Cg(CO)6) in the
gas phase to strengthen the parts of the turbocompressor. It is noted that such coatings have a specified
microhardness in the range from 12.0 to 20.0 GPa. The conclusions drawn in the text are that the use of the CVD
method for the deposition of chrome coatings can significantly increase the wear resistance and durability of
turbocharger parts. It is noted that this method makes it possible to obtain a coating with high microhardness,
which allows the working surfaces of the bushings to resist abrasive wear.

The paper [5] discusses the importance of turbochargers in modern machines and problems related to the
reliability of these units. It is indicated that most modern tractor engines are equipped with turbochargers, but as
their prevalence increases, so does reliability, and turbochargers play a significant role in engine failures.

The author notes that a study of the reliability of turbochargers of KamAZ engines showed that these units
are among the least reliable units, and the average duration of operation before failure is only 40,000 km. The costs
of repairing such units are also significant and amount to about 12% of the cost of engine repair.

It is noted in the work that scientists conducted a lot of research on ensuring and increasing the reliability
of machines and units, including turbochargers. However, there are not enough studies on the reliability of
turbochargers, so the purpose of this work is to investigate ways to increase the reliability of turbochargers of
tractor engines. It is noted that in the city of Dnipro and the region there are several powerful enterprises engaged
in the repair of turbochargers, but the main reason for failure of turbochargers is wear and jamming of the bearing
assembly. At the same time, the manufacturing quality of domestic turbochargers lags behind American and
European manufacturers, and their service life is only up to 700,000 km.
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The article also considers the design of turbocharger bearing units and notes that most failures are caused
by hydroabrasive wear of bearing unit parts. There is a limit mode of friction, the temperature increases, and the
bearing can seize or break. The author emphasizes the possibility of restoration and repair of turbochargers, which
allows to significantly reduce repair costs. It is noted that up to 80% of parts can be restored, which helps to reduce
the cost of repairs.

This text discusses various methods of restoring turbochargers after repair, including the use of various
processing and coating technologies. It is pointed out that many of these methods have disadvantages such as the
complexity of the equipment, the high cost and the need for highly skilled workers.

One of the promising directions is the technology of finishing anti-friction non-abrasive processing
(FABO), which involves the frictional interaction of the tool with the surface of the part in order to improve run-
in and increase wear resistance. Another promising method is epilamation, which involves applying an epilam - a
multicomponent system with organofluorine surface-active substances - to the surface of the part.

In work [6] it is indicated that the electrospark treatment method is promising and can be used to increase
the post-repair durability of turbocompressors. Studies have shown that the use of electrospark processing with
the application of coatings on the surface of the shaft and bushing with involved metals (for example, steel 65G,
nickel-bronze-copper) led to a decrease in the coefficient of friction by 15% and an increase in wear resistance by
22%. Studies indicate the expediency of using methods of electrospark treatment, FABO and epilation to increase
the reliability of refurbished turbocompressors. However, these methods need further research and optimization in
different conditions and regimes.

Electrospark coating is a versatile method that can be used to refinish not only the rotor shaft, but also slide
bearings and turbocharger housing parts. It allows you to increase the microhardness of the surfaces of the friction
pair and increase their inter-repair service life.

Turbocharging with an additional electrically driven compressor is a promising topology for improving
engine performance [7]. At low engine speeds, an electrically driven compressor can achieve a very high
compression ratio, as it is designed to increase boost pressure at low engine speeds. This allows you to have a
sufficient reserve for flushing resistance at low engine speeds. The electric motor drives only the compressor,
which allows you to increase the boost pressure faster. This improves the response of the system to changes in
engine load and allows you to quickly gain the required boost pressure. The use of high-tech materials for the
manufacture of the compressor rotor allows to reduce its inertia. Since the electrically driven compressor is not
connected to the turbine, it does not need high heat resistance, which allows the use of lighter materials.
Turbocharging with an additional electrically driven compressor has great potential to improve transient response
at low engine speeds. This system allows for better sustained power at low engine speeds. However, an electrically
driven compressor cannot be used at high engine speeds due to the limited range of mass flow. The disadvantage
of this system is the need to generate all the electrical energy to power the electrically driven compressor through
a generator or alternator that runs from the engine shaft. An electrically driven compressor is usually smaller in
size compared to a turbocharger because its main function is to increase boost pressure at low engine speeds with
a sufficient margin of washout resistance.

The turbocharger bearing system [8] must hold the rotor in a given position and thus must withstand the
rotor forces that occur during turbocharger operation. Therefore, its components must be designed taking into
account the expected loads on the bearings. The design of the bearing system used also has a significant effect on
the overall efficiency of the turbocharger and the performance of the internal combustion engine. It should
perfectly match the trade-off between bearing friction and load capacity. For example, the attainable low end
torque of an engine is reduced if the bearing system creates more frictional losses than is inherently necessary for
safe and durable operation, as most of the available turbine power must be used to compensate for bearing losses
instead of providing boost pressure. . In addition, the transient speed of the turbocharger rotor can also be
compromised, and therefore the response of the turbocharged internal combustion engine to the load step becomes
less efficient than it could be. Apart from the radial bearings, the thrust bearing is a component that needs some
attention. This can already account for approximately 30% of the total bearing friction, even when no load is
applied, and this fraction increases even more under thrust loads. It must withstand the net thrust load of the rotor
under all operating conditions, which is the result of the superimposed aerodynamic forces created by the
compressor and the turbine wheel. The problem for determining the thrust forces arising on the engine is the non-
stationary load under pulsation conditions. Conducted experimental studies of the axial movement of the rotor, as
well as changes in thrust force under engine operating conditions, using a specially prepared compressor lock nut
in combination with an eddy current sensor. The second derivative of this signal can be used to estimate changes
in traction force. In addition, a modified thrust bearing equipped with strain gauges was used to cross-validate the
results of the position measurement and the traction force simulation. All experimental results are compared with
an analytical model of the thrust force, which is based on simultaneously measured pressure signals determined
by the crankshaft angle, before and after the compressor and turbine stages. The results provide insight into axial
turbocharger rotor oscillations occurring during the engine cycle for several engine operating moments. In
addition, they allow us to judge the accuracy of thrust modeling approaches that are based on measured pressures.

The stability of the turbocharger rotor is governed by a combination of rotor dynamics and fluid dynamics
[9], as the high-speed rotor system is supported by a pair of hydrodynamic floating ring bearings consisting of
inner and outer fluid films connected in series. To investigate the stability, this paper develops a finite element
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model of the rotor system taking into account the exciting forces such as rotor unbalance, fluid hydrodynamic
forces, lubricant supply pressure, and self-weight. Dimensionless analytical expression of nonlinear oil film forces
in floating ring bearings was obtained based on the theory of short bearings. On the basis of numerical modeling,
the impact of rotor imbalance, oil viscosity, oil supply pressure, and bearing clearances on the stability of the rotor
system of the turbocompressor was studied in [9]. Disciplines of stability of two films and dynamic characteristics
of the rotor system are given.

The thermal state of the sliding bearings has a great influence when calculating the dynamics of the flexible
rotor of the turbocharger. Experimental studies have shown that the temperature difference between the turbine
and compressor bearings can reach twenty degrees. In addition, the temperature is unevenly distributed over the
lubricant layer. It intensifies in the zone of increased pressure. The task of assessing the thermal condition of rotor
sliding bearings is relevant. In [10], the effect of eccentricity on the pressure distribution in a thin lubricating layer
of a non-Newtonian fluid is considered. The distribution of temperatures and pressures in the lubricant layer is
constructed taking into account the rheological properties of the lubricant. The boundary conditions that were used
to solve the problem were taken from the experiment. The results will be used to solve the problem of turbocharger
rotor dynamics.

The objectives of the study [11] were to develop a dynamic model for rotary ball bearing systems of a
turbocharger, to correlate the simulated shaft motion with experimental results, and to analyze the corresponding
bearing dynamics. The high-speed turbocharger test stand was designed and developed to measure the dynamic
response of the rotor under various operating conditions. Displacement sensors were used to register the movement
of the shaft in the range of operating speeds. To achieve the objectives of the analytical study, a discrete element
radial thrust ball bearing model was coupled with an explicit finite element shaft to simulate the dynamics of a
turbocharger test bench. A bearing cartridge consists of a common outer ring, a pair of split inner rings, and a row
of balls at each end of the cartridge. The rotor is modeled using the finite element method. The cartridge and rotor
models are coupled in such a way that the motion of the flexible rotor is transmitted to the inner rings of the
cartridge with corresponding reaction forces and moments from the bearings applied to the rotor. The rotor model
was used to investigate the shaft motion and bearing dynamics as the system crosses critical speeds. A comparison
of the analytical and experimental shaft motion results resulted in minimal correlation, but showed similarity across
critical speeds.

The publication [12] presents the possibility of extending the service life of the sealing ring of the rotor
shaft in an automotive turbocharger using an Al-Fe intermetallic alloy. The complex results of tribological,
metallographic and profilometric tests of this alloy on the T-05 stand made it possible to present a real friction
node. Based on empirical tests, it will be possible to determine which alloy (Al-Fe alloy or the one currently used
for automotive turbocharger rotor shaft sealing rings) has better tribological properties. For this purpose, the study
was based on an experiment that involves three main factors determining the wear of the studied association. The
result of the experimental plan was obtaining three-dimensional diagrams showing the influence of wear factors
on the friction force and surface topography.

In Article[13]the results of studies of turbocharger shaft bearings under different lubrication regimes (dry
friction and lubrication with different types of oils) are given. In particular, the wear of the surface of the
turbocharger shaft was evaluated. One of the most frequent breakdowns is the jamming of the turbocharger shaft
in the sliding bearing, which causes it to rotate, which leads to the destruction of the unit and expensive repairs.
Based on the tests, it was established that the average value of the representative fracture surface on the
turbocompressor shaft is reduced with the help of less viscous soil. A similar situation was observed when new oil
was used instead of processed oil - this affected the value of the diameter of the cracks.

The journal and thrust bearing design process remains a key aspect in the development of the center section
of an automotive turbocharger. The rotor assembly must be supported both radially and axially, ensuring safe
operation with extended service life. Both types of bearings must be designed with many limitations in mind.
Housing bearings are designed with an emphasis on shifting unwanted critical frequencies beyond the operating
range while supporting various types of non-linear oscillations. Thrust bearings are configured to provide a
balanced ratio of load capacity and frictional losses. In general, during design, both types of bearings are treated
as two different entities, even if they work with the same central section. At work[14]the cross influence of
trunnions and thrust bearings during the design process of thrust bearing pads is investigated. It is carried out by
taking into account the interaction of thrust and support bearings during transient nonlinear acceleration
simulation. The main attention is paid to the designs of pads with different geometric dimensions, which, based
on stationary calculations, have almost the same load properties and friction losses. It is shown that thrust bearings
consisting of such pads do not necessarily have the same effect on the nonlinear vibrations of the rotor unit during
start-ups. The interaction of the abutment and the support of the support leads to transient hydrodynamic properties
of the pad that no longer correspond to steady-state predictions. It is shown that thrust bearings equipped with
geometrically identical linings, but differently located around the circle, interact with the rotor assembly differently
depending on the nature of the radial bearing. A floating plain bearing in combination with a thrust bearing with
symmetrical or asymmetrical pad distribution can have a positive or negative effect on shaft movement and load
capacity.

The turbocharger is characterized by low weight and a high-speed rotor that reaches a rotation speed of up
to 350 rpm. To withstand these extremely high rotational speeds, the shaft is usually supported by floating ring
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bearings, resulting in complex rotor dynamics. The work [15] summarizes the dynamics of the rotor of automotive
turbochargers, presents its expected general behavior along with a review of the literature on the most important
topics related to the dynamic analysis of the turbocharger. The non-linear effect of a floating ring bearing on shaft
lateral vibration is discussed, as well as the effect of various bearing systems on turbocharger response, including
the effect of a thrust bearing on axial and transverse rotor dynamics. Current studies on turbocharger modeling and
research are also presented. Most of the work relies on the development of high-accuracy, low-computational
models, including several different effects, such as temperature fluctuations and mass-conserving cavitation
algorithms in lubricated bearings, research into new floating ring and thrust bearing geometries, and optimal
solutions to reduce friction loss. er- or understated.

Modern turbochargers are high-speed rotating devices, usually supported by fully floating or semi-floating
bearings. Depending on the size and operating speed of the turbocharger, the dynamics of the rotor changes
significantly. Industrial turbochargers operate at frequencies below 20,000 rpm and their rotor weight is
significant, resulting in quasi-linear rotor dynamics. In contrast, automotive turbochargers rotate at up to 300,000
rpm with non-linear dynamic rotor characteristics. Because of this nonlinearity, the rotor movement is intense, and
the load on the bearing changes dynamically all the time. The consequence of this is a reduction in the service life
of the turbocharger. At work[16]the effects of changing bearing clearances are described, as well as the differences
between semi-floating and fully floating bearing designs based on journal articles and scientific publications on
the subject. In addition, the phenomenon of damping and vorticity within the bearing system will be investigated
and presented in a comprehensive literature review of automotive turbocharger rotor dynamics.

A promising solution for increasing the specific power of motor-tractor equipment is turbocharging, which
allows to increase the power by up to 50%. At the same time, a significant increase in speed, load and temperature
regimes leads to a significant increase in the number of failures and a decrease in reliability by 2-3 times. In
Article[17] Voltheoretical and experimental studies have established that the temperature of the bearing and oil at
the turbocharger drain changes under the influence of the oil temperature at the entrance to the rotor bearing, the
frequency of rotation of the rotor shaft and changes in the oil pressure at the entrance to the . bearing. This allows
you to set the performance limits of the bearing in extreme operating conditions. Installation of an autonomous
lubrication and braking device maintains the required level of reliability and increases reliability. The hydraulic
accumulator, installed in the lubrication system of the regular part of the engine turbocharger, lubricates and cools
the rotor bearings when the engine crankshaft speed drops. The built-in braking device reduces the idle time of the
rotor and thereby prevents oil starvation and dry friction of the rotor bearing. The joint use of a hydraulic
accumulator and a braking device minimizes the risk of dry friction and accidental failure of the turbocharger. It
has been proven that the rotor braking device, built into the engine intake system, with the calculated design
parameters, reduces the time of rotor exposure by 30-35%. This reduces the dimensions and operating time of the
hydraulic accumulator and at the same time eliminates jumps in the compressor section and any damage to its
parts. In these conditions, the development of independent bearing lubrication systems and their replenishment
with the help of built-in hydraulic accumulators during start-up, significant loads at minimum crankshaft rotation
frequencies and engine shutdown is relevant.

In Article[18]an analysis of tribological research is provided regarding the most promising method of
restoring the primary resource of engines using gas-dynamic spraying. It was established that to reduce the
coefficient of friction and increase the wear resistance of the coating, the use of copper-zinc powders of the C-01-
11 brand, applied by the method of gas-dynamic spraying, is theoretically justified. It was established that the
physical and mechanical properties of the coatings (roughness, microhardness, friction coefficient) on the restored
turbocharger meet the manufacturer's requirements. The coefficient of friction in the connection of the rotor shaft
(reduced copper and zinc powder) with the sliding bearing (from tin-lead bronze Bros - 10 - 10) is 20% less than
in the connection where the rotor shaft is made of steel 40. The total wear of a bearing unit with a restored gas-
dynamic sprayed rotor shaft is 20% less than in a unit where the rotor shaft is restored according to the basic
technology. The technology of restoring the surface of the turbocharger rotor shaft under the sliding bearing (gas
dynamic spraying) has been developed, which increases its resource by 23% compared to the basic technology of
repairing the rotor shaft. . This makes it possible to increase its operating time with the established regulatory and
technical documentation for overhaul of the engine. A stand for testing diesel turbochargers with recuperation
technology has been developed, which allows determining the parameters and characteristics of diesel
turbochargers in different periods of operation, break-in and adjustment. Bench tests have shown that
turbochargers with reconditioned rotor shafts using the proposed technology increase overall performance by 13%
more after 2,000 hours of operation than turbochargers repaired using the basic technology. Operational tests have
shown that turbochargers repaired using the proposed technology have a working life of 989 moto-hours more
than turbochargers repaired according to the existing technology.

Conclusion

A comprehensive analysis was carried out, including experimental tests, mathematical modeling and
numerical simulations. Analyzed tests of wear resistance on specially designed stands simulating the real operating
conditions of turbocharger units. The results can be used to analyze the effect of integrated strengthening
technologies on wear resistance, considering various parameters such as temperature, torque and operating time.
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®acoas B., I'erbman M., Crapmii A. Awuani3 npauesfaTtHocTi map TepTss poropa TypOOKoMIpecopa
aBTOMOOLIBHOTO JIBUTYHA.

TypOokoMmnpecopn BUKOPHCTOBYIOTbCS B CyYacHUX ABHMIYHAX /IS MiJABHIIEHHS iX NPOAYKTHBHOCTI
NUITXOM 301UIbIICHHS KUTBKOCTI MOJAHOTO MOBITPsA. JIJs MiJBUINEHHS 3HOCOCTIMKOCTI JHOCHIIHUKH 1 IHXCHEPH
BJJOCKOHAJIIOIOTh iIHTETPOBaHI TEXHOJIOTII 3MIIIHEHHS BY3JIiB TypOoKoMIIpecopa. MeTor JaHOTO NOCHTiIKEHHS €
OIliHKa Ta aHaNi3 BIUIMBY IHTETPOBAHMWX TEXHOJIOTiH 3MIIIHEHHS Ha 3HOCOCTIHKICTH By3Ja TypOOKOMIIpecopa.
IaTerpoBani TexHOJNOTII 3MIIHEHHS BKIIOYAIOTH B ce0¢ 3acCTOCYBaHHS HOBHX MartepialliB, IIOKPHTTIB,
KOHCTPYKLIHHMX 3MiH Ta TIPOIECiB BUTOTOBJICHHS, $Ki IMOKPAIIYIOTh MIIHICT, TEPMIUHy CTIMKICTH Ta
3HOCOCTIHMKICTE By3na TypOokommpecopa. [IpoBeneHnii KOMIDICKCHHN aHANi3, BKIIOYAOYN EKCIICPUMEHTAIbHI
BUNIPOOYBAaHHSA, MaTEeMAaTHYHE MOJEIMIOBAaHHS Ta 4YHcioBi cuMmymsmii. [IpoaHamizoBami BUIpoOyBaHHS
3HOCOCTIMIKOCTI Ha CIemialbHO PO3POOJIEHUX CTEHAAX, LI0 MOJENIOIOTH peajbHI YMOBH POOOTH BY3JiB
TypOokommpecopa. Pe3ynprat MoxyTh OyTHM BHKOPHUCTaHI JJs aHai3y BIUIMBY IHTETPOBAHUX TEXHOJIOTIH
3MILHEHHS Ha 3HOCOCTIHKICTh, BPaXOBYIOUH Pi3HI ITapaMeTpH, Taki sK TemIepaTypa, o0epTOBUil MOMEHT 1 yac
pobotu.

KoaiouoBi cioBa: TypO6oHantyB, poTop, MiAMINITHAKY 3HOIYBaHHS, BUIIPOOYBaHHS, MOJICIIIOBAHHS
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Abstract

The article elucidates the essence of nanotribological processes in the materials of conjugation of samples
of parts by the methods of the surface force apparatus, scanning tunneling and atomic force microscopy. The
substantiation of the mechanisms of their occurrence is given by the methods of molecular dynamics and classical
contact mechanics. Attention is paid to dry adhesive and contactless dynamic friction of conjugated samples,
physical processes in "sticking-sliding” tribocontacts, adhesive effects, etc. The values of the lateral and normal
forces acting on the probe were analyzed. The probe was considered as a collection of point particles of
concentrated mass with a multiatomic structure of the material. The contact and movement of the probe with the
surface of the sample was considered in the "probe-surface” system with minimal potential energy and lateral load
and taking into account conservative and dissipative forces.

The effect of "sticking-sliding" is substantiated with the help of the apparatus of surface forces. The atomic
periodicity of the effect is explained on the basis of the model of the formation and breaking of adhesive bonds
and the "atom-magnet" model. It is shown that the patterns of "sticking-sliding" processes can be determined by
using the parameters of shear stress and specific work of adhesion.

It is advisable to use the Johnson-Kendall-Roberts theory to explain the elastic adhesive contacts, and the
Deryagin-Mullier-Toporov theory for the residual friction force and probe separation force.

It is shown that there is a significant connection between friction and adhesion processes. The correlation
between the macroscopic value of the surface energy of materials and their shear modulus for homogeneous
contacts was determined.

On the basis of adhesive effects and the effect of "sticking-sliding", it is possible to control frictional forces
and create favorable conditions for their absence, which gives grounds for obtaining high wear resistance of tribo-
joints of parts, their reliability and maximum efficiency of the functioning of machines and mechanisms.

Key words: adhesive effects, sticking-sliding, conjugated surfaces, lateral forces, friction, wear resistance,
reliability, efficiency.

Introduction

The study of the physical nature of the processes of friction and wear at the atomic level of the materials of
the joint parts became possible after the creation of atomic force microscopes. The intensive development of this
technique led to the formation of nanotribology, which combined experimental and theoretical studies of adhesion,
friction, wear, lubrication, chemical activity and triboelectromagnetism at the nanostructural level. As a rule, the
problems associated with friction are mostly engineering in nature and are considered physics with macroscopic
contacts of mating surfaces of parts contaminated by the presence of adsorbed particles, wear products, and
lubricants [1].

The stimulus for the development of nanotribology is considered to be a fundamental understanding of the
role of a set of microcontacts that occur when the surfaces of tribocoupled parts are in contact. At the same time,
the total area of actual contacts may be significantly less than theoretical estimates [2].

Copyright © 2023 V.V. Aulin, A.A. Tykhyi, O.V. Kuzyk, S.V. Lysenko, A.V. Hrynkiv, 1.V. Zhylova, O.M. Livitskyi. This is an open
w access article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and
b reproduction in any medium, provided the original work is properly cited.
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Level approach in tribology [1-3] shows that the phenomena and processes in the contact area of
tribojunctions of samples and parts are studied at the macro-, meso-, micro- and nano-levels. With the transition
to a qualitatively new nanolevel of research, it was found that the physical processes in tribocontacts are much
richer and more diverse and include many new phenomena: phase transitions due to the shear arrangement of thin
films in the “probe-part surface” contact; the formation of contact "jumpers”; chemical, electrochemical and
triboelectric effects; effects related to humidity, superconductivity, etc.

Literature review

An important place in the study of nanotriboeffects is occupied by questions that are considered using the
methods of the surface forces apparatus and the quartz crystal microbalance technique. These methods are
currently the most promising for nanotribology. To them can be added methods of surface nanoindentation
technique, methods of scanning tunneling microscopy and atomic force microscopy [4-7].

The study of friction processes at the nanostructural level is of considerable interest for a wide range of
technical applications: the technology of production and surface coating of hard magnetic disks for computers;
production of microsensor sensors, etc. Engineering applications of tribology and tribotechnics in mechanical
engineering require a deeper understanding of the tribological properties and characteristics of materials at the
atomic level in order to optimize and predict the tribotechnical characteristics of joint parts. The successful solution
of these tasks requires the reduction of the existing gap between the macro-, meso-, micro- and nanostructural
levels of research on the materials of tribojunctions of samples and details of machines and mechanisms.

Adequate theoretical description of many experimentally detected tribophysical effects continues to be
unsatisfactory, despite the fact that recently a number of important results were recorded, which were predicted
and interpreted using the method of molecular dynamics and classical contact mechanics [8,9]. The mode of dry
friction at the macroscopic level does not depend on the visible contact area and practically does not depend on
the sliding speed. At that time, it is caused by a complex variety of surface properties, the presence of numerous
microcontact zones, adhesive and deformation effects, as well as "ploughing™ of the surface with microroughnesses
and wear products [10,11]. To understand the nature of the most complex and least studied mechanism of adhesive
friction, it is advisable to use a level approach in tribology.

One of the sub-levels of the nano-level is related to the need to build a detailed atomistic theory of
triboprocesses, which describes the processes of adhesion, friction and wear within the framework of atomistic
models of chemical bonding and elementary electron-phonon processes, which lead to energy dissipation in the
surface layers of tribocoupled materials of samples and details [12].

Another sublevel of the nanolevel concerns the nature of the sliding mechanism, in which it is not clear
whether the relative movement of the touching surfaces is continuous or consists of a series of discrete acts of
sticking and sliding processes. The implementation of the latter processes requires the detection of the scale of
distances and the time interval corresponding to elementary microslip. Experimental studies indicate that the
sticking-slip processes are characterized by the periodicity of the material lattice, allowing to obtain the atomic
contrast of the surface in the lateral contact mode of atomic force microscopy [1 3,14 ]. Note that this is possible
only in the case of atomically smooth surface conjugations. Much more often, the contact area is contaminated by
the presence of adsorbed substances and wear products.

The analysis of experimental and theoretical results obtained in the field of nanotribology in recent years is
highlighted in the works of the following foreign authors [11-14]. It can be seen that an attempt is being made to
construct some integral physical picture that is specific to nanotribocontacts as elementary friction zones. It should
be noted that the results presented in the literature review were practically not discussed, and attempts to
systematize theoretical ideas are fragmentary due to the fact that the main calculation models are in the stage of
development and evaluation. Nanotribological adhesion-sliding processes based on models of adhesive friction
forces and dynamic mechanisms of non-contact friction also require substantiation.

During the discussion of theoretical models of the tribon nanolevel in works [15, 16], much attention is
paid to the problem of dry adhesive and contactless dynamic friction in a vacuum. At the same time, elementary
processes are in the field of attention, the understanding of which brings researchers closer to the understanding
of the nature of friction as a whole. Theoretical justifications of the effect of "plowing", wet friction,
thermodynamic aspects of nanotribology and a number of other issues that require special consideration are
considered in detail in literary sources.

This is a brief description of the main modes of operation of atomic force microscopy and other methods
used in experimental research of micro- and nanocontacts [17,18]. Physical processes in tribocontacts, such as
"sticking-sliding", adhesive, chemical and others, are discussed on the basis of available experimental material. At
the same time, the existing theoretical concepts that allow the interpretation of these experimental data are
considered.

The approximation of classical contact mechanics in the interpretation of atomic force microscopy data on
"dry" adhesive friction in a vacuum is discussed. Simple models of the lateral movement of the probe are
considered, which allow the interpretation of experimental images of the investigated surfaces of samples and
parts. A detailed analysis of the evolution of the nanocontact structure using the molecular dynamics method is
carried out. The mechanisms of static and dynamic friction are considered, the application of theoretical models is
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analyzed to explain the experimental dependence of the friction force on the load force, adhesion-sliding processes,
interpretation of the damping effect of the motion of adsorbed films in experimental studies with a quartz
microbalance [19,20].

The interaction of the tribodiagnostics probe and the surfaces of samples and parts allows not only to
diagnose the structure of the contact zone on an atomic scale, but also to modify some properties of the conjugated
surfaces.

It was revealed [21,22], to reduce the time of contact scanning of the technological process, it is necessary
to increase the scanning speed to 1cm/s It is noted that scanning probe microscopy, nanotribology and
nanotechnology can lead to significant changes in mechanical engineering.

Purpose

The purpose of this work is to find out the influence of nanotribological processes occurring in the materials
of conjugated samples of parts on their wear resistance, reliability and efficiency of the functioning of machines
and mechanisms.

Results

Investigating the physical processes in the nanotribocontacts of the conjugated surfaces of the sample parts,
we will focus on the theoretical justification of various experimentally observed phenomena. Among which the
"sticking-sliding" effect is the key effect for the contact mode of atomic force microscopy. For the first time, the
effect was observed at the atomic level when measuring the lateral forces acting on a tungsten probe sliding over
the surface of highly oriented pyrolytic graphite. Similar measurements were carried out on a wide range of
contacting materials from soft to hard.

Comparative studies of the "sticking-sliding" effect were conducted under the leadership of Fujisawa [2,3]
for various combinations of probe and sample materials. At the same time, the observed periodicity of the sliding
of the probe on the surface of the sample corresponded to the topography of the atomic relief of the surface itself,
obtained in the normal mode of atomic force microscopy. At the same time, the positions of the maxima of the
lateral and normal forces were slightly shifted relative to each other. The observed periodicity of the lateral
interaction is believed to be responsible for all the observed contrast, including topographic images in the normal
mode. The effect of "sticking-sliding” is revealed in experimental studies with the apparatus of surface forces
[11,12]. The transition to continuous sliding without wear is observed at significantly higher speeds. At the same
time, the question of the effect of the observed "sticking-sliding"” periodicity on the fact that the atoms of the probe
relax into a structure comparable to the atoms of the sample should be clarified. It was found that even for probes
with a disordered atomic structure, periodicity of lateral forces is observed, which corresponds to the translational
symmetry of the sample material. In a typical experimental situation, as a rule, there is both lateral and longitudinal
deformation of the cantilever, but the latter deformation can also be caused by a change in the normal force. It was
found that there is always a connection between the corresponding signals in the lateral and normal modes. If this
connection is not controlled, then the measurement results are distorted.

Schematically, the principle of measuring the investigated surface by atomic force microscopy is shown in
fig. 1.

Fig. 1. Block diagram of the principle of measurement of the examined surface in an atomic force microscope: 1 — the
examined surface of the sample; 2 — probe (probe); 3 — cantilever; 4 — laser beam; 5 — photodiode; 6 — electronic
conversion and feedback device

In an atomic force microscope, a thin probe (2) located at the end of a cantilever beam (3), known as a
cantilever, scans the surface (3). High-precision movement of the probe is carried out with the help of piezoelectric
elements that change their length under the influence of voltage. When driving over an uneven surface, the dipstick
rises and falls. These very small vertical movements are detected with the help of a laser beam (4), which is
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reflected from the upper surface of the cantilever equipped with a mirror. Even with small displacements, the beam
undergoes a large deviation, which can be measured by a matrix photodetector (5).

The received signal is analyzed using an electronic device (6) and converted into an image of the surface
of the sample. An electronic feedback mechanism is used to ensure a constant force between the sample surface
and the probe and to prevent possible damage.

Knowing the role of the atomic structure in the relative movement of contacting surfaces, researchers tried
to explain the "sticking-sliding" effect based on the modernized classical ideas of Tomlinson and the method of
molecular dynamics [24]. Since modern models of probes are considered as a collection of point particles with a
concentrated mass that has no internal degrees of freedom, or taking into account a multiatomic structure, the
visual picture of the "sticking-sliding" effect is significantly simplified.

Initially, the probe is at the minimum point of the potential energy of the "probe-surface” system. This
interaction is characterized by a periodic potential that reflects the translational symmetry of the atomic structure
of the surface of the part. An essential feature of this model is the assumption of the possibility of applying
adiabatic conditions at each step of the probe's movement. In lateral contact loading caused by cantilever scanning,
energy is stored in the form of elastic energy of the cantilever-specimen contact. The relative sliding of the probe
on the surface of the part sample begins at the moment when the accumulated energy in the material is large enough
for the probe to jump out of the potential well and be fixed at another point on the surface. After that, the system
relaxes and excess energy quickly dissipates from the contact area through the electron-phonon subsystem. Note
that a very short dissipation time is observed, since the characteristic velocities of electrons and phonons (10 7 -
10 “#m/s) are many orders of magnitude higher than the typical scanning speeds of an atomic force microscopy
probe.

Studies show that in order to observe the instability associated with the “sticking-sliding” effect, it is
necessary to combine a "soft" cantilever with a "hard" surface of the part sample under the condition of strong
interaction. Moreover, more energy dissipates in the case of softer contacts. At that time, the models did not take
into account possible mechanisms of energy dissipation, in which the frictional force is proportional to the speed.

It should also be noted that the oscillatory model of the “probe-surface™ system describes this "sticking-
sliding" effect only under the condition of critical damping of the cantilever, which is its significant drawback due
to the high elasticity of the cantilever. To eliminate this contradiction, Johnson and Woodhouse [25] took into
account the elastic stiffness of the contact and found a relationship between the effective stiffness of the "probe-
surface™ system and the amplitude of the periodic friction force. The weakest point of this rationale is the
discrepancy between the point oscillator model and the actual situation with the atomic force microscopy probe.
The experimental fact is that the period associated with the "stick-slip™ effect coincides with the period of the
surface atomic structure. In the mode of contact lateral mode of atomic force microscopy, it is possible to talk not
about the actual atomic rarefaction of the surface of the part, as is the case in the modulation mode, but about the
atomic contrast. This is evidenced by the fact that there is no rarefaction of point atomic surface defects in the
contact mode.

Molecular dynamics calculations also indicate the presence of the "sticking-sliding" effect and friction
without wear at low loads. A decrease in the friction force is observed when the scanning speed increases. The
most serious objections related to the results of molecular dynamics calculations related to the interpretation of the
"sticking-sliding" effect. Their range of speeds (1-2000 m/s) causes them, which exceeds scanning speeds in
atomic force microscopy. At that time, numerical molecular dynamics experiments significantly enrich the
understanding of structural changes occurring in the contact zone.

At the same time, clear differences between conservative and dissipative lateral forces acting on the probe
should be taken into account. During the movement of the probe corresponding to the friction loop, we are dealing
with the maxima of the static force at which the probe begins to slide. When the real atomic structure of the contact
zone is unknown, there is no possibility to detect the movement of atoms inside it. It is believed that there will be
limited sliding of atoms on the periphery of the contact. This happens even with very small lateral forces. It was
found that the observed lateral force cannot be attributed completely to either dissipative or conservative. It
contains both of these components.

The lateral contrast recorded when the direction of movement of the probe is reversed is not unusual, since
the contrast does not directly show the atomic structure. If the probe is in the extreme right position, the system is
already ready for micro-sliding. The system does not care whether the probe continues to move to the right or
changes direction to the opposite. In both cases, the force modulus further decreases. As a result, after a sharp
decrease in the initial phase of the reverse movement of the probe, the lateral force turns out to be close to zero
and the "probe-surface” contact is unloaded. After that, a new growth of the lateral force (modulo) begins, which
continues until the beginning of the next sliding cycle. This indicates that sharp changes in the lateral force are
irreversible and are associated with the dissipative nature of the sliding process in the triboconjugates of the "probe-
sample of parts".

The atomic periodicity of the "sticking-sliding" effect can be qualitatively explained by the model of the
formation and breaking of adhesive bonds. At each position of the probe on the surface of the part sample, the
contact spot covers a certain part of it. Moreover, for a spot of a given shape, the number of surface atoms under
it varies depending on the lateral coordinates with the lattice period of the surface material. If the probe is located
in relation to the surface of the part sample at a point corresponding to the minimum number of adhesive bonds
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near the boundaries of the contact patch, then during its sharp micro-slip the dissipative force of friction will be
minimal, due to the fact that the number of broken and newly created adhesive bonds is relatively small Small
discrete jumps and a fine structure of the lateral force are not accompanied by a loss of stability of the
triboconjugation of the "probe-sample parts" that continue to accumulate energy. In the position that corresponds
to the maximum number of bonds along the boundaries of the contact spot, their rupture as a result of microslipping
with a subsequent sharp drop in the lateral force on the cantilever becomes catastrophic. At this moment, the probe
breaks off. Old adhesive bonds behind the contact spot are broken, reducing the resistance to the translational
movement of the probe, and new ones arising in front of the contact spot capture it forward. The nature of this
movement can be described by the model of "atoms-magnets", which are arranged on the surface in the form of a
regular lattice and have a vertical degree of freedom, and the probe, which has a flat shape, is installed on a
pendulum suspension, the axis of which moves with a constant horizontal speed. This model allows you to visually
visualize the atomic "sticking-sliding™ effect at the macro level.

Adhesion effects are of significant importance in the problem of nanotribology (atomic friction), as they
determine the contact area and interaction of sample parts, as well as their interaction with the probe. Adhesion
forces can be directly measured by atomic force microscopy using the lead-pull mode of the probe, or by
measurements of friction force-load force relationships.

If contact mechanics is used to substantiate the obtained data, then two main parameters can be used to
substantiate the regularities of the "sticking-sliding" processes: shear stress and work of adhesion. The shear stress
is proportional to the critical lateral force that causes the probe to slide in the "stick-slide” mode. The work of
adhesion is equal to the specific energy related to the unit of tribojunction contact area of the “probe-sample of
parts” required for its rupture:

V=011V~ V2 1)

where y,,7,, 71, are the specific surface energies of the probe, the part sample, and the interfacial energy

of their contact, respectively.

Let's consider questions related to the dependence of the specified values on the atomic structure of the
contact, temperature, external pressure, chemical composition, and the material of the part sample. But at the same
time, we take into account the differences between model representations of "dry" vacuum conditions and the more
complex case of a "wet" surface, when intermolecular forces can change significantly due to the presence of solvent
or solute molecules.

In the case of "dry" friction, the work of adhesion is determined by the separation force of the atomic force
microscopy probe from the surface of the part sample. The pull-off force, which is negative in sign, corresponds
to the force applied to the cantilever required to separate the surfaces. In the theory of Johnson-Kendall-Roberts
[12] for elastic adhesive contacts of soft materials and a probe of a parabolic profile with a radius of curvature R,
, the separation force is equal to:

Fsep = _1157ZR27/' 2

Characteristic of the Johnson-Kendall-Roberts theory is that it describes the elastic contact of materials
with a strong short-term (attractive) adhesive interaction. The contact of rigid materials with long-range attraction
is better described by the Deryagin-Mullier-Toporov theory [11], and the numerical coefficient in expression (2)
can be replaced with 1.5 by 2.

In the Johnson-Kendall-Roberts approximation, the ratio for the residual friction force F, at the critical
point of probe separation and work of adhesion is:

IRy %
Fres:”T[SE—Zj ) (3)

where 7is the shear stress, E_. =(1—771)/ E +(0-1n,)/ E,,E,,is the composite modulus of

elasticity of the tribocoupled components of the probe materials and sample parts. In the Deryagin-Mullier-
Toporov theory F,, =0, the separation force corresponds to the van der Waals force of gravity, and for the
contact of a spherical probe with a flat surface, we have:

HGRZ
e = 6hZ

sep

: (4)
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where H ¢ - became Hamakera, R ; — probe radius, hsep — the distance between the probe and the surface of
the sample (parts) at the time of separation. Typical values of h s lie within 0.2...0.3 nm, and constant H ¢ — in the
range of 0.6...2 5 eV.

It was found that friction and adhesion processes are sensitive to changes in the structure of tribocouple
materials and chemical interactions in the contact zone. This behavior takes place regardless of changes in the
shape of the probe. The peculiarities of the mentioned processes can be explained by chemical or structural changes
in the contact zone induced by the scanning of the probe. It is assumed that similar changes in friction and adhesion
can be caused by a change in the nature of the proportionality of the probe materials and samples of details of the
contacting surface structures.

The weak dependence of the shear stress on the value of the work of adhesion is unusual, since most often
there is a linear proportional relationship between these values, in the absence of wear. The simplest model
explaining this dependence is the "cobblestone” model, which is equivalent to Tomlinson's model [24]. The sliding
of contacting surfaces should be considered similarly to the rolling of a wheel. At rest, the wheel falls into the
depression formed by the paving stones, so in order to set it in motion, it is necessary to apply a lateral force
sufficient for the wheel to get out of the hole. In this model, the role of surface attractive forces is played by gravity.
For an atomically smooth surface, cobblestones correspond to atoms. A similar picture will be for the contact
structure of the parts samples. Experimental studies performed on "sticking-sliding" on surfaces, layers of liquid
molecules, confirm this model. It was also found that for systems of chain molecules, the work of adhesion
increases in the case when conjugated surfaces are in contact with each other. There is also a hysteresis of the
contact area during the approach and separation of the mating surfaces, and the friction force increases with an
increase in the contact area.

The relationship between the processes of friction and adhesion determined by the internal molecular
structure was determined. For dry tribocontacts of materials, adhesive and frictional hysteresis should not be
observed [1,26]. There is a model that establishes the relationship between shear stress and adhesion work (in the
case of dry contacts). The correlation between the macroscopic values of the surface energy of materials and their
shear modulus per atomic radius for homogeneous contacts was determined (Fig. 2).
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Fig. 2. Correlation between the value of the macroscopic shear modulus per atomic radius and the surface energy of
homogeneous contact materials

Since the shear modulus is directly proportional to the shear stress, it can be assumed that the values of G
and 7 change in a consistent manner. Figure 2 shows equally the correlation between the values 7 and . This

correlation shows that it is possible to distinguish two groups of materials with different proportionality
coefficients between 7 and y, due to a non-linear dependence. In this case, it is close to quadratic: 7 = ]/2 . The

results of the research claim that special attention should be paid to the comparative comparison of the value of
the work of adhesion, which is measured using the atomic force microscopy method, with the expected
macroscopic values of this value, and a similar comparison for the shear stress values.

In order to obtain the observed extremely low values of the work of adhesion, it is possible to assume in
accordance with formula (1) that the equality holds:

Y2=01t17,. (5)
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High values of y;,, in turn, should indicate a very strong rearrangement of the atomic structure of the
interphase boundary, which is unlikely in the case of contacts of solid materials. For the contact of conjugates of
samples of parts from homogeneous materials, we have y;, = 0.

The assumption that the order of magnitude of the macroscopic characteristics of materials when moving
to the nanoscale is preserved is not entirely obvious. This follows from the analysis of values of work of adhesion
in experimental studies. Much more complex adhesive effects are observed in the case of "wet" tribocontacts. It
should be noted that the measurements were carried out in the "input-outlet” modes. The application of atomic
force microscopy methods and techniques in this case is particularly promising. At that time, the observed
solvation forces require further research.

In the process of experimental research, a linear correlation was found between the macroscopic values of
the surface energy, which is measured by the marginal wetting angle, and the friction forces. Due to the small size
of the contact zone of the atomic force microscopy probe with the surface, quantization of adhesive forces was
detected. The probability of locating the probe at a distance s from the surface of the sample has the character of
the Boltzmann distribution:

p(S) ~ exp{— V}i”—ﬂ (6)

where WP(S)is the potential energy, kBand T is the Boltzmann constant and the thermodynamic

temperature. The minima of potential energy WP (S) had a periodicity of 0.15-0.3 nm.

A large number of other adhesive effects were observed by modeling methods: the formation of adhesive
avalanches, plastic flow of the probe material with the formation of crow ions and the generation of dislocations,
the vibrational mechanism of compression and destruction of metal nanoparticles during an inelastic impact. Of
course, there are certain contradictions between experimental studies and the results of molecular dynamics
modeling: experimental studies, unlike molecular dynamics calculations, do not always reveal hysteresis of
adhesive forces.

Nanotribological substantiation of the effects of "sticking-sliding" from the point of view of adhesion
indicates that it is possible to create conditions for the functioning of couplings of parts of machines and
mechanisms when frictional forces are minimal [23,24] . This condition determines the maximum wear resistance,
and therefore reliability, and the maximum efficiency of the functioning of machines and mechanisms.

Conclusions

1. It has been found that the study of nanotribological processes in the materials of the samples and parts
of machines and mechanisms should be carried out by the methods of the surface force apparatus, scanning
tunneling microscopy, and interpreted by the methods of molecular dynamics and classical contact mechanics.

2. During the consideration of theoretical models of the tribon level, much attention is paid to "dry" adhesive
and non-contact dynamic friction. At the same time, the effects of "ploughing™ and "wet" friction, thermodynamic
aspects of nanotribology are taken into account, physical processes in tribocontacts are discussed: "sticking-
sliding", damping of motion of adsorbed films, adhesive, chemical and others. The evolution of the structure of
nanocontacts is analyzed by the method of molecular dynamics.

3. At the atomic level, the nanotribocontact effect of the conjugated surfaces of the "sticking-sliding" parts
samples was considered, with the measurement and analysis of the magnitude of the lateral and normal forces
acting on the probe. Various combinations of probe materials and samples of parts were subject to investigation.
The "sticking-sliding" effect was detected by the surface forces apparatus, which is characteristic of the
translational symmetry of the material of the parts samples.

4. An attempt was made to explain the "sticking-sliding™ effect based on the modernized classical ideas of
Tomlinson and the method of molecular dynamics. The probe was considered as a set of point particles of
concentrated mass, taking into account the multiatomic structure of the material. The contact and movement of the
probe with the surface of the sample was considered in the "probe-surface” system with minimal potential energy
and under conditions of lateral loading. When exiting the potential well, this system relaxes and excess energy
quickly dissipates from the contact region through the electron-phonon subsystem. Both hard and soft contact of
the atomic force microscopy cantilever with the surface of the part sample was considered.

5. Differences between conservative and dissipative forces acting on the probe whose movement
corresponds to the friction loop are taken into account. It was found that after a sharp decrease in the initial phase
of the reverse movement of the probe, the lateral force is close to zero and the "probe-sample surface™ contact is
unloaded. Sharp changes in the lateral force are irreversible and are associated with the dissipative nature of the
sliding process.

6. It is shown that the atomic periodicity of the "sticking-sliding" effect can be explained by the model of
the formation and breaking of adhesive bonds. Old adhesive bonds behind the contact spot are broken, reducing
the resistance to the translational movement of the probe, and new ones arising in front of the contact spot capture
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it forward. This can be described by the model of "atoms-magnets", the system of which moves with a constant
horizontal speed and visualizes the atomic effect of "sticking-sliding™ at the macro level.

7. Adhesion effects play a significant role in nanotribology, as they determine the contact area and the
interaction of the samples with each other and with the probe in the mode of "input-withdrawal" of the probe and
measurement of "friction force-load force™ dependencies. It is shown that the parameters: shear stress and specific
work of adhesion can be used to substantiate the regularities of the "sticking-sliding" processes. The first parameter
is proportional to the critical lateral force, and the second is equal to the specific energy relative to a unit of contact
area. The work of adhesion is considered both for "dry" and "wet" friction. The Johnson-Kendel-Roberts theory
and the Deryagin-Mullier-Toporov theory were used to explain the elastic adhesive contacts for the residual
friction force and the probe separation force.

8. It is shown that there is a connection between the processes of friction and adhesion, which is due to the
internal molecular structure and frictional hysteresis is observed. The correlation between the macroscopic values
of the surface energy of materials and their shear modulus for homogeneous contacts, as well as between the
tangential stress and the specific work of adhesion was determined. The substantiation of adhesive effects and the
effect of "sticking-sliding" testify to the possibility of controlling the force of friction and creating conditions when
the force of friction is practically absent. This state is characterized by maximum wear resistance, and therefore
high reliability and maximum efficiency of tribocouplings of parts of machines and mechanisms.
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AyJin B.B., Tuxuii A.A., Ky3uk O.B., Jlucenko C.B., I'punbkiB A.B., ’Kunosa L.B., JiBinbkuii O.M.
OOrpyHTYBaHHS BIUIMBY 3aKOHOMIPHOCTEH NMPOTIKaHHS HAHOTPUOOJIOTIYHMX HPOLECIB B Marepianax CIpsKEHb
JieTaieil Ha ITiIBUIIEHHS] 3HOCOCTIMKOCTI, HalliltHOCTI Ta e)eKTUBHOCTI (PyHKLIOHYBaHHS MallWH | MEXaHI3MiB

B craTTi 3'1coBaHO CYTHICTP HAHOTPMOOJIOTIYHHMX TIPOLECIB B Marepiajiax CIpsDKEHb 3pa3KiB JeTajen
METOAAMH amlapary HMOBEPXHEBHX CHJI, CKAHYyI04Ol TYHEIFHOI Ta aTOMHOCHIIOBOI Mikpockormii. OOrpyHTyBaHHS
MeXaHi3MiB iX MPOTiKaHHS TaHO METOAAMH MOJICKYIISIPHOI TMHAMIKH Ta KIACHYHOI KOHTAKTHOI MEXaHIKH. YBary
HAJIaHO CYXOMY aAre3iifHoMy i 0€3KOHTaKTHOMY AWHAMIYHOMY TEPTIO CIPsDKEHUX 3pa3KiB, (PI3SMUHUM IIpoliecam
B TpHOOKOHTAKTaxX "TPIINIAHHA-KOB3aHH", anre3iiiHi edextu Ta iH. [IpoananizoBaHi BETUUNHH JIFOUNX HA 30H]T
JaTepalibHUX Ta HOPMAIBHHUX CHJI. 30H[ PO3IIISIANHN SK CYKYIHICTh TOYKOBHX YaCTHHOK 30CEPEIKECHOI MACH 3
MYJIETHaTOMHOIO CTPYKTYpPOIO Martepiaiy. KoHTaKT i pyX 30Hy 3 HOBEpXHEIO 3pa3ka po3IJIsiaii B cuCTeMi "30H1-
MOBEpXHs" 3 MIHIMAIBHOIO IOTEHLIANBEHOIO EHEPri€l0 Ta JaTepajbHOr0 HABAHTAXKCHHS 1 BpaxyBaHHIM
KOHCEPBaTHUBHHUX 1 AUCUIIATHBHUX CHIL

Edekr "npuimnanHs-koB3aHHS" OOIPYHTOBAHO 3a JOIOMOTOIO0 anapary HOBEPXHEBHX CHII. ATOMapHY
NepioANYHICTh epeKTy MOSICHEHO Ha OCHOBI MOJIEINI YTBOPEHHS 1 pO3PHBY a/re3iiHuX 3B'I3KIiB Ta MoJeNi ""aToMu-
marHiTh". [lokazaHo, 1110 3aKOHOMIPHOCTI NMPOTIKaHHS MPOLECIB "MPUIUIAHHI-KOB3aHHSI" MOXIJIMBO 3'ICyBaTH
BUKOPHUCTABIITH ITapaMeTPH HAIIPYKEHHS 3CYBY i MUTOMY POOOTY aaresii.

s IOsICHEeHHST TPYXXHMX aAre3ifHUX KOHTAaKTiB JOIUIBHO BUKOPHCTATH Teopiro JIxoHcoHa-Kennana-
Pobeprca, a ayst 3aMMIIKOBOT CHIIM TEPTS 1 CHIIH BiIPUBY 30HAY — Teopiro epsrina-Mymiepa-Tomnoposa.

[Toxa3zaHo, 10 iCHYy€ iCTOTHHIA 3B'I30K IMPOIIECiB TePTs i aare3ii. BusHaueHO KOpemsmiiHy 3aJIeKHICTD MiX
MaKpOCKOITIYHIM 3HAYCHHSIM ITOBEPXHEBOI €HEPril MaTepiaiiB i iX MOAYIIEM 3CYBY U OJHOPIAHUX KOHTAKTIB.

Ha ocHoBi aaresiiiHux edekTiB Ta eeKTy "IpUIUNaHHA-KOB3aHHS" MOXHA YNPABJISATH CHUIIAMH TEPTA 1
CTBOPIOBATH CIpPUATIMBI yMOBI iX BIICYTHOCTi, HIO Ja€ MiACTaBH OTPUMAaTH BHUCOKY 3HOCOCTIHKICTBb
TPUOOCTIPSKEHB JIeTalel, IX HaJiifHICTh Ta MaKCUMaIIbHY €()eKTHBHICTb (DYHKI[IOHYBaHHS MaIlInH i MEXaHi3MiB.

KarouboBi ciioBa: anresiiiHi edexTH, NpUIUIAHHA-KOB3aHHS, CIIPSHKEHI MOBEPXHI, JIaTepalibHI CHIIH,
TEPTs, 3HOCOCTINKICTh, HAMIWHICTD, CPEKTHBHICTb.
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Abstract

As a result of the studies, the regularities of the influence of vacuum thermocyclic nitriding in a pulsating
glow discharge plasma parameters on the microhardness, the diffusion saturation depth, the magnitude and
distribution of residual stresses in the hardened layers of steel surfaces are established. Based on the use of expert
assessment methods and the results of a series of screening experiments, optimization criteria (endurance limit and
corrosion resistance) and controlled factors for mathematical modeling of the formation of strengthened ion-
nitrated surface layers are determined. A mathematical model of the technology of the formation of reinforced
surfaces of the vacuum thermocyclic nitriding in a pulsating glow discharge plasma according to the criteria of
endurance and corrosion resistance is obtained. An analysis of the studies showed that there are no general
conclusions and recommendations on the selection of optimal technological parameters of the vacuum
thermocyclic nitriding in a pulsating glow discharge plasma that would be used for the practical application of this
technology. These circumstances confirm the need for further study of the vacuum thermocyclic nitriding in a
plasma of a pulsating glow discharge of vacuum thermocyclic nitriding in a pulsating glow discharge plasma
technology and the feasibility of its optimization.

Key words: vacuum thermocyclic nitriding, mathematical model, technological process, plasma,
pulsating glow discharge

Relevance of the research topic

Analysis of literary sources and recent research, as well as patent information search showed that the wide
use of vacuum thermocyclic nitriding technology in pulsating glow discharge plasma is limited by the lack of
research on the interrelationship of factors that determine the course of the process of vacuum thermocyclic
nitriding in pulsating glow discharge plasma and generalizing conclusions and recommendations for choosing
technological parameters of this technology. These circumstances confirm the relevance and necessity of studying
the process of vacuum thermocyclic nitriding in the plasma of a pulsating glow discharge.

Formulation of the problem

Most of the reasons for the destruction of structural elements of parts of machines and mechanisms are
related to their cyclic strength, namely thermomechanical fatigue, which is expressed in the gradual accumulation
of damage in the material under conditions of simultaneous exposure to variable loads, aggressive environment
and temperature. This leads to the appearance of a fatigue crack, its development and the final destruction of the
material. One of the important and promising directions in solving problems related to increasing the resistance to
thermomechanical fatigue of structural elements is the use of vacuum thermocyclic nitriding in the plasma of a
pulsating glow discharge. In order to effectively analyze the mechanism of phenomena and control the

Copyright © 2023 A. Rutkovskiy, O. Radko, Ye. Solovykh, S. Katerinich, A. Solovykh. This is an open access article distributed
w under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
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technological process of vacuum thermocyclic nitriding in the plasma of a pulsating glow discharge, it is necessary
to identify the interrelationship of the factors that determine the course of the process.

Analysis of recent research and publications

Based on the theory of thermocyclic fatigue and the phenomenon of anomalous mass transfer during
impulse impact at the Institut problem micnosti imeni G.S. Pisarenka of the National Academy of Sciences of
Ukraine developed the technology of accelerated nitriding in a glow discharge with a cyclic temperature change
due to the periodic supply of discharge voltage. The technology of ion-plasma thermocyclic nitriding is protected
by patents of Ukraine and has no analogues in domestic and international practice [1-4].

With the help of the technology of vacuum thermocyclic nitriding in the plasma of a pulsating glow
discharge, it is possible to process various parts. For example, crankshafts, sleeves of internal combustion engines,
gears of various modules, screws of extruders, shafts, stamps, molds, long parts with holes, etc. lon nitriding is
used for processing cast iron and various steels and alloys: structural and tool, martensitic aging, corrosion-
resistant, chromium and chromium-nickel steels of the ferritic and austenitic class, etc. A promising new
technology for strengthening titanium, refractory metals - niobium, molybdenum.

The new technology is synthesized on the basis of three theories, phenomena and effects: theory of
thermal fatigue; discrete-pulse input of energy in heat technologies; of the effect of anomalous mass transfer under
the action of impulse deformations. The effect of anomalous mass transfer is provided by thermal stresses arising
due to cyclical changes in process temperature. The theory of thermal fatigue determines the conditions for
obtaining values of thermal stresses sufficient to accelerate the diffusion of nitrogen into the metal, but safe so as
not to damage the product. The discrete-pulse input of energy provides an increase in the heating rate by 2...5
times, which allows to increase the thermal stress and, accordingly, the rate of nitrogen diffusion [1-4].

The technology of accelerated nitriding in a glow discharge with a cyclical change in temperature due to
the periodic supply of discharge voltage is based on the "three whales" - an effective solution to a complex of
interrelated scientific and methodological problems on the border of thermomechanics, metallophysics and
thermophysics [1-4]. The technology of vacuum thermocyclic nitriding in the plasma of a pulsating glow discharge
should be considered as an alternative to classical cementation followed by quenching. It should be emphasized
that the American standard ASTM A 706 limits and prohibits quenching and finishing machining due to technical
difficulties and increased cost. The new technology does not require finishing mechanical processing [1, 2, 4].

The main feature of the technology of vacuum thermocyclic nitriding in the plasma of a pulsating glow
discharge is the use of the effect of anomalous mass transfer of nitrogen in the surface of the processed part by
creating a field of thermal stresses in the surface layer due to the cyclic inclusion and exclusion of the glow
discharge. Taking into account the acceleration of mass transfer during thermal cycling due to the occurrence of
thermal stresses, it was decided to develop a chemical-thermal treatment technology based on the classical ion
nitriding technology, which works in isothermal mode all over the world. The technology of ionic nitriding is
attractive for improvement because the global trend is to reduce the duration of chemical-thermal treatment, which
is one of the most energy-intensive in mechanical engineering. Previous attempts to create a technology of
thermocyclic ion nitriding gave positive results. [1-4]:

The technology of vacuum thermocyclic nitriding in the plasma of a pulsating glow discharge does not
use furnace devices. Compared to furnace nitriding, ion nitriding has the following advantages [1-4]: it accelerates
diffusion processes by 0.5-2 times; allows obtaining a diffusion layer of adjustable composition and structure;
characterized by slight deformations of products and a high class of surface cleanliness; makes it possible to nitride
corrosion-resistant, heat-resistant and martensitic-aging steels without additional processing; significantly reduces
the total time of the process by reducing the time of heating and cooling the cage; has high efficiency, increases
the coefficient of electricity use, reduces the consumption of saturating gases; non-toxic and meets the
requirements for environmental protection.

Ammonia is used in the world practice of nitriding. The ecological advantage of the technology of vacuum
thermocyclic nitriding in the plasma of a pulsating glow discharge consists in the rejection of the use of ammonia.
Processing is carried out by a glow discharge in a mixture of argon and nitrogen. This also eliminates the negative
effect of hydrogen on the core of the part - hydrogen embrittlement and hydrogen corrosion. The replacement of
classical gas nitriding in an ammonia environment with the technology of vacuum thermocyclic nitriding in plasma
of a pulsating glow discharge in a mixture of nitrogen and argon provides a 10-fold reduction in the duration of
processing [1-4]. Unlike chemical-thermal treatment, the technology of vacuum thermocyclic nitriding in the
plasma of a pulsating glow discharge does not create continuous heating of the part, but provides heating of only
the surface layer to the depth necessary for its strengthening. Heating occurs due to the energy of the glow
discharge, so there is no need to use furnaces [1-4].

The difference between the technology of vacuum thermocyclic nitriding in the plasma of a pulsating
glow discharge and the classic technologies of chemical-thermal treatment, which use isothermal mode: the
process of chemical-thermal treatment is accelerated by 2...6 times; due to the absence of furnace devices and
thorough heating of the part, as well as due to pauses in the power supply during the half-cycle of part cooling, the
cyclic nature of the high-speed discrete energy input, the acceleration of diffusion processes, the processing time
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is reduced by 2-3 times, electricity costs are reduced, and the energy consumption of the technology is reduced by
10 times [ 1-4].

Thus, the cyclic nature of the heating of the product makes it possible to reduce the required power of
electrical power sources by 2-5 times, which refers the technology of vacuum thermocyclic nitriding in the plasma
of a pulsating glow discharge to the energy-saving category. The technology of vacuum thermocyclic nitriding in
the plasma of a pulsating glow discharge increases the hardness of the surface by 20%, does not change the shape
and dimensions of the part, as well as the roughness of the surface. Therefore, it is used as a finish, without final
mechanical processing. This greatly simplifies the technological process of production while increasing the
durability and wear resistance of the part by 4 times, the limits of multi-cycle fatigue by 25% [1-4].

One of the important and promising directions in solving problems related to increasing the resistance to
thermomechanical fatigue of structural elements is the use of vacuum thermocyclic nitriding in the plasma of a
pulsating glow discharge. However, the wide use of the technology of vacuum thermocyclic nitriding in the plasma
of a pulsating glow discharge is limited by the lack of determination of the relationship of the factors that determine
the course of the process of vacuum thermocyclic nitriding in the plasma of a pulsating glow discharge and the
lack of recommendations for the selection of technological parameters of vacuum thermocyclic nitriding in the
plasma of a pulsating glow discharge. These circumstances confirm the need for further study of the process of
vacuum thermocyclic nitriding in the plasma of a pulsating glow discharge.

The purpose of the article is to provide an analysis of the phenomena in the process of vacuum
thermocyclic nitriding in the plasma of a pulsating glow discharge and to determine the interrelationship of the
factors that determine the course of the process of vacuum thermocyclic nitriding in the plasma of a pulsating glow
discharge.

Presenting main material

The process of vacuum thermocyclic nitriding in the plasma of a pulsating glow discharge is implemented
in two stages: cleaning the surface of the ped by nitriding and nitriding itself. The technological process of vacuum
thermocyclic nitriding in the plasma of a pulsating glow discharge is reduced to the following operations [1-4]:

- degreasing of parts;

- installation of parts on the device, which at the same time should serve for local protection against
nitriding (cover the protective surface with a metal and dielectric screen). The gap between the part and the screen
is allowed no more than 0.3-0.5 mm;

- installation of parts, thermocouples and a witness to monitor nitriding results in the furnace chamber;

- cleaning the surface of the part by cathodic spraying for 15...40 minutes under a voltage of 800...1000
V at a pressure of about 133 Pa. Cathodic sputtering of the treated surface ensures heating of parts up to
300...400°C;

- reaching the specified nitriding temperature and exposure to obtain the desired thickness of the nitriding
layer (tables 1, 2). The pressure during nitrogen saturation is maintained in the range of 400...650 Pa, and the
operating voltage is 350...550 V;

- cooling of parts in the furnace chamber to 150...200°C at a pressure of 13.0...65 Pa. lasts 1.0...2.0

hours.
Table 1
The main parameters of the process of vacuum thermocyclic nitriding in the plasma
of a pulsating glow discharge of parts made of different steels
= Duration in hours to obtain a layer thickness, mm
8Y oo Hardness on
Steel brand g o &2 the surface,
S5 €| 0,15-0,2 | 0,2-0,25 | 0,25-0,3 | 0,3-0,35 | 0,35-0,4
2 HV
40Kh 520 | 1,2 4-5 7-9 9-12 12-15 15-18 500-550
40KhFA 520 1 4-5 6-8 9-12 15-18 - -
520 2 4-5 6-8 8-10 12-15 15-18 510-560
18KhGT 530 | 1,2 4-5 6-8 9-12 15-18 - 620-680
550 | 1,2 3-4 4-5 6-8 9-12 15-18 530-600
30Kh3MF | 530 | 1 4-5 6-8 9-12 15-18 - 700-760
530 2 4-5 5-7 6-8 9-12 15-18 -
38Kh2MYuA | 550 | 1,2 4-5 5-7 7-9 9-12 15-18 900-950

Samples made of 40Kh13 steel with a size of 30x30 mm and a thickness of 10 mm were used in the
experimental studies. The gas mode of nitriding (Table 2) provides uniform hardening of the surfaces of the
samples (uniform thickness of the diffusion layer). Technological parameters of the formation of reinforced layers:
temperature of thermocycling - 550 + 30°C; pressure — 25 ... 150 Pa; processing time - 10 hours; the ratio of
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reaction gases is 80% Ar + 20% N.. With the help of the proposed technology, it is possible to process various
parts. For example, crankshafts, sleeves of internal combustion engines, gears of various modules, screws of
extruders, shafts, stamps, molds, long parts with holes, etc. lon nitriding is used for processing cast iron and various
steels and alloys: structural and tool, martensitic aging, corrosion-resistant, chromium and chromium-nickel steels
of the ferritic and austenitic class, etc. A promising new technology for strengthening titanium, refractory metals
- niobium, molybdenum.

Analysis of literary sources and recent research, as well as patent information search [1-4] shows that the
wide use of vacuum thermocyclic nitriding technology in the plasma of a pulsating glow discharge is limited by
the lack of research on the relationship of factors that determine the course of the process of vacuum thermocyclic
nitriding in the plasma of a pulsating glow discharge discharge and generalizing conclusions and recommendations
on the selection of technological parameters of this technology. These circumstances confirm the relevance and
necessity of studying the process of vacuum thermocyclic nitriding in the plasma of a pulsating glow discharge.

A significant number of technological parameters of the process of vacuum thermocyclic nitriding in the
plasma of a pulsating glow discharge in combination with a wide range of materials from which the strengthened
surface layer is formed give technologists a wide range of alternative options. In such a situation, the effectiveness
of the decisions taken will depend on the availability of the necessary criteria for assessing the performance of the
structural material under the specified operating conditions. For the successful development of a technological
process, the strengthened surface layer must have a physical meaning and sufficiently characterize the process of
vacuum thermocyclic nitriding in the plasma of a pulsating glow discharge [1-5].

Table 2
The main technological parameters of the nitriding process of parts made of various steels
c q;; Y= M L % 1%}
o o > 17,
% g S § g g -E © é
S<c| 5 f= E 3 Sa S E
ModeNo | B E| & o 8§ s £ == s =
processing | £ ¢ | S g g |25 | 28 S 5
SE| < 5 9 g | 2 ES | 22
a= | 8 S 8 = g = 3~
£ |8 EE= 2 | % £ =
° |é& i c & 13 |°
0, 0
1 180 | 125 | 90%N: 5+ /5 A{‘;QHS * | 773 | 788 | 3700 | 288
0.
2 150 | 200 95%N2+ 5%CsHa 873 | 7255 | 10062 | 125
0, V)
3 210 | 75 | 89 A’Nzlg(; ﬁ%HB * | 673 |8505| 9955 | 286
0
0, V)
4 150 | 175 | 89 A’Nzlg(; ﬁ%HB * | 873 |s192]| 8175 | 215
0
0, V)
5 210 | s0 | 90%N, ; /5 K;C’HB * 773 | 6943 | 10590 | 142
0.
0, V)
6 180 | 100 | 90%N: ; /5 [(‘;CBHB * | 673 |ss18| s270 | 253
0.
7 240 | 225 95%Na- 5%CaHs 773 | 7568 | 8985 | 208
0, 0,
8 90 | 250 | &0 /"Nzlg(; 2’531{8 * | 673 | 7000 | 9100 | 267
0
9 180 | 125 95%6N+ 5%C.Hs 873 | 8349 | 8945 | 181
0, 0,
10 150 | 50 | 89 /"NZI;S /X?H*‘ Yo 773 | 7724 | 10235 | 179
0
0, 0, 0,
11 210 | 175 | 0%N2+5 /f’FC3H8 5% | 673 | 8973 | 8144 | 312
12 150 | 100 95%Na+ 5%CsHa 873 | 8036 | 8335 | 228
0, 0
13 210 | 225 | &0 /"Nzl ;; j:?“s * | 673 |6786| 10835 | 267
0
14 180 | 150 95%Na+ 5%CsHa 773 | 866 | 884l | 215
0, o 0,
15 240 | 25 | 90%N2+5 /f’FC3H8 5% | g7z | 741 | o150 | 101
0, 0,
16 9 | 150 | 0% stj/s A/"FCSHB * | 673 | 780 | 8659 | 212
0

When strengthening the surfaces of structural elements, the term structural or structural strength of metals
is widely used [6-8]. The concept of structural strength includes a number of parameters or indicators that
characterize not only the strength of structural elements, but also their durability (resource), bearing capacity, and
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most importantly, reliability. The indicators of structural strength of elements include strength under various types
of load at low and high temperatures, under the influence of the surrounding environment (corrosive-erosive, etc.)
[6-8]. By using the technological process of the reinforced surface layer, which affects the quality of the surface
layer, it is possible to control the values of the parameters of the structural strength of the materials. Evaluating
the operating conditions of the most heavily loaded structural elements, the simultaneous influence of dynamic
loads, elevated temperatures, and a corrosive environment was established. Among dynamic loads, cyclic loads
are of particular interest. With systematic repetition of loading and unloading, defects in the material structure
accumulate, which leads to the appearance of microscopic cracks, the combination of which causes fatigue failure.
It is possible to establish the maximum cyclic load at which the material does not collapse with the help of
thermomechanical high-frequency fatigue tests, namely, if it is necessary to determine the value of the endurance
limit of the strengthened structural material. Corrosion damage significantly reduces the mechanical properties of
the structural material. Thus, it is advisable to study the endurance limit and corrosion resistance, which is
characterized by a specific increase in mass, as a surface with a strengthened surface layer.

To study the hardening process, the parameters that most affect the endurance limit and corrosion
resistance of hardened surface layers were determined: time of diffusion saturation, pressure and composition of
the reaction gas, temperature of the diffusion saturation process, and operating temperature (Table 3). It should be
noted that the values of such parameters as the pressure and temperature of the reaction gas given in the table
during the process of the strengthened surface layer are not constant: the pressure of the reaction gas changes
periodically (with a period of 15...30 min.), and the temperature fluctuates in within 25...35°C.

Table 3
Nitriding process parameters affecting the quality of parts surfaces
Ne Parameters Value
1 Diffusion saturation time, min. 90...240 (kpok 30)
2 Reaction gas pressure, Pa 25...250 (xpok 25)
3 Gas temperature, °K 673...873 (kpok 100)
4 The composition of the reaction gas 1) 90%N, + 5%C3Hsg + 5% Ar;
2) 95%Ny+ 5%CsHs:
3) 80%N; + 5%CsHg + 15% Ar
5 Operating temperature, °K 663..913

Studies of the microhardness of the surface layers after the strengthened surface layer revealed an increase
in its values to 11250 MPa (Table 4.) and a gradual decrease to 4200 MPa at a depth of up to 310 microns.

Table 4
Microhardness of the surface layers of the sample after nitriding
Mode No Microhardness of the surface layer, MPa
processing
without pulsating glow discharge with a pulsating glow discharge
0 3100 3700
1 9032 10062
2 8164 9955
3 7414 8175
4 8614 10590
5 8047 8270
6 8089 8985
7 8154 9100
8 7534 8945
9 9111 10235
10 9904 8144
11 7040 8335
12 9898 10835
13 7950 8841
14 8061 9150
15 7769 8659
16 7179 8663
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Processing modes are presented in Tables 2 and 3. From the analysis of the results given in Table 4, it is
clear that nitriding in a pulsating glow discharge contributes to an increase in the microhardness and depth of
hardening of the treated surface layers. In any case, such values of the microhardness of the samples are 2.5...3.0
times higher than those without the influence of a pulsating glow discharge and 1.5 times higher than those of the
samples after gas nitriding (90%N2+10%Ar; T=600°C; 1=4.0 h).

The analysis of the data in Table 4 allows us to conclude that there are some ranges of nitriding
temperature and reaction gas pressure, at which the microhardness of the surface layers reaches its maximum
values: for nitriding temperature, this range is within 550...600 °C, for gas pressure - in between 200...230 Pa. As
the time of diffusion saturation increases, the microhardness of the surface layer decreases, and more intensively
- after 2 hours of treatment. With regard to the effect on the microhardness of the composition of the reaction gas,
it was established that it acquires maximum values when using a mixture of 90%Nx+ 5%C3Hs + 5%Ar, and
minimum values - when using a mixture of 80%N, + 5%CsHs + 15%Ar.

As a result of conducting research on the anti-corrosion ability of ion-nitrogenized steel samples, an
increase in corrosion resistance by 1.7...3.1 times was found (Table 5). This is of particular interest when the
benefits of nitriding are also aimed at increasing fatigue strength. Processing modes of the reinforced surface layer
for the data of Table 5 are presented in Table 2.

To determine the fatigue resistance, at least 10-15 samples strengthened by vacuum thermocyclic nitriding
in the plasma of a pulsating glow discharge were studied. Each sample was brought to failure, while the amplitude
of oscillation of the sample and the frequency of loading were kept constant during the entire time of the study
almost until its failure. Fatigue test base N=107 load cycles. During the fatigue test at elevated temperatures, the
sample was heated to the specified temperature before loading and kept in the heating chamber for an additional
30 min. The moment of the beginning of the destruction of the sample was determined by the drop in the resonance
frequency of its oscillations by 10...15 Hz. The quantitative characteristics of fatigue are influenced by the
temperature of the surrounding environment. As the test temperature increases, starting from 500 °C, the endurance
limit decreases.

Table 5
Results of corrosion resistance research of nitrided samples

Mode No Specific mass increase of sample A, after 10 hours of testing
processing | Without pulsating glow discharge | | uh o oulsating glow discharge

0 0,58 0,40

L 0.17 012

2 022 018

3 0,19 017

4 017 015

5 0,20 0,18

6 0,20 0.19

! 0,21 0.18

8 0,19 0.16

9 0,16 0,14

10 018 0,18

1 021 0,20

12 0,16 0,14

13 0,19 0.16

14 0,18 0,15

15 0,20 0,20

16 0,21 0,18

Diffusion processes on the surface of the sample are activated under the non-additive influence of
temperature and the external environment, which leads to the appearance of microscopic surface cracks, which are
the beginning of fatigue failure. Fatigue resistance is influenced by both the number of load cycles and the time
the sample is exposed to high temperatures under conditions of cyclic loading. Vacuum thermocyclic nitriding in
the plasma of a pulsating glow discharge limits the speed of diffusion processes, which has a significant effect on
increasing the endurance limit. Thanks to the technological process of vacuum thermocyclic nitriding in the plasma
of a pulsating glow discharge, it was possible to increase the endurance limit of samples by 15...20% with an
increase in the number of cycles to destruction in the languages of simultaneous action of cyclic loads and
temperature.
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On the basis of the conducted experimental studies, it was established that the main mechanisms of
increasing the endurance limit of materials due to the application of the technological process of diffusion
saturation of the surface with nitrogen in a pulsating glow discharge in the thermocyclic mode are: strengthening
of surface layers; creation of a favorable scheme of residual stresses; change in patterns of deformation of surface
layers; change in chemical and adhesive properties of the surface. The relatively small depth of penetration of
nitrogen ions cannot be considered as a factor limiting the possibilities of this type of treatment to increase the
endurance limit, because the implementation of treatment modes is related to the modification of submicron-thick
surface layers. In addition, it was experimentally established that layers whose thickness is several times greater
than the ion-nitrogenized region can have an increased endurance limit.

The strengthening of the surface layers occurs according to the following mechanisms, the contribution
of which depends on various factors (temperature and grade of the material being processed, parameters of the
technological process, etc.): the formation of structures with strengthening phases (nitrides, carbonitrides, etc.),
which cause dispersion hardening; deformation hardening during plastic change of the shape of the ion-nitrogen
layer; strengthening due to the formation of solid solutions, which create an energy barrier and make it difficult to
move dislocations; decrease in grain size, which leads to an increase in the area of grain boundaries and hinders
the movement of dislocations.

As you know, the greatest danger from the point of view of ensuring a high level of the endurance limit
of materials is represented by residual tensile stresses. They contribute to the development of near-surface cracks,
the penetration of molecules of the external environment into the origins of microcracks and accelerate the
diffusion of impurity atoms. In the conditions of multi-cycle fatigue, the residual compressive stresses that occur
during the diffusion of nitrogen into the surface layers acquire great importance. In the case of diffuse saturation
of the surface with nitrogen in a glow discharge, a nitrogen atom embedded in the matrix pushes neighboring
atoms apart, creating residual compressive stresses. These stresses effectively protect the surface from destruction.

lonic nitriding treatment significantly affects the chemical and adhesive properties of the surface of
hardened materials. The formation of chemical compounds in steels and alloys due to the introduction of nitrogen
or an increase in its concentration limit changes the speed of chemical reactions and the kinetics of the growth of
oxide films, increases their adhesion to the base. This leads to a decrease in the intensity of the formation of
adhesion knots and contributes to the improvement of the mechanical properties of materials.

Conclusions

The analysis of literary sources and recent studies showed that the wide use of the technology of vacuum
thermocyclic nitriding in plasma of a pulsating glow discharge is limited by the lack of research on the relationship
of factors that determine the course of the process of vacuum thermocyclic nitriding in a plasma of a pulsating
glow discharge and general conclusions and recommendations for the selection of technological parameters of this
technologies.

Based on studies of the influence of the stress state and mechanical properties on the strength
characteristics, a mechanism for increasing the endurance limit of ion-nitrogenized surface layers has been
established. On the basis of the analysis of the stress-strain state, it is possible to predict the characteristics of
cyclic strength, which allows controlling the regimes of vacuum thermocyclic nitriding in the plasma of a pulsating
glow discharge within wide limits.

As a result of the conducted research, the regularities of the influence of the parameters of the
technological process of vacuum thermocyclic nitriding in the plasma of a pulsating glow discharge on
microhardness, the depth of diffusion saturation, the magnitude and distribution of residual stresses in the
strengthened layers of steel surfaces have been established. It is shown that:

- to obtain the maximum microhardness of the surface layer, which reaches 7600 MPa, the reaction gas
pressure must be within 200...250 Pa, the diffusion saturation time - 90...150 min.; process temperature --
500...600°C;

- to obtain the maximum thickness of the diffusion layer of 150...305 um, the pressure of the reaction gas
must be within 200...250 Pa, the diffusion saturation time - 180...240 min.; process temperature - 550.. .600°C;

- residual compressive stresses of the order of 445...950 MPa occur in the ion-nitrogenized layers, the
level and distribution of which depend on the technological parameters of the process of vacuum thermocyclic
nitriding in the plasma of a pulsating glow discharge and on the preliminary heat treatment.

As a result of conducting research on the properties of the surface layers of samples strengthened by
nitriding, it was established that, thanks to the use of vacuum thermocyclic nitriding in the plasma of a pulsating
glow discharge, the corrosion resistance increases by 3.1 times, and the endurance limit of steel structures at
temperatures up to 640°C increases by 15...20%.
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PyrkoBcbkmii A.B., Pagpko O.B., ConoBux €.K., Katepunanu C.€., ComoBux A.€. JJocnimkeHns
MPOIIECY BAKYYMHOTO TEPMOIMKIIIYHOTO a30TYBAHHS Y IUIa3Mi MyJIbCYHOYOTOTIIIFOYOTO PO3PSITY.

OpfHUM 13 BaXJIMBUX Ta MEPCIEKTHBHUX HANpsSMKIB y BUPIIICHHI 3ajad IOJO MiJABUIIEHHS OIOpY
TEPMOMEXaHIYHIM BTOMI eIeMEeHTiB KOHCTPYKIIH € BUKOPHCTaHHSA BaKYyMHOTO TEPMOIMKIIYHOTO a30TYBaHHS Y
IUTa3Mi MyJBCYIOUOTO TII0U0TO po3psamy. Lnpoke BUKOPUCTaHHS TEXHOJIOTII BaKyyMHOTO TEPMOIUKIIYHOTO
A30TyBaHHA y IUIa3Mi IIYJIBCYIOYOTO TIHIOYOTO PO3PSAAY OOMEKEHO BiJICYTHICTIO BH3HAYEHHS B3a€MO3B'S3KY
(hakTOpiB, IO BU3HAYAIOTH XiJl MPOIECY BAKYyMHOTO TEPMOIMKIIYHOTO a30TYBaHHS Y IUIa3Mi IYJIbCYIOUOTO
TIIFOYOTO PO3PALY Ta BiICYTHICTIO pEeKOMEHAIIIH 10 BUOOPY ONITUMATFHIX TEXHOJOTIYHUX ITapaMeTpiB IPOIECy,
i obcraBuHM MHiATBEPHKYIOTh HEOOXiTHICTH MOJANBIIOTO BUBYCHHS IMPOIECY BaKYyMHOTO TEPMOIHKIITHOTO
a30TyBaHHA y IIa3Mi MYJIbCYIOYOT'0 TII0YOTO PO3PSIY.

VY pe3ynbTaTi NPOBEAECHHUX JOCIIKEHb BCTAHOBJIEHO 3aKOHOMIPHOCTI BIUIMBY ITapaMeTpiB BaKyyMHOTO
TEPMOLMKIIIYHOTO a30TYBaHHA y IUIa3Mi IIyJIbCYIOUOrO TIIIOYOTO PpO3psAAYy Ha MIKPOTBEPIICTh, TIMOMHY
Judy3iifHOrO HacWUYEHHS, BEJIMYUHY Ta PO3IMOJALT 3aJMIIKOBUX HANpPyKeHb y 3MIIHEHHX IIapax CTajeBUX
MOBEpXOHb. Ha mincraBi BUKOPUCTaHHS pe3yJIbTaTiB eKCIIEPUMEHTIB BU3HAYSHO MEKY BUTPHBAIIOCTI 1 KOPO3iHHY
CTIMKICTh 3MII[HCHMX IOHHO a30TOBAaHMX IIOBEPXHECBUX IIApiB. Y pe3yinbTaTi NPOBEICHHS JOCIIIKCHb
BJIACTHBOCTEH MOBEPXHEBHX IIapiB 3pa3KiB, 3MIITHEHUX a30TYBAHHSIM, BCTAHOBJICHO: 10 3aBASKH BUKOPHUCTAHHIO
BaKyyMHOT'O TEPMOLMKJIIYHOTO a30TYBaHHS y IUIa3Mi MyJIbCYIOYOTO TIIOUOTO pO3psity, TOBIIMHA Nudy3iiHOTO
mrapy cknagae 40...300 MKkM; MIKpOTBEpIICTh MMOBEPXHEBOTO MIapy mocsrae 7600 MIla; BHHUKAIOTh 3aJIMIIKOBI
HaNpY>KeHHS CTUCKY Topsiaky 445...950 MIla, koposiifiHa cTidKicTh migBuIIyeTscs y 3,1 pasm, a. Mexa
BUTPHBAJIOCTI CTAJIEBUX KOHCTPYKIIN npu TeMneparypax 1o 640 °C migBuinyerses Ha 15...20%.

KirouoBi cioBa: BakyyMHE TEPMOIMKIIYHE a30TyBaHHS, MaTeMaTHYHAa MOJCIb, TEXHOJOTTUHHIA
mpoIiec, miasMa, MyIbCYUnN TIHIOYHNA PO3PSLT



