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Abstract

Lifetime improvement of contact brush units of automotive power machines is suggested. Particularities of
mass transfer of aluminium electrode on copper substrate is researched. The structure of aluminium electrospark
coating on copper substrate is investigated. The fine dispersed eutectic structure with copper-aluminium solid
solutions of electrospark coating is detected. This structure is suitable for good coating conductance and well
coating adhesion for high speed application under electric current like a contact brush unit of alternators or
commutator unit of power starters.

Keywords: AC power machines, alternator, vehicle starter, contact brush unit.

Introduction and review of publications

The automotive electric equipment involves the electric machines (starter, alternator) incorporating the
brush unit and hybrid drive vehicles as well. It has the friction joint of conducting copper and graphite brush. Work
efficiency and lifetime of these machines strongly depend on the contact quality and general state of this friction
joint. Wear products of graphite and copper results in short-circuiting of the starter plated commutator or alternator
slip ring thus reducing its performance during the ICE start procedure and battery recharge process. So the wear
resistnce of these elements is of great importance for proper brush adlining and power power transfer through it as
well.

Great interest rose in develpment and improvement of electric equipment parts made of copper and
aluminium. These two metals are used in power equipment, and their chemical interaction is very interested for
development of superficial strengthening technique.

Thus in the research [1] the paper presents a study of surface layers produced by electrospark
deposition(ESD) using copper electrode on aluminium. The layers were investigated with metallographic methods.
Microscopic examination was carried out to examine the structure of formed layers. Image analysis methods were
used to observe the cross-section of the layer. For diffusion observations, ESD analyzes were performed on the
cross-section of the produced layer. Scanning electron microscope (SEM) and energy-dispersive X-ray
spectroscopy (EDX) analysis was conducted to characterize the microstructure and composition of the coating.
Also the tribological tests were made on the T-01 M type Ball-on-Disk testing machine. The research carried out
for a sliding distance of 1000 m with load 10 N. The results of investigations showed that there is a possibility of
obtaining the satisfying quality superficial layer on the aluminum using copper electrode. So these elements are
siutable for electrospark coatings of good wear resistance.

The publicaion [2] is about good adhesion of copper to aluminium under electrospark alloying. So, there
replacement of ferrous metals with lighter non-ferrous ones, in particular with aluminum and its alloys, is of great
importance for reducing the specific material consumption of products. Modification of aluminum alloy D16 with
combined electro spark coating VK8 + Cu is considered. Based on the method of finite element analysis of the
Nastran software complex, an optimal coating continuity was determined at the level of 55-65%, which provides
efficient workability of the coating via reducing the residual stresses in the base and tangent stresses in the plane
of adhesive contact, optimization of the coating continuity, distribution of contact loads, and formation of optimal
surface geometry. The results of modeling the stress-strain state of the coating-base at a coating continuity of 60%
and a normal load of 600 N indicate a 30 MPa increase in equivalent stresses in a unit element of the coating and
a decrease of this parameter by 100 MPa in the base as compared with an unmodified D16 surface, indicating the

Copyright © 2025 A.H. Dovhal, O.M. Biliakovych, L.B. Pryimak. This is an open access article distributed under the Creative
@m Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
E original work is properly cited.
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localization of normal stresses mainly in the combined coating. It was experimentally established that at a
combined coating continuity of 60%, reduction of D16 wear by 2 times and decrease in the average power of
acoustic emission by 1.33 times are provided, which testifies to the efficient structural adaptability of the coating-
base under friction. The mechanisms of increasing the wear resistance of the VK8+Cu coating according to the
rheological-kinetic model, which reflects the correlation between processes of fracture and deformation under
friction, are considered. It is determined that the high wear resistance of the combined coating is due to the
combination of rheological properties of hard alloy VK8 with a fracture toughness of 13.2 MPa-m'? and plastic
copper material with a fracture toughness of 100 MPa-m"?, which contributes to the efficient relaxation of stresses
under friction. So, this research additionally proves good adhesion of discrete electrospark coating of copper to
aluminium alloy.

Antifriction alloys are also friendly for coper structure as ststed in article [3]. The running-in coatings on
the surface of tin bronze that was formed by electro spark alloying (ESA) applying the antifriction material of
silver, copper, Babbitt B83 and graphene oxide (GO). The analysis of deposition on mass transfer, roughness,
thickness and tribological properties of the running-in coatings were investigated by electronic scales, 3D optical
profilometers, scanning electron microscopy (SEM), energy dispersion spectrum (EDS), metallographic
microscopy and tribometer. The results show that the running-in coatings are dense, grains refined, uniformly
distributed and metallurgical fusion with the substrate. The test results of different running-in coatings were
summarized and analyzed, and the best industrial application scheme is determined. The base material, coating
material, processing technology and coating technology of bearing bush which affect the product quality are
analyzed. A new environmental protection technology of constructing running-in coatings of tin bronze bearing
bush is put forward, and the technical design, manufacture, processing, installation and trial operation are described
in detail. The industrial application adopts a new electro spark alloying of running-in coating technology on the
tin bronze bearing Bush to realize the advantages of good surface comprehensive performance, excellent
antifriction performance, strong fatigue resistance, high reliability, good durability. So, the running-in coating can
be formed on the surface for better contact properties.

Good adhesion ability of copper bond to Ti and Mo during electrospark alloying is stated in work [4]. The
article focuses on the laser treatment impact on strength of electric-spark deposited coatings. The coating
microstructure, microhardness, and corrosion resistance are analyzed to evaluate the coating properties.
Experiments have been carried out with Mo and Ti coatings deposited onto the substrate of steel 45 followed with
a laser fusion treatment carried out in BLS 720 installation with neodymium (ND) glass. So, the electrospark
copper coating can be easily mixed with different metal additives for structural improvement.

The structural phase content of copper electrospark coatings was comprehensively studied in research [5].
Antifriction materials, such as silver, copper, Babbitt B§3, and graphene oxide (GO), were used to prepare running-
in coatings on the surface of bronze QSn10-1 by electro-spark deposition (ESD). The analyses of mass transfer,
roughness, thickness, morphology, composition, nanoindentation, and tribological properties of the coatings were
investigated. The results showed that the running-in coatings were dense with refined grains that were uniformly
distributed and in a metallurgical bond state with the tin bronze substrate. At optimum process parameters, the
mass transfer was 244.2 mg, the surface roughness was 15.9 um, and the thickness of the layers was 160 um. The
diffraction peaks clearly indicated the phases corresponding to a-Sn, SbSn, CusSns, and Cu, and a phase of AgszSn
appeared. The modulus and the hardness of the running-in coatings were 24.9% and 14.2% of the substrate, and
the deformation ratio of the coatings was 10.2% higher than that of the substrate. The friction coefficient of the
running-in coatings was about 0.210 after the running-in stage, which was 64.8% of that of the substrate (0.324).
The main wear mechanism of the running-in coatings under optimal process parameters is plastic deformation,
scratching, and slight polishing. The running-in coating deformation under the action of high specific loads
provides the automatic adjustment of parts and compensation for manufacturing errors. So these coatings will
work in the antifriction range.

Copper and aluminium electrospark interaction was comprehensively studied in paper [6]. There the layer-by-
layer electrospark deposition of Cu, In, Pb, Cd, and Sn group metals and Ti, V, and W metals, as well as their
carbides and hard metals of WC type, onto metallic surfaces is studied. This technique improves the quality and
wear resistance of the surface layer compared to coatings without a sublayer. The sintered electrode materials
containing 1030 wt.% of the ( NiCrSiB)— WC6 alloy allow electrospark coatings with thickness up to 100 um and
microhardness 12.3—14.2 GPa to be formed. The wear resistance and service life of these coatings are substantially
higher than of those made of standard hard metal WC6. Among the NiCrAl alloys, the best effectiveness in worn-
part recovery is shown by the alloy from the ternary eutectic region (50.3 wt.% Ni, 40.2 wt.% Cr, 9.5 wt.% Al),
which may provide coating thickness up to 1.0 mm. The novel coating technique and proposed electrode materials
increase the resistance of cutting tools and life of equipment parts. So good electrospark adhesion of copper and
aluminium additives can improve even hard loaded cutting tools.

The copper alloy electrospark coatings were investigated in reserch[7]. There was specified about that electro-
spark deposition (ESD) technology is a new method for repairing and strengthening the surface of metal materials.
This method has the advantages of simple equipment, convenient operation and wide application range. The
alloyed coating has higher wear resistance, good corrosion resistance, excellent friction performance and other
special properties, so it has better practical value and wide application prospect. The paper introduces the
characteristics and principle of electro-spark deposition technology, analyzes the research status of this technology
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and points out the future development direction of this technology. And there the wear scars of the tin bronze
substrate after tribological testing were investigated by scanning electronic microscopy.

Even small content of aluminium provides strong adhesion of electrospark copper coating to titanium, as stated
in scientific work [8]. Nowadays, copper-titanium coatings have invited extensive attention of researchers in the
surface modification of industrial and biomedical materials due to their excellent mechanical properties and
biocompatibility. For the first time, the electrospark deposition technique was used for Cu-Ti coatings deposition
on the TisAl4V alloy by processing in a mixture of copper and titanium granules at a copper concentration from
10 to 90 at.%. It is revealed that both cathode mass gain and coatings thickness rise with the copper concentration
increase in the mixture of granules. According to EDS analysis, the copper concentration in the coating linearly
grew with a growth of its content in the granule mixture. According to the data of X-ray analysis, intermetallic
compounds were found in the structure of the coatings: CuTis, CuTi, CusTis, and CusTi. The detected phases
provide the coating microhardness up to 6.7 GPa. Polarization tests in 3.5% NaCl solution showed corrosion
resistance growth with a copper content decrease in Cu-Ti coatings. The oxidation resistance at a temperature of
900 °C grows with an increasing copper concentration in the coating structure. Cu-enriched sublayer is formed on
upper layers of TisAlsV alloy after Cu-Ti coating oxidation at 900 °C. The wear rate of the coated samples as a
function of copper concentration had the form of a parabola with a minimum for the coating made in an equimolar
mixture of copper and titanium. The use of electrospark Cu-Ti coatings makes it possible to increase the wear
resistance of the TisAl4V alloy surface up to 11 times.

Copper can be used as sublayer or additive for electrospark deposition of refractory compounds, as stated in
paper [9]. In order to improve the lifespan of spot-welding electrodes used for welding zinc coated steel sheets,
titanium diboride was deposited onto their surface after precoating nickel as an intermediate layer. The
microstructures and phase compositions of TiB, and Ni coatings were characterized by SEM and XRD. The
coating hardness was measured using a microhardness tester. The results indicate that a satisfactory TiB, coating
is obtained as a result of the intermediate nickel layer acting as a good binder between the TiB, coating and the
copper alloy substrate. Owing to its capacity of deforming, the precoated nickel layer is dense and crack free, while
cracks and pores are observed in the TiB, coating. The hardness of the TiB,/Ni coating decreases with the increase
of voltage and capacitance because of the diffusion of copper and nickel and the oxidation of the coating materials.
Because of the good thermal and electrical conductivities and high hardness properties of TiB,, the deformation
of the electrode with TiB»/Ni coating is reduced and its spot-welding life is by far prolonged than that of the
uncoated one. So the adhesion of electrospark copper additives is sufficient for different applications.

Formerly the electrospark coating on aluminium substrate were reserched [10]. The problems of resource
extension and recovery of the piston—cylinder parts of internal combustion engines are considered. A method for
modelling working conditions of pair ‘groove-ring’ of motors is developed, and durability of aluminium Al-25
alloy with electrospark coatings of different composition paired with a chromium alloyed steel under high-
temperature fretting process is carried out. Optimum modes of hardening treatment for piston ring grooves of
pistons of internal combustion engines are determined. But the mass transfer during electrospark alloying is about
possibility of creation of aluminium coating on copper substrate.

Problem statement and objective

Thus present objective of this study is development of strengthening technique of friction joint of brush
unit “copper-graphite” under working current flow and technique. Namely this paper is dedicated for research of
coating structure.

Methods

For experimental purposes the samples of M1E electric conductive copper (content: 99,96% Cu, 0,002 Ni,
0,005 Fe, 0,004 S, 0,002 Sn, 0,005 Pb, 0,004 Zn, 0,002 Sb — initial structure of which is indicated on fig. 1.) were
fabricated in dimensions of hole disks 16xX6x2,5 mm in order to provide the least friction contact area for
experiment acceleration.

WD=13.7mm
a b
Fig. 1. SEM images of initial structure of electric conductive copper M1E: a) under 300 electronic zoom; b) under
1000 electronic zoom
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As the friction counterbody the conventional alternator brush made of graphite I'3-1, (contains 0.05% Cu,
ash content 10-14 %) was used. Copper samples were strengthened by electro-spark alloying on unit ALIER-52
on 6-7 modes by aluminum electrode made of rod aluminum (AJI31E (1310E, 6101) containing 97.68% Al, 0,5
% Fe, 0,7% Si, 0,03% Mn, 0,03% Cr, 0,1% Cu, 0,06% B, 0,8% Mg, 0,1% Zn. The 6 mode of ALIER-52 installation
provides the following electrospark alloying descriptions: impulse duration was 700 microseconds, amplitude
value of current impulse was 200 A; the impulse energy was 2,52 Joiles; coating thickness was 0,3 mm. On the 7%
mode the coating appears to be overburnt and dirty by soot and ash, and thus extremely porous. At that the electrode
weight change Aa and cathode specimen of 1 cm? area weight change Ac were continuously monitored in a 1
minute period. According to aquired data the kinetic diagrams of electrode weight change was plotted. However
the kinetic volume diagrams are more informative, so as the density of copper is twice bigger than aluminium one,
so the kinetic volume diagrams were used for coating formation analysis (fig. 2. a). Mass transfer factor (Kt =
(X Ac /Y Aa)-100%) was calculated as well (fig. 2. b).

Main results

The coating formation kinetics is on fig. 2. This diagram is about that the aluminium electrospark coating
is deposited on the 6" mode of installation only in first two minutes (fig. 2., a) than tha mass transfer is changing
into reverse direction - the copper is transferred on aluminium electrode, so the copper substrate errosion takes
place. Mass transfer factor during this time is about 200% (fig. 2. b).

Volume Change Kinetics of Al/ Cu 250

200 +

K, %

150 +

100 + 4

50 1

i Cathode [Cu] = Anode [All 0 t | }
-600 0 2 4 6 8
t, min t, min
a b
Fig. 2. The volume change Kinetics (a) and mass trenasfer factor (b) of aluminium electrospark coating on copper
surface

On preliminary cleaned surface from oxides the electrospark coating has been deposited of thickness 150
micrometers per one cycle of electrospark alloying. Its total thickness is indicated on fig. 3. It is the modified
superficial layer of 2-3 milimeters thick.

The coating structure is the matrix with black inclusions of copper oxide and aluminium oxide which will
probably weaken the coating strength and worsen its electric conductivity (fig. 3.).

Fig. 3. SEM image of electrospark coating on the electric conductive copper by aluminium electrode under 25
zoom

The strengthening phase (matrix) in copper is the gamma-phase solid solution of aluminum in copper. It is well
conductive for current and heat from the surface. Enriching the superficial content of aluminum the delta-phase
solid solution of aluminum in copper, which hardness and melting temperature is less and bigger conductivity
close to aluminum. Profound electronic microscopic research and X-ray phase research detected these two solid
solutions (gamma — is dark grey and delta — is light grey) create the eutectic structure under electrospark fusion as
indicated on fig. 4. The black dots on all structures (fig. 1., 3.-4.) are the carbon containing contaminations not
relating to research procedure. It was only the lack of samples fabrication.
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Fig. 4. SEM electronic images of matrix structure of electrospark coating on copper substrate by aluminium
electrode: a) under 600 zoom; b) under 1000 zoom

The coated and uncoated samples were tested on the friction test bench M-22TIB under “pin-on-shaft”
layout. Conventional vehicle alternator brush unit has been used in a friction test bench, so the load was equal to
brush spring force. Friction speed was about 1,5-2 m/s that complies the test bench shaft rotation speed about
2000-2400 rpm. In order to simulate the brush unit work the 24 V DC voltage was applied to friction contact and
linear wear rate was detected. Wear mechnism and friction surfaces will be investigated in following research.

Conclusions

So using electrospark alloying technique the wearproof coating has been acquired with good adhesion to
substrate. The structure of this coating is eutectic of gamma-phase solid solution of aluminum in copper and delta-
phase solid solution of aluminum in copper. This fine eutectic structure has satisfactory conductivity for power
transfer purposes.

Thus the technique researched is suitable and can be recommended for improvement of brush units of
vehicle alternators and starters, DC engines collectors for electric power vehicles, hybrid vehicles and
quadracopters as well.
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Josraas A. I'., Bitakosnu O. M., IIpuiimak JI. B. [oxinmenss pecypcy KOHTaKTHO-IIITKOBHUX BY3JIiB
aBTOMOOIbHUX enekTpomaniuH. Y. 1.

3anpornoHOBaHO MOJIMIIEHHS PECypcy KOHTAKTHO-IIITKOBUX BY3JIiB aBTOMOOUIBHUX €JIEKTPOMAIINH.
JociimkeHo 0coOIMBOCTI MacONIepeHOCY AIFOMIHIEBOTO €IEKTPOY Ha MiIHY MiakiIanky. JocmimkeHa CTpyKTypa
eJIeKTPOICKPOBUX MOKPHUTTIB Ha MinmHiHM migkmanmi. Bussiena npiOHogucepcHa eBTEKTHYHA CTPYKTYpa Pi3HUX
TBEPIUX PO3YHMHIB ATIOMIHIIO y Midi €JIeKTPOICKpOBOTO MOKPHUTTA. L1 CTpykTypa mpuaaTHa s TapHOL
MPOBIAHOCTI TOKPUTTS a TaKOXX XOPOIIOi aare3ii MOKPUTTSA Ui BHUCOKOIIBHIKICHOTO 3aCTOCYBaHHS IIif
CIEKTPUYHIM CTPYMOM NOHIOHO IO KOHTAaKTHO-IIITKOBOTO BYy3Ja TEHEPATOpiB Ta KOJEKTOPHUX BY3IIB
eIEKTPHYHHX CTAPTEPIB.

KoarouoBi cioBa: enekTpMallMHM 3MIHHOTO CTPYMY, T'€HEpaTrop, aBTOCTapTep, KOHTAKTHO-IIITKOBHIA
BY30JL.
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Abstract

Most bearings are currently made primarily from steel, but they fail relatively quickly under high loads,
temperatures, as well as abrasive, corrosive, chemical and other types of wear. Replacing steel balls with ceramic
balls, i.e. creating hybrid bearings, in many cases allows achieving significantly higher performance and expanding
the range of functionality of the devices in which they are used. For example, hybrid ball bearings take advantage
of ceramic rolling elements with high quality surface treatment of steel rings, which allows for longer service life
and better performance at high rotational speeds. As practice shows, hot-pressed silicon nitride (Si3Ny) is the main
material used to create hybrid bearings with ceramic rolling elements, although there is also interest in materials
such as boron carbide (B4C), silicon carbide (SiC) and aluminium oxide (Al,Os3). However, there are no
publications devoted to the analysis of the causes of formation and accumulation of damage to ceramic balls in
hybrid rolling friction pairs. Therefore, the aim of the study is to determine the mechanism of formation and
development of surface damage in ceramic balls of hybrid rolling friction pairs. As a result of the study, a
technological cycle of electric sintering of ceramic ball blanks from Si3N4 under high pressure up to 4 GPa was
created, which made it possible to compact the monophasic ceramic material to a practically poreless state. The
technology of precision diamond processing of ceramic balls with a diameter of 12.7 mm is described.The paper
presents the results of tribological tests of a hybrid rolling friction pair "SizN4 ceramic balls - steel SHKH-15".
For the first time, the mechanism of damage to the surface layers of ceramic balls in the form of the formation of
surface fatigue microcracks, which lead to the formation of pitting and delamination of the surface layer, was
investigated. For the first time, Walner lines were found on the pitting surfaces, which proves the fatigue
mechanism of their formation and development.

Keywords: Electric sintering of ceramics, silicon nitride, diamond processing of ceramic balls, hybrid
ball bearing, fatigue cracks, rolling friction, wear, pitting.

Indroduction

Most bearings are currently made primarily of steel, but they fail relatively quickly under high loads,
temperatures, as well as abrasive, corrosive, chemical and other types of wear. Replacing steel balls with ceramic
balls, i.e. creating hybrid bearings, in many cases allows achieving significantly higher performance and expanding
the range of functionality of the devices in which they are used [1-3]. For example, hybrid ball bearings take
advantage of the advantages of ceramic rolling elements with high quality surface treatment of steel rings, which
allows for longer service life and better performance at high rotational speeds. As practice shows, hot-pressed
silicon nitride (SizNy4) is the main material used to create hybrid bearings with ceramic rolling elements, although
there is also interest in materials such as boron carbide (B4C), silicon carbide (SiC) and aluminium oxide (Al>O3).
A number of well-known companies manufacture and operate ceramic or hybrid rolling bearings [1-3]. However,
there are no publications devoted to the analysis of the causes of formation and accumulation of damage to ceramic
balls in hybrid rolling friction pairs. Therefore, the aim of the study is to determine the mechanism of formation
and development of surface damage in ceramic balls of hybrid rolling friction pairs.

Sintering of ceramic materials under high pressure.
The hybrid rolling friction pair under study consists of ceramic balls made of Si3N4 and steel rings
(counterbodies) made of bearing steel SHKH-15 [4] (analogue of AISI 52100). For wear-resistant ceramic

Copyright © 2025 R. E. Kostunik, A. L. Maystrenko, A. S. Vasylchuk, D.S. Kustovskyi. This is an open access article distributed
@m under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
C provided the original work is properly cited.
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elements based on silicon nitride in hybrid ball bearings, one of the important requirements is high ceramic density,
which is possible only in the absence of residual porosity, so hot pressing, hot isostatic pressing, as well as SPS
and its modifications are used for their sintering [5,6]. A number of effective methods have been developed in the
field of electric discharge sintering: the SPS (Spark Plasma Sintering) method and its analogue FAST (Field
Assisted Sintering Technology), as well as EDS (Electric Discharge Compaction). The rapid heating of the powder
briquette is realised by means of a high-frequency pulse discharge and the resulting plasma effect in the spark
discharge. The main disadvantages are the relatively low pressing pressure of 100-500 MPa [6,7] and the uneven
distribution of electric current in the sintered briquette. In addition, the level of applied pressure during hot pressing
in graphite moulds is limited due to the relatively low strength and plastic deformation of graphite components at
high temperatures. Typically, the billet is heated during sintering by induction heating of a graphite mould or by
passing an electric current through the graphite components of the mould, as well as by resistive heating by passing
an electric current of industrial frequency directly through the billet [8-10].

Electric sintering of ceramics under high pressure, which was implemented using the well-known principle
of resistive heating of the briquette, but at a much higher pressure [8-10]. As a result of the high pressure and
short duration of the sintering process, grain size growth is practically not observed. Due to the fact that ceramic
balls made of silicon nitride are loaded in bearings under high contact stresses, we need to obtain a sintered porous
billet with a density close to the theoretical one. These conditions can be met by using the process of resistive
electro-sintering of ceramic material at high pressure (ESR) [10]. At the Bakul Institute of Materials Science, a
high-pressure apparatus for the spontaneous synthesis of superhard materials and electric sintering of ceramic
products was developed [9,11], which makes it possible to sinter conductive and non-conductive powder
compositions at high pressures (4-8 GPa). In this setup, the sample is pre-pressed into a container made of
lithographic stone, loaded with pressure, and an electric current is passed through the sample. The design of the
unit allows for the consolidation of ceramic materials at pressures up to 4-5 GPa and temperatures up to 2000°C
[9,11]. The proposed method is relatively cheap and simple compared to other alternative existing technologies.

For the manufacture of ceramic balls, silicon nitride powder was used, which was obtained by the method
of spontaneously combustion synthesis (SCS). The average size of the initial powder was <D>=4.8 um, and the
phase composition was Si3N4 1160 - 89%, SizN4 0360 - 9%, SiO2 - 2%.
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Fig. 1. Schematic of the layout of the reaction vessel for sintering ceramic ball blanks in a high-pressure apparatus: 1
- graphite disc; 2 - graphite moulder; 3 - heater with TRG; 4,5 - container of silicate (pyrophyllite A12[SisO10] (OH)2);
6 - ball blank from SizN4 powder; - (a); general view of the assembled container for sintering ceramic ball blanks
from silicon nitride - (b)

For sintering ceramic ball blanks with a diameter of 12.7 mm, a high-pressure apparatus [11] based on a
hydraulic press mod. DO-043 with a force of 20 MN and an electronic control system (software unit) for the
sintering process.

Fig. 2. General view of sintered ceramic ball blanks
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The materials and dimensions of the components of the reaction cell were preliminarily calculated in order
to obtain a temperature distribution during billet sintering with a minimum temperature gradient along the diameter
[9]. The layout of the reaction vessel for sintering ceramic ball blanks under high pressure is shown in Fig. 1,a.
Cold pressing of ceramic ball briquettes was performed in steel moulds under a pressure of 180-200 MPa. After
cold briquette pressing, the billets had a diameter of 15.4 mm and a total height of 19 mm. The compressed
briquettes were placed in a container of a high-pressure apparatus. The sintering temperature of the billets was
1650°C, the pressure was 4 GPa, and the duration was t = 4 min. After sintering, the diameter of the billets was
reduced to 13.5 mm and their height to 13.44 mm (Fig. 2).

All sintered billets were tested, as a result of which the average values of the ceramic material density,
elastic and shear moduli, Poisson's ratio and Vickers hardness (HV) were determined on the basis of a sample of
30 samples - (Table 1).

Table 1
Physical and mechanical properties of SizN4 ceramic balls (ESWT) and steel SHKH-15 used in the study of
wear of a hybrid rolling friction pair

Characteristics Steel SHKH -15 [4] SisNs  (ESWT)
(AISI 52100) [12,13] [14]

Density, g/cm?® (10°m) 7.812 3.187
Elastic modulus E, GPa 211 289
Shear modulus G, GPa 80 119
Poisson's ratio 0.28 0.26
Critical stress intensity factor Ki, MPa.m'? 15.4-18.7 5.0

HV hardness at 20 °C - 27.4

Manufacturing precision ceramic balls by diamond processing

Samples of precision ceramic balls were made from sintered SizNy billets (ESWT). At the preliminary stage,
the workpieces were ground according to the scheme between two discs, one of which (upper) is a diamond wheel,
and on the plane of the second (lower), located eccentrically, freely rotating balls had a circular feed. At the next
stage, the precision balls were ground between two discs in a V-shaped annular groove in several stages with a
consistent decrease in the diamond slurry grain size from ASM 28/20 to ASM 1/0 [17]. Thus, the test samples of
balls with a diameter of 12.7 mm had a deviation from the spherical shape of 0.4 pm and a surface roughness of
Ra 0.025 (accuracy class G16 according to ISO 3290-2:2014) [17,18] - Fig. 3.

Evaluation of the surface texture and condition of the near-surface layer of Si3N4 ceramic balls after
diamond processing

The amplitude parameters Sa, Sq, Sp, Sv, St, Ssk, Sku were chosen to quantify the surface roughness of
ceramic balls [18]. The surface topography of the balls was recorded using a non-contact interference 3D
profilograph "Micron-alpha" based on an optical microscope II-4 by processing a sequence of interference patterns.
The measurement area was 250 x 190 um. The measurements were repeated 3-5 times in different areas. The
calculation of roughness parameters was performed in the software environment "3D Surface Texture Mountains
Map". The average values of the amplitude parameters of the surface roughness of SizN4 ceramic balls are given
in Table 2.

Table 2
Amplitude parameters of the surface roughness of a Si3N4 ceramic ball (ESWT) with a diameter of 12.7
mm after diamond processing

Sa ,mkm Sq ,mkm Sp ,mkm Sv ,mkm St ,mkm Ssk Sku Sz ,mkm
0.0379 0.0572 0.2827 0.2712 0.5292 0.361 8.5975 0.4787

Fig. 3. General view of ceramic balls with a diameter of 12.7 mm after diamond processing
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The manufactured balls were also cut along their diametrical cross-section to analyse the presence of
microcracks in the surface layers after diamond processing, which was necessary to determine the subsequent
evolution of damage as a result of the operation of the hybrid rolling friction pair. Examination of the near-surface
layer of the ball's diameter cross-section using a Carl ZEISS EVO 50 XVP scanning electron microscope showed
the absence of microcracks in the near-surface layer of the ceramic ball.

Tribological tests of ceramic balls for wear in a hybrid rolling friction pair

In order to determine the wear resistance of balls in the Si3N4 ceramic - SHKH-15 steel system under
lubrication with an oil-vapour-gas mixture (TC-1 and MC-8p oil), a rapid test method was developed taking into
account the geometric and kinematic parameters of the test assembly on the laboratory device for unidirectional
three-point rolling friction KIIGA-1m (Fig. 4) [19,24].

The test assembly of the device simulates the geometry of the contact of rolling friction of balls on a steel
support (Fig. 4), which allows simulating the friction processes of a real tribosystem of a deep groove ball bearing.
The balls were centred using the standard raceway of the steel bearing ring, and the upper ring was mounted with
a flat working surface.

For a comparative assessment of the wear resistance of the model thrust ball bearing and testing of the test
methodology, serial balls of ball bearing 8211 (steel SHKH-15 (AISI 52100)) with a diameter of 12.7 mm not
lower than the fourth degree of accuracy and prototypes of ceramic balls made of silicon nitride with a diameter
of 12.7 mm were used. The initial friction conditions were determined by preliminary tests of serial steel and
ceramic balls, namely: engine spindle speed - 1500 rpm; total maximum test time excluding periodic stops (every
15 minutes) to control the wear of the sample material; axial load under dry friction and in lubricant - 490 N; wear
criterion for the steel sample - depth of the raceway; wear criterion for the test balls - loss of ball material weight.

fiT

a b
Fig. 4. Scheme of testing a hybrid rolling friction pair [19] - (a); General view of the setup for tribological testing of
ceramic balls - (b)

A stationary thrust ball bearing ring 8211 made of steel SHKH -15 was mounted on the holder, with the
standard raceway facing outwards. At the bottom of the chamber, namely on its lower surface, a movable sample
(lower thrust ball bearing ring, steel SHKH -15) was mounted up the previously finished working surface, on
which a separator with test ball samples was installed.After that, the separator was centred relative to the centre of
rotation by positioning the balls in accordance with the raceway of the standard ball bearing ring pre-installed on
the holder's seating surface. The chamber was filled with lubricant, and the necessary calibrated weights were
placed on the lever of the loading system.The total time for the tribological tests was up to 6 hours. The wear rate
of the lower steel ring was based on the linear wear of the ball bearing working surface and the weight loss of the
test balls measured by profiling.

Determination of the contact pressure in the contact zone between the ball and the steel base

It is known that the wear rate of the friction pair components depends not only on the kinematic operating
conditions of the rolling friction unit, but also on the level of contact pressure. For this purpose, the level of contact
stresses in the contact area of a ceramic ball with a steel ring groove was estimated (Fig. 5). A ball of radius is
located in a cylindrical groove (trough) with radius r > R under a load P =490 N:

1 1 1 1 1
R R r R R
The X-axis is directed perpendicular to the cylinder face. Due to the fact that the ball is in contact with the surface

of the counterbody on a cylindrical surface rather than a plane, the contact patch is elliptical. The line of action of
the compressive force is P normal to the elliptical area of the contact patch and passes through its centre.



16 Problems of Tribology

Raceway

Fig. 5. Diagram of the formation of a contact spot of a ceramic ball on the surface of a groove in a steel support ring

The eccentricity e:\ll—(b/a)2 of the elliptical contact patch with the a>b axes is the solution of the
transcendental equation [20]

R, _(1-¢)[K(e)-E(e)]

R EB(e)-(1-¢’)K(e) |

where K(e) and E(e) are complete elliptic integrals of the first and second kind, respectively. A more convenient

transcendental equation for analysis with respect to y =a /b is:
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is the elliptic Carlson integral of the second kind [21]. It is solved by the iteration method [22] with the

initial approximation:
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Pressure distribution over the contact patch:

The semi-axes of the ellipse:

P 2nab ! a_2 b_2
Pressure in the centre of the spot:
3,3
Po 2 Pm 2 mab’

where p,, is the average pressure.

In the contact area along the axis along the axis X (y = O) :

Ox — —2vy—(1—2v)i2{(l—b—y)—iarth( il ﬂ
Po ae a ae a+by

c
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where 7= \/1 —x*la*=y*Ipt i arth(x)= Eln(l-i_—xJ is the hyperbolic arctangent.

—-X

In the centre of the spot we have [23]
c c
%=—2v—(1—2v)i, = y—(1-2v)——, Z=-1.
Po a+b p, a+b p,
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Outside the contact spot, we have only shear stress:

c b
O - Jyy—(1-2v)—
2o vr=( V)aez{
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Po ae
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T
== —(1—2v)i2{larth (ﬂj—iarctg(@ﬂ.
Po ae” | ae a ae b
Table 3

The size of the contact spot and stresses in its centre for groove radii in a steel ring r = 6.5405 mm and a
ceramic ball R = 6.35 mm under a total load P =490 N on 3 balls simultaneously (i.e. 163.3 N each)

r/R a, mm b, mm S — po, GPa
3 3 ’
1.030 0.655 0.068 0.140 0.714

It is expected that close values of r and R correspond to a larger contact patch and, consequently, a lower
stress level. Thus, the contact pressure in the center of the contact patch can reach 0.714 GPa, which is twice the
contact fatigue limit for ceramics of this type [15].

Characterization of ceramic ball surfaces after tribological tests

Quantitative analysis of the parameters of the topography of the surfaces of ceramic balls after tribological
tests was also carried out using a noncontact interference 3D profiler “Micron-alpha”. The determined average
values of the results of calculating the parameters of surface roughness of the spent ceramic balls made of Si3Ny
are given in Table 4.

Table 4
Parameters of the surface condition of a ceramic ball #12.7 mm made of Si3N4 after tribological tests
Sa , mkm Sq, mkm Sp, mkm Sv, mkm St, mkm Ssk Sku Sz, mkm
0.1176 0.1986 0.752 0.9276 1.68 0.2640 4.1740 1.4680

Table 4 shows that due to the friction of a ball in a hybrid rolling pair, damage is formed on its surface,
resulting in an increase in its roughness by 3.1 times in the Sa parameter and by 3.37 times in the Sq parameter,
which is confirmed by the damage observed in the near-surface layer of balls (Figs. 9-10).

Analysis of the results

Based on the tribological tests performed, the total mass loss of three ceramic and steel balls as a result of
their wear when rolling on a steel ring was determined (Fig. 6) and the wear intensity of a flat steel ring (steel
SHKH-15) was determined (Fig. 7) [24].
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Fig. 6. Total mass loss of three balls made of Si3N4 ceramics and SHKH -15 steel under friction under conditions of
lubrication with an oil-vapor-gas mixture
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Fig. 7. Graph of wear intensity of a flat sample (steel SHKH-15) over time under rolling friction ceramic and steel
balls in an oil-vapor-gas mixture

Analysis of the surface condition of ceramic balls after tribological tests

Pitting corrosion is accompanied by the formation of pits on the surfaces of the friction pair components,
which start from the surface. This is a special case of fretting corrosion, which is formed during the cyclic mutual
movement of two surfaces in contact. Contact fatigue includes two subcategories: subsurface and surface fatigue.
The formation of subsurface fatigue cracks [25] is caused by the cyclic loading of the contacting surfaces, in fact,
in the studied case, it is the local cyclic loading of a ¥12.7 mm ball with steel rings at a shaft rotation speed of
1500 rpm, i.e., 510.10° rpm/h. The number of cycles of contact loading is (at a cycle asymmetry factor of R=0),
excluding slippage, 1020.103 contacts of the ball with the surfaces of the rings, which leads to a change in the
material structure and leads to the formation of microcracks. Microcracks are formed in the near-surface layer,
often in foreign inclusions in the material, and extend to the surface in the form of chips.

Fig. 8. General view of the pitting formed on the surface of a ceramic ball of SizN4 with a diameter of 12.7 mm after 6
hours of loading in a hybrid rolling friction pair

The level of fatigue strength of ceramics of this type reaches the number of load cycles <107 according to
estimates in [15] 350-400 MPa and in [26] 300-450 MPa, which are 2-3 times lower than those in the studied
rolling friction pair (see Table 3). That is, this leads to a high probability of the formation of localized cracks of
contact fatigue, the signs of which are shown in Fig. 9.

Thus, during cyclic loading of ceramic balls in a hybrid rolling friction pair, as a result of contact fatigue,
damage in the form of microcracks is formed and accumulated in the surface layer, which are oriented relative to
the contacting surface at an angle of 250-300 (Fig. 9). Their further development leads to the formation of
surface pits, i.e., pitting with distinct Wallner curves that reflect the process of fatigue crack propagation (Fig. 10
b, ¢), according to the kinetic diagram of fatigue crack propagation in SizN4 ceramics [15].
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A similar phenomenon of surface damage formation in the form of pitting is also observed on steel rails
under the conditions of wheel rolling on the rail surface with a high probability of formation of such defects of
contact-fatigue origin [27]. This paper theoretically determines the characteristic angle of formation and
propagation of surface cracks in rail heads (10°-40°), which is the main factor in the formation of typical surface
contact-fatigue damage such as pitting. The contact pressure of a stamp (ball or wheel model) on a half-plane is
modelled by unidirectional repeated translational movement along the edge of the half-plane of the Hertzian
contact forces with a tangential component.

Thus, comparing the values of Ky, given in Table 5, it becomes clear why pitting occurs in a ceramic ball
rather than in a steel ring, since the values of K, for Si3Ny4 ceramics are almost 2 times lower than for steel SHKH
-15 (Table 5).

Table 5
Comparative characteristics of the kinetic diagram of fatigue crack propagation in the materials of the
studied rolling friction pair

Materials of friction pair Density Elastic Threshold value of | Critical stress
p, g/em® | modulus the intensity factor | intensity factor
(10'2M) E, GPa at the beginning of | Ky,
fatigue crack | MPa.m'?
growth Kin,
MPa.m'?
SisNg [ 14-16, 26,28] 3.187 289 25-3.0 5.0
Steel SHKH -15 [12,13] 7.812 211 5.0-6.0 15.4-18.7
Conclusions

For the first time, the possibility of sintering ceramic ball blanks from Si3Ny at a pressure of 4 GPa with a
density close to the theoretical one was shown. The total mass loss of three Si3N4 ceramic balls during tribological
tests based on 6 hours in an oil-vapour-gas mixture was 0.0006 mg.

It is shown that the formation and development of surface damage in ceramic balls of hybrid rolling friction
pairs is determined by the level of acting contact cyclic stresses, which are the main factor influencing the
formation and development of surface fatigue cracks.

For the first time, it is shown that damage to the surface layer of a ceramic ball made of silicon nitride is
caused by contact fatigue during cyclic loading of the ball in the process of rolling along the annular groove of the
steel counterbody of a hybrid bearing, in the form of delamination and crushing of the surface layer to a depth of
120-150 pm, resulting in the formation of pitting corrosion pits on the surface of ceramic balls. Moreover, pitting
is formed in ceramic balls because the threshold value of the stress intensity factor at the beginning of fatigue crack
growth Ky, in ceramics is 2 times lower than in steel SHKH -15 .
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Koctionuk P.€., Maiictpenko A.JI., Bacmapuyk O.C., KycroBeknii JI.C. AHami3 NOLIKOKEHb
KepaMiuHUX KyJb B TiOpUAHUX Mapax TepTs KOYEHHS

Briepiiie onucaHuii TEXHOJOTWYHUMA LUK EJIEKTPOCIIKAHHS KepaMidyHHUX 3aroTOBOK Kyib 3 Si3N4 min
BUCOKMM TUCKOM J10 4 ['Tla. OnmcaHa TEXHOIOTIS MPENU3iiHHOT aTMa3HOi 00POOKH KepaMidHUX KYJIb AiaMeTPOM
12.7 mM. B cTaTTi HaBeneHi pe3ynbTaTH TPUOOIOTIYHNX BUMPOOYBAaHb TIOPHUIHOI ITapy TEPTS KOUSHHS «KepaMidHi
kymi Si3N4 — crane 52100». Brepmie mociimkeHO MEXaHi3M IOIIKOKEHHS IIOBEPXHEBHX IIApiB KEPAMIdHUX
Kyllb y BUDIISAI (POPMYBaHHS TOBEPXHEBHX MIKPOTPIMIMH BTOMH, SIKi MPHUBOIATH A0 YTBOPEHHS IITTiHra Ta
BiIIIapyBaHHS NPHUIIOBEPXHEBOTO IIapy. Brepre Bu3HaueHi JiHii BanpHepa Ha MOBEpXHSIX YTBOPEHOTO MITTIHTY,
II0 TOBOJHUTH BTOMHHUM MeXaHi3M iX yTBOPEHHS i PO3BUTKY.

KoarouoBi ciioBa: enexTpocnikaHHs KepaMiKH IIPH BUCOKOMY THCKY, HITPUJ KPEMHIl0, aiMa3Ha 00poOka
KepaMiuHHX KyJIb, FIOpUAHUH MIaPUKOMIIIUITHUK, TEPTS KOYEHHS, 3HOIIYBaHHS, IITTIHT
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Abstract

The article investigates the issue of promising methods for improving steels by modifying surface layers
with the application of protective coatings. Priority areas of scientific research in the field of mechanical
engineering have been identified for the development of new methods and technologies for increasing the wear
resistance of steel surfaces by applying modified diffusion coatings. It has been shown that the key problem in
optimizing the processes of saturation of metals and alloys with one element is cementation, nitriding, alitization,
chromium plating, etc. Saturation with two or more elements is used very limitedly. The features of chemical-
thermal treatment of steel are considered, with the help of which we have the opportunity to obtain a material
characterized by increased characteristics and properties (surface hardness, corrosion resistance, wear resistance).
Based on the identified features of coatings in terms of composition, structure, and properties, chemical-thermal
treatment methods can be promising when operating them under wear conditions. However, the proposed
innovative metallization method — oxycarbonitriding — can compete with these technologically complex processes.
It was established that combined chemical-thermal treatment, including nitriding and oxidation, allows to
significantly increase the corrosion resistance of the material, the longer the oxycarbonitriding process time, the
thicker the oxycarbonitrided layer, but at the same time the absolute deformation value increases, which must be
considered when processing precision surfaces. Promising directions for further scientific research in this field are
identified.

Key words: modification, surface layers, chemical-thermal treatment, saturation of metals and alloys,
diffusion coatings, corrosion resistance, wear resistance.

Introduction

There is no doubt about the prospects for the development of such defining branches of production as
mechanical engineering, chemical, radio engineering, space, energy and nuclear engineering. Therefore, today the
task of developing new methods and technologies for increasing the wear resistance of steel surfaces by applying
modified diffusion coatings remains relevant.

The destruction of machine parts, tools and other products in the vast majority of cases begins with the
surface, and it is to the surface layers that the above requirements apply. The reduction in wear resistance leads to
billions of dollars in losses annually, and solving this problem is an important task. The main loss is not the loss
of metal as such, but the enormous cost of products. That is why the annual losses of industrially developed
countries are so large. Real losses cannot be determined by assessing only direct losses, which include the cost of
the destroyed structure, the price of changing equipment, and the costs of measures to improve wear resistance.
Indirect losses are even greater. This is simple equipment when replacing corroded parts and assemblies, disruption
of technological processes.

Economic losses from metal corrosion are enormous. According to estimates of experts from different
countries, these losses in industrially developed countries amount to from 2 to 4% of the gross national product.
At the same time, metal losses, which include the mass of metal structures, products, and equipment that have
failed, amount to from 10 to 20% of annual steel production [1]. In this regard, bulk alloying of alloys is usually
uneconomical, and in many cases even impossible due to the almost complete loss of their plasticity and toughness

Copyright © 2025 Yu. Ye. Meshkov, M. S. Dmitriev. This is an open access article distributed under the Creative Commons
@m Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
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[1]. Therefore, in recent years, increasing attention of researchers and manufacturers has been paid to various
methods of surface hardening. One of the main methods of surface hardening is chemical-thermal treatment.

Problem statement

Currently, the processes of saturation of metals and alloys with one element are quite widely used:
cementation, nitriding, alitization, chromium plating, etc. Saturation with two or more elements is used very
limitedly. It is quite obvious that multicomponent saturation allows to significantly change the properties of surface
layers [1].

Analysis of recent research and publications

One of the most promising methods for improving steels is the modification of surface layers by applying
protective coatings. The principle of combining high hardness, wear resistance, corrosion-oxidation resistance and
chemical inertness to active environmental reagents with strength and wear resistance is most successfully
implemented on 12X18N10T steel and is reflected in many works of modern scientists.

In work [2], a classification of coating methods is given according to the nature of the interaction between
the base material being processed and the saturating element, as well as the possibilities of obtaining coatings.
Each of the technological methods for coating has its own advantages and disadvantages.

There is a significant number of scientific works on the classification of chemical-thermal treatment. Thus,
in work [3], an overview of existing methods of combined strengthening treatment of steel machine parts is given,
the main methods of combined treatment of structural and tool steels are considered.

Chemical-thermal treatment is based on solid-phase, liquid-phase and gas-phase saturation of the surfaces
of parts. Diffusing elements can saturate the surface of the part directly, without intermediate reactions, with a
preliminary chemical reaction at the interface of the processed material and the coating or in the volume of the
starting reagents. chemical-thermal treatment can be implemented by saturating nickel and nickel alloys with both
metals and nonmetals. As a result, diffusion coatings are formed. The rate of formation, kinetics of coating growth,
its structure and properties are largely determined by the process temperature, saturation time, diffusion parameters
of the saturating components in the material and, finally, significantly depend on the chemical composition,
structure and properties of the latter. During chemical-thermal treatment, the change in the chemical and phase
composition, structure and properties of the surface layers is carried out at elevated temperatures.

The following processes occur in this case [3]:

— formation of active atoms of saturating elements and their transfer to the processed surface;

— adsorption (chemisorption) of active atoms by the processed surface;

— diffusion movement of adsorbed atoms into the product and the resulting diffusion redistribution of
elements of the base alloy.

Diffusion saturation of the surface zones of nickel and nickel alloys with metals and nonmetals leads to the
formation of coatings consisting either of solid solutions of saturating elements in the original alloys, or of
chemical compounds. Due to this, it becomes possible to obtain protective coatings on the surface of products with
different composition and operational properties. The optimal choice of a saturating element for a particular base
material provides a high level of adhesion, practically unattainable with other types of processing (plasma, gas-
thermal). Diffusion coatings during HTO are applied, as a rule, under isothermal conditions in artificially created
saturating environments.

As noted in many works [4-7], chemical-thermal treatment of steel is of certain scientific and practical
interest. As a result of this treatment, we have the opportunity to obtain a material characterized by increased
characteristics and properties (surface hardness, corrosion resistance, wear resistance). It has been established that
during titanalization of samples from annealed steel 12X18H10T, multilayer coatings of Fe,Ti, TisFe,O, TiN, TiC
are formed [5]. In addition, it has been shown that the TiN layer acts as a barrier, significantly reduces the content
of iron, nickel and chromium in the coating, and also significantly inhibits the diffusion of titanium and aluminum
into the base. The microhardness of TiN layers in complex compounds is 20.5...23.0, and the diffusion zone of the
compounds is 5.5...12.5 GPa. The researchers concluded that, in terms of composition, structure, and properties,
titanoaliding of 2X18H10T steel can be recommended for use as heat- and corrosion-resistant, antifriction [6].

Preliminary nitriding of 12X18H10T steel also has positive results. It was established [7] that as a result of
titanoaliding of pre-nitrided steel, a multilayer coating with the participation of Fe,Ti, TisFe,O, TiN, CrN
compounds is formed on the treated surface. The results of the work confirm the prospects of using titanoaliding
and nitriding when operating under high temperatures, aggressive environments, and harsh friction conditions [7].

Complex saturation of 12X18H10T steel with chromium and titanium was implemented under reduced
pressure [7]. The possibility of forming a chromium-alloyed coating with a barrier layer based on titanium nitride
TiN on 12X18HI10T steel is shown, the presence of which causes a decrease in the concentration of iron and
titanium on the outer side of the coating, an increase in the concentration of aluminum, a decrease in the thickness
of the zone of compounds and solid aluminum solution in the base.

Boration of 12Kh18NI10T steel is considered in [8]. The introduction of copper or its alloys into the
composition of the saturating powder media makes it possible to intensify the boridation of 12X18HIO0T steel
without deteriorating the operational properties of boride coatings while simultaneously reducing their fragility.
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Single-component chromium plating of 12X18H10T steel [8] is implemented for products operating under
friction conditions. In order to increase the saturation rate and wear resistance, copper powder was added to the
composition of the carburizer.

Presentation of the main material

Thus, known methods of applying multicomponent coatings in terms of composition, structure, and
properties can be promising when used in wear conditions. However, the proposed innovative metallization
method - oxycarbonitriding can be a worthy competitor to these technologically complex processes.

More details about the surface hardening method "oxycarbonitriding" and the processes that occur in the
metal can be found in well-known scientific studies. First of all, this method can be compared with long-known
surface treatment methods, such as: nitriding and carbonitriding. These methods and their combinations are
increasingly gaining popularity in the areas of restoration and improvement of wear resistance, by changing surface
layers with minimal changes in size, while providing the material with resistance to corrosion and wear with
insignificant roughness values.

In work [9], the change in the size of parts during various types of chemical-thermal treatment is
investigated, how the environment and temperature affect the process of surface saturation with carbon. Fig. 1
shows the difference in hardness.
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Fig. 1. Microhardness of restored parts by different methods of chemical-thermal treatment. 1) nitriding; 2)
carbonitriding; 3) oxynitriding; 4) rotary chrome plating.

Processing of parts by oxycarbonitriding (Fig. 1, curve 3) was performed at temperature regimes of 590 —
610°C and provides sufficient microhardness of surface layers at a depth of 0.1-0.2mm, which is 6370-6770MPa,
and the total depth of the hardened layer varies within 0.25-0.35mm. The recorded changes in the dimensions of
the parts of the plunger pairs of fuel pumps are 20-45um, which is an advantage for high-precision parts that have
worn out and lost their working dimensions.

More details about oxycarbonitriding are given in [10]. The author, using foreign literature and various
methods of carrying out the selected process, highlights their positive aspects, which are combined into one
process, and positively affects the corrosion resistance index and the friction coefficient, which under different
loads is a constant value and is within the limits of 0.03<f <0.004 after 40 hours of operation.

According to electrochemical studies conducted by Ebersbach and co-authors [11], nitriding in a gas
environment leads to a 10-fold reduction in the corrosion rate in a sodium chloride solution (concentration 0.9M).
Additional oxidation of the nitrided layer provides an even more significant effect, reducing the corrosion rate by
two orders of magnitude, additionally reducing the rate of through corrosion by hundreds of times.

When nitriding iron in ammonia, the formation of a diffusion layer occurs in accordance with the phase
diagram of the iron-nitrogen system (Fe-N). This diagram shows the dependence of the phase states of iron on the
nitrogen content and temperature, which allows us to determine the conditions for the formation of iron nitrides
(such as e-Fe2-3N and y'-Fe4N). Typically, the process occurs at elevated temperatures in an ammonia
environment, where ammonia dissociates, releasing atomic nitrogen, which penetrates the metal. This process
improves the hardness, wear resistance and corrosion resistance of the material due to the formation of a
strengthened diffusion layer. The formation of oxynitride surface layers is carried out by oxidation of nitride layers.
In the temperature range 450-700°C, the affinity of metals for oxygen significantly exceeds their affinity for
nitrogen.

This causes exchange reactions during the oxidation of nitrided layers, when oxygen partially replaces
nitrogen in the surface nitride layer.



26 Problems of Tribology

Thermodynamic calculations confirm this: iron nitrides interact with oxygen more actively than pure iron.

For example, the isobaric-isothermal potential of the oxide formation reaction at 500°C is 209-293 kJ/mol
for Fe, and 878—1463 kJ/mol for FesN.

It is important that the high affinity of nitrides for oxygen ensures the formation of optimal oxide structures.
In nitrides, the solubility of oxygen is three orders of magnitude higher than in pure iron (at 700°C — 3% versus
0.009% for a-Fe), which contributes to the formation of oxides of the first type, which are solid solutions of
oxygen. Oxynitride zones have greater plasticity than Fe.Os oxide films, and at the same time demonstrate similar
anti-adhesive properties. As Mittemeyer and Collin [12] established, further oxidation of nitrided surfaces
contributes to filling the pores of the a-phase with oxygen. Combined chemical-thermal treatment, which includes
nitriding and oxidation, allows to significantly increase the corrosion resistance of the material.

Previously, to carry out the process of improving the working surfaces of gearbox shafts, samples from
steel 35XT'T DSTU 7806:2015 identical to the part were used. To understand how the microstructure of the metal
changed after the heat treatment process, it was decided to first consider the structure before the chemical-thermal
treatment. To begin with, microsections were made from the prepared samples, an example of which is shown in
Fig. 2.

Fig. 2. Photo of a manufactured and prepared microsection of 35XI'T steel

The placement of samples in the microsection is chosen in such a way as to be able to study the
microstructure of the longitudinal or cross-section. Where the larger piece is the cross-section, and the smaller and
narrow piece is the longitudinal. The section of samples for microsections is necessarily performed by cold
methods without exceeding the temperature of critical points to preserve the structure, for example, water jet or
saw cutting with cooling. Fig. 3 shows the microstructure of steel before the oxycarbonitriding process at a
magnification of x100 in the longitudinal section. The microstructure of steels before heat treatment ideally
consists of ferrite and pearlite. But in practice, the ideal structure cannot be achieved due to foundry production
technologies and equipment. In 35XTI'T steels, ferrite has the form of a mesh, the thickness of which in different
batches may not differ significantly. Based on practice, the finer the mesh, the worse the processing and roughness.
Also, inclusions are observed in the steel, previously it is residual unformed ferrite, in the form of clusters that
have a hardness of 332 HV, and in general the hardness of this steel does not exceed 202 HV. The samples show
a ferrite-pearlitic structure, a uniform distribution of the ferrite mesh with occasional enlargements of pearlite cells.
The measured pearlite to ferrite ratio is 65:35 and there is a reduction in ferrite in the ratio of 75:25 according to
DSTU 8233-56. The size of pearlite grains is on average 60-80 pm, and with uniform enlarged grains 150-200
pm.

a) b) ©)
Fig. 3. View of the microstructure of the samples in cross section
When examining the microstructure, a certain regularity of the appearance of the microstructure was
noticed, which consists in the fact that an increased amount of ferrite (light mesh) is located along the edge of the
rolling roller along the entire length. So, in Fig. 3a and 3b, the structure of the central region is shown, and in Fig.
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3¢ - closer to the edges. When studying the microstructure of longitudinal section samples, sulfide inclusions were
found, which accumulate in the form of stripes along the length of the rolled product. In a vertical section, the
inclusions have a round shape. These inclusions are poorly visible, so it is necessary to focus the microscope lens
below the pearlite grains and ferrite mesh, because they are etched deeper. Therefore, for objective vision, it is
necessary to adjust the focus specifically for these inclusions, as shown in Fig.s 3a; 3b. It was also found that
sulfide inclusions are etched faster than the base metal. To check for inclusions in a particular area of the
microsection, there is a special mode of the microscope camera that shows the surface relief (Fig. 4 c). The etched
pearlite zones are shown by the arrow number 1, and sulfide inclusions are shown by the arrow number 2. They
are also visible in unetched areas (Fig. 5 c).

. . AR sy b) AL e .

Fig. 4. Example of microstructure in different modes with magnification x25: a) focus on ferrite network; b)
focus on sulfide inclusions; ¢) view of the structure in relief.

b) c)

Fig. 5. Example of microstructure in different modes with magnification x50: a) focus on ferrite network; b) focus on
sulfide inclusions; c) view of the structure in relief.
Analyzing longitudinal cross-section samples from different batches, an accumulation of residual ferrite is
observed, which certainly has a negative impact on mechanical and heat treatment in the future. This defect is
shown by arrows in Fig. 6, which has the form of large accumulations ranging in size from 50 to 600 pm.

Fig. 6. Apperance of the microstructure of 35XI‘T steel with defects, x100 ..

After applying the oxycarbonitriding method, grinding of the metal structure, burnout and a decrease in the
number of sulfide inclusions are observed. As expected, a white oxycarbonitride layer is observed on the surface
of the part, which is indicated by an arrow (Fig. 7 b).
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Fig. 7. Image of the microstructure after heat treatment. a) microstructure in depth; b) surface microstructure with
oxycarbonitride layer

The hardness of the samples was measured by the Rockwell method. The hardness of the upper layer was
set within 50-58 HRC, and the hardness of the inner layers was on average 30 HRC. The thickness of the formed
oxycarbonitride layer was 0.12-0.20 mm.

When studying the deformation effect on the cylindrical part, a PMT-3 microhardness tester was used.
Absolute deformation (6D) was determined according to formula 1. With a duration of chemical-thermal treatment
of about 8 hours, the absolute deformation value is 0.024 mm. at @349 mm.
— D2-Dy

8D (1)

where: D is the diametrical size before oxycarbonitriding;

D, is the diametrical size after oxycarbonitriding.

The absolute deformation value was calculated at least in three places of one diametrical size. It was
experimentally established that the absolute deformation value increases by 0.003 mm for each subsequent hour
of the surface hardening process. Therefore, the longer the oxycarbonitriding process time, the thicker the
oxycarbonitriding layer, but the absolute deformation value increases, which must be taken into account when
processing precision surfaces. After the chemical-thermal treatment processes, local chemical analysis of the
samples was carried out in a special laboratory. Measurements of chemical inclusion values were carried out at
seven points on each sample. An example of one of the samplef is shown in Fig. 8.

o i

o A '1'5

Fig. 8. Steel microstructure with measurement points

After the measurement, the obtained values were averaged and grouped into Table 1.

Table 1
Values of chemical inclusions of steel 35XI'T DSTU 7805:2015.
Value in %

Element Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7
C 4.8 4.2 4.8 4.9 5.8 3.5 4.9
(0] 0.0 0.0 0.0 0.0 0.6 0.0 0.0
Si 0.4 0.5 0.5 0.3 0.3 0.5 0.5
Cr 0.9 0.8 0.9 0.7 0.7 1.0 0.9
Mn 0.6 0.6 0.6 0.6 0.4 0.5 0.7

Fe 92.7 91.8 92.6 85.0 74.4 93.7 92.5

Ni 0.3 0.3 0.3 0.3 0.3 0.4 0.3
Cu 0.3 1.8 0.3 8.0 17.3 0.3 0.3
Mo 0.1 0.0 0.0 0.1 0.1 0.0 0.0




Problems of Tribology 29

As can be seen from Table 1, the chemical elements are not evenly distributed in the samples. Thus, at point
5, the maximum value of carbon is observed - 5.8% and copper - 17.3%, the smallest amount of iron is 74.4%,
manganese - 0.4%, chromium - 0.7%, silicon - 0.3%. The smallest amount of carbon is observed at point 6 - 3.5%,
but the largest amount of iron is present - 93.7% and nickel - 0.4%.

Conclusions

In this work, the material of the part modified by the oxycarbonitriding method was studied. A study was
conducted to change the structure and metal, what defects are observed. The parameters of the oxycarbonitriding
process were studied, and experimentally established which ones are necessary for the selected part. A wear-
resistant oxycarbonitriding layer with a thickness of 0.12-0.2 mm was obtained, which has a hardness of about 60
HRC on the surface. A chemical analysis of the samples was also carried out and non-uniformity of the location
was revealed. After conducting the chemical-thermal treatment, dimensions were obtained that will correspond to
the tolerances on the drawing.

Prospects for further research.

One of the priority areas of using such technologies is to improve the operating characteristics of cutting
tools, friction pairs of machine parts, gearbox shafts operating under extreme mechanical and temperature loads.

CCHT technology is environmentally friendly and can in most cases replace galvanic coatings (oxidation,
zinc plating, chrome plating, cadmium plating, etc.), which can provide a cost reduction of 35 - 40%.

References

1. Khyzhnyak V. G., Loskutova T. V., Datsyuk O. E., Khyzhnyak O. V.. Multicomponent diffusion coatings
based on titanium, aluminum and silicon on nickel. Scientific Bulletin of the National Technical University of
Ukraine "Kyiv Polytechnic Institute". 2015. No. 1. P. 79-84

2. Cutting theory and tools: textbook / N. R. Veselovska et al. Vinnytsia: 2018. 297 p.

3. Pogrebna N. E., Kutsova V. Z., Kotova T. V. Methods of strengthening metals: textbook. Dnipro:
NMetAU, 2021. 89 p.

4. M. V. Arshuk, A. V. Mykytchyk, V. G. Khyzhnyak, M. V. Karpets., Titanium-aluminide coatings on
steel 12X 18N10T with a barrier layer of titanium nitride. NTUU "Kyiv Polytechnic Institute" International Center
for Electron Beam Technologies of the E. O. Paton Institute of Electrical Engineering of the National Academy of
Sciences of Ukraine, Kyiv. 2011. 50 p.

5. V.G. Khizhnyak, M.V. Arshuk, T.V. Loskutova, M.V. Karpets., Diffusion coatings with the participation
of titanium and aluminum on nitrided steel 12X18N10T. NTUU "KPI". Kiev, 2011. P. 118-122.

6. V.G. Khizhnyak, M.V. Arshuk, M.V. Karpets. Physics and chemistry of solids. T.12, No. 3. NTUU
"KPI", Kyiv, 2011 P. 757-761.

7. Chemical-thermal treatment of titanium alloys. Surface solid-solution modification: monograph / V. M.
Fedirko et al.; FMI NASU. Kyiv: Nauk. Dumka, 2020. 183p.

8. Alloy steels and alloys with special properties. Textbook. Kutsova V.Z., Kovzel M.A., Nosko O.A.
Dnipropetrovsk: NMetAU, 2008. 348 p.

9. Effectiveness of methods for restoring parts of plunger pairs of fuel pumps of diesel engines of
agricultural machinery. P. S. Popyk, L. L. Rogovsky, O. M. Vechera, O. G. Polishchuk. Machinery & Energetics.
2019. P. 115-120.

10. Pisarenko V. G. Combined chemical-thermal treatment as an effective way to increase the durability of
precision mechanics parts. Problems of Tribology. Vinnytsia, 2011. P. 75-78.

11. Spies, H. -J; Winkler, H. —R; Langenhan, B: On the corrosion and wear behavior of E-nitrides on steel.
Harterei — Tech. Mitt. 44 (1989) 2, P. 75-82.

12. Ohsawa, M: The current state of Nitriens in vehicle construction in Japan. Harterei — Tech. Mitt. 34
(1979) 2, P 3-10.



30 Problems of Tribology

MemxkoB 1O. €., [ImutpieB M. C. [lokpamenus (i3sMKo-MeXaHIYHHX XapaKTEepUCTHK BalliB KOPOOOK
nepezay 3a JOIOMOT'0I0 METO/ly OKCHKapOOHITpYBaHHS
VY crarTi AOCHIKY€EThCS MUTAaHHS MEPCIIEKTHBHUX METOJIB YIOCKOHAJICHHS cTajledl MoaudikyBaHHIM
MIOBEPXHEBHX I1apiB 3 HAHECCHHSIM 3aXUCHUX MOKPUTTIB. BU3HaueHI MPpiopUTETHI HANPSIMU HAYKOBHX JIOCHIPKEHb
B Tairy3i ManImHOOYIyBaHHSA 3 pO3p0OKHA HOBIX METOIIB Ta TEXHOJIOTIH 3 ITi ABUIIIEHHS 3HOCOCTIHKOCTi IOBEPXOHB
cTaJei 3a paxyHOK HaHeCeHHA MoIu(ikoBaHNX Au(y3iiHNX MOKpUTTIB. [Toka3aHo, IO KIIFOYOBOIO MPOOIIEMOIO B
ONTUMI3aIlil MpoIeciB HACHYEHHS METAlliB 1 CIDIaBiB OJHUM EJIEMEHTOM SIBISE€THCS IIEMEHTAllisl, a30TyBaHHS,
aNiTyBaHHS, XpOMYBaHHSA 1 T.7l. Hacn4eHHs ABOMA 94H IEKiTbKOMa €IeMEHTaMHU 3aCTOCOBYIOTH IyXkKe 00OMEXKEHO.
Po3rnsHyTO 0COOIMBOCTI XIMIKO-TEpMidHOI 00pOOKHU CTaji, 32 JOMOMOTOI0 SKOi MAa€EMO MOJMJIUBICTh OTPUMATH
Marepiai, SKHH XapaKTepH3yeThcs MIABUIICHUMH XapaKTEPUCTHKAMU Ta BIACTHBOCTAMH (TIOBEPXHEBOIO
TBEPAICTIO, CTIHKICTIO 10 KOpO3ii, 3HOCOCTIHKICTIO). Buxonsum 3 BU3HaYEHUX OCOOJIMBOCTE MOKPHTTIB 3a
CKJIaJIOM, OYZ0BOIO, BIIACTUBOCTSIMU METOJH XIMIKO-TEpMiYHOI 0OPOOKH MOXKYTh OyTH HEpPCIIEKTHBHUMH IIPH iX
eKCIUTyaTalii B yMoBax 3HouryBaHHs. OJHaK, TiIHy KOHKYPEHLI0 [IMM TEXHOJIOTIYHO CKJIa[IHMM IpPOIiecaM MOXe
CKJIACTH 3alpOIOHOBAHWU I1HHOBAIIMHUI METOJ MeTami3alii — OKCHKapOOHITpyBaHHS. BcraHOBIGHO IO
KOMOIHOBaHa XiMIKO-TepMidHa 00pOOKa, 110 BKIIOYAE a30TYyBAaHHS 1 OKHMCHEHHS, JJO3BOJISIE 3HAYHO ITiIBUIIUTH
KOpO3iliHy CTIMKICTh MaTepialy, 4YuM OUIBIIMH dYac Tpolecy OKCHKapOOHITpYBaHHS THUM TOBCTIILUH
OKCHKApOOHITPUAHUI map, ane Hpu oMY 30LTBIIyeThCS 3HAYCHHS aOCONMIOTHOI Aedopmartii, mo moTpidHO
BpPaxoOBYBaTH NIpU OOpoOIll TOYHUX TOBEPXOHb. BH3HAa4YCHI MEPCHEKTHBHI HANPSAMKH ITOJANBIINX HAyKOBHX
JOCTIKCHB B 3a3HAaUYCHi ramysi.

Karouosi cioBa: MonngikyBaHHsA, TOBEPXHEBI IMapH, XiMiKO-TepMidHA 00poOKa, HACHUYCHHS METAIIB i
CIUIaBiB, AU(Y3iliHI MOKPHUTTS, CTIHKICTh A0 KOPO3ii, 3HOCOCTIHKICT
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Abstract

A methodology has been developed that allows, using the temperature criterion, to determine the
thermomechanical stability of oils and, thus, to analyze the modification of oils to improve the lubrication
efficiency and wear resistance of friction pairs of conformal internal combustion engine units operating under
extreme conditions. The correlation relationship between the temperature in the local frictional contact zone and
the bulk temperature of the modified oil was determined with an increase in the maximum contact stress during
the running-in period with a corresponding shift of the correlation linear dependences towards high temperatures.
Under conditions of operation up to 15 cycles, increased thermomechanical stability of the modified oil was
established in comparison with the standard oil, which confirms the optimal structural adaptability of the modified
layers to extreme operating conditions.

Key words: conformal friction assembly, thermomechanical stability, wear resistance, oil modification,
extreme operating conditions, temperature in the friction contact, oil temperature, thermal method.

Introduction

From the point of view of energy efficiency and national security, at strategic enterprises of the oil and gas,
thermal power and aerospace complexes, in the production of high-speed transport, agricultural and military hybrid
equipment, predicting the effectiveness of lubrication and wear resistance of the friction pairs, especially for
friction units operating under extreme operating conditions, is a necessary direction to increase reliability and
extend the service life in a wide range of changes in contact loads, speeds, temperatures, impacts, etc.

Extreme operating conditions for friction units will arise in case of insufficient lubrication (lubrication
starvation), when the lubricant does not have time to regularly enter the contact zone due to several reasons: 1)
non-stationary friction conditions in the “stop-and-go” mode; 2) loss of mechanical stability of the lubricant due
to the manifestation of non-Newtonian properties at high shear rates under low-temperature start-up conditions; 3)
insufficient structural adaptability of the modified layers under conditions of boundary lubrication at local
temperatures in the friction contact zone.

For extreme conditions of operation of an internal combustion engine (ICE)’s the conformal friction
assembly under sliding friction, an important aspect is the temperature factor, namely, it is important to compare
the average local temperature in the friction contact zone and the critical local temperature, which will be
determined by thermomechanical stability under conditions of plastic-deformed contact in the boundary
lubrication mode, for example, in the zone of the upper dead center (UDC) along the piston stroke of an ICE.

The purpose of the work

To develop a methodology that will allow, by means of a correlation assessment between the volumetric
and local temperatures in the friction contact zone, to determine the thermomechanical stability of modified and
standard oils under all other operating conditions and, thus, to analyze the modification of oils according to the
appropriate temperature criterion to improve the lubrication efficiency and wear resistance of the friction pairs of
an ICE’s the conformal friction assembly in extreme operating conditions.

Copyright © 2025 O. Milanenko, A. Savchuk, O. Kushch, A. Bobro, V. Petrekutsy, O. Vansovskyi. This is an open access article
@m distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in
C any medium, provided the original work is properly cited.
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Methodical support for determination of thermomechanical stability of the oils in an ICE’s the
conformal friction assembly under non-stationary friction conditions

The basic principle of choosing a tribological test scheme with consideration of the temperature factor
under unsteady-state friction conditions is to maximize the approximation to the actual operating conditions of the
studied tribological couplings. To do this, it was necessary to ensure that the nature of the movement of the
samples, sliding values and speeds, as well as the materials of the friction pairs, which simulate the conditions of
friction units in the “stop-end-go” mode, were consistent. When choosing a schematic diagram for studying the
processes of friction and wear of moving joints in lubricants, it was necessary to take into account the qualitative
picture obtained on the samples observed when the conditions of intensive wear of friction pairs of an ICE’s the
conformal friction assembly are realized, namely, when the compression ring - inner wall of the working cylinder
contacts with full contact of the contact surfaces under conditions of pure sliding friction.

The studies were carried out on a modernized universal automated friction test bench (UAFTB) based on
the SMC-2 friction machine (Fig. 1), which is based on the method of measuring the voltage in the normal glow
discharge (NGD) mode [1], which is based on the theory of the occurrence of a glowing gas discharge in a lubricant
(oil) associated with the formation of gas bubbles.

The chosen research scheme (see Fig. 1) has the following advantages:

- the possibility of changing the temperature in the range from minus 20°C to 150°C, which does not affect the
value of the voltage drop;

- the voltage drop almost does not depend on the properties and composition of oils, since the discharge occurs in
gas;

- moisture content and wear products, as well as the properties of the metal surfaces of friction pairs, do not affect
the voltage value;

- the ability to measure separately the thickness of lubricating layers of different origin, which is ideal for mixed
friction conditions.
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Fig. 1. Block diagram of the UAFTB: I - Friction machine SMC-2; 2 - 4: Automated control unit with software
(ACUS), which includes: 2 - Strain gauge unit; 3 - Analog-to-digital converter (ADC); 4 - PC software

According to the kinematic diagram, the SMC-2 friction machine (Fig. 2) is a single-contact unit consisting
of a pad-roller sample mounting unit for clean sliding conditions in a non-stationary friction mode (Fig. 3).

| T—

Fig. 2. General view of the UAFTB Fig. 3. Pad-roller tribopair at the SMC-2

For the exchange of parametric information between the primary transducer (strain gauge) and the PC (see
Fig. 1), a programmable complex is used, which includes an analog-to-digital converter (ADC) “eZtrend V5” by
Honeywell, designed to switch analog signals and convert them into digital code. The program implements the
hardware launch of the ADC. The ADC request is executed before the converter is ready. For hardware startup of
the ADC at different intervals, a timer is used, which is part of the universal programmable complex.

Measurement and control of the volumetric temperature is carried out using a digital thermostat TR-3 with
built-in temperature sensors and a measuring range from minus 20°C to 150°C. Forced heating of the oil to the set
temperature is carried out using a heating element - a heating element. Low temperature conditions are ensured by
the circulation of carbon dioxide from the Dewar tank (see Fig. 2). To investigate the relationship between the
volumetric temperature of the oil under study, measured by a thermocouple, and the local temperature in the local
friction contact zone, we used the thermal imaging method of measuring the field of local temperatures using
different modes of loading in the contact.

The thermal imaging method allows us to study the change in local temperatures of friction units in the
friction contact zone and beyond using a modern portable thermal imager TESTO-875-2i (Fig. 4).
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Fig. 4. General view of the portable thermal imager “TESTO-875-2i”

The technical characteristics of the portable thermal imager of this brand are as follows:
- detector 160 x 120 pixels, uncooled microbolometer;

- thermal sensitivity - 0.08 °C;

- spectral range 8...14 microns;

- 3.5' LCD display, 320 x 240 pixels;

- image viewing - infrared and real (digital camera);

- temperature measurement range (- 20 ... + 280 °C);

- measurement error - 2°C;

- minimum focal length - 0.4 m;

- 2GB memory card (approximately 1000 images);

- power supply from lithium batteries;

- operating ambient temperature - from (-15°C) to (+50°C);
- battery life - 4 hours;

- weight about 900 g.

Results of studying the thermomechanical stability of oils in the friction contact zone of an ICE’s the
conformal friction assembly

As the lubricant under study, we used a modified motor oil with the addition of a mixture of fullerenes with
a concentration of the 2% according to the preliminary results obtained in [2, 3]. Temperature studies were
conducted in 2 stages:

Stage 1 - thermal imaging measurement of the temperature fields of the local roller contact zone and the
volumetric temperature for the modified oil under atmospheric conditions — 7 = 29/ K at the maximum contact
stress in the contact, o = 55 MPa. The temperature regime of heating was as follows: T = 303K, 313K; 318K;
338K, 348K; 353K, 363K respectively.

Stage 2 - thermal imaging measurement of the temperature fields of the local contact zone of the roller and
the volumetric temperature for the modified oil under atmospheric conditions — 7' = 29K at the maximum contact
stress in the contact, gy = 68 MPa.

The temperature regime of heating was as follows: 7 = 303K, 313K, 318K, 338K; 348K; 353K, 363K
respectively. The initial operating period was reproduced for different shaft rotation cycles: 5 cycles, 10 cycles,
and 15 cycles, respectively.

The results of the thermal imaging tests are presented in the form of thermograms for the maximum contact
stresses in the contact ome = 55 MPa (Fig. 5 a, b) and 6yer = 68 MPa (Fig. 6 a, b) at T = 348K and T = 363K,
respectively.

b

Fig. 5. Thermogram of the temperature fields of the contact zone: for the initial operating period at omax = 55 MPa
during heating to T = 348K (a) and T = 363K (b), respectively
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Fig. 6. Thermogram of the temperature fields of the contact zone: for the initial operating period at omax = 68 MPa
during heating to T = 348K (a) and T = 363K (b), respectively

Below, we present the results of the studies in tabular form (Table 1) and graphical interpretation of the
results (Fig. 7) at the maximum contact stress in the contact, o = 55 MPa for the initial operating period.
According to the results in Fig. 7, a correlation was established between the temperature of the roller in the
local friction contact zone and the volumetric temperature of the modified oil for the initial operating period at
Omax = 55 MPa, which ranges from 6% to 34% as the temperature increases in the studied range. Moreover, the
temperature of the roller increases linearly, reaching a maximum temperature of 7 = 380K at the end of the
operating time, at which the temperature difference between the oil and the roller is equal on average to AT = 25K.
The following research results are presented in tabular form (Table 2) and in the form of a graphical
interpretation of the results (Fig. 8) at the maximum contact stress in the contact gyax = 68 MPa for the initial
operating period.
Table 1
Results of correlation between the roller's local temperature and the modified oil's volumetric
temperature at the maximum contact stress in the contact, 6w = 55 MPa
Correlation between roller temperature and oil temperature,
taken from the thermogram, °C

Object of research | Ne, cycles Oil heating temperature by thermocouple, °C
30 40 45 65 75 85 90
Oil 5 45.3 48.2 48.5 62 73.5 71.9 80.4
Oil 10 46.3 49 52.8 67.2 73.2 77 78.4
Oil 15 43.8 47.2 554 63.6 70.3 80.9 81.9
Roler 15 47.6 48 76.1 85 90.2 100 107
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Fig. 7. The correlation between the local temperature of the roller in the contact zone and the volumetric temperature
of the modified oil during the initial operating period at omax =55 MPa

According to the results of Fig. 8, a correlation was established between the temperature of the roller in the
local contact zone and the volumetric temperature of the modified oil for the initial operating period at gu. = 68
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MPa, which ranges from 4% to 58% as the temperature increases in the studied range. Moreover, the temperature
of the roller increases linearly, reaching a maximum temperature of 7 = 382.4K at the end of the operating time,
at which the temperature difference between the oil and the roller is equal on average to AT = 40K.

Thus, the results of the correlation between the local temperature of the roller in the local contact zone and
the volumetric temperature of the modified oil, for the initial operating period with an increase in the maximum
contact stress ouax from 55 MPa to 68 MPa, extends the spread of the correlation linear dependences towards high
temperatures by an average of AT = /5K, which determines the importance of taking into account the increase in
the local temperature of the roller in the local friction contact zone relative to the oil volume temperature with
increasing load (maximum contact stress).

In order to determine the thermomechanical stability, it is necessary to know the average temperature in the
local contact zone, taking into account the correlation between the volume temperature of the modified oil and the
local temperature in the friction contact zone, where the temperature fields (changes in the special temperature
point) are determined by the thermal imaging method for the roller-pad friction pair (“roller” - made of Steel 40H,
“pad” - made of bronze BrOCS 4-4-17) during the period from startup to /5 cycles in the non-stationary sliding
friction mode at different warm-up temperatures: 7 = 298K, 303K; 313K, 338K, 348K, respectively.

By the thermal imaging method of research, the fields of local temperatures in the friction contact zone of
the roller (changes in the special point of the corresponding temperature) were determined in the form of
thermograms (Fig. 9, where it is shown for 7' = 298 K) and changes in local temperatures in the friction contact
zone of the roller were determined (Fig. 10, a-d) relative to the volumetric temperature of the studied modified oil
measured by a thermocouple, taking into account the correlation performed during the period from startup to /5
cycles in the unsteady-state mode of sliding friction at different heating temperatures.

Table 2

Results of correlation between the roller's local temperature and the modified oil's volumetric

temperature
at the maximum contact stress in the contact, 6. = 68 MPa
Correlation between roller temperature and oil temperature.
taken from the thermogram. °C

Object of research | Ne. cycles Oil heating temperature by thermocouple. °C
30 40 45 65 75 85 90
Oil 5 38.2 45.9 47.4 56.1 55.9 68.5 69.1
Oil 10 353 43.5 48.1 50.5 64.2 67.1 69.6
Oil 15 353 424 49.9 59.4 55.9 71.5 68.6
Roler 15 353 44.5 76.1 83.7 89.3 99.3 109.4
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Fig. 8. The correlation between the local temperature of the roller in the contact zone and the volumetric temperature
of the modified oil during the initial operating period at omax = 68 MPa

Based on the results of the fields of local temperatures (thermograms) of the roller surface (see Fig. 10 a-
d), special points of local temperature in the friction contact zone were determined, taking into account the
preliminary correlation between the local temperature of the roller surface and the volumetric temperature
measured by the thermocouple for the studied oils: modified oil and standard oil selected for comparison during
the operating period.
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Fig. 9. Thermogram of a special point of local temperature in the friction contact zone of the roller at T = 298K
during the initial operating period
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Fig. 10.- Change of the local temperature feature point regarding the previous correlation: in the initial operating
period (a), after 5 (b), -10 (c), -15 (d) operating cycles

According to the equations (see Fig. 10 a - d), it was determined that under the conditions of operating time
up to 15 cycles, the condition for the temperature criterion is met: Terisicat < Taverage for both oils, but for the modified
oil, an increased thermomechanical stability was established, on average by AT = 23K, which confirms the better
structural adaptability of the modified layers of the corresponding modified oil to extreme operating conditions.

Conclusions

The correlation between the temperature in the local friction contact zone and the volumetric temperature of
the modified oil was determined when the maximum contact stress was increased to 68 MPa during the running-in
period with a corresponding shift of the correlation linear dependencies towards high temperatures by AT = 15K.
Under the conditions of operating up to /5 cycles, the thermomechanical stability of the modified oil was found to
be increased compared to the standard oil, on average by A7 = 23K, which confirms the optimal structural
adaptability of the modified layers to extreme operating conditions.
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Misnanenko O., CaBuyk A., Kym O., Bo6po A., BancoBcbkmii Q. B3aeMo03B's130k 00'eMHOT TeMiepaTypu
MO/ (D iKOBaHUX OJIUB 1 JJOKAIBHUX TEMIIEPATyp Y 30HI KOHTAKTY T€PTsl B EKCTPEMaIbHUX YMOBAX eKCILUTyaTallii

Po3pobnieHo MeTomuWKy, sKa JI03BOJISIE 3a JIOIIOMOTOK0 TEMIIEPaTypPHOI'O KpPHUTEPilo, BH3HAYATH
TEPMOMEXaHIYHY CTIHKICTh OJIMB 1, TAKHM YHWHOM, aHaIi3yBaTh MOAUGIKYBAaHHS OJIMB MO0 ITiBUIICHHSI
e(peKTUBHOCTI MalIeHHs i 3HOCOCTIMKOCTI Tap TepTst KoHGOpMHUX By3miB [IB3, siKi MPaIfor0Th B eKCTPEMaIbHUX
yMOBax poOOTH.

BuzHaueHo KopessiiiiHuiT B3a€MO3B’ 130K MK TEMITEPaTypOIO B JIOKAJIbHIN 30HI (PPUKLIIHOTO KOHTAKTY 1
00’€MHOIO TEMIIEpaTyporo MoJH(iKOBaHOT OJIMBY IPH 301JIbIIEHHI MAaKCUMAJIbHOTO KOHTAKTHOTO HAIPY>KEHHS JI0
68 Mlla B mepioJ NpUNPAIFOBAHHS 3 BIAIOBIIHAM PO3HECCHHSM KOPEILIMIMHUX JIHIHHAX 3aJIe)KHOCTEH B OiK
BUCOKMX Temreparyp Ha A7 = [5K. B ymoBax HampamioBaHHsA 1O /5 UMKIIB, BCTaHOBJIEHA 30UIbIICHA
TepMOMEXaHiYHa CTIHKICTh MOAM(IKOBAHOT OJIMBH B TMOPIBHSIHHI 31 IITATHOIO OJIMBOIO, B cepeHbOMY Ha AT =
23K, mo MiATBEPIXKYE ONTUMAIBHY CTPYKTYPHY IMPHUCTOCOBYBAHICTh MOIN(IKOBAHMX IIAPiB A0 EKCTPEMATBHUX
YMOB pOOOTH.

Kurouosi ci1ioBa: koH(MDOPMHI BY3JIH , TEPMOMEXaHiuHa CTIHKICTh, €(EeKTHBHICTh MaIlleHHs, 3HOCOCTIHKICTh
nap Teptsi, MoJu(diKyBaHHS OJIUB, CTPYKTYPHA IIPHUCTOCOBYBAHICTh, TEMIIEpaTypa KOHTaKTy, TEMIIEpaTypa OJIMBH,
TEIUTOBI3iHHIHA METO.
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Abstract

The article investigates the influence of technological modes of separate carbonitriding of carbon steels on
the thickness and microhardness of the hardened layer. Two hardening variants were investigated: first, carburizing
of surfaces was carried out in argon-propane, and then nitriding in argon-nitrogen mixtures and vice versa. As the
conducted studies have shown, the variant of the hardening technological process significantly affects the physical
and mechanical characteristics of the hardened layer. In all two variants of the technological process, the hardened
layer consists of a surface carbonitride zone and a diffusion zone of internal nitriding, but the properties of these
zones are different in different variants of the technological process. Thus, when hardening steels according to the
first mode, the thickness of the carbonitride zone is maximum, and the internal nitriding zone has a small thickness.
This is explained by the fact that the carbonitride layer created on the steel surface at the first stage of processing
performs the function of shielding the surface from the penetration of nitrogen ions into the surface layer of the
metal. When hardening according to the second mode, the carbonitride zone has a slightly smaller thickness, but
a more developed internal nitriding zone. In addition, carbonitriding according to the first mode leads to the
formation of carbonitride inclusions in the diffusion zone in the form of a mesh, which significantly reduce the
plasticity of the layer and under dynamic loads are centers of microcrack nucleation. It has also been established
that a carbonitride € — phase is formed on the surface of steels, which consists of carbonitrides of the type Fe2(N,C),
Fe3(N,C), Fe4(N,C). The carbonitride zone has high hardness, high corrosion resistance, and increased wear
resistance. The thickness of the carbonitride zone reaches a thickness of up to 25 microns. Under the carbonitride
zone is the internal nitriding zone, which has a large thickness and is the main part of the carbonitrided layer. The
internal nitriding zone consists of a nitrogenous solid solution of the base metal, its nitrides and nitrides of alloying
elements. The dependences of thickness and microhardness on the technological parameters of carbonitriding of
carbon steels obtained in the work: temperature, saturation time, composition of the gas medium, its pressure allow
them to be optimized depending on the requirements of further operation.

Keywords: carbon steels, wear resistance, carbonitration, medium pressure, thickness of the hardening
layer

Introduction

Machine parts and tools that operate under conditions of intensive wear are widely used in technology.
Increasing their service life will significantly reduce operating and repair costs, which will provide a significant
economic effect. Known hardening technologies require further processing of parts and tools, require significant
energy resources and are in most cases environmentally harmful. The developed technology significantly reduces
energy consumption, is environmentally friendly, and allows you to predict the operational properties of the
processed parts.

A significant disadvantage of almost all types of chemical-thermal treatment, and especially furnace
nitriding, is the need to heat the products to high temperatures and hold them at these temperatures for a long time,
which leads to significant energy consumption. In addition, after nitriding, residual tensile stresses are formed in
the "coating-base" system, which reduce the performance of the product. Such coatings cannot work in heavily
loaded friction units. At high local loads, the nitrided layer is pushed through, since it lies on a soft base, the
microhardness of which is significantly lower than the microhardness of the layer itself. This is due to the fact that

Copyright © 2025 M.S. Stechyshyn, O.V. Dykha, D.V. Zdorenko, E.G. Oleksandrenko. This is an open access article distributed
@m under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
C provided the original work is properly cited.
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the technological process of nitriding involves preparatory heat treatment of steel: quenching with high tempering
at a temperature of 800-860 K, which coincides with the temperature of furnace nitriding.

There is a known method of strengthening such coatings, which, after the process of furnace nitriding
in an ammonia environment at a temperature of 800-860 K with a holding time of 15...20 hours, is subjected to
laser treatment, which is performed after nitriding discretely by points with a treatment area of 20-35% of the total
area of the steel product, with a power of 105 -108 W/cm?2. As a result of such treatment, the microhardness of
discrete areas of steel was:20MnCr5G- 6500 MPa, 37Cr4 - 8200 MPa,41CrAlMo7- 8900 MPa [1].

The disadvantage of this method is the duration of the furnace nitriding process (10...15 hours), high
energy consumption, explosiveness and environmental hazard of the process, expensive equipment, and its absence
on the Ukrainian market.

It is known that the technology of hydrogen-free glow discharge nitriding (GHND) can be used in all
industries where there is a need to increase the service life of parts that operate under conditions of intensive wear,
cavitation-erosion and corrosive effects of the external environment on them [2, 3].This ensures increased wear
resistance [4], surface strength [5], corrosion resistance [6], reliability and durability of the machined parts [7].

In addition, glow discharge nitriding is characterized by the lowest energy consumption among all
known processes of this class - 100...130 kWh/t. For comparison, the corresponding indicator for hardening varies
within 1250...1450 kWh/t, for annealing - 300...1500 kWh/t, normalizing - 600...1400 kWh/t, cyanidation -
1050...1600 kWh/t, for laser hardening it is 230 kWh/t, gas nitrocarburization - 600 kWh/t, liquid - 800 kWh/t, gas
nitriding - 450 kWh/t. Another extremely important advantage of ATP is the practical absence of deformation of
products, which eliminates the need for further surface finishing. It is obvious that both of these facts significantly
reduce the cost of the processed part [8].

A significant advantage of the proposed technologycompared to domestic and world analogues is the
rejection of the use of hydrogen-containing gas media traditionally used in GLOW DISCHARGE NITRIDING -
ammonia and a mixture of nitrogen and hydrogen. The presence of hydrogen in the glow discharge stimulates
hydrogen embrittlement. Another serious drawback associated with the use of hydrogen-containing media is the
environmental hazard of the process [7, 8].

Goal and problem statement

To investigate the influence of technological parameters of separate carbonitriding of carbon steels
(temperature, pressure, propane content in the propane-argon mixture, saturation time, sequence of nitriding and
carburizing) to find their optimal characteristics that ensure the operational requirements for the hardened surfaces
of parts.

Research methodology

The technological parameters of the carbonitriding process in a glow discharge significantly affect the
physical and mechanical characteristics, structure, phase composition, and wear resistance of the carbonitride
layer, therefore, studying this influence is an important task.

The research was conducted on steel grades: AISI 3415, T8, 37Cr4, 45, 105WC6. The task of the research
was to determine the dependence of the characteristics of the carbonitrated layer (depth, hardness, structure, phase
and chemical composition) on the main parameters of the technological process (pressure, composition of the
saturating medium, temperature and duration of the process). As working gases, mixtures of nitrogen and argon
(75% N2 + 25% Ar) and propane C3H8 were used, the saturation temperature varied from 480 °C to 600 °C, the
pressure of the gas mixture in the process of diffusion saturation was from 80 Pa to 400 Pa, the duration of the
process was from 20 min to 240 min.

In the process of research, methods of metallography, X-ray diffraction and chemical analysis were used,
as a result of which the following characteristics of the carbonitrated layer were determined: structure and thickness
based on microscopes MMP-2P, "Neophot-21"; microhardness using a PMT-3 microhardness tester; phase
composition based on an X-ray device DRON-3M.

In order to conduct experiments rationally and obtain reliable information, mathematical methods of
planning experiments (first- and second-order plans) and statistical methods of processing experimental results
were used.

Studies of the influence of technological parameters of the nitriding process on the operational
characteristics of nitrided samples showed that all dependencies are nonlinear. The use of first-order mathematical
models to describe these processes is possible only in a narrow range of changes in variable factors, when the
function in a given area can be approximated with sufficient accuracy by a straight line. Therefore, when solving
the forecasting problem, the method of planning experiments - the Hartley second-order plan - was used to
mathematically describe these dependencies and conduct rational research [9]. Hartley plans differ from other
second-order plans in their high efficiency. For example, in a four-factor experiment, 25 experiments must be
conducted using an orthogonal central-compositional plan, 31 experiments using a uniform rotatable central-
compositional plan, and 17 experiments using a Hartley compositional plan. However, processing the results of
the experiments requires the use of software.
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Studies of the carbonitriding process in a glow discharge were carried out on an experimental setup that
provides hardening of both samples and industrial parts with a diameter of up to 400 mm and a length of up to
1000 mm.

Experimental studies of samples for wear resistance were carried out on a universal machine for testing
friction materials model 2168UMT. The counterbody material is steel ShKh15 with a base hardness of HRC61;
pressure in the contact zone P = 16 MPa; sliding speed v = 0.1 m/s; the controlled parameter is linear wear h,
which was determined as a change in the linear size of the sample measured normal to the friction surface as a
result of passing a section with a length 1. The test was carried out in the dry friction mode, which is typical for
many parts of agricultural machinery.

Presentation of research materials

To find the optimal amount of propane in the saturating medium and the pressure in the discharge chamber,
a number of technological modes of hardening of AISI 3415, 105WC6 and 37Cr4 steels were carried out.
Technological parameters of the process of forming a carbide layer in a glow discharge: process temperature T =
580 °C, hardening duration T = 240 min, the pressure in the chamber varied from 67 Pa to 333 Pa, the propane
content in the saturating medium in a volume fraction from 3% to 15% (hereinafter, the abbreviated notation of
the composition of the gas mixture will be used in the text, for example, 15% C3HS).

In the process of studying samples of AISI 3415, 105WC6 and 37Cr4 steels, the dependences of the surface
microhardness of the carbide layer on the technological parameters of the hardening process - pressure in the
discharge chamber and propane content were obtained. Data on the microhardness of hardened steels are given in
Table 1. The dependences of microhardness on the parameters of carbonitriding are shown in Figures 1 and 2.

Table 1
Microhardness of AISI 3415, 105WC6 and 37Cr4 steels hardened in a glow discharge in a carbon
environment
Technological parameters of the Microhardness H100, MPa
Mode mode
p, Pa % AISI 3415 105WC6 37Cr4
C3HS8 LA U,B To After To After To After
1 333 9.0 6.8 315 2420 6500 3000 4350 2970 4700
2 266 9.0 6.7 380 2700 7300 3150 4800 3000 5500
3 200 9.0 5.6 410 2850 6800 2550 5300 2860 4750
4 133 9.0 4.6 550 2450 5650 2800 4500 2600 3800
5 67 9.0 3.6 970 2650 5000 3000 3750 2800 3600
6 266 15.0 6.6 360 2600 5500 3050 3900 2930 4100
7 266 12.0 6.5 400 2800 6700 3080 4550 2700 5150
8 266 9.0 6.7 380 2750 7300 3050 4800 2950 5500
9 266 6.0 6.1 450 2800 6250 3180 4280 3050 5000
10 266 3.0 6.3 420 2700 5500 3000 3500 2950 3600
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Fig. 1. Dependence of the microhardness of the carbide layer on the propane content in the saturating
medium: 1- AISI 3415; 2- Steel 37Cr4; 3- Steel 105WC6
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Fig. 2. Dependence of the microhardness of the carbide layer on the pressure in the discharge chamber: 1-
AISI 3415; 2- Steel 37Cr4; 3- Steel 105WC6

Previous studies of the influence of the propane content in the medium and the pressure in the discharge
chamber have shown that for all the studied steels there are optimal values of the propane content in the saturating
medium (from 9% to 12%) and the pressure in the discharge chamber (from 266 Pa to 300 Pa), at which the surface
microhardness will be maximum. With an increase in the propane content in the saturating medium, the surface of
the samples is covered with soot, which complicates the penetration of saturating gases into the metal surface and
the formation of a hardened layer.

The influence of the technological process of carbonitriding on the physical-mechanical and tribological
characteristics of AISI 3415, 105SWC6 and 37Cr4 steels are researched. Hardening was carried out using two
variants of the technological process:

1. Carbon saturation (t = 120 min, medium — 88% Ar + 12% C3HS) + nitrogen saturation (t = 120 min,
medium — 25% Ar + 75% N2).

2. Nitrogen saturation (T = 120 min, environment — 25% Ar + 75% N2) + carbon saturation (t = 120 min,
environment — 88% Ar + 12% C3HS).

The process temperature and pressure in the discharge chamber in all two variants of the hardening process
remained unchanged. The results of studies of the surface microhardness, the thickness of the hardened layer and
the thickness of the carbonitride zone of the hardened steels are given in Table 2. The microstructures of steels
for different variants of hardening processes are shown in Fig. 3. As the conducted researches showed, the variant
of technological process of hardening significantly influences physical and mechanical characteristics of the
hardened layer. In all two variants of technological process the hardened layer consists of a surface carbonitride
zone and a diffusion zone of internal nitriding, but the properties of these zones at different variants of
technological process are different. Thus, at hardening of steels according to the first mode.

Table 2
Characteristics of carbonitrided layer of steels, hardened in glow discharge depending on the
variant of technological process

Mode Parameters Steel Microhardness H100,
strengthening grade MPa Layer thickness, | Carbonitrided
to after pm zone, m

1 =120 min, 88% Ar + AISI 2700 7800 48 20
12% C3HS 3415 3000 7200 45 13
t=120 min, 25% Ar+ | 105WC6 | 2950 7350 40 25
75% N2 37Cr4
T =580 °C, p =266 Pa

2 =120 min, 25% Ar + AISI 2800 8200 100 15
75% N2 3415 3180 7240 65 12
=120 min, 88% Ar+ | 105WC6 | 3050 7900 80 20
12% C3HS8 37Cr4
T =580 °C, p=266 Pa
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T = 120 min, environment (88% Ar + 12% C3HS8); t = 120 min, environment (25% Ar + 75% N2), T = 580 °C, p
=266 Pa) the thickness of the carbonitride zone is maximum, and the internal nitriding zone has a small thickness.
This is explained by the fact that the carbonitride layer created on the steel surface at the first stage of processing
performs the function of shielding the surface from the penetration of nitrogen ions into the surface layer of the
metal (Fig. 3a, 4a, 5a).

Fig. 5. Microstructure of 105WC6 steel: a — mode 1, b — mode 2

When hardening in the second mode t = 120 min, environment (25% Ar + 75% N2); T = 120 min,
environment (88% Ar + 12% C3HS), T =580 °C, p = 266 Pa) the carbonitride zone has a slightly smaller thickness,
but a more developed zone of internal nitriding (Fig. 3b, 4b, 5b).

Carbonitriding in the first mode leads to the formation of carbonitride inclusions in the diffusion zone in
the form of a mesh, which significantly reduce the plasticity of the layer and, under dynamic loads, become centers
of microcrack nucleation.
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The results of experimental studies of the microhardness and thickness of the carbonitrided layer of AISI
3415, 105WC6 steels, 45, 37Cr4 and US steels for 20 modes according to the Hartley plan were obtained in the
work and the dependences of the change in the microhardness H100 of the samples on the depth h of the
carbonitrided layer at different technological modes were constructed. From these dependences it follows that
when carbonitriding in a glow discharge, as a rule, the highest hardness is obtained on the surface of the part. The
latter is explained by the fact that a carbonitride & — phase is formed on the surface of the part, which consists of
carbonitrides of the type Fe2(N,C), Fe3(N,C), Fe4(N,C). The carbonitride zone has high hardness, high corrosion
resistance, and increased wear resistance. The thickness of the carbonitride zone reaches a thickness of up to 25
pm. Below the carbonitride zone is the internal nitriding zone, which has a large thickness and is the main part of
the carbonitrided layer. The internal nitriding zone consists of a nitrogenous solid solution of the base metal, its
nitrides and nitrides of alloying elements.

The dependences of thickness and microhardness on the technological parameters of carbonitriding of
carbon steels obtained in the work: temperature, saturation time, composition of the gas medium, its pressure allow
them to be optimized depending on the requirements of further operation. Thus, previously conducted studies on
the wear resistance during dry friction of carbonitrided steel 45 by the developed method showed that to achieve
100 um of wear, a friction path of 560 km is required, and for the traditional method, 410 km. That is, we have an
increase in wear resistance by 1.36 times. It should be noted that with an increase in the content of carbon (steel
US8) and alloying elements (steels 37Cr4, AISI 3415, 105WC6) the effect of increasing wear resistance also
increases. The developed method of carbonitriding of carbon steels is protected by a patent of Ukraine [10].

Conclusions

Thus, carbonitriding in a glow discharge allows you to change the structure of the hardened layer by
changing the technological parameters of the saturation process and, as a result, change its operational properties.
Thus, the increase in wear resistance during dry friction of carbonitrided steel 45 by the developed method
increases by 1.36 times compared to the known method.
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Creunmmmma M.C., Inxa O.B., 3nopenko JI.B., Onexcangpenko €.I'. 3HococTiliKicTh Kap00a30TOBaHUX
PO3IUIBHUM CIIOCOOOM KOHCTPYKLIHHUX cTanen

VY crarTi JOCHIIPKEHO BIUIMB TEXHOJOTTYHUX PEKHUMIB PO3IIILHOTO Kap00a30TyBaHHs BYTIJIELEBHUX CTajlel
Ha TOBIIMHY Ta MIKPOTBEPHICTH 3MilHEHOro mapy. Ilpu oMy HOCHiKyBanocs J1Ba BapiaHTa 3MilHEHHS:
CIIOYaTKy NPOBOAMIIOCS HaBYIJICLbOBYBAHHS IIOBEPXOHb B aprOHO-IPOIAHOBIH, a Taii a30TyBaHHS B aproHoO-
a30THIM cymimax 1 HaBHakW. SIK TOKa3ajdW MTpPOBENEHI INOCHIKCHHS, BapiaHT TEXHOJIOTIYHOTO MpOIECy
3MIIHEHHSI 3HAYHO BIUIMBAE Ha (i3MKO—MEXaHiYHI XapaKTePUCTHKHU 3MIITHEHOTO mapy. ¥ BCIX IBOX BapiaHTax
TEXHOJIOTIYHOTO TIPOIIeCcy 3MIITHEHUH map CKIAJaeThCs i3 TOBEPXHEBOI KapOOHITPUAHOI 30HM Ta OU(y3iHHOL
30HHM BHYTPIIIHBOTO a30TyBaHHS, ajie BIACTHBOCTI IIMX 30H IPH Pi3HUX BapiaHTaX TEXHOJIOTIYHOTO IIPOLECY
pizHi. Tak, mpy 3MIIHEHH] cTaleH 10 epIIoMy PEeXUMY TOBIIMHA KapOOHITPUAHOI 30HH MaKCHMAallbHA, a 30Ha
BHYTPIIIHBOTO a30TyBaHHS Ma€ HEBEJIMKY TOBLIMHY. Lle TOSCHIOETHCS THM, 1110 CTBOPEHUI HA MOBEPXHI CTaJl
KapOOHITPUIHHH HIap Ha epuIoMy eTari 00poOKH BUKOHYE (DYHKIIII0 eKpaHyBaHHS TOBEPXHI Bl TPOHUKHEHHS
B [TOBEPXHEBUII 11ap MeTainy ioHIB a3oTy. [Ipu 3MilHEHHI 10 IpyromMy KapOOHITpHUIHA 30Ha Ma€ JIEI0 MEHIITY
TOBIIMHY, aje OUIbII PO3BHHEHY 30HY BHYTPIIIHBOTO a30TyBaHHA. KpiMm Toro, kap060a30TyBaHHS 3a MEPIINM
PEKUMOM IIPUBOJUTH JI0 YTBOPEHHS B TU(Yy3iiiHIN 30HI KApOOHITPUAHUX BKIIIOUEHD Y BUTJISIII CITKH, SIKi 3HAYHO
3HWXKYIOTh IUIACTHYHICTH [Iapy 1 NpH AMHAMIYHAX HaBaHTAXKCHHSX SBIISIOTHCS IIEHTPAMHU 3apOPKCHHS
MIKpOTpinH. BCTaHOBICHO TakoX, IO Ha MOBEPXHI CTaJell yTBOPIOEThCA KapOoHITpuaHa &€ — (asa, ska
ckianaetbes i3 kapOoHiTpuais Tuiry Fex(N,C), Fes(N,C), Feq(N,C). KapOoHiTpraHa 30Ha Ma€ BETUKY TBEPAICTS,
BHCOKY KOPO3iifHY CTIHKICTb, MiABUINECHUN Omip 3HOCY. ToBmMKHA KapOOHITPHIHOI 30HN MOCATAE TOBIIUHU 0
25 mxM. ITin kapOOHITPUIHOKO 30HOK PO3TANIOBaHA 30HA BHYTPIIIHEOTO a30TYBAHHS, KA Ma€ BEJIHKY TOBLIHHY
1 € OCHOBHOIO YaCTHHOIO Kap00a30TOBaHOrO Mapy. 30Ha BHYTPIIIHBOTO a30TyBaHHS CKJIAAETHCS i3 a30TUCTOTO
TBEPJIOr0 PO34YHMHY OCHOBHOT'O METally, HOTO HITPWAIB Ta HITPUIIB JIerytounx enemeHTiB. OTpuMmani B poOoTi
3aJIe)KHOCTI TOBILMHHU Ta MIKPOTBEPIOCTI BiJl TEXHOJIOTTYHHUX MTapaMeTpiB Kap00a30TyBaHHS BYIJICLIEBUX CTAJICH:
TEMIIEpaTypyu, 4acy HACHUUYEHHs, CKJaJy ra3oBOr0 CEpeNOBHINA, HOro THUCKY HO3BOJSIIOTH 1X ONTHUMIi3yBaTh
3aJIe)KHO BIJI BUMOT MOAAJBINOI eKciuryarauii. Po3pobnenuii crocib kap0oa30TyBaHHS BYIJIEIIEBUX CTajei
3aXHMIIEHO MTaTeHTOM.

Ki04b0Bi cj10Ba: ByIieneBi craji, 3HOCOTIHKICT, KapO0a30TyBHHS, THCK CEPEIOBHIIA, TOBIINHA IIapy
3MII[HEHHS
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Abstract

This study investigates the microhardness of the polymeric material Zedex zx-100k and other polymers
following tribological testing at different sliding speeds. The primary objective of this research is to select
polymers for potential use in composite materials. Microhardness was determined using a [IMT-3 microhardness
tester by indenting diamond indenters into samples in various zones — on the initial surface of the material and in
the wear area. The results obtained allow evaluating the influence of sliding speed on the change in microhardness
of the polymeric material and its behavior under wear conditions. Additionally, the results enable comparison of
different polymers tested on a tribometric setup with subsequent assessment of their physical characteristics.

The research highlights the importance of understanding the tribological properties of polymers, as these
materials are increasingly being used in various industrial applications due to their favorable characteristics, such
as low weight, cost-effectiveness, and chemical resistance. The selection of suitable polymers for composite
materials is crucial for enhancing the performance and durability of products in which these materials are used.

Moreover, the study provides insights into the mechanisms of wear and the role of microhardness in the
wear resistance of polymers. By analyzing the behavior of polymers under different sliding speeds, the research
contributes to the development of more effective materials for engineering applications where high wear resistance
is required. The findings suggest that optimizing the sliding speed can significantly impact the wear resistance and
longevity of polymer-based components.

In conclusion, this study offers a comprehensive analysis of the microhardness of polymers subjected to
tribological testing, providing valuable data for the selection and optimization of materials in composite
applications. The methodology and results discussed in the paper can serve as a basis for further research aimed at
improving the performance of polymeric materials in demanding operational environments.

Key words: polymers, microhardness, wear resistance, tribological properties, composite materials.

Introduction and statement of the research problem

This study examines the hardness of polymeric materials, which is defined as the ability of a material to
resist localized surface deformation under indentation [1]. The hardness of a material can be interpreted in different
ways depending on its properties. For example, if hardness is viewed as resistance to touch, steel is harder than
rubber. However, if hardness is understood as the ability of a material to resist permanent deformation, then rubber
can be considered harder than most metals because its range of elastic deformation is much wider.

Metals, despite having high elastic moduli, have a limited elastic range [2]. Therefore, during hardness
testing, the deformation of metals mostly goes beyond the elastic range and turns into plastic deformation. In the
case of polymers, the situation is even more complicated. Polymers can exhibit both elastic and plastic properties
depending on their composition, operating conditions, and temperature [3]. For example, some polymers can
change their hardness in the area of contact with other materials, which can be considered a surface hardening
effect similar to the scaling in metals. This feature is important for assessing the wear resistance of polymers under
different sliding conditions.

The study of microhardness of polymers has been of interest due to the need for a deeper understanding of
their behavior under load, as the viscoelastic properties of plastics significantly affect test results. Since plastics
exhibit both elastic and viscoelastic properties, testing their hardness requires taking into account phenomena such
as creep under load and time-dependent recovery after load removal. It is known that the term “hardness” covers

Copyright © 2025 R.M. Marchuk, R. G. Mnatsakanov, O. P. Yashchuk, O. 1. Kushch, D. V. Nyshchuk. This is an open access
@m article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and
C reproduction in any medium, provided the original work is properly cited.
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many different aspects: scratch hardness, rebound, deformation, etc. In the case of viscoelastic materials, such as
polymers, hardness properties can change depending on the time of loading, which necessitates the selection of a
well-defined test method for accurate comparisons [4].

From a practical point of view, microhardness testing of polymeric materials has significant potential as a
non-destructive method for assessing the quality of polymeric products [5]. For example, microhardness results
can correlate with parameters such as polymer morphology, density, orientation effects, and even mechanical
properties during molding. In addition, microhardness results can help in the study of stress, polymerization, water
dissipation, and durability parameters of polymer coatings, which is particularly valuable for understanding the
long-term stability of polymers in service [6].

Materials and methods of research

In this study, the following polymeric materials produced by the Rochling Group were selected: Sustamid
6G OL yellow, Sustamid 66 gray, Sustadur PET white, Sustapeek GF30, Sustamid 6 black, Sustapei transparent,
Sustadur GLD white, Zedex zx-100k.

All samples were subjected to standard preparation prior to testing, including dirt removal and degreasing
to prevent the influence of foreign substances on the results of microhardness measurements.

The Sustamid 6, Sustapei, Sustamid 6G OL, Sustapeek GF30, Sustadur GLD, Sustamid 66 and Sustadur
PET materials were tested at a sliding speed of 2.8 m/s, which provided standardized conditions for evaluating
their characteristics.

After the initial series of tests on a tribometric machine [7] under the same conditions, it was determined
that the Zedex zx-100k material showed the best results and was selected for further experiments. This material
was additionally tested at three sliding speeds: 1.4, 2.8, and 5.5 m/s.

The hardness of the tested samples was evaluated using a PMT-3 microhardness tester with a diamond
indenter. The indenter has the shape of a tetrahedral diamond pyramid with an angle of 136 degrees at the top,
which ensures high accuracy of indentation and measurement of the microhardness of polymers.

The microhardness tests were performed both for the original surface that was not subjected to friction and
for the surface in the friction track zone, which allowed comparing the effect of the tribological experiment on
changes in microhardness. The load applied during indentation was 0.39 N for all samples.

The main indentation hardness tests can be divided into two categories:

1.Tests that evaluate the residual strain after application and removal of the indenter (such tests are typically
used for metals, as they measure the hysteresis or elastic function).

2.Tests that evaluate the load and strain characteristics, which are used for polymers because they measure
the elastic modulus function.

The method of the second category was used to test polymers, since it allows taking into account the
peculiarities of viscoelastic deformation of polymers, ensuring the accuracy of the assessment of their
microhardness under loading conditions. [8].

The friction tests were performed using a counterpart made of 30KhGSA steel, which had the following
characteristics: HRC = 43 and Ra = 0.37 um. The contact surface of the polymers interacted with the steel
counterbody during friction, which allowed for standardized loading conditions for each sample and ensured
comparability of results.

The process of assessing the microhardness of polymers requires taking into account their viscoelastic
properties, as polymers tend to deform significantly under load. To reduce the influence of viscoelastic
deformation and ensure the stability of the results, the measurements were performed a short time after the indenter
was inserted. The experiments took into account the change in microhardness of the samples in the friction zone,
which may be due to the phenomenon of sticking, characteristic of polymers under specific loading conditions.
This allows for a deeper understanding of the mechanism of behavior of polymeric materials under friction and
wear.

Purpose

The aim of the study is to analyze in detail the changes in the microhardness of polymeric materials under
different sliding speed conditions, using Zedex zx-100k as a base material for testing. In the course of the study,
the microhardness of polymer samples is evaluated before and after tribometric loading, which allows establishing
the regularities of changes in the physical and mechanical properties of the material under the influence of various
operating conditions. Particular attention is paid to the change in microhardness in the contact zone, which is an
important indicator for assessing the wear resistance and durability of polymeric materials.

Results

The study evaluated the changes in the microhardness of various polymeric materials after testing on a
tribometric setup. An important aspect was the comparison of the microhardness values on the original surface
and on the friction track, which made it possible to assess the trend of changes in the microhardness of the material
after the experiment. The Sustapeek GF30 material (Fig. 1), like other samples, was measured on the PMT-3
installation using a diamond indenter, which allows obtaining accurate hardness results that are important for
understanding the wear resistance and mechanical stability of polymers.
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Table 1 shows the results of changes in the microhardness of polymeric materials. The deviation values
show the difference between the original surface and the contact zone where friction was observed. Negative
values (weakening) indicate a loss of hardness after friction, which may indicate a decrease in the material's
strength under load. For example, the Sustamid 6 material has a significant weakening, with a deviation of -1296.8,
which may indicate a decrease in its resistance to prolonged friction.

Particular attention was paid to the Zedex material, which was tested in three sliding speed regimes to
investigate the effect of different operating conditions. Samples Zedex No. 1 (5.5 m/s), Zedex No. 2 (2.8 m/s) and
Zedex No. 3 (1.4 m/s), conventionally numbered to simplify the analysis, show different hardening rates with
increasing sliding speed, which may be useful for further optimization of the material depending on the conditions
of use.
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Fig. 1. Image of the microhardness tester imprint on the surface of Sustapeek GF30 material.

In the process of studying the microhardness of polymers after friction with a metal counterbody, one can
observe the phenomena of mechanical destruction and thermal destruction of polymeric materials, which have a
key impact on the parameters of the contact zone. Mechanodegradation occurs due to the influence of mechanical
load, which leads to the destruction of molecular bonds and a decrease in the integrity of the polymer structure.
This destruction is associated with microscopic deformations and cracks that gradually accumulate on the polymer
surface, especially in areas of high pressure, such as the contact zone with a metal counterbody.
Mechanodestruction is an important wear factor because it leads to degradation of physical properties such as
hardness and, ultimately, to a reduction in material life.

In addition to mechanical degradation, thermal degradation of polymeric materials occurs under friction at
high speeds. It is caused by a significant increase in the temperature in the contact zone, when it sometimes exceeds
the operating range of the material. When critical temperature values are reached, some polymers begin to lose
structural stability, which can lead to softening, loss of stiffness, or even chemical degradation. Thermal
degradation can lead to partial melting or oxidation of the surface layers of the polymer, which reduces its
mechanical strength. It is this fracture mechanism that explains the microhardness deviation value for Zedex #1,
which showed the least tendency to harden after testing at the highest quench rate.

Results of Changes in Microhardness of Polymeric Materials fovled

Microhardness H40, MIla X}:;if’h;

Material The original The friction

surface track AH Am

Sustamid 6 1830.1 533.3 1296.8 weakening 0.3147
Sustapei 996.5 337.7 658.8 weakening 0.1800
Sustamid 6G OL 1313.6 1037.9 275.7 weakening 0.1996
Sustapeek GF30 738.9 500.3 238.6 weakening 0.1232
Sustadur GLD 658.8 569.7 89.2 weakening 0.0836
Sustamid 66 398.9 328.4 70.4 weakening 0.1178
Sustadur PET 260.6 798.8 538.2 strengthening 0.0458
Zedex zx-100k (Nel) 158.4 214.1 55.7 strengthening 0.0354
Zedex zx-100k (Ne2) 158.4 293.5 135.0 strengthening 0.0184
Zedex zx-100k (Ne3) 158.4 305.4 147.0 strengthening 0.0094

The increase in the microhardness of polymers under tribotechnical loading can be explained by both
mechanical and morphological factors. First, the mechanical strengthening of the surface layer due to local
deformation from friction leads to its compaction and orientation of molecules in the direction of the load. This
contributes to the creation of a denser and more stable structure, which has a positive effect on microhardness.
This effect often occurs as a result of slander, which, although typical for metals, can also occur in polymeric
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materials under certain conditions. The results of the studies of weight wear and microhardness of materials are
shown in Figure 2. The graphs demonstrate the relationship between the mechanical properties of materials and
their resistance to wear.
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Fig. 2. Comparison of weight wear (a) and microhardness (b) of materials: results of experimental studies.

Second, morphological changes that occur in the surface layers of polymers during friction play an
important role. Increased temperature and mechanical loading can promote partial crystallization of the polymer,
which leads to the formation of a more structured, oriented microstructure. This is especially true for partially
crystalline polymers [9], which are capable of changing their morphology under heating conditions. Such structural
changes increase the material's resistance to external influences and contribute to the growth of microhardness.

Conclusions

The study has shown that the polymeric material Zedex zx-100k (No. 1) has a positive tendency to
strengthen even at high sliding speeds. Despite the recorded destruction of the surface in the contact zone, a slight
strengthening of the material was observed after the test was completed. This indicates the ability of Zedex zx-
100k to withstand significant loads and maintain its structural integrity, which is an important factor for its use in
composite materials operating in harsh environments.

Comparison of the microhardness of polymers allows us to determine the optimal operating conditions for
each material. In particular, an increase in hardness in the friction zone indicates the ability of polymeric materials
to adapt structurally in response to mechanical loading, which is a promising factor for their selection as matrices
in composite materials. The decision to choose Zedex zx-100k for a more in-depth analysis was justified, as this
material proved to be resistant to deformation and showed a tendency to increase microhardness after testing on a
tribometric machine.

In addition, it was noted that the processes of mechanical degradation and thermal degradation play a key
role in the behavior of polymers during operation. The temperature rise in the contact zone sometimes exceeded
the operating range of the materials, which caused structural changes in the surface layers of polymers.
Accordingly, the selection of polymeric materials based on their temperature and mechanical characteristics is
important to increase their durability and stability. Careful selection of materials can help to minimize the negative
impact of destructive processes on polymer parts operating in harsh environments.

Thus, the results of the study confirm the prospects of using polymeric materials, in particular Zedex zx-
100k, in composites subjected to significant loads. This opens up new opportunities for improving polymer
composites that can adapt to operating conditions and demonstrate increased wear resistance and strength.
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Mapuyk P. M., Muanakanos P.I'., Slmyk O II., Kym O. L., Humyk . B. B tpuborectyBanHs Ha
MIKpOTBEpIICTh MOJIIMEpIB

Y 1poMy IOCHIPKEHHI BUBYAETHCS MIKpPOTBEPIICTh IMoJiMepHOro matepiainy Zedex zx-100k Ta iHmmx
MOJNIMEpiB Micisl TPUOOTECTYBaHHS 3a PI3HUX IIBUAKOCTEH KoB3aHHS. OCHOBHA MeTa LIbOTO JOCITIJDKEHHS —
BifmiOpatu moJiMepH AJIl MOTEHIIHHOTO BUKOPHCTAHHS B CKJIali KOMIIO3WIIIHUX MartepialiB. MiKpoTBepaicTh
BU3HAYaJ M 3a Jormomoroio Mikporsepmomipa [IMT-3. OrpumaHi pe3yipTaTH IO3BOJSIOTH OIIHUTH BILTUB
IIBUIKOCTI KOB3aHHS Ha 3MiHY MiKpOTBEPIOCTI MOJIIMEPHOTO MaTepiary Ta HOTo MOBEAIHKY B yMOBaX 3Hocy. Kpim
TOTO, PE3YIBTATH JO3BOJSIOTH MOPIBHATH Pi3HI MOJIMEPH, II0 TECTYBAJIHCS HAa TPHOOMETPHUHIM yCTaHOBII, i3
MIOJATBIIIONO OIIIHKOKO iX (Pi3SMUHUX XapaKTePHCTHUK.

JocmimKeHHS TiAKPECIIOE BaXKITHBICTh PO3YMIHHS TPHOOJIOTIYHIX BIACTUBOCTEH IMOIIMEPiB, OCKUIBKH i
Marepianu Jienai Oinblie BUKOPUCTOBYIOTBCS Y PI3HMX MPOMHCIIOBHX Taly3siX 3aBISKH iXHIM CIPUSTINBHM
XapaKTEePUCTHKAM, TAKUM SK HHU3bKa Bara, CKOHOMIYHA €()eKTUBHICTH Ta XiMi4HA CTIiHKicTh. BuOip BiAmMOBIAHUX
MOJNIMEPIB ISl KOMIIO3UTHHUX MaTepialiB € KJIIOYOBHM JUIsi HOKpAIIEHHS MPOJYyKTUBHOCTI Ta JOBrOBIYHOCTI
BUpOOIB, y SIKUX IIi Marepiaii BHKOPUCTOBYIOTHCSA. KpiM TOro, NOCHIIPKEHHS Hajgae poO3yMiHHS MeXaHi3MiB
3HOIIYBAHHS Ta POJIi MIKPOTBEPAOCTI Y 3HOCOCTIMKOCTI TOJIiMepiB. AHANI3YI0UH ITOBEIIHKY ITOJIIMEPIB 3a Pi3HUX
MIBUAKOCTEH KOB3aHHS, NOCHIIDKEHHS CIpUsie po3poOui Outein epeKkTUBHHUX MarepianiB A 1HXXEHEPHUX
3aCTOCYBaHb, [I¢ BUMAara€TbCs BHCOKA 3HOCOCTIMKICTH. Pe3ynbTaTH MOKa3ylOTh, IO ONTHMi3alisl OIBHUIKOCTI
KOB3aHHS MOKE CYTT€BO BIUIMHYTH Ha 3HOCOCTIHKICTh Ta TPUBAJICTH CIIY>KOH IMOJIIMEPHUX KOMIIOHEHTIB.

Y migcymKy, e IOCHTIMKeHHS TPOMOHYE KOMIDICKCHHH aHai3 MIKPOTBEPIOCTI IIONIMEpiB TiCIs
TpUOOTECTYBaHHS, HAJAIOUH I[iHHI JaHi I BUOOPY Ta ONTHUMI3allil MaTepialiB y KOMIIO3UTHHAX 3aCTOCYBaHHSIX.
Mertomonorisi Ta pe3yJbTaTH, OOTOBOPEHI Y CTAaTTi, MOXKYTh CIIyTYBaTH OCHOBOIO JUISl MOJAJBIINX JOCIIKEHB,
CIPSIMOBAHUX Ha MOKpAIIEHHS XapaKTePUCTHUK MMOJIIMEPHUX MaTepialliB y CKJIaJHUX EKCIUTyaTalllilHNX YMOBax..

Karwuosi ciioBa: nomiMepu, MiKpOTBEPAiCTh, 3HOCOCTIHKICTD, TPHOOJIOTIUHI BIACTUBOCTI, KOMITO3HIIIHHI
Mmarepianu
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Abstract

The article considers the main failure modes of guides, in particular wear and contact fatigue, which depend
on friction between contact surfaces. The influence of tribological parameters, in particular surface roughness and
lubricating structures, on the operational characteristics of linear guides is studied. Particular attention is paid to
the dynamic behavior of guides, which determines the accuracy and stability of mechanical systems. To predict
wear, mathematical models based on the Archard and Hertz theories were used, which allow estimating load
distribution and contact deformations. The influence of lubricants, in particular molybdenum disulfide and
hexagonal boron nitride, on reducing the friction coefficient and improving antifriction properties was separately
studied. The prospects for using new materials, such as cubic boron nitride, to increase the wear resistance of
guides are considered. Methods for optimizing the load between rolling elements, which contributes to increasing
the durability of guides, are proposed. The results obtained can be used to improve the designs of high-precision
mechanical systems and reduce operating costs.

Keywords: wear, friction, contact fatigue, stiffness, lubricating structures, guideway dynamics, load
optimization

Introduction

Guideways are one of the key components of mechanical systems that ensure the accuracy and stability of
movement in various technical devices. They are widely used in industrial machines, lathes, conveyor systems,
and other high-precision mechanisms. One of the main issues that arises during the operation of guideways is wear,
which largely depends on the friction between the contact surfaces. As a result of prolonged use, guideways can
experience significant deformation, reducing their efficiency and requiring frequent maintenance or replacement.

One of the key factors affecting wear is the surface texture of the contacting elements, as well as the choice
of lubricating materials. Inadequate surface roughness parameters and improper lubricant selection can increase
the friction coefficient, which, in turn, accelerates wear. However, optimizing the surface texture and using
specialized lubricating materials can significantly reduce this effect. Therefore, one of the priority areas of research
is the analysis of the impact of various factors on the tribological characteristics of guideways, which allows the
development of new methods for improving their wear resistance.

In particular, studies have shown that using composite lubricants containing molybdenum disulfide,
hexagonal boron nitride, and other promising additives can significantly improve friction and wear resistance of
guideways. At the same time, optimizing the geometry of the contact surfaces and controlling the lubrication
process are necessary to achieve maximum efficiency of mechanical systems.

Thus, the problem of wear resistance of guideways and optimizing their characteristics is relevant and
requires further scientific development, which will contribute to increasing their lifespan and improving the
reliability of mechanical systems.

Main material

The most common failure modes of the guide are wear and contact fatigue, which are significantly affected
by the friction properties of the contact surfaces. In the paper [1], the parameters of the three-dimensional rough
surface are investigated for the evaluation of the guide. First, an effective three-dimensional surface model is

Copyright © 2025 O.V. Dykha, V.O. Dytyniuk, O.S. Kovtun, V.O. Fasolia, M.V. Hetman. This is an open access article distributed
@m under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
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achieved using the wavelet transform method and reverse engineering software. Second, the influence of the
parameters of the functional surface on the friction force, average pressure and friction coefficient is studied using
the computational fluid dynamics modeling method, and a regression model is built to predict the friction force.
Third, the combinations of optimal surface parameters are analyzed considering the friction index and the
simulation results are compared. The results show good agreement between the experimental results and the
simulation. This study provides theoretical guidance for the fabrication of the guide.

Roller linear guide is a type of precision linear motion component that is widely used [2]. Stiffness and
wear directly affect the performance and service life of roller linear guides. Therefore, the study of stiffness and
wear is important for optimizing the design and improving the performance of roller linear guides. The study
analyzes the contact mechanics between the roller and the raceway and the deformation of the roller. Using
Archard's wear theory, the wear process of roller linear guides is analyzed. A calculation model of the slider
movement, which is related to the wear loss of the slider's raceway during its reciprocating motion under load, is
developed to predict the wear of roller linear guides. The effectiveness of the proposed models in predicting the
contact stiffness and wear is verified through simulation and experiments on a specialized test system.

Guides adapt to the movement of tools or workpieces, and their dynamic behavior and associated sliding
effects have a great influence on accuracy, stability, and productivity [3]. During machining, guides are subjected
to oscillatory excitations due to cutting forces, which requires consideration of their pre-slip behavior along with
the sliding characteristics to compensate for the associated tracking errors by the position control system. The
study [3] considers the friction effects in the pre-slip and sliding modes of lubricated linear roller guide systems
to provide an accurate dynamic model of the machine tool element. To simulate the dynamic characteristics of the
frictional contact in a lubricated linear roller guide, which is commonly used in the machine tool positioning
control system to estimate the compensating driving force, a modified approach is used to consider the contact
physics of rollers and tracks and the dynamics of the lubricating film. The proposed model also includes the effects
of the coupling between normal and tangential forces in the contact (Fig. 1).
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Fig. 1. Schematic representation of an elastohydrodynamic lubricating contact in a mixed lubrication mode [3]

Experimental studies were conducted on a lubricated linear roller guideway to verify the performance of
the proposed modified model. The experimental observations illustrate the dynamic behavior of friction in a
lubricated linear guideway. Comparison of experimentally measured data and the proposed modified samples
shows that the model can accurately predict the dynamic behavior of the frictional contact.

To optimize the sliding phenomenon under low speed and high load conditions, a composite lubrication
structure is used [4]. The optimal response surface design method establishes a quadratic mathematical model for
the multi-stage parameters of the composite lubrication structure, including creep time and average friction
coefficient. The optimal combined parameters of the multi-stage composite lubrication structures are determined.
The optimal ratio of lubricant to molybdenum disulfide was identified, and a composite lubrication structure was
proposed to improve the sliding phenomenon and friction efficiency of sliding guide rails under medium speed
and medium load conditions. The results of these studies show that when low speed and high load are present, the
creep time and friction coefficient first decrease and then increase as the width, distance, and cycle length of the
sinusoidal texture and the diameter of the hexagonal pit expand. Under the circumstances of medium load and
speed, the multi-stage composite lubrication structures exhibit superior friction performance. These data can guide
the design of multi-stage composite lubrication structures on the surface of slideways.

In order to improve the sliding of guides [5], the design of a composite lubricating structure on the surfaces
of sliding guides and the characteristics of the friction force were investigated step by step. The composite
lubricating microtexture was prepared by the high temperature and high pressure mosaic method based on the laser
ablation microtexture. The general scheme of the formation of structured surfaces by laser is shown in Fig. 2.
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Fig.. 2. Schematic diagram of specimen preparation: (a) Laser ablation diagram. (b) Micro-texture before
filling. (c) Micro-texture after filling [4]

The friction force characterization methods were proposed step by step by friction tests. The effects of
different composite lubricant structures on the friction characteristic parameters of each stage were investigated.
Theoretical models of composite lubricant structures for improving the creep phenomenon were established, and
composite lubricant structures with the best characteristics for reducing the influence of the creep phenomenon
were found. The results show that the surface microtexture only affects the sliding and rising stages of the friction
force, while the composite lubricant texture has a significant effect on the entire starting stage. The multi-stage
composite lubricant texture with a combination of sinusoidal grooves and hexagonal pits filled with molybdenum
disulfide was the most effective in improving the surface contact conditions and suppressing the creep
phenomenon (Fig. 3).

Optimal multistage lubrication structure Optimal multistage composite lubrication
(unfilled) (SF-1-0) structure (fully filled) (SF-3-O)

Fig. 3. Diagram of different grease textures

Smooth surface(SS)

To study the effect of different surface treatment methods on the antifriction performance of Babbitt-Steel
45 alloy pair, hexagonal boron nitride was encapsulated in the surface texture, and composite lubricating structure
surfaces were prepared [6]. The disc wear test was carried out with lubricant, and the wear process was separated
by quantitative analysis. The antifriction performance of composite lubricating structure surfaces during running-
in and normal wear was investigated. The results show that the composite lubricating structure surfaces have a
lower friction coefficient and that the antifriction performance is better than that of the texture surface alone.
Compared with the surface without texture, the average friction coefficient of the composite lubricating structure
surfaces decreases by 77% during the running-in period and 68% during the normal wear period. Composite
lubricating structure surfaces with larger texture pore diameter have better antifriction performance and shorter
running-in period. Both textured surfaces and composite surfaces of the lubricating structure have more significant
anti-friction characteristics at higher speeds. It has been found that the lower the friction coefficient of different
surfaces during the break-in period, the lower the corresponding friction coefficient after entering the normal wear
period.

Reducing sliding wear and friction in guide bearings can bring both economic and environmental benefits,
including longer service life, lower operating costs, and higher efficiency. In a study [7], the effect of stainless
steel countersurface roughness on the tribological behavior of three bearing materials used in hydropower was
evaluated using linear reciprocating motion at high contact pressure and low sliding speed. Surface roughness was
measured using white light interferometry. The results of this study show that surfaces that are too smooth lead to
greater friction and wear of the countersurface, while rougher surfaces negatively affect polymer wear (Fig. 4).
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Fig. 4. SEM micrographs of transfer layers formed on polished stainless steel closer to the center of the wear
track after sliding on fiber-reinforced thermoset [7]

The best surface coverage by protective transfer layers is found on steel surfaces with perpendicular
stacking and is accompanied by a lower coefficient of friction compared to parallel stacking. The dominant wear
mechanism of the bearing materials changes from delamination wear to abrasive wear between the lowest and
intermediate roughness of the steel surfaces with parallel stacking. It is concluded that the relief of the opposing
surface has a significant effect on the tribological behavior of these bearing materials and that the effect differs
between self-lubricating polymer composites.

In [8-9], an experimentally validated numerical approach to the evaluation of linear guideway wear is
presented, taking into account the associated vertical and horizontal movements and taking into account the
lubrication starvation. The results show that the lubrication starvation has a pronounced effect on the thickness of
the lubricating film, friction and the applied load at contact up to 30%. The localized pressure values can vary.
The course of the starvation effect depends on the frequency. It was also found that the starvation effect can be
controlled by the magnitude of the preload on the linear guide.

Based on the theory of point contact elastohydrodynamic lubrication, a model of free vibration of a contact
pair is presented for qualitative analysis of the influence of vibration on film characteristics [10]. Models of film
stiffness and damping coefficient under elastohydrodynamic lubrication are constructed to study the influence of
operating conditions on dynamic parameters. Complete numerical solutions are obtained using multi-grid
techniques. It is found that there is damping from the decay of pressure fluctuations and film thickness in a
lubricated ball linear guide. In addition, high load or low speed operating conditions can lead to an increase in film
stiffness at the steel ball-guide contact, but there is a tendency for the film damping coefficient to vary inversely.
The study [11] studies the contact stiffness of linear rolling guides due to the effects of friction and wear during
operation. The initial and final contact stiffness models were established. As a confirmation of the predicted
variable stiffness, an experimental modal analysis was performed on a specialized linear guide system. The results
show that the contact stiffness of linear guides decreases with the increase of the friction path, and the entire
stiffness decline can be divided into two different stages depending on how the thermal effect and wear effect
affect the contact deformations of the balls at different rolling distances.

The aim of [12] is to establish a simplified model of a closed hydrostatic guideway for rapid analysis of
static and dynamic characteristics. In addition, the effects of compressibility and dynamic frequency are taken into
account in the new dynamic model. The new model is based on the second type of Lagrange equation. In this
model, a closed hydrostatic guideway is supported by 10 gaskets, and each oil gasket is equivalent to a nonlinear
spring-damper system. The equivalent spring coefficient and the damper coefficient of the oil gasket are considered
by three different equivalent methods. Verification experiments of the step load response and dynamic stiffness
are carried out on the hydrostatic guideway.

Most studies on linear rolling bearings usually assume that the contact load between the ball and the
raceway is uniform, which leads to deviations from the actual conditions. The study [13] aims to establish a load
distribution model based on the Hertzian contact theory with combined ball obstacles that are transformed from
the preload, the center distance error of the ball raceway. The reliability of the proposed model is verified by
numerical methods for load distribution and deformation analysis. The result shows that the proposed approach is
in better agreement with the experimental results compared with the preload effect alone. This work can be an
important starting point for studying the friction and wear of equipment guide elements.

Hydrostatic guides have been used as an important element of precision engineering in numerous
applications requiring high-precision motion and positioning with significant load capacity. Hydrostatic guides
provide good operational performance, especially in terms of high rigidity and damping characteristics, but also
its high load capacity combined with excellent motion accuracy. However, a comprehensive review of hydrostatic
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guides has not been reported so far. The paper [14] aimed to present an informative literature review of research
and engineering developments on hydrostatic guides, describing their basic operating principles and applications
in precision machines, defining and characterizing hydrostatic guide concepts, briefly reviewing motion error
modeling and compensation types, discussing the impact characteristics, and further discussing emerging issues
of sliding guides and their engineering applications.

In [15], in order to expand the production of machine tools that use precision-machined slideways, cubic
boron nitride was implemented as an alternative machining process to conventional surface grinding. While higher
material removal rates can be achieved with a milling strategy, the use of a defined cutting edge results in surfaces
with irregularities. These sharp peaks wear quickly during sliding contact, leading to unacceptable changes in the
bearing surface of the guide. This paper investigates the use of a spindle-mounted abrasive disk tool to fabricate a
functional surface. The optimal process parameters were investigated using 2D profile measurements and then
compared using an analysis of ground, milled and polished surfaces. Polishing was found to reduce both the height
and volume of irregularities on the milled surface, resulting in contact characteristics that were more similar to
those of conventional surfaces currently used for slideways.

For economic, environmental and even technical reasons, there has been a trend for several years towards
the introduction of self-lubricating materials for cylindrical slideways. This makes it possible to eliminate external
lubricants, simplify the design and reduce maintenance costs. Among self-lubricating materials, the so-called
engineering plastics are of increasing importance. Unfortunately, data on their friction and wear characteristics are
very different, and there is often a lack of a common understanding of the physical mechanism of their action. In
the article [16], some types of oil-filled engineering plastics are experimentally investigated using small-scale
reciprocating tribotesting. The dependences for the coefficient of friction for such types of materials are shown in
Fig. 5.
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Fig.. 5. Dynamic friction characteristic of polymers against smooth steel surface [16]

Tribological behavior is explained in relation to the chemical and mechanical properties of materials. The
main failure processes are described for light wear conditions as well as for overload conditions.

In the article [17] a new experimental apparatus is presented, suitable for wear tests of reciprocating guides
at elevated temperatures (Fig. 6).

Fig. 6. (a) Schematic representation of flat strip drawing test and (b) the real version; (c) Details of the linear
roller guideway; d) Details of the hot table heating system, thermocouple to control temperature and the cooling
system; e) Plane and cylindrical die shape usable in the machine [17]
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It consists of a linear slide rail connected to an electric drive and equipped with a heating plate for heating
the metal sheets. The solid frame incorporates a screw device used to apply the normal load. Thermocouples placed
on both the plate and the sheet sample are used to monitor the temperature during the test. The machine is also
equipped with two strain gauges to record the normal and tangential loads. High-strength steel was chosen as the
reference material for testing the machine. The results showed the operational capability of the new equipment
and good stability of the mechanical and thermal state during the tests.

In recent years, sliding guides have been re-examined as linear motion guides for machine tools due to the
demand for machines with good dynamic characteristics, which is vital in machining difficult-to-machine
materials. While the traditional approach to manufacturing the sliding surface is grinding. In [18-20], an alternative
manufacturing approach based on cubic boron nitride using Al and Mg additives in the cast iron material for better
machinability of sliding guides was investigated. The machining results showed a significant improvement in
machinability, especially in terms of tool wear under certain cutting conditions using cleaned hardened cast iron
and cubonite tools. During experimental analysis, it was found that oxide films of the additives were created on
the cutting edge of the tool to protect the tool from wear. By reducing tool wear, a stable surface roughness can
also be achieved. The case study also demonstrated the effectiveness of a manufacturing approach based on milling
slideways with cleaned cast iron and found high-speed cutting conditions.

The characteristics between the rolling balls and the raceways are key to studying the linear rolling guide.
In [21-22], the contact stresses with non-standard sized balls, which include the change of contact angle, are given
by the established joint model (Fig. 7).
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Fig. 7. Contact mechanism between the balls and the carriage raceway [22]

In addition, the influence of the location, number and degree of deviation of non-dimensional balls on the
stress distribution is studied. The contact stress distribution between the ball and the raceway is analyzed for
different location cases. The effectiveness of the contact stiffness and wear prediction model is verified by
simulation and analysis.

In articles [23-24], favorable microdimples from the calculated results were fabricated on a guide using
single-pulse process intervals with a specialized accuracy compensation method (Fig. 8).
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Fig. 8. Experimental setup for the formation and study of surface microprofiles [24]

Contrast tests were conducted to verify the anti-slip performance. The results showed that the favorable
micro-dimple depth size could be 1-5 um, and the area ratio was 11%~16%. The friction coefficient was reduced
by 15%.

At present, the wear models and the prediction of the accuracy of the guide are established based on the
elastoplastic mechanics of continuum media. These methods are limited to describing the process of accuracy
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reduction using the material characteristics determined based on the conditions of the macroscopic hypothesis. In
[25-26], a multi-scale method based on the principle of a quasi-continuous medium is proposed to describe the
degradation process of the linear accuracy of the guide using an exponential model. According to the distribution
of the wear of the guide surface with the process of micromorphology evolution, the measurement value of the
linear accuracy of the guide is systematically modeled. Using the quasi-continuous medium method instead of the
continuum hypothesis, an exponential model of the guide wear is established. The exponential wear model uses a
wear index to describe the wear state based on the measurement of linear accuracy, rather than long-term wear
products. Information about the microtopography of the guide surface is obtained. Thus, the wear condition of the
guide is checked under different loading conditions, and the validity of using the method to establish an exponential
guide wear model is also verified.

Solid lubricants have been widely used in many fields. In [27-28], the influence of each component in
composite solid lubricants on the tribological characteristics is investigated and the antifriction effect of different
types of solid lubricants is compared to solve the problem of lubrication of cylindrical sliding guides (Fig. 9).
Surface textures with pits were produced on the surfaces of bearing steel by solid-state laser. Composite solid
lubricants filled the micropits with heat- and pressure-supported deposition products consisting of lubricating
elements. The tribological characteristics of sliding friction for different types of lubricants with different grain
sizes were evaluated using a ring-on-disk tribometer.
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Fig. 9. Experimental tests of solid lubricants for contact strength [28]

On this basis, an orthogonal experiment with four factors and three levels was designed to investigate the
effects of different components of solid lubricants on tribological characteristics. Solid lubricants with
nanoparticles can improve the antifriction ability: the friction coefficient is higher than that of micron graphite,
and the friction coefficient of nano-sized molybdenum disulfide is reduced compared with that of micron-sized
molybdenum disulfide. According to the experimental results, the optimal formula of composite solid lubricants
was graphite nanotubes: molybdenum disulfide: polyamide: carbon.

The improvement of tribological properties by applying different textured surfaces has been reported by
many researchers. In these studies, most of the surfaces used were textured by lasers. However, this texturing
method has several problems, including thermal effects, accumulation formation, possible pit shapes, and lower
efficiency than mechanical methods. Traditional mechanical texturing methods also have some problems. In the
study [29], an alternative method was developed using vibrocutting using a diamond indenter that vibrates in the
depth direction with an amplitude of tens of microns. The asperities formed around all the pits during texturing
can be removed by additionally performing conventional microcutting. Dry sliding tests were performed using
steel balls on surfaces textured by both the proposed and conventional cutting methods for comparison. A series
of sliding test results were analyzed using the coefficient of friction and observations of worn surfaces. As a result,
the textured surface obtained with a relatively high areal density (40%) where the inclusions were completely
removed showed the lowest coefficient of friction and wear. Thus, the proposed texturing method can be
recommended for creating surface textures for better tribological properties.

Conclusions

1. Wear and contact fatigue are the main factors of guideway degradation, which largely depend on the
friction between the contact surfaces. Optimization of roughness and tribological parameters can improve their
durability.

2. Optimization of lubricating structures (using molybdenum disulfide, hexagonal boron nitride, etc.)
allows to significantly reduce the coefficient of friction and improve antifriction properties, especially during
running-in and normal wear.

3. The dynamic characteristics of the guideways play a key role in the accuracy and stability of the
operation. The stiffness of the contact pair decreases with the increase of the friction path, and the temperature and
wear affect the contact deformation.

4. Wear prediction methods based on the Archard and Hertz theories allow for optimizing load distribution
between balls and raceways, which helps to increase the accuracy of friction and wear prediction.

5. New materials, such as cubic boron nitride, as well as hydrostatic guides, provide high rigidity, damping,
and motion accuracy, but require further research for implementation in practical applications.
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HMuxa O.B., Iutuniok B.O., KostyHn O.C., ®acoas B.O., 'erbman M.B. [1inBuIeHHsT 3HOCOCTIHKOCTI
HaNpsMHUX: TPUOOJIOTIUHHI aHali3, TEKCTYpa IOBEpXHi Ta MACTHIbHI MaTepiaiu

VY crarTi po3riisTHYyTO OCHOBHI PEXXHUMH PyHHYBaHHS HaIllPIMHHX, 30KpeMa 3HOC 1 KOHTaKTHY BTOMY, SKi
3aJeXarh BiJ| TEPTS MK KOHTaKTHUMH MOBEPXHSAMH. J{OCHiPKEHO BIUIMB TPUOOJIOTIYHHUX MTapaMeTpiB, 30KpeMa
HIOPCTKOCTI TOBEPXOHb 1 MACTWJIBHUX CTPYKTYp, Ha eKCIUlyaTaliiHI XapaKTepUCTHKH JIIHIMHUX HaIpSIMHHX.
Oco0suBy yBary NpHIiIeHO JTUHAMIYHINA MOBEIIHII HAPSIMHUX, sSIKa BU3HAYAE TOYHICTH Ta CTAOUIBHICTE POOOTH
MeXaHIYHUX cucTeM. J{JIs MPOrHO3yBaHHS 3HOCY BUKOPUCTAHO MaTeMaTHYHI MOJIeJIi Ha OCHOBI Teopil Apuap/a Ta
Iepma, mo I03BONSAIOTH OLIHIOBATH PO3MOJIN HABAHTAXKCHHS Ta KOHTAKTHI Hedopmamii. OKpeMO TOCHTiKEeHO
BIUIMB MacTHJIBHHX MarepialliB, 30KpeMa IUcylb(inry MosibJeHy Ta TIeKcaroHajJbHOTo HITpHIy Oopy, Ha
3MEHIIEHHs Koe(illieHTa TepTs Ta MOKpALIeHHS aHTU(QPHUKUIHHUX BIacTHBOCTEH. Po3risHyTO mnepcrexkThBH
BUKOPHCTAHHSI HOBITHIX MaTepiaiiB, TAKUX SIK KyOIYHUI HITpHI OOpY, AJIsl MiABUIICHHS CTIHKOCTI HAITPSIMHHX 10
3HOCY. 3aIpONIOHOBAHO METO/IM ONTHUMi3allil HABAaHTa)KEHHS MK €JIEeMEHTaMH KOYEHHSI, 1110 CIIPHSIE ITiABUIIEHHIO
JIOBrOBIYHOCTI HanpsiMHUX. OiepskaHi pe3ysIbTaTH MOXKYTh OyTH BUKOPHCTaHI JJIsl BIOCKOHAJICHHS! KOHCTPYKIIH
MEXaHIYHUX CHCTEM Ta 3HIDKSHHS eKCIUTyaTalliiiHuX BUTpAT.

KiaouboBi cjioBa: 3HOC, TepTs, KOHTaKTHa BTOMa, JXOPCTKICTh, MAaCTHIbHI CTPYKTYPH, IHHaMikKa
HaNpSMHHX, OITHMI3aIlisl HABaHTaKEHHS
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Abstract

The paper reviews the research on improving the efficiency of operation and service life of centrifugal
pumps, which are widely used in machinery for pumping various liquids. The main reasons for the failure of
centrifugal pumps, as well as modern approaches to their prevention, are considered. It is established that
increasing the efficiency of pump operation can be achieved by analyzing, modeling and optimizing their design.
It was found that modeling the operation of smaller pump models and comparing surrogate models with the original
ones is a modern, highly effective method of optimizing pump performance. The important role of protective
coatings in increasing the wear resistance of parts is established, and the experience of introducing innovative
coating technology at enterprises is described.

Keywords: analytics, pump shaft, centrifugal pump, mechanical seal, coating, wear resistance, adhesion.
Introduction

Today, an important technical challenge is to improve the reliability of machine parts and mechanisms that
are subject to intense damage under high contact loads, elevated temperatures, aggressive media and abrasives.
One of these mechanisms is centrifugal pumps, which are widely used for pumping liquids in many industries,
including oil and gas.

High performance and long periods between failures or overhauls can usually be quite long as long as
centrifugal pumps operate in conditions close to their design. However, it should be noted that "design" refers not
only to pressures, flow rates, temperatures and other process parameters, but also to frictional torque forces,
bearing and seal lubrication. Conservatively designed pumps can withstand only a certain amount of overload
caused by technical processes or mechanical failure, so their components already begin to suffer damage before
reaching the operating mode. Pumps should be selected for operation near the point of maximum efficiency[1].

Due to the high intensity of pump use in industrial sectors, it is important to ensure maximum durability
and reliability of the equipment. One of the key factors affecting the durability and performance of pumps is the
various lubrication and friction components, such as the shaft, mechanical seal, bearings, and shaft seal. This paper
aims to analyze the causes of centrifugal pump failures and to study the data on the impact of shaft wear resistance
and mechanical seals on pump performance and durability.

During operation, the motor or electric motor drives the rotor, converting the kinetic energy of rotation into
hydrodynamic energy of the fluid flow. The fluid enters the pump axially through the casing eye, is captured by
the impeller blades, where it gains speed and pressure. Then it moves tangentially and radially outward, exiting
through the circumferential parts of the impeller into the diffuser part of the casing, which slows the flow and
further increases the pressure.

The rotor shaft is subject to both cyclic and partial loads. Starts and stops cause voltage fluctuations with
high average values. Multi-cycle fatigue analysis is often used to ensure shaft reliability. Stress analysis takes into
account stress increasers due to design features such as threads, grooves, slots, and screw holes. The presence of
these elements, combined with complex loads, requires finite element calculations to assess the reliability of the
shaft. In addition, rotor dynamics and critical shaft speeds must be taken into account.

@m Copyright © 2025 L.V. Morshch. This is an open access article distributed under the Creative Commons Attribution License,
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Article [2] notes that centrifugal pumps are subject to premature rotor shaft failures, even if all design
standards are met. The causes of these failures fall into several categories: design errors or improperly selected
materials of critical components, defects in manufacturing or processing, and reduced component performance
due to wear. One of the main problems is the concentration of stresses due to design features, which causes
excessive plastic deformation and contributes to the formation of fatigue cracks. These cracks can also occur due
to internal material defects, such as non-metallic inclusions or microcavities, as well as irregularities created by
machining. In addition, the authors of paper 3 note that operational wear of the working surfaces of pump parts
gradually leads to degradation of the physical and mechanical properties of the material, in particular its elasticity
and strength.

Other factors that can accelerate shaft failure are failure to maintain proper maintenance and errors during
repairs. In the event of an equipment failure, it is important to assess the extent of damage to individual components
and their impact on the functionality of the entire system. During operation, shaft damage occurs as a result of
fretting corrosion and abrasive wear, which is the result of constant contact with aggressive liquids and mechanical
friction. Fretting corrosion typically occurs in areas of micromovement between the shaft and surrounding parts,
such as bearings or joints. This process causes rust formation and surface erosion, reducing the mechanical
performance of the shaft.

Abrasive wear is often caused by solid particles from the operating environment entering the contact
surfaces of the shaft and sealing elements or bearings. This results in grinding of the shaft surface, which can
significantly reduce the shaft diameter at critical points, causing misalignment and increased stress on the bearings.

The pump shaft has several critical wear points, including contact points with seals, bearings and joints, as
well as areas where torque is transmitted. Constant mechanical impact at these points causes microcracks, which
can develop into larger damage over time. Regular shaft inspection and timely maintenance are therefore key to
extending the service life of the pump.

Similar studies on shaft wear and critical damage are presented in [3]. In particular, the authors of this
paper consider the consequences of an emergency due to the failure of a centrifugal pump used to pump a mixture
of hydrocarbons to deliver the final petroleum product to a refinery. The shaft failure resulted in a fire of the pump
and refinery pipelines within the block, with an estimated total loss of USD 48,000. The centrifugal pump was
installed and commissioned about 30 years ago. There have been three major repairs of the pump due to gland
leaks. The mechanical seal was installed on the threaded part of the shaft with a preload corresponding to 25-30%
of the yield strength of the material. However, no abnormalities were reported on the shaft during operation and
maintenance.

The typical operating cycle of a centrifugal pump consists of starting and running the pump at a nominal
rotor speed of 2975 rpm for 14 hours, with a 2-hour shutdown interval. An inspection of the faulty centrifugal
pump revealed catastrophic destruction of the rotor shaft surface, with the bushing remaining on the shaft.

Another basic element in a pump is a mechanical seal, designed to prevent leakage of working media, liquid
or gas, at the points where the rotating shaft crosses the casing. It is used in various types of pumps, in particular
centrifugal pumps, where it is necessary to ensure a tight seal between moving and stationary parts.

A mechanical seal works by the interaction of two main components: a stationary ring and a moving ring,
which are pressed together by an elastic element such as a spring or bellows. The stationary ring is typically fixed
in the pump casing, while the movable ring rotates with the shaft. This design minimizes friction and prevents
leakage of the pumped medium, while ensuring reliable seal function under various operating conditions.

Selecting seals and sealing systems for pumps is a complex task. Cartridge seals offer significant
maintenance advantages because they simplify the process of mounting and dismounting from the pump shaft. In
the case of large oil seals, bellows and spring-sealed cartridges can be used. Cartridge seals are easier to replace,
reducing the risk of assembly errors and damage compared to traditional mechanical seals.

The materials from which the rings are made are selected depending on the operating conditions. Fixed
rings are often made of materials such as ceramics or carbon, which are highly resistant to wear. Moving rings can
be made of metals or other materials that provide a snug fit and minimal friction. Their use becomes critical in
conditions of high pressures, temperatures, or when dealing with aggressive media, where traditional seals such as
glands may not be effective.

When selecting a sealing surface material, keep in mind that the heat generated on the sealing surface must
be quickly dissipated to avoid evaporation of the liquid. High thermal conductivity and hardness make silicon
carbide the preferred sealing surface material.

Many pumping systems require the mechanical seal environment to be maintained at a moderate
temperature. This is sometimes achieved by external flushing. Another option for achieving moderate seal
temperatures is to cool the stuffing box. In many pumps, the stuffing box cavity is remote from the sealing surfaces
that require cooling.

Seals fail for two reasons: the lapped surfaces open up or one of the seal components is damaged. When
the lapped surface is opened, solid particles penetrate between the lapped surfaces by the lapped surfaces. The
hard particles penetrate the softer carbon/graphite surface, causing it to act like a grinding wheel. This grinding
action will cause the hard surface to wear down heavily.

Article [4] states that most mechanical seal failures occur due to the destruction of the bearing and sealing
surfaces for the following reasons:
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— a dynamic elastomer cannot slide or move freely on a rotating shaft or sleeve. This can happen if the shaft
is too large, the shaft finish is too rough;

— the product is viscous or the product crystallizes;

— the shaft is displaced, causing the seal to hit something during rotation or the rotating surface to slide off
a stationary surface. This can happen if the pump is running far from its BEP; the shaft is bent; the rotor is
unbalanced; the shaft deformation twists the pump seal, or due to cavitation;

— the product evaporates between the sealing surfaces of the surfaces, which leads to their rupture;

— poor quality of the end seal.

According to statistical data in [5,6], the failure rate of centrifugal pump parts is indicated, the bulk of
which falls on (Fig 1):

— hydraulic wear (32%): impeller (blade wear, corrosion, cavitation), body (wear of the inner surface,
corrosion);

— mechanical wear (25%): bearings (wear and tear, breakage), seals (wear and tear, loss of tightness), shaft
(wear, bending, breakage);

Failure statistics

Cttars:

Hydraulic wear

Cavitation

Corrosion

Mechanical wear

Fig 1. Statistical data on the failure of centrifugal pumps.

— corrosion (14%): all parts (corrosion can affect any part of the pump, especially in aggressive
environments);

— cavitation (11%): impeller (cavitation causes the surface of the blades to be destroyed);

— increased vibration (10%): rotor imbalance, damage to the bearings, loosening of fasteners, hydraulic
imbalance.

— other reasons (8%): installation errors, damage by foreign objects.

It should be noted that the data above is an average value, as each pump has its own individual performance
characteristics [7].

Purpose
To analyze the dominant types of wear of centrifugal pumps of the Dickow Pumpen type and methods of
increasing wear resistance through various types of hardening

Object of research
The object of the study was a Dickow Pumpen 125/320 centrifugal pump for the transportation of fuels and
lubricants (Fig 2). This type of pump was used in the company's pile-lubricant warehouse.

Fig 2. Dickow Pumpen NCR 125/320 centrifugal pumps
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The Dickow NCR pump is a heavy duty centrifugal pump for the oil, petrochemical and gas industries,
manufactured in accordance with API 610 standards. Available in a wide range of sizes and specifications, it has
a maximum flow rate of up to 700 m*h and a maximum head of 145 m at 2900 rpm and 220 m at 3500 rpm.

Results

The pump is operated in an aggressive environment (kerosene) with an average operating time of 6 hours
per day with interruptions. The total continuous service life was 3 years. The shaft, bearings, and mechanical seal
are subject to the highest loads, with the mechanical seal experiencing the most significant wear (Fig 3).

Fig 3. Dickow Pumpen mechanical seal part, operating time 6500 hours: 1 — abrasive wear of mechanical seal
components; 2 — fretting corrosion due to friction and operation in aggressive environments; 3 — after abrasive wear,
additional vibrations were generated on the mechanical seal part, and the graphite rings began to break down.

After 6500 hours of operation of the pump unit, significant wear of the mechanical seal was detected, which
manifested itself in the form of abrasive damage and traces of fretting corrosion. These defects were caused by
prolonged operation in an aggressive environment (kerosene) and constant exposure to mechanical and chemical
factors. The first signs of damage were leakage of working fluid and abnormal noise during pump operation, which
indicated a violation of the seal tightness. In order to prevent further malfunctions, the pump was shut down for
diagnostics and inspection. As a result, it was decided to replace the damaged seal to restore normal operation of
the pump. Based on the experience gained, it is now possible to implement technical solutions that will extend the
mechanical seal's service life. Therefore, a lot of research is currently focused on analyzing and finding relevant
solutions to improve the performance of centrifugal pumps. In particular, experimental work is carried out under
unstable conditions at partial load, and the results at different operating points are compared with available
experimental data, such as hydraulic performance and flow field information by measuring the particle image
velocity [8,9].

It is important to note that design optimization is quite effective in improving the performance of centrifugal
pumps by reducing flow recirculation and cavitation [10,11,12]. To improve pump efficiency, the design of pump
impellers was optimized in [13] by numerical modeling, Latin Hypercube (LHS) sampling, a surrogate model, and
a genetic algorithm (GA). The results showed that the simulated results are consistent with the experimental
performance results of the original pump. Compared with the simulated efficiency of the original pump, the
optimization improved the efficiency by 8.34% beyond the design point can be used to model the design of other
pumps. Increasing the service life can also be achieved by increasing the performance of the centrifugal pump
through independent rotation of the inductor and centrifugal impeller [14]. An inductor that provides independent
rotation of both the inductor and the centrifugal impeller. Unlike conventional designs, this configuration allows
for differential speeds and controlled rotation directions. In particular, the independent rotation of the inductor
extends the operating range of the pump, while the rotation of the inductor and impeller in opposite directions
significantly increases the pressure generation and efficiency of the pump compared to rotation in the same
direction. However, along with increasing productivity, an important aspect of ensuring the durability of pumping
equipment is protecting its components from wear. One of the most effective methods of improving the wear
resistance of the working surfaces of pump parts is the application of protective coatings. By increasing the wear
resistance, such coatings can significantly extend the service life of mechanical seal parts, shafts and bearings. The
coatings can be applied by plasma or detonation spraying, laser or electric spark alloying [15]. In [16], wear-
resistant WC-Co coatings were applied to pump impellers using the method of spark alloying. The resulting
coatings are uniform and continuous without obvious cracks and holes, there is no clear line of separation, and a
strong metallurgical bond is formed between the coating and the substrate material [17]. Coatings can also be
applied to the shaft, mechanical seal, and other parts of the pump [18]. TST Coatings is a company that applies
coatings to various pump parts. Their methods use gas-thermal spraying to apply tungsten carbide-based materials
with 12% cobalt. These coatings have high hardness, excellent adhesion and a very dense structure. They provide
excellent wear protection for several different wear mechanisms. An alternative is offered by the Ukrainian
company TRIZ [19], which manufactures and improves mechanical seals and pump shafts by applying coatings
that also use tungsten carbide-based materials. Currently, new wear-resistant materials and coating methods are
being developed, which in the future can be used to improve the performance properties of pump working surfaces.
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Conclusion

The following conclusions can be drawn from the analysis of the papers on the causes of failure of
centrifugal pumps during their operation and possible methods of their elimination:

To ensure the long and trouble-free operation of centrifugal pumps, it is critical to regularly perform in-
depth analysis and modeling of possible failures. This process includes not only identifying the most frequent
causes of failure, but also predicting potential problems, which allows you to take preventive measures and
minimize the risk of accidents.

One of the most serious problems that lead to early pump failure is the wear of the shaft and bearing running
surfaces. This process can be caused by various factors such as friction, corrosion, cavitation, and vibration. To
increase the wear and corrosion resistance of pump parts, an effective solution is to use protective coatings. Modern
technologies make it possible to apply various materials, such as ceramics, metals or composites, to the surface of
the parts, which significantly increase their service life. Another important aspect is the modernization of the
design of key pump components. Replacing worn or outdated parts with more modern and reliable ones, such as
the shaft, mechanical seals, seals, and bearings, can significantly increase the efficiency and durability of the pump.
Optimizing flow recirculation and improving the interaction between the impeller and shaft will also help reduce
wear and improve pump performance.

In further research, it is planned to study in detail the effect of different types of wear-resistant coatings on
pump parts. A comparative analysis of their properties, such as hardness, wear resistance, corrosion resistance,
and adhesion to the base, will be conducted. This will help determine the optimal coating option for each specific
pump part, taking into account its operating conditions and requirements.
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Mopm I. B. AHaniz npu4uH NOMIKOKEHb BIIIIEHTPOBUX HACOCIB B MPOIECI EKCIUTyaTalil Ta Crocoou ix
YCYHEHHS

VY crarTi 3miHCHEHO OIS CYYacHHMX MiJXOJIB A0 MiJBUIIEHHS e(EeKTHBHOCTI Ta JOBrOBIYHOCTI
BIZILIEHTPOBUX HACOCIB, SIKI HIMPOKO BHKOPUCTOBYIOTHCS Ul TPAHCIOPTYBaHHS pifinH. Bu3HadeHO OCHOBHI
(baxTOpH, IO BIUIMBAIOTH HA 3HWKECHHS IX MPOJYKTUBHOCTI Ta MOXKJIMBI METOJI ITOKPAIIECHHS €KCILTyaTalliitHuX
XapaKTepUCTUK. AHali3 MPUYNH BUXOMY 3 JIaay BiALICHTPOBMX HACOCIB ITOKa3aB, IO HAHOLIBII ITOIIMPEHUMH
npobreMaMu € 3HOMICHHS pOOOYMX IOBEPXOHB, TiAPABIMYHUN 3HOC, KOpO3is, KaBitalis Ta BiOpamiifiHi
HaBaHTaXEHHs. {1 3amo0iraHHs UM SBHINAM JOLUIBHMM € 3aCTOCYBaHHS Cy4YacHHX pillleHb, 30KpeMa
BUKOPHUCTAHHS 3aXHCHUX MOKPHUTTIB, ONTHUMI3aIlisl KOHCTPYKIII Ta BIPOBAHKCHHS 1HHOBAIIITHUX TEXHOJIOTIH Y
BUPOOHHIITBO.

OnHUM i3 IePCHEKTUBHUX HAIPSMIB HACOCHOTO OOJIaJIHAHHS € MaTeMaTUYHE MOJICJIIOBAHHS Ta CTBOPEHHS
3MEHILIEHUX NPOTOTHIIB sl TecTyBaHHs. lle 103BoJsie OLIHMTH e(EeKTUBHICTh KOHCTPYKTHBHUX 3MiH 0e3
HEOOXIHOCTI JOPOrOBapTICHUX EKCIepUMEHTIB. JIOCHTIMKEHHS MOKa3yiOTh, 10 BHUKOPUCTAHHS CYpOTaTHOI'O
MOJICTIFOBaHHsI Ja€ 3MOTY 3HAuHO 3HM3UTH BUTPATH Ha PO3POOKY Ta MiABHIIMTH TOYHICTH HPOTHO3YBaHHS
MOBE/IIHKM HACOCIB y peallbHUX YMOBaX €KCIuTyaTarlii.

Takox 3HaYHY yBary MpHUIICHO POJIi 3HOCOCTIHKUX TMOKPHUTTIB, SIKi MOXKYTh 3HAYHO MPOJOBXHUTH TEPMiH
CIry>kOM OCHOBHUX JieTasieit HacociB. Cy4acHi TEXHOJIOTIT 103BOJISIIOTh HAHOCUTH Ha IIOBEPXHI pOOOUYMX EJIEMEHTIB
3aXMCHI IOKPHUTTS, IO MiABHIIYIOTh iXHIO CTIMKICTh JO MEXaHIYHMX Ta XIMIYHHX BIUMBIB. [lomambmri
JIOCJIJDKEHHS Y IIbOMY HAaIlpSIMKy CHPSIMOBaHI Ha aHalli3 e()eKTHBHOCTI Pi3HHMX THUIIB IOKPHUTTIB, iX anresii Ta
3HOCOCTIMKOCTI 3aJeHO BiJi YMOB ekcIiulyaramii. Takum 4nHOM, MiJBHIIEHHS e€()EeKTHBHOCTI Ta HamiHHOCTI
BiJIIICHTPOBUX HACOCIB MOJXJIMBE 3aBJISKH KOMIUIEKCHOMY IIJXOJy, IIO BKIFOYA€ ONTUMI3aIliF0 KOHCTPYKIII,
BUKOPUCTAHHS CyYaCHHMX MaTepialliB Ta BIPOBA/PKEHHS IMPPOBHX METOAIB aHai3zy. lle mM03BOMMTH 3HAYHO
MOKPAIIUTH POO0Yi XapaKTEPHUCTHKH HACOCIB Ta 3MEHIIIUTH BUTPATH HA X 00CITyTOBYBaHHS.

Karwuosi cmoBa: anamiTHKa, Bajn Hacoca, BIAIEHTPOBHIA HACOC, TOPLEBE YIIUIBHCHHS, HMOKPHUTT,
3HOCOCTIHKICTE, aare3is
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Abstract

A review of current models of antifriction coating formation by finishing antifriction non-abrasive
treatment has shown the lack of a thorough analysis of physical and chemical processes occurring in the friction
zone. From this point of view, it seems reasonable to study the process of coating formation at the stages of surface
activation, deposition of antifriction components and formation of an antifriction coating. The considered
characteristic structures for each of the stages of antifriction coating application and chemical reactions that occur
during the formation of an antifriction coating allow us to track the processes accompanying the formation of
coatings and identify ways to improve them. It is proved that the quality of coating formation directly depends on
the material of the part and tool, temperature in the deposition zone, material diffusion rate, and dissociation of
chemical compounds. A physical model of the process of finishing antifriction non-abrasive treatment is proposed,
which determines the chemical reactions and physical processes occurring at different stages of the antifriction
coating formation. The analysis of the model allows to find out and explain the characteristic phenomena in the
system ‘part — tool — technological environment’, and, therefore, to influence the quality of the formation of an
antifriction coating by the friction-mechanical method.

Key words: finishing antifriction non-abrasive treatment, physical model, antifriction coating, process
medium, surface activation, tribodestruction, wear resistance

Introduction

Methods of hardening treatment and modification of working surfaces to improve the performance of
friction surfaces are becoming increasingly common. The development of these methods is primarily driven by
the growing demands on the durability and performance of machine parts. Wear resistance, bearing capacity,
fatigue and contact strength are determined by the initial physical and mechanical state of the contacting surfaces
(surface layers), and protective coatings must provide the required tribotechnical properties in a wide range under
various operating conditions [1]. It should be noted that for each specific friction pair they may differ.

One of the most promising methods of applying wear-resistant coatings is the finishing antifriction non-
abrasive treatment (FANT) of parts [2]. The essence of the method is that the parts are coated with thin layers of
soft metals such as copper, brass, and bronze using friction [3]. Currently, there are several technological variants
of FANT. In the friction-mechanical method, the antifriction coating is applied to the part by pressing a brass or
copper bar in a glycerine medium and transferring the bar particles to the surface of the part. The pressing force
reaches 20...70 MPa, the process is accompanied by significant heat generation, and the thickness of the applied
coating is in the range of 2 to 10 pm [4].

There are other technological variants of FANT, in which the coating is applied in a liquid medium
containing inorganic copper compounds and surfactants [5]. In this case, the metal coating is obtained as a result
of physical and chemical processes that occur between the working medium and the workpiece during mechanical
activation of the surface by the tool. The tool can be made of various materials, such as rubber, polyurethane, felt,
etc.

Copyright © 2025 A.M. Krasota, I.V. Shepelenko, M.V. Krasota. This is an open access article distributed under the Creative
@m Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
E original work is properly cited.
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Despite the simple kinematics and the nature of the tool-surface interaction, the FANT process is based on
force and thermal effects, accompanied by a whole range of rather complex thermal, deformation, tribophysical
and chemical processes.

The development of scientific foundations for increasing the durability of machine parts subjected to
hardening treatment with coating by FANT methods within the framework of an integrated approach is impossible
without establishing and describing the whole variety of physical phenomena accompanying this process and the
parameters that determine the quality of the surface and surface layer, which determine the level of operational
properties.

There are various hypotheses explaining the mechanism of coating formation in FANT. These mechanisms
are described in scientific sources of information. However, due to the lack of consensus on this issue, as well as
in order to improve the authors' coating technology using FANT methods, the coating formation process requires
further more detailed study.

Therefore, this work is devoted to the study of physical phenomena and chemical processes occurring
during the application of wear-resistant coatings by FANT methods.

Literature review

According to research [6], the formation of antifriction coatings by the FANT method is carried out in
eleven stages. The author states that at the first stage, the adhesive zone is formed due to the forceful impact of the
tool on the workpiece. At the second stage, the process of dispersion of irregularities and opening of juvenile
surfaces takes place. The third stage is characterised by the transfer of iron atoms from the workpiece to the process
medium. At the fourth stage, a chemical substitution reaction takes place on the unoxidised surface areas and more
active metal ions from the process medium are deposited on the iron surface of the part. The fifth stage is caused
by the chemical reactions that form pure metal compounds on the surface from individual ions. The sixth stage is
the formation of a protective coating on the surface of the part from particles of dispersed metal from the process
medium. The seventh stage is due to the presence in the process medium of individual wear products covered with
oxide films, which also participate in the formation of the coating, packing into the overall structure of the coating,
they cause the eighth stage. The ninth stage is the diffusion of the coating metal deep into the part. The tenth stage
is the prevention of dislocations from reaching the surface of the part. The eleventh stage is deformation of the
resulting protective coating.

In our opinion, this model is rather complicated in terms of its further development and improvement, and
also does not fully take into account the chemical interaction of the components of the ‘part-tool-technological
environment’ system.

In [7], the process of FANT is considered as three separate stages:

- surface pretreatment to strengthen and activate the surface of the base metal, obtaining a juvenile surface;

- chemical interaction of the coating components (the process of restoring the coating metal from the salts
of the process fluid) formation of the diffusion layer (dislocation and grain boundary diffusion);

- coating layer growth, interaction of damping tool with the coating, strengthening of the coating and
substrate.

In [8], the process of frictional material transfer is divided into two stages:

- plastic squeezing of the initial material, carried out by micro-indentations of the body on which the coating
is applied, which proceeds to destruction by micro-cutting;

- adhesion of the chips formed as a result of microcutting to the surface to which the metal is transferred.

In [9], the FANT process is described in three stages. At the first stage, a surface-active medium is applied
to the surface of the part, which, having good wetting properties, helps to soften and dissolve oxide films on the
surface of the part. The second stage involves the contact of the workpiece with a soft counter body (tool). This
stage describes the processes of tool wear due to micro-cutting by irregularities in the workpiece surface. The third
stage involves increasing the thickness of the coating as a result of the adhesive forces between the coating material
and the workpiece.

In our opinion, this model does not sufficiently take into account the chemical processes that occur as a
result of the interaction of the components of the technological environment, as well as the tool and the workpiece.

Paper [10] describes the process of copper-containing coating formation using a gallium-indium process
medium. It is shown that due to the kinematic (rotational movement) deformation load of the contact zones,
chemical and thermal effects of the gallium-indium component, it is possible to carry out the process of selective
dissolution of the copper alloy with the formation of a plasticised copper film on both friction surfaces. Such a
structure is considered as a multicomponent - a copper frame with alloying elements of materials adsorbed on the
surface, which interact.

In [11], the authors proposed a theoretical scheme of the FABO process carried out by the friction-
mechanical method (Fig. 1).
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Fig. 1. The theoretical scheme of the process of microcutting during the formation of an anti-friction coating
by the friction-mechanical method: P — force; V' — displacement; a, ap — theoretical and actual thickness of the cut
layer; a, B,7, §— cutting angles [11]

The authors argue that at the initial stage of coating formation, the process of micro-cutting takes place.
The paper discusses the features of filling the depressions of the microrelief of a part with an antifriction
material. The coating process is divided into the following stages:

- mechanical surface preparation with the formation of a regular microrelief;

- coating application using a friction-mechanical method;

- deforming drawing.

However, this approach to considering FANT also does not fully take into account the chemical
processes that occur during the formation of an antifriction coating.

Purpose

The aim of the work is to form modern ideas about the processes occurring during the application of
antifriction coatings by finishing antifriction non-abrasive treatment.

Results

In our opinion, for an objective assessment of the processes occurring during the application of antifriction
coatings, it is necessary to consider the initial state of the surface, as well as the physical and chemical phenomena
occurring during the creation of antifriction coatings. From this point of view, it is advisable to analyse the FANT
process at the stages of surface activation, deposition of antifriction components and formation of the antifriction
coating.

Surface condition before FANT antifriction coating application. It should be noted that the original
surface of the part before applying FANT antifriction coatings is characterised by structures that can prevent direct
contact and adhesive bonding of metals during the application of the antifriction coating. In addition to moisture
in the surface layer, oxides are created on the surface layer as a result of the interaction of air oxygen and the metal

of the part (FeO, Fe;0;3, Fe;0y) , as well as chemically absorbed oxygen (Fig. 2).
FeO, Fea0s, FesOs

Fig. 2. Initial condition of the surface of the part before applying the antifriction coating

Activation of workpiece and tool surfaces. This stage of coating formation is characterised by the
dispersion of the materials of the friction pair - tool and workpiece.

The triggering of the mechanical activation factor during friction coating occurs as a result of frictional
interaction, which can partially or completely destroy the oxide layer or chemically absorbed oxygen. The brittle
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oxide layer on the friction surface is subjected to significant shear deformation, which results in the destruction of
the part and tool materials and removal from the contact zone.

The tops of the tool and workpiece micro-exposures are destroyed and the material is removed into the
process medium. At this stage, a short-term exposure of juvenile surfaces is possible due to the presence of friction
forces between the unevenness of the tool and workpiece surfaces. The activation of the contact surfaces of the
workpiece and the tool promotes the formation of interatomic bonds between the coating and workpiece materials.

The duration of the atoms in the activated state is quite short, and therefore the re-formation of metal-
oxygen bonds is possible. This is prevented by the surface-active components of the process medium.

This stage is characterised by high pressure on the metal surfaces of the workpiece and tool, as well as local
temperature increases in the contact zone of uneven surfaces.

The tool's clamping force and the speed of its movement along the workpiece surface, as well as its own
movements (rotation, oscillation, oscillation, impact, etc.) determine the value of the specific heat of friction and,
consequently, the contact temperature.

As aresult of the mechanical interaction of the soft tool material with the harder workpiece material, a layer
of the tool material is removed due to the micro-cutting processes of the workpiece surface protrusions. This stage
is characterised by high pressures and the associated penetration of the protrusions of the workpiece surface
irregularities into the surface of the softer material that forms the coating.

An increase in temperature in local contact surfaces promotes the excitation of surface metal atoms involved
in frictional interaction, which facilitates the destruction of metal-oxygen bonds and provides a temperature factor
for the activation of the FANT process.

In this case, it is advisable to use the hypothesis of the coating formation process that occurs as a result of
the transition through the activation barrier [1]. A diagram illustrating this theory is shown in Fig. 3. When the
activation energy reaches a certain value (the value is determined by the chemical composition of the base
material), conditions are created for the destruction of surface oxide films, which ensures the beginning of the
process of chemical interaction of the process medium components with the part.
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Fig. 3. Energy change during chemical interaction of the coating material and the substrate: Ac- — is the
parameter at which the instability of the system occurs; E, — is the activation energy of the transition to the active
state of the system; E, — is the energy of mechanical action; E, — is the energy of overcoming the energy barrier [1]

Under such conditions, complex chemical transformations occur in the technological environment, which
is based on glycerol [12].

As a result of the interaction of the components of technological media, glycerol tribodestruction occurs, a
condition for which is the provision of local temperatures in the friction zone of about 180...280 °C, which are
achieved by heat generation in the friction zone of the tool and part.

Tribodestruction is the process of destruction of glycerol (C3HsO3) molecules when it interacts with the
contacting surfaces of the part-tool system to produce glycerol aldehyde (C3Hs0;3), formaldehyde (CH>O) and
acrolein C3H,0. The scheme of glycerol tribodegradation will be as follows:

C3;HsO3—CH>0O+C3HsO3+ C3H,O (1)

These oxidation products, in turn, actively interact with the surface of the part. They contribute to the further
formation of a copper film on the surface of the steel part, which reduces the friction coefficient, increases oil
capacity and wear resistance, and also participates in the restoration of metal components.

In the process medium used for FANT, one of the main components containing the cladding element is
copper chloride CuCl,. Copper chloride in the process medium solution dissociates with the subsequent formation
of copper oxide CuO and interacts with other components of the medium.

The dissociation equation for copper chloride is:

CuCly2H,0—2HClL+CuO+H, T )

Also, at this stage, there is a chemical interaction between the surfactants present in the medium and the
metal ions present.

Stearic acid is most often used as a surface active agent in the FANT of machine parts (C;7H3sCOOH),
belonging to organic fatty acids and performing the following functions: destruction of oxide films, plasticisation
of surfaces, and reduction of surface tension of the process medium liquid.
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The destruction of oxide films on the surfaces of parts and tools contributes to the exposure of the active
juvenile metal surface of the part and tool with the subsequent formation of protective coatings from compounds
formed by these metals. This is confirmed by the following works [12].

Stearic acid (C;7H3sCOOH) reacts with the metal of the workpiece surface (Fe), and with the copper (Cu)
of the process medium, thus having a positive effect on the destruction of the oxide film, while stearic acid forms
complex compounds with the copper of the process medium and the iron of the workpiece, with the following
reactions occurring:

2C;7H3sCOOH+Cu?*—(C17H35C00);Cu+2H, 3)
2C;7H3sCOOH+Fe**—(C17H35CO0) Fe+2H. “4)

As aresult of reactions (3) and (4), the compounds (C;7H35COO)Cu — copper stearate and (C;7H3sCOO):Fe
— iron stearate are formed. When they get into the microrelief of the part, the following complex compounds
increase the resistance to surface wear.

The above chemical reactions and physical processes occurring at the first stage can be represented in the
form of a scheme (Fig. 4).

Taol
180,280 ¢

Detall

Fig. 4. Scheme of the activation stage of workpiece and tool surfaces

Deposition of anti-friction components on the surface of the part. At this stage, the process of chemical
precipitation of metals from copper oxide formed from a chemical reaction (2) takes place.

As a result of tribological loads and pressures, some of the tool material particles formed as a result of
cutting are pressed into the depressions between the protrusions of the part's surface profile. This results in surface
smoothing, an increase in the actual contact area, and a reduction in contact pressure when the part is working with
an antifriction coating. As a result of high local pressures, cohesive bonds are formed between individual particles
of the coating material.

In the process medium, formaldehyde CH,O and acrolein C3H,0, as products of reaction (1) of the thermal
decomposition of glycerol, react with copper oxide with subsequent reduction of copper Cu on the surface of the
workpiece:

CH;0+CuO—HCOOH+Cu; (5)
C3H,0+CuO—C3Hs04+Cu. (6)

As a result, more active copper ions contained in the process medium are deposited on the bare juvenile
surface of the part.

The glyceric acid C3HsO4 formed during reaction (6) interacts with the part material (Fe), improving the
mechanical and tribotechnical characteristics of the applied coating, which is an important aspect for ensuring high
wear resistance and long-term operation of the part under increased loads [12].

The reaction of the interaction of glyceric acid with the material of the part will be as follows:

Fe'?+C3H04—[C3HgO4]. 7

The reaction (7) results in the formation of the complex compound [C3HsO4/2Fe , an iron glycerate that is
involved in the formation of the coating.

In addition to copper ions from the process medium, particles of the workpiece material that were separated
in the first stage are involved in the formation of the coating. These particles are coated with thin layers of
antifriction material due to chemical interaction with the process medium, forming a clad material that is also
deposited on the surface of the part.

The chemical reactions and physical processes that take place at this stage can be represented as follows
(Fig. 5).
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Fig. 5. Scheme of the processes that take place at the stage of deposition of antifriction components on the
surface of the part

The processes discussed above suggest that the formation of a coating depends on the material of the part,
the temperature in the deposition zone, the interaction time, the rate of diffusion into the material, and the
dissociation of chemical compounds.

The concentration of metal salts plays an important role in the course of chemical reactions.

Thus, the concentration of copper in the process fluid, according to [7], increases with increasing acidity

pH (Fig. 6).
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Fig. 6. Dependence of the coating deposition rate on the acidity of the pH of the medium [7]

Copper reduction begins at an acidity greater than 11, and the deposition rate increases with increasing
acidity. The pH value for concentrated solutions can be as high as 11.5. Complexing agents, such as amino acetic
acids and glycerol, included in the process fluid, not only increase the solubility of copper salts, but also affect the
process of copper ion reduction on the deposition surface.

Reliable adhesion of the coating to the substrate can only be achieved if the coating material diffuses into
the base metal.

The formation of a high-quality antifriction coating is ensured by sufficient adhesion and is due to a
reduction in the surface roughness of the part and an increase in the total contact area due to the filling of the base
metal surface depressions with the coating material. Applying an antifriction coating to a part reduces the friction
forces that occur during its operation, thereby reducing its stress-strain state.

Formation of an anti-friction coating. At this stage, the transfer of tool material to the surface of the
workpiece is completed (Fig. 7). The coating build-up stops as the equilibrium state is reached in terms of shear
characteristics.
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Fig. 7. Scheme of the processes involved in the formation of an anti-friction coating
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The volumetric plastic flow of the tool material stops and the temperature in the friction zone decreases,
which leads to inhibition of chemical reactions between the components of the process medium.

This stage is characterised by the diffusion of metal deposited on the surface deep into the surface layer of
the part. Since the antifriction coatings produced by the FANT method have a certain degree of inconsistency, part
of the surfactant from the process medium is adsorbed in the pores of the coating.

Conclusions

The analysis of physical and chemical processes in the contact zone ‘tool — part’ during the friction-
mechanical method of applying antifriction coatings allowed to establish the following regularities:

1. For an objective assessment of the processes observed during the application of antifriction coatings, it
is most appropriate to consider in detail the FANT process at the following stages: activation of the surfaces of the
tool and the workpiece, deposition of antifriction components on the surface to be treated, and further formation
of the antifriction coating.

2. The chemical reactions that occur during the formation of an antifriction coating allow you to track the
processes of glycerol tribodestruction, copper chloride dissociation, chemical interactions of surfactants,
destruction of oxide films, creation of complex compounds, etc. and identify ways to improve the quality of FANT
antifriction coatings.

3. It is proved that the quality of coating formation directly depends on the material of the part and tool,
temperature in the deposition zone, interaction time, material diffusion rate, and dissociation of chemical
compounds.

4. The physical model of the FANT process is proposed, which illustrates chemical reactions and physical
processes and allows to find out and explain the characteristic phenomena occurring at different stages of the
antifriction coating creation.
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Kpacora A.M., llleneaenko 1.B., Kpacora M.B. ®i3uuni Ta XiMiyHi npouecH IpU HaHECEHHI
AHTU(QPUKIIHHUX TOKPUTTIB PPUKLIHHO-MEXaHIYHUM METOIOM

Ornsa cydacHMX MoJieNied YTBOPEHHS aHTU(QPHUKIIWHUX MOKPUTTIB (IHIIIHOW aHTU(QPUKIIHHOIO
0e3a0pa3uBHOIO 00POOKOIO TOKAa3aB BiACYTHICTh IPYHTOBHOTO aHadi3y (Di3MYHMX Ta XIMIYHHX MpOIECIiB, IO
BinOyBaroThCA B 30HI TepTs. 3 i€l TOYKHU 30py JOLUUTBHAM BHUTIIIIAE TOCIIIKSHHS IPOIIECiB YTBOPEHHS TOKPHUTTS
Ha eTarax aKTHBAIlii IIOBEPXOHb, OCAKCHHS aHTH(OPHUKIIIHHNX KOMIOHEHTIB Ta (HOpMyBaHHS aHTH(PHUKIIHHOTO
TMOKPUTTA. PO3rIsIHyTI XapaKkTepHi CTPYKTYpH Ta XiMidHI peakmii Ha pi3HUX eTanax CTBOPEHHS aHTH()PHUKIIiITHOTO
MOKPUTTS JO3BOJISIFOTH BiJICNIIKyBAaTH MPOIIECH, IO BiOYBAIOTHCS B CHCTEMI, Ta BIUTMBATH Ha iX. [loBeneHo, mo
AKICTh (POPMYBaHHS MOKPUTTS OE3IOCepEeIHBO 3aICKUTh BiJl MaTepiary JeTalli Ta IHCTPYMEHTY, TEMIIEpaTypH B
30HI OCa/PKEHHs, IBUAKOCTI audy3ii MaTepiany, aAucorianii XiMiYHUX 3’ €IHaHb. 3apoNoHOBaHa (Gi3nyHa MOJIEIb
npouecy @ABO, sika BH3Ha4ae XiMiuHI peakuii Ta (i3uM4HiI MpolecH, MO BigOyBalOThCS HA PI3HMX eTarax
(opmyBaHHS aHTUPPHUKLIHHOTO TOKPUTTS. AHai3 MOJIEI JJ03BOJISIE 3’ ICYBaTH Ta MOSICHUTH XapaKTepHIi sSBHIIA
B CHUCTEMI «ZeTajlb — IHCTPYMEHT — TEXHOJIOTIYHE CEpEeOBHIIE», a, OT)KE, BIUIMBATH Ha SIKICTh CTBOPEHHS
AHTU(PUKIIHHOTO MOKPUTTS PPUKIIHHO-MEXaHIYHUM METOJIOM.

Karouosi cioBa: dinimma anTtudpukmiiina 6e3abpasuBHa 00poOKa, (i3udHa MOJeNb, aHTHPPHUKITiIHE
TOKPUTTS, TEXHOJIOTIYHE CepeZOBHUINE, AKTHBALiS TIOBEPXHi, TPHOOIECTPYKIIis, 3SHOCOCTIHKICT
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Abstract

The article presents the results of research into the regularities of friction processes and impact-abrasive
wear of thermoplastics under cyclic and shock loads. The conditions and modes of operation of gas transportation
equipment units and the reasons for the failure of the most loaded parts are analyzed in detail. The nature of the
impact of the abrasive and its characteristics on the wear resistance of the working surfaces of parts of gas
transportation equipment units is revealed. The choice of thermoplastic grades for the manufacture of parts of gas
transportation equipment working units that operate under cyclic shock loads is justified. The designs of existing
stands for the study of surface deformation and impact-abrasive wear of thermoplastics are analyzed. The design
of the experimental stand is improved and a force loading mechanism is manufactured to implement the tasks set,
a comprehensive research methodology is proposed. The influence of the parameters and conditions of cyclic
impact loading on the wear resistance of thermoplastics under conditions of impact-abrasive wear, as well as the
features of wear of previously deformed thermoplastics, are identified and substantiated. Practical
recommendations have been developed regarding the possible use of the studied thermoplastics for the
manufacture of parts for gas transportation equipment assemblies.

Keywords: gas transportation equipment, thermoplastics, abrasive, friction, hydroabrasive wear, shock-
cyclic loading, test bench.

Formulation of the problem

A promising direction for the development of the gas transportation industry is the replacement of
traditional structural materials with polymers and composites based on them, which are used to manufacture parts
of gas transportation equipment assemblies and units under conditions of impact and abrasive wear. This is due to
the price factor, labor intensity and cost of manufacturing parts from polymers, which are significantly lower
compared to the use of steels and alloys.

The problem of increasing the operational reliability and efficiency of gas transportation equipment
assemblies and units operating under conditions of variable static and cyclic loads with impact and abrasive wear
of friction surfaces is urgent. Intensive impact and abrasive wear of parts of gas transportation equipment
assemblies significantly reduces its operating time, increases the costs of repair, restoration or replacement of worn
parts.

To date, the problem of increasing the wear resistance of gas transportation equipment parts operating in
the mode of cyclic shock loading with the specifics of contact interaction in the presence of abrasive, with varying
degrees of fixation, in the environment of aggressive natural gas and gas condensate has not been solved.
Corrosion, erosion and cavitation should be included among the auxiliary factors that affect the intensity of shock-
abrasive wear of parts of gas transportation equipment components. When operating parts of gas transportation
equipment components, it is necessary that the materials of the parts are characterized by high wear resistance
under the conditions of the complex action of the working environment, abrasive, temperature, shock cyclic loads
during shock-abrasive wear. The principles of selecting polymer materials (thermoplastics) for parts of heavily
loaded gas transportation equipment components under the action of cyclic shock loads, the presence of abrasive,
and aggressive working environment are not sufficiently developed and substantiated, there are practically no
results of research into the influence of the previous cyclic shock loading on their wear resistance during shock-
abrasive wear.

Copyright © 2025 A.Gupka, 1. Yarema, I. Hevko, R. Leshchuk, V. Kobelnyk, V. Buhovets, T. Pyndus. This is an open access
@m article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and
C reproduction in any medium, provided the original work is properly cited.



http://creativecommons.org/licenses/by/3.0/
http://tribology.khnu.km.ua/index.php/ProbTrib
https://doi.org/10.31891/2079-1372-2025-115-1-74-73

Problems of Tribology 75

Analysis of recent research and publications

The study of modern trends in the production and application of polymeric materials for transport
equipment is an important area of scientific research. The work considers the use and efficiency of manufacturing
parts from polymeric materials for gas transportation equipment. The authors analyze the technological aspects of
production and operational characteristics of such materials, which allows us to assess their potential in increasing
the reliability and durability of gas transportation systems [1]. Special attention is paid to the development of
modified epoxy coatings that improve the protective properties of materials.

The study proposes a method for manufacturing an epoxy coating with a filler that increases its strength
and wear resistance. This study is of significant practical interest, since modified polymeric coatings can be
effectively used to protect parts of vehicles and industrial equipment from corrosion and mechanical damage [2].
The work highlights the process of developing a polymer matrix with improved performance characteristics for
protecting vehicle components. The research is aimed at increasing the durability and effectiveness of protective
polymer materials, which is important for the automotive, gas transportation and other industries [3].

In their work [4], they determined the intensity of abrasive wear of protective polymer coatings, which
made it possible to assess the durability and reliability of polymers during operation. In work [5], scientists
analyzed the processes of impact-abrasive wear of the working bodies of road construction machines, focusing on
materials that can withstand this type of wear, including polymer composites.

In work [6], they studied increasing the reliability of gas transportation systems through the use of new
materials, including polymers that demonstrate high resistance to impact-abrasive loads. In article [7], a device for
studying materials under impact-abrasive wear is presented, which is an important step in the development of
testing methods for polymer materials. In study [8], the processes of abrasive wear of polymer materials are studied
in detail and methods for its reduction are proposed, which is relevant for increasing the service life of polymers.

In [9], a study was conducted on the abrasive wear of antifriction materials, in particular polymers, which
is important for their use under shock-abrasive loads. Thus, the analysis of literature sources demonstrates that the
study of thermoplastics under shock-abrasive wear is a relevant direction that has significant scientific and
practical interest, especially in the context of increasing the durability and reliability of parts and equipment.

The study of the mechanical characteristics of epoxy composites is a relevant direction in modern materials
science developments. The work [10] presents the results of the study of the mechanical properties of filled epoxy
composite materials. The authors analyzed the influence of various fillers on the physical and mechanical
characteristics of the material, which allows optimizing its composition to improve operational characteristics.

Another study [11] considered the impact strength of epoxy coatings modified with silicate-containing
additives. The work demonstrates that the use of such modifiers allows to significantly improve the impact
resistance of coatings, which is critically important for increasing their durability and reliability in operation. In
the article [12], an analytical analysis of stresses in furan-epoxy composite coatings during tension was performed.

The authors used fracture mechanics methods to assess the behavior of the material under load, which
allows predicting its operational stability. In addition, the work [13] considered the issue of tribodiagnostics of
damage to the surfaces of triboconnection materials during machine operation. The authors focus on the wear
mechanisms of materials in contact under load and propose approaches to increase their wear resistance.

Thus, the analysis of recent studies indicates the active development of scientific approaches to optimizing
the composition and mechanical properties of epoxy composites and coatings. The results obtained can be used
for further development of effective materials with improved performance characteristics.

The purpose of the work

The purpose of this work is to find ways to increase the wear resistance, service life, and performance of
parts of gas transportation equipment assemblies, and to select the most effective polymer materials. To achieve
this goal, it is necessary to solve a number of practical research problems: to analyze in detail the operating
conditions of parts of gas transportation equipment assemblies; to justify the choice of grades of polymer materials
for their further study; to modernize the research stand with the development of research methods and criteria for
assessing impact-abrasive wear of polymers under cyclic loading of test specimens; to investigate the effect of
previous cyclic impact loading on the wear resistance of these thermoplastics; to develop practical
recommendations for increasing the wear resistance and operational reliability of parts of gas transportation
equipment assemblies made of thermoplastics under cyclic impact loading.

For a methodically correct assessment of the wear resistance of thermoplastics during impact-abrasive wear,
it is necessary to analyze the characteristics of the abrasive, investigate the influence of the previous impact cyclic
load on the nature of their deformation and the intensity of wear. Conduct a set of studies to determine the contact
deformations and wear resistance of thermoplastics under their operating conditions and establish general patterns
of wear and destruction mechanisms. Develop practical recommendations for the selection of thermoplastic grades
for the manufacture of parts of heavily loaded gas transportation equipment components and criteria for assessing
their performance.

Research results
To obtain objective, satisfactorily comparable results of experimental studies, it is necessary to use the same
type of equipment, a single methodology for conducting research and data processing, and criteria for assessing
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the performance of thermoplastics under conditions of impact-abrasive wear. When choosing grades of
thermoplastics for parts of gas transportation equipment assemblies to study their wear resistance under conditions
of impact-abrasive wear, the following technical characteristics were taken into account, both for the materials of
the parts and for their operating conditions: impact cyclic loading on parts (impact-deformation change in the
dimensions of parts); temperature; presence of abrasive; aggressive working environment; stability of geometric
dimensions of parts and minimal shrinkage of the material; stability of operation under the above operating modes;
relatively low cost; low friction coefficient. Taking into account the conditions and operating modes of parts of
heavily loaded gas transportation equipment units, according to the results of previous studies by the authors of
the article and other researchers, the most suitable thermoplastic materials are: polyamides; polycarbonates;
polystyrenes. The following brands of thermoplastics were selected for the planned set of studies: glass-filled
polyamides PA66-KS, PA6-210KS, PA66-PE; unfilled polyamides P-6, UMP225.

Equipment (stands) used in the study of the wear resistance of thermoplastics under conditions of impact
and abrasive wear must provide periodic (cyclic) impact loading on the part under conditions of a real working
environment. Objective and reliable research results can be achieved only when using special stands that reproduce
the operating mode of gas transportation equipment parts under impact and abrasive wear. The most suitable for
conducting experimental studies of selected materials of parts, under given operating conditions, are stands with a
crank drive mechanism and additional devices, with the ability to reproduce the required range of changes in speed,
frequency and impact energy in the contact zone, to simulate the nature of impact cyclic loading. Regarding parts
of gas transportation equipment, a special stand has been modernized to conduct comprehensive studies of the
wear resistance of selected grades of thermoplastics under conditions of impact-abrasive wear, under cyclic
loading, in the presence of abrasive with varying degrees of its fixation, the general appearance of which is shown
in Fig. 1, and the loading mechanism of the stand developed by the authors of the article is shown in Fig. 2.

Fig. 1. General view of the stand Fig. 2. Bench loading mechanism

The technical characteristics of the stand are given in Table 1.

Table 1
Technical characteristics of the stand
Operating parameters of the stand Value
Maximum working force, N 30000
Impact velocity, m/s 1-10
Impact frequency, Hz 1-5
Number of research cycles 1-100000
Working stroke of the slider, m 0-0,04
Working medium Air
Condition of the abrasive Free layer
Control parameters Impact force
Impact velocity
Impact pulse length
Deformation magnitude
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The stand consists of a mechanism that performs multiple actions of the striker and the forge during the
reciprocating motion of the striker slider; a control system, control and measuring equipment; replaceable auxiliary
devices to expand the technological capabilities of the stand. The kinematic diagram of the stand for the study of
thermoplastics under cyclic impact loading is shown in Fig. 3.

2z 5
0 ~
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Fig. 3. Kinematic diagram of the stand for studying impact-abrasive wear of thermoplastics under impact
cyclic loading conditions

Structure and principle of operation of the stand. The stand is mounted on a common frame with all working
units and mechanisms placed on it. The electric motor 1 is connected to the shaft 4 through an electromagnetic
clutch 2 and a V-belt transmission 3, on which a flywheel 5 is placed with a system of two mutually crossed
eccentrics 6 and 7. The axis of rotation of the eccentric 6 is located at a constant distance e from the axis of the
shaft 4. In the body of the eccentric of large geometric dimensions 6, an eccentric 7 is placed, with the help of
which the stroke of the slider 8 is regulated. When the eccentric 7 is rotated and fixed at a certain angle relative to
the initial position, the radius of rotation of the end of the rod 9 relative to the axis of rotation of the shaft 4 changes.
The rod pivotally connects the eccentric 7 and the slider 8, which consist of two halves connected by an adjusting
screw 10. In addition to the existing load schemes, this stand uses an elastic attachment that allows you to
implement the static component of the force of interaction of the samples. The spring attachment is fixed in the
seat of the lower half of the slider 8. The device consists of a shank 11, which acts through a tension beam 13 and
a spring 14 on the striker 15, in which the indenter 16 is fixed. The guide cup 17 is used to center the striker and
fix the samples on the anvil 18. The lower part of the device is mounted on a table 19, in which holes are provided
for installing a piezo sensor 20 and a clock-type indicator 21. The torque from the electric motor through the
electromagnetic clutch and V-belt transmission is transmitted to the crank mechanism, which converts the
rotational motion of the drive into the reciprocating motion of the striker 15 with a given frequency and amplitude
of the load on the sample 12. The given shaft rotation frequency is set using a variable drum of the V-belt
transmission 3 and is controlled by a tachometer 22. The load amplitude, which determines the time of loading the
sample and the time of its unloading, is set by the mutual arrangement of the eccentrics 6 and 7, i.e. by changing
the radius of rotation. To create a given load force on the sample, at the initial moment, a spring 14 serves. The
magnitude of this force depends on the stiffness of the spring, the magnitude of its preliminary pressing by the
tensile beam 13, and the speed of contact of the indenter with the sample. The design of the striker 15 provides for
the possibility of attaching indentors 16 of various shapes: flat, cylindrical, prismatic for modeling the contact
interaction of parts of various configurations. The stand allows for the study of impact-abrasive and impact-fatigue
wear of polymeric materials under different loading conditions, in different working environments. This paper
presents the results of the study of impact-abrasive wear, which is implemented in the case of feeding the abrasive
into the impact zone of the indenter 16 with the sample 12. To study samples of different thicknesses under the
same power load parameters, an adjusting screw 10 is used. The difference in the height of the samples is controlled
by a watch-type indicator 21 with a measurement accuracy of 0.001 mm and a bar attached to the lower moving
part of the slider 8. When developing a method for measuring contact parameters in the process of impact-abrasive
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wear, all the requirements that are put forward for studies of this nature were taken into account. The measuring
complex of the stand includes: a system for measuring dynamic impact characteristics, a system for determining
the initial static load, a system for automatically setting the number of load cycles. Fig. 4 shows a scheme for
measuring dynamic impact characteristics in the study of impact-abrasive wear of thermoplastics.

Fig. 4. Scheme of measuring dynamic impact characteristics when studying impact-abrasive wear of
thermoplastics

The measuring circuit consists of a piezoelectric sensor 20, a synchronization unit 26, a universal
oscilloscope 27 model S8-13, with an output to a high-speed recorder 29 model H338-6N, a digital automatic
integrator 28 model 1-02 and a current source 31. The initial moment of contact of the indenter 16 with the sample
12 is recorded by a light bulb 30, which is connected via a power supply to point contacts 32, which are placed on
the contacting surfaces. The synchronization unit includes recording the signal on the oscilloscope 27 with its
subsequent processing on a digital integrator 28 and visual reproduction by a high-speed recorder 29.

The system for setting the initial statistical parameters of the load consists in creating a preliminary force
of the spring 14 on the striker 15 by pressing the strain gauge 13, on which the strain gauges are glued, with the
help of two screws. The system for automatically setting the number of load cycles includes an electromechanical
counter 22, which sends a signal to trigger the electromagnetic clutch of the main drive of the stand. To measure
the magnitude of the deformation of the sample from the number of load cycles, a clock-type indicator 21 is fixed
on the stand table 19. When studying the impact-abrasive wear of thermoplastics, cylindrical samples were used,
which allow the most accurate assessment of the behavior of materials during this type of wear. A cylindrical
sample with a diameter of 10 mm and a height of 18 to 30 mm was studied. The cylindrical shape of the
thermoplastic sample provides higher strength compared to rectangular and triangular samples. The study of
impact-abrasive wear was carried out under the action of external force factors on the samples while maintaining
the specific energy of a single impact, the frequency and speed of co-impact, and the temperature. Silicon carbide
with a grain size of 0.63 mm was used as an abrasive material. Impact-abrasive wear of parts of gas transportation
equipment assemblies occurs mainly when they hit loose abrasive and abrasive mass contained in the gas medium
being transported. In some cases, impact contact can also occur on resinous deposits of the working medium (gas)
fixed on the working surfaces. The main principle schemes for the study of thermoplastics for parts of gas
transportation equipment are studies on abrasive mass and loose layer of abrasive of a certain thickness, which is
placed on a metal base.

Fig. 5 shows the formation of working surfaces of thermoplastics during impact and abrasive wear.
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Fig. 5. Schemes of forming working surfaces of thermoplastic parts during impact-abrasive wear
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When the abrasive hits, its individual grains A penetrate directly into the surface of the sample and at the
first stage are wedged in the body of the sample (Fig. 5 a). Subsequent impacts of the abrasive lead to their further
pressing into the sample material (Fig. 5 b) with the formation of a zone of volumetric deformation (O) and surface
compaction (U) of the material under it when the wedged area expands under the action of tangential forces. The
process of accumulation of the abrasive occurs in the surface layer of the sample material. Part of the abrasive,
when in contact with the surface of the thermoplastic, does not wedge in it, but leaves behind characteristic holes
H on the surfaces of the sample (Fig. 5 b). The subsequent impact action of the abrasive leads to repeated entry of
abrasive particles into the previously formed holes on the surface of the sample and the process of removal of the
sample material M from the contact zone in the form of chips or microparticles occurs (Fig. 5 c¢). The number of
holes on the surface of the sample constantly increases, which leads to complete damage to the entire surface with
the formation of wear particles. At this point, the period of running-in of the sample surface ends and the period
of its stable wear begins. The dynamics of the wear mechanism of the surface of a sample made of thermoplastic
PA66-KS on a layer of unbonded abrasive is presented in the photographs (Fig. 6).

Fig. 6. The relief of the wear surface of a sample made of thermoplastic PA66-KS when hitting a layer of abrasive,
depending on the number of hits: a —50; b — 500; ¢ — 1000; d — 1500; e — 2000; f— 3000

The parameters and conditions of the impact cyclic nature of the load on the intensity of wear of parts made
of thermoplastics were studied. According to the results of the analysis of the operating conditions of parts of gas
transportation equipment assemblies, it was found that most parts and assemblies are operated mainly in the range
of change in the energy of a single impact from 1.3 J/em? to 2.0 J/cm?. The frequency of mutual impacts was taken
as such, which did not lead to noticeable self-heating of the materials of the parts. Fig. 7 presents graphs of the
dependence of the magnitude of impact-abrasive wear of the studied thermoplastics on the number of load cycles.
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Fig. 7. Graphs of the dependence of the wear value of the studied thermoplastics on the number of loading cycles at a
constant energy of a single impact: 0 — PA66-PE; e — P6; A - PA66-KS; A — P6 (secondary); m — PA6-210-KS

At the initial stage, in almost all thermoplastics, a relief is formed on the contacting surfaces, during which
intensive penetration of abrasive particles occurs (the process of drawing), as evidenced by an increase in the
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weight of the samples and the formation of a negative area on the graph. In this case, the drawing process dominates
over the process of wear of the material of the parts - the running-in process. Depending on the characteristics of
the material under study, the running-in period is different: in unfilled thermoplastics it is longer in comparison
with glass-filled thermoplastics. The running-in process in all considered thermoplastics does not exceed 700
impacts on the abrasive.

Further, during impact-abrasive wear of thermoplastics, after the accumulation of the maximum amount of
abrasive on the surfaces of the samples, determined for each material, a decrease in the weight of the sample is
observed and the amount of wear becomes proportional to the number of impacts - the period of established wear,
which is linear in nature. The beginning of the established nature of wear is the inflection point of the curve in the
negative section of the graph. The wear rate of glass-filled thermoplastics is greater than the wear rate of unfilled
thermoplastics (determined by the angle of inclination of the curve on the graph). One of the main reasons is that
unfilled thermoplastics with a linear molecular structure are characterized by more developed forced elasticity.
These thermoplastics are able to resist repeated deformation, and therefore impact-abrasive wear, for a longer
period of time compared to glass-filled thermoplastics, which are harder and more brittle materials.

In parts made of glass-filled thermoplastics, unlike unfilled ones, a patterned layer of abrasive does not
form on their surfaces, i.e. its particles do not wedge in and do not remain in the surface layer. In unfilled
thermoplastics, the patterned layer counteracts the penetration of new abrasive particles into the material, taking
on the initial impact load at the moment of contact of the part surface with the abrasive.

The intensive wear of glass-filled polyamides is also facilitated by the fact that glass fibers oriented in the
direction of the impact force contribute to the fragmentation and damage of the original structure of the material,
thus reducing its integrity and uniformity. When the energy of a single impact (Ain) increases to 2 J/cm?, a more
intensive wear process of the studied thermoplastics is observed (Fig. 8).
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Fig. 8. Graphs of the dependence of the magnitude of impact-abrasive wear (by mass of silicon carbide) of the studied
thermoplastics on the number of load cycles: Aim =2,0 J/cm?; 0 — PA66-PE; e — P6; A - PA66-KS; ¢ — P6 (secondary);
m — PA6-210-KS

The period of the running-in process of thermoplastics decreases both in terms of the amount of wear and
in terms of its length, and for glass-filled thermoplastics it is absent (PA-KS, PA66 PE) or insignificant (PA6-
210KS). An increase in the energy of a single impact does not lead to a proportional increase in the amount of
wear. An increase in the energy of a single impact by 35% increases the amount of wear of the PA66-KS
thermoplastic by 40%, of the PA-210KS thermoplastic by 51%, of the P6 thermoplastic by 59% (Fig. 9).
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Fig. 9. Graphs of the dependence of the wear value of the studied thermoplastics on the specific impact energy
(based on the abrasive mass of silicon carbide): e — P6; A - PA66-KS; m — PA6-210-KS; 1 - Aim= 1,3 J/em?; 2 - Aim=
2,0 J/cm?
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The disproportionate increase in the wear rate of thermoplastics with increasing single impact energy is
mainly due to the different nature of the abrasive action on the surface of the parts. The mechanism of formation
of holes and partitions during the dynamic penetration of solid particles of unfixed abrasive into the sample
material is associated with the change in single impact energy. It is obvious that the abrasive particles do not wedge
into the surface layer of the thermoplastic, but mechanically destroy it, while the intensity of the abrasion of these
surfaces is much lower compared to low impact energies.

Under the operating conditions of gas transportation equipment components in the shock-abrasive wear
mode, the surfaces of the parts wear out both in terms of the layer and the mass of the abrasive. Fig. 10 shows the
graphical dependences of the wear value of glass-filled polyamide PA66-KS in the above conditions.
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Fig. 10. Graphs of the dependence of the wear value of the PA66-KS thermoplastic on the type of abrasive and
the energy of a single impact: o — by a layer of abrasive; o — by mass; 1 - Ain= 1,3 J/em?; 2 - Aim= 2,0 J/cm?

The results of the conducted studies and their analysis showed that the most dangerous type of wear for
thermoplastics is the wear of working surfaces by the abrasive layer than by its mass, even at lower energies of a
single impact (for PA66-KS by 2.4-3.3 times). It should also be noted that along with the thermoplastic, the metal
surface on which the abrasive is placed also wears out. The characteristic relief of the surface on the forge (steel45)
is shown in Fig. 11. The features of this type of wear include the formation of holes and bridges, the shape and
size of which are much smaller than similar ones that form on the surfaces of thermoplastics and have a more oval
shape and smoothed tops of the protrusions.

Fig. 11. Surface relief on a forge (steel 4‘15) as a result of the action of an abrasive

When changing the characteristics of abrasive parts (hardness, dispersion, concentration), the most
significant effect on the wear intensity of thermoplastics is the increase in the hardness of the abrasive. As a rule,
the hardness of thermoplastics is insignificant compared to the hardness of abrasives, so the presence of any
abrasive in the contact zone leads to the destruction of the surfaces of thermoplastic parts.

The final cycle was the study of the influence of the preliminary deformation of thermoplastics on the
features of their wear. The contact time of the surfaces of thermoplastic parts in the presence of an abrasive is
significantly shorter than when they are in contact without an abrasive. Such conditions of impact-abrasive wear
are preceded by a cyclic impact interaction of the surfaces of the parts without the presence of abrasive parts in
the contact zone. In this regard, it was necessary to assess the influence of the preliminary cyclic impact load on
the wear resistance of thermoplastics.

During the study, the surfaces of thermoplastic samples were loaded by preliminary deformation with a
given frequency and magnitude of impact energy. Fig. 12 shows graphs of the dependence of the wear value of
preloaded (load cycle up to 5x10%) unfilled polyamide P6 on the study time during impact-abrasive wear.
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Fig. 12. Graphs of the dependence of the wear value of polyamide P6 on the number of pre-load cycles N:
1-Aim=1,3J/em? 2 - Aim= 2,0 J/cm?; V=5 Hz

As can be seen from the graph, the wear value of polyamide P6 decreases with increasing number of pre-
load cycles only up to a certain value. This limit for the parameters of external action at a single impact energy of
5 J/cm? and a frequency (V) of 5 Hz for polyamide P6 is equal to 3x103 cycles of pre-load, which determines the
appearance of the minimum value on the graph. After reaching this limit, the wear value of polyamide P6 slowly
increases, however, even at 5x10° cycles of pre-load, the wear value of this thermoplastic is smaller in comparison
with a similar material that was not subjected to pre-impact loading.

The decrease in the wear value of polyamide P6 preloaded to 3x10° cycles is explained by the fact that
under these parameters of external action, the contact surfaces and subsurface layers are strengthened, due to the
orientation and ordering of the structure.

With a further increase in the number of cycles of the pre-impact load, a gradual decrease in strength occurs,
microcracks are formed and the surface layer of the part material is destroyed. The number of cycles of pre-loading
on the sample can be determined by the magnitude of the relative deformation of the material. In this regard, the
wear resistance of the material can be characterized as a function of the magnitude of the previous relative
deformation (Fig. 13).

&
[~

paln

\ N=1000

N=1500

Wear resistance, mg'
W Sy n
= = =

\
|

" N=2000

10 SETN
L [/~

05 10 15 20 25 3.0
Relative deformation, %

Fig. 13. Graphs of the dependence of the wear resistance of polyamide P6 on the previous relative deformation
and the number of cycles of impact-abrasive wear N

According to the results of the research, it was found that preliminary deformation of polyamide P6 by 1.0-
1.5% increases its wear resistance by 6-8 times. With a further increase in the time of impact-abrasive wear, its
wear resistance decreases, which is explained by the gradual destruction of the upper strengthened layer of this
material and the removal of destruction products from the contact zone. The insignificant difference in the value
of the wear resistance of polyamide P6, which was not subjected to preliminary impact loading, is explained by
the fact that during impact-abrasive wear, not only the wear of the surface layers but also the strengthening of the
lower layers of the material occurs. The optimal deformation in terms of increasing the wear resistance of the
surface layers for polyamide P6 is within 1.5-2.0%. The specified deformation range is achieved under conditions
of cyclic shock loading on the sample with a frequency of 5 Hz, impact energy of 5 J/cm? and the number of cycles
of 2x10°-3x10%.
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Conclusions

1.The selection of thermoplastics for parts of gas transportation equipment assemblies of a specific purpose
should be carried out based on the results of research into their wear resistance during impact-abrasive wear with
different characteristics of the abrasive and the degree of its fixation, the nature of the impact of the aggressive
working environment, and the previous shock cyclic load.

2.The operational reliability and performance of parts of gas transportation equipment assemblies depends
mainly on the selected brand of thermoplastic and its characteristics, the nature of the force load (cyclic, shock),
the presence of the type of abrasive, the degree of aggressiveness of the working environment, which lead to loss
of tightness of the working assembly, surface destruction of parts, and changes in their geometric dimensions as a
result of shock-abrasive wear.

3.The operational (research) reliability of the developed stand for studying impact-abrasive wear of
polymeric materials of different brands in wide ranges of load force parameters with obtaining objective,
satisfactorily comparable and reproducible results of experimental studies has been confirmed.

4.Preliminary deformation of the surface layers of thermoplastics under the action of cyclic impact loads
increases the strength characteristics of these materials (hardness, tensile strength) and wear resistance. For the
studied thermoplastics, the values and ranges of preliminary deformation, the frequency of cyclic impact loading,
impact energy and the number of load cycles have been determined from the point of view of increasing their wear
resistance. A series of studies of glass-filled polyamides PA66-KS, PA6-210KS, PA66-PE and unfilled polyamides
P-6, UMP-225 was conducted to identify the main factors that significantly affect their wear resistance during
impact and abrasive wear.

5.The mechanisms of impact-abrasive wear of thermoplastics have been identified and must be taken into
account when selecting materials for parts for gas transportation equipment assemblies and units in order to ensure
the specified operational characteristics.

6.The peculiarities of the impact of abrasive on the processes of drawing of working surfaces of parts of
gas transportation equipment assemblies made of glass-filled and unfilled thermoplastics have been identified.

7.1t has been confirmed that a more intensive type of abrasive wear of the surfaces of thermoplastic parts
is their wear by layer and not by mass of abrasive, even at lower energies of a single impact.

8.1t has been experimentally confirmed that the main parameter that affects the intensity of impact-abrasive
wear of the surfaces of thermoplastic parts is the energy of a single impact.

9.Practical recommendations have been developed for the use of thermoplastics for the manufacture of
parts of working units of gas transportation equipment that operate under impact-abrasive wear conditions. Parts
for gas transportation equipment units of new designs that are operated under cyclic impact loading under impact-
abrasive wear conditions have been designed and manufactured (parts of spherical ball joints for the drive
mechanism of the gas inlet valve of a gas motor compressor, valves of gas motor compressors, anti-pumping ball
valves, seals of ball valves, seals of the rotor shaft of centrifugal gas pumping units).
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I'ynka A., SIlpema 1., I'eBko L. , Jlemyk P., Kodeabuuk B., Byxoeus B., Iluaayc T. JocnimkeHHs
TEpMOIUIACTIB IPH yJapHO-a0pa3MBHOMY 3HOIITYBaHHI

VY craTTi NpencTaBICHO pPEe3yNbTaTH JIOCHIPKCHb 3aKOHOMIPHOCTEH IIpOLECiB TepTs Ta yIOapHO-
aOpa3MBHOTO 3HOIIYBaHHS TEPMOIUIACTIB MpPU [MKIIYHUX Ta YIAPHUX HaBaHTaXeHHsX. JleranbHo
MIPOAHATI30BaHO YMOBH Ta PEXUMHU EKCIUTyaTallil By3JIiB ra30TPaHCIOPTHOTO 00Ia{HAHHA Ta IPUINHU BUXOAY 3
Jaqy HaWOUIbIl HaBaHTAXKEHHX JeTaned. BHsBIEHO XapakTep BIUIMBY aOpa3uBy Ta HOr0 XapaKTEPUCTHK Ha
3HOCOCTIMKICTh pOOOYMX IMOBEPXOHb JETalell BY3JIB ra30TpaHcHOpTHOro obiagHaHHs. OOrpyHTOBaHO BUOIp
MapoK TEpMOIUIACTIB Il BUTOTOBJICHHS JieTalell poOOYMX BY3JiB Ta30TPAHCHOPTHOrO OONagHAHHSI, SIKi
NpalOOTh NPU LMKIIYHUX YJapHUX HaBaHTaKeHHsX. [IpoaHayi3oBaHO KOHCTPYKIIi ICHYIOUMX CTEHMIB VIS
JIOCIIIJPKEHHST TIOBepXHEBOi Jedopmanii Ta yqapHO-aOpa3sMBHOTO 3HOLIYBaHHS TepMOIUIACTiB. BrockoHaneHo
KOHCTPYKIIIIO JIOCHIJIHOTO CTEHAa Ta BUIOTOBJIEHO MEXaHI3M CHJIOBOIO HaBaHTAXKEHHS Ui peastizarii
MOCTAaBJIEHUX 3aJay, 3alpONOHOBaHAa KOMIUIEKCHA METOJUKAa IPOBEAEHHA JIOCHIDKEHb. BusBieHo Ta
0OIPYHTOBAHO BILIMB NApaMETPIB Ta YMOB LUKJIIYHOTO yIapHOTO HABAaHTa)KEHHS Ha 3HOCOCTIHKICTh TEpMOIUIACTIB
B YMOBax yIapHO-aOpa3MBHOTO 3HOIIYBAaHHS, & TAKOXX OCOOJIMBOCTI 3HOIIYBAaHHS MONEPEAHBO Je(hOopMOBaHMX
TepMoruiacTiB. Po3poOneHo mnpakTUuHI peKkoMeHjamii, II0J0 MOXKIJIMBOIO MPUMIHEHHS JOCIIIKYBaHHUX
TEPMOILIACTIB Il BUTOTOBJICHHS JIeTajiel By3IiB ra30TPaHCIOPTHOTO OOIaHAHHS.

KuarouoBi cioBa: raszoTpaHcnopTHe oOJaJHaHHS, TEPMOIUIACTH, abpa3uB, TepTs, Tiapoabpa3uBHE
3HOITYBAaHHS, yAapHO-IIUKIIIYHEe HABAHTAXXCHHS, JOCIITHUNA CTEH]T
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Abstract

The article summarizes the results of studies of tribotechnical properties of detonation coatings based on
magnesium orthosilicate under conditions of constant load in the sliding velocity field. The structural and phase
composition of the coatings was studied using modern physical analysis methods. The developed and studied
coatings based on magnesium orthosilicate have high and stable antifriction properties in the entire load-velocity
range of tests. It is emphasized that the result of antifriction under friction conditions is the additive effect of both
the carbide graphite film and dispersed surface oxide structures, the synthesis of which provides modification of
the surface of the structure, which is capable of self-lubrication and at the same time limits the development of
unacceptable destruction processes.

Key words: detonation coating, wear intensity, structural and phase composition, graphitization.

Introduction

Magnesium compounds, due to their exceptional properties, are widely used in innovative technologies.
Without them, the functioning of technical structures from alloys and chemical current sources to fireproofing and
military equipment systems is impossible [1-2]. Their use in tribotechnical materials science is associated with
modern achievements in tribology. Thus, as structural components of coatings, they are used to protect machines
and mechanisms from the manifestation of destructive wear processes during friction [3-4]. Widely used methods
of reducing friction forces and combating wear are the use of a lubricating medium in the friction contact zone. In
modern tribotechnical systems, contact interaction in the absence of lubricants is practically not carried out. The
effective functioning of friction units of machines and mechanisms is ensured mainly by the use of various
lubricants, which significantly reduce friction parameters, and the use of which is determined in each specific case
by their lubricating properties. Thus, polymer lubricants are an effective material from room temperature to 300°C;
laminar solid lubricants extend the range to 450°C; graphite, being a layered solid material, is an exception, since
it provides lubricating ability at temperatures exceeding 450°C. Stable fluorides and metal oxides are used at
temperatures from 500°C to 1000°C [5-6]. Despite the positive results in achieving the quality of antifriction
materials through the use of solid lubricants, the applied problems of friction and wear of machines remain the
most complex technical areas of knowledge that have to be solved during the operation of modern technology. A
significant need arising from current production tasks and the internal logic of scientific development requires new
solutions in the study of the general material science imperative, which determines the relationship between the
chemical composition and structure formation with the technology of formation and functional properties of
materials. At the same time, the use of coatings containing solid lubricants is becoming increasingly necessary to
ensure the long-term operation of moving joints [7]. Summing up, it can be noted that the development of powder
compositions for high-quality antifriction coatings is a priority area of modern tribotechnical materials science and
a relevant task related to the extension of the operational life of machine parts in industrial production conditions.

The purpose of the work is the determination, within the framework of the phenomenological approach,
of the patterns of friction and wear of composite coatings based on magnesium compounds with structurally free
magnesium carbide, the study of the structural and phase composition and its influence on the formation and self-

organization of surface structures that have self-lubricating ability.
Copyright © 2025 V.V. Shchepetov, N.M. Fialko, S.S. Bys. This is an open access article distributed under the Creative Commons
@m Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
E properly cited.
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Materials and research methods.

Deserved attention in the field of tribotechnical materials is attracted by compounds of complex oxides and,
first of all, compounds with magnesium oxide due to their high thermo mechanical properties. As a basis for self-
lubricating coatings, studied in the work, magnesium orthosilicate (forsterite) with the chemical formula
2MgO-SiO; was purposefully used, which exists in only one modification, that is, as a material, it does not have
polymorphic transformations. Doped impurities from chromium, zirconium, nickel, titanium, aluminum, silicon
and carbon powders were added to magnesium orthosilicate, as a basis. The initial composition of crystalline
powders of complex chemical composition for subsequent spraying was obtained by the method of
mechanochemical synthesis (MCS). The use of which made it possible to obtain a nanocomposite conglomerate
of micron-sized base particles and nanosized doped phases. To the powder conglomerate obtained in this way, a
magnesium compound was added in the appropriate proportion, namely structurally free carbide (MgC,), and the
resulting mechanical mixture was mixed until the structural components were completely and uniformly
distributed. Magnesium orthosilicate-based coatings were formed by the detonation-gas method on samples of
high-strength steel type 30HGSNA. Steel 65G (HRC 62-65) was used as a counter body. The physical and
mechanical properties and patterns of friction and wear of orthosilicate-based coatings were studied using the end-
face scheme in the continuous sliding mode at a constant load of 14.5 MPa. At the same time, the research program
provides for a comparative analysis of the friction parameters of the developed coatings with the values of coatings
based on tungsten carbide type WK15 and coatings of alloyed nichrome. The adhesion strength was determined
by the pin method, which for coatings based on magnesium orthosilicate was over 93 MPa with a porosity of about
0.5%, along with this, after preliminary finishing grinding, their initial roughness was Ra 0.32-0.63.

Both the wear intensity and friction coefficient, as well as the condition of the working surfaces, were
used as criteria for the performance of magnesium silicate-based coatings. When studying the patterns of friction
and wear, when explaining the technology-structure and structure-properties relationships, a complex of modern
physicochemical methods of structural-phase analysis was used, which are capable of determining the
consideration of surface layers at the macro- and microscopic levels. In this case, the complex research
methodology included metallography (optical microscope "Neophot-32" with a prefix); durometric analysis
(hardness tester M-40 from LECO); scanning electron microscopy (scanning electron microscope JSM-840); X-
ray structural phase analyzer (diffractometer DRON-UM1).

Research results and their discussion.

The main factors on which the patterns that determine the course of friction and wear processes depend
are external influences. They determine the degree and gradients of elastic-plastic deformation, temperature,
activation level, a number of accompanying phenomena, and ultimately determine the leading type of wear.

The test results of the studied coatings (fig. 1) are presented in the form of graphs of functional average
values of wear intensities and friction coefficients obtained in a field of monotonically increasing sliding velocities
at a constant load, which corresponds to 14.5 MPa.
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Fig. 1. Dependences of wear intensities (a) and friction coefficients (b) on the sliding speed of coatings based on
magnesium compounds (1, 4), WK15(2, 5) and alloyed nichrome (3, 6) at P=const=14.5 MPa.
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In the working range of the studies, the values of the controlled parameters for coatings based on
magnesium orthosilicate compared to the control coatings are minimal and stable (curves 1 and 2, respectively),
which determines normal mechanochemical wear.

The micro geometry of the working plane of silicate-based coatings in combination with the physical and
mechanical properties of the surface sphere determines their operational state. The results of the studies showed
that during the running-in process, the initial technological relief disappears, the chemical composition, structure
of the surface layer and its geometry radically change. It is possible to determine that running-in is one of the
manifestations of the self-organization process, in which the quasi-relaxation of the surface structure from the
equilibrium state will pass to a stable state. At the same time, a new surface quality is formed, characterized by the
formation of a balanced roughness, which is not only optimal for specific friction conditions, but also ensures
stable wear in the entire test range. Thus, the initial technological roughness is transformed into an optimal
operational roughness, which for silicate-based coatings corresponds to the value of Ra 2.5-1.5. At the same time,
the sprayed layer is distinguished by a heterogeneous finely dispersed structure with a quasi-ordered lamellar
appearance, which tightly adheres to the base and copies the surface relief, at the same time, no accumulation of
films, slag inclusions and other contaminants, as well as defects in the form of micropores and micro cracks, was
detected.

From the results of micro X-ray structural analysis (MRSA), it was established that the studied coatings
have a multicomponent fine-grained aggregate, the basis of which consists of homogeneous hexagonal magnesium
orthosilicate and an almost uniformly defined significant amount of finely dispersed inclusions of carbides,
especially silicon carbide (SiC) and a fine conglomerate of strengthening compounds, which are silicides Cr»Sis,
CrSi,, Zr3Si,, TiSi, TiSi; and aluminides TiAl;, TiAl, ZrAls, CrAls, as well as intermetallic formations such as
ZrCr, ZrV,, NiTi. In addition, the presence of high-temperature compounds of mullite Al,SiO4 was established,
which, in our opinion, is formed with the appearance of cristobalite B-SiO with a further increase in temperature,
and particles of B-tialite were also found, which should have formed as a result of the interaction of solid solutions
according to the reaction: Al,O3 + TiO, = Al,TiOs. Thus, a heterophase finely dispersed layered structure was
established, which has increased physical, thermal and chemical properties both at normal and elevated
temperatures. Also, the studied structure consists of small fragments of ternary compounds of transition metals in
the form of Cr2SiC, TiAIC, TiZrC, SiZrC, in addition, reflexes corresponding to magnesium aluminate (MgAIl>O4)
were found against the background of solid solutions, the crystals of which have a spinel structure and correspond
to increased thermodynamic properties.

a b
Fig. 2. Cross-sectional microstructure of coatings sprayed with composite powder based on magnesium orthosilicate
(a - x120; b - x5000).

The specified structural components of coatings based on magnesium orthosilicate form solid solutions,
chemical compounds and mechanical mixtures and have increased temperature resistance, significant hardness
and strength, and corrosion resistance, which ensures their high wear resistance under friction conditions,
especially at elevated temperatures.

The problem of coating quality is inextricably linked to the assessment of reproducibility and optimization
of the spraying technological process. Changing technological modes leads to changes in the properties of coatings.
Based on the cause-and-effect relationships between technological and operational factors, for the formation of
high-quality coatings by optimizing the spraying mode, a comprehensive treatment of the main technological
parameters was implemented, including the granulometric composition, loading depth, barrel filling degree,
working gas ratio and spraying distance [8]. Thus, in the conditions of the technological process of forming the
studied coatings, not only the required chemical composition was implemented, but also the predicted stable
structure was obtained during spraying, which determines the set of properties that determine the stability of
structural adaptability. At the same time, the possibilities of obtaining constant quality were achieved, namely, the
variation of strength and plastic characteristics in samples of one batch that were sprayed was stably about 5-10%.
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Studying the physical mechanisms of formation and evolution of structural-phase states of secondary
structures under conditions of mechanochemical activation is one of the important tasks of controlling the surface
strength of coatings based on magnesium orthosilicate while regulating their tribotechnical properties.

For comprehensive and reliable information in the study of thin surface layers in which structural-thermal
activation processes occur, the secondary ion mass spectroscopy (SIMS) method was additionally applied, which
analyzed the change in the microstructure and established the nature of the phases, their crystal structure, and the
parameters of the elementary cells, which are necessary for identifying the composition within the regions of their
homogeneity.

The obtained results allowed us to generalize that the initiation of physicochemical transformations due
to elastic-plastic deformation is primarily manifested in the process of inversion of interaction with air oxygen
and, as a result, the reformation of secondary surface oxide films by additional formations that form within the
structure of the orthosilicate composition and, by stoichiometric composition, represent a complex in the form of
oxides Al,O, SiO», ZrO,, TiO,, Cr,03, MgO, which, interacting, form both solid solutions of the Cr,03-Si0,, ZrO,-
ALOs type, as evidenced by the coincidence of concentration maxima (fig. 3), and spinel phases NiCrO4, MgAIOs,
Zr,Si04, AlLSiOs, CrTiOs, in addition, the presence of binary compounds of the TiO-ZrO,, MgO-TiO,, MgO-
ZrOs type was identified, also not the probability of the presence of ternary compounds such as Mg-ZrO,-TiO»,
MgO-AlL,0;-TiO; is excluded. It should be noted that the secondary oxide structures that have been detected are
characterized by significant strength, hardness, thermal stability and chemical inertness. In this case, the processes
of formation and destruction of oxide structures are in dynamic equilibrium and automatically self-regulate, which
determines the manifestation and stability of the phenomenon of structural adaptation [9]. However, due to
statistical regularities, the processes of decomposition of ultra disperse secondary structures on different parts of
the working surface as a result of contact discreteness do not coincide in stages. At the same time, there is an
opportunity to assume that the process of their formation does not take place on the entire tribosurface, but only
on separate uneven fragments of the actual working area, but their additive distribution is a stable structural-
temporal state.

Si

200 mrm

a b

Fig. 3. Distribution of elements in the oxide film on the surface area of the orthosilicate-based coating

In order to study the state of the oxide surface layer, in which the activation processes occur during
friction, electron diffraction analysis was used, performed on the EPM-100 installation (reflection recording at
U=5 kV). Fig. 4 shows an electron diffraction pattern from the surface of the coating based on magnesium
orthosilicate, which records a change in the fine structure, which indicates the presence of intensity maxima on
diffusion halos. The studied thin-film layer represents an ultra disperse oriented structure. In this case, the micro
hardness of the surface layer is 21.0-23.0 GPa (with an initial one of about 16.0 GPa). Thus, low and stable values
of both friction coefficients and wear rates of coatings are ensured by the formation of a coherent dynamically
stable conglomerate of oxide structures that screen the adhesive-molecular interaction during friction and have a
finely dispersed structure and, under local contact pressures and temperatures, form dense heterogeneous heat-
resistant and sufficiently plastic surface structures without cracks and chips, which contribute not only to reducing
the oxidation rate and increasing heat resistance, but also play the role of solid lubricants during friction.

Fig. 4. Electron pattern from the surface of the contact ball orthosilicate-based coating at V=1.Sm/s and P=14.5 MPa.
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When the sliding speed increases to 0.14 m/s, the specific work of wear reaches approximately 104
kJ/mm?, which corresponds to the necessary and sufficient condition for the thermal decomposition of magnesium
carbide and, as a result, fragments of structurally free a-graphite appear on the friction surface (fig. 5). The shape
of the particles of the graphite structure is close to scaly, consisting of polydisperse crystallites oriented in the
direction of friction. It should be noted that the strength of graphite as an antifriction material is its weak interaction
between the layers. Thus, running-in, in a certain sense, can be considered as a specific type of heat treatment
accompanied by graphitization.

The physical phenomenon that determines the mechanism of magnesium carbide decomposition is based
on the process of structural transformation in the solid phase, which develops as a result of thermal exposure. The
main factors that determine the limiting values of thermodynamic graphitization processes are, first of all, the level
of dispersion of structural components, specific pressure, operating temperature, ambient environment, the
presence of initiating elements (carbon, silicon, nickel, aluminum), in addition, the influence of internal factors
caused by the composition, structure, presence of defects, etc.

The elementary act of a high-temperature reaction in a unit volume of local contact, accompanied by the
formation of carbide graphite, due to the exothermic effect, causes the next elementary act, thus causing the ability
to self-propagate.

Self-lubrication of magnesium orthosilicate-based coatings depends on the formation of a graphite film,
the dynamic equilibrium of which is maintained by the further formation of graphite. At test speeds of more than
0.21 m/s, the frictional self-lubricating surface film of graphite covers more than half of the friction area and, at
the same time, is a layer of an ordered set of polydisperse graphite particles, the self-equilibrium of which is
maintained by their active formation as a result of pyrolysis. At the same time, the higher the temperature, the
greater the amount of carbon converted into a graphite-forming self-lubricating film, and the longer the contact
areas interact, the more graphite is formed.

Thus, the means of regulating wear and ensuring self-lubrication of coatings based on magnesium
orthosilicate are both the use of magnesium carbide, which, through its structure, affects the adaptation process
during friction by modifying the surface layers with carbide graphite, and the joint use of stable surface oxide
structures, which, with cooperative self-organization, provide an additive complex of heat-resistant surface
structures that prevent direct contact of surfaces and effectively reduce the friction force, wear intensity, and
prevent unacceptable destruction processes.

From the point of view of structural thermodynamics, the systemic ordering of self-adapting surface films
due to changes in composition and structure can be considered as adequate elementary physicochemical processes
and adaptation mechanisms in the process of structural adaptability [10].

Fig. 1 also presents the results of testing coatings of the type WK15 (curves 2, 4), sprayed with tungsten-
cobalt powder. Coatings of this type, as a classic wear-resistant material, are widely used to protect against wear
a significant range of different design and purpose of critical parts. As established, at sliding speeds of more than
1.9 m/s, the temperature factor has a tendency to reduce their speed against wear, which ultimately turns out to be
decisive in the development of destructive processes during friction.

For coatings based on nichrome (fig. 1, curves 3, 6) doped with aluminum and boron, a monotonic
increase in wear intensity with increasing speed is characteristic. The study of the phase composition showed the
presence in the coating composition of both a solid solution based on nickel and dispersed compounds of nickel
aluminides (NiAl, Ni3Al), chromium borides (Cr,B, CrsB3), as well as the presence of complex borides of the type
(Cr, Ni). The passive capabilities of secondary structures with increasing test speed are suppressed by the
development of plastic deformation and, as a result, the dynamic equilibrium shifts towards increasing activation
energy, and the type of wear changes qualitatively. According to metallographic analysis, their friction surfaces at
speeds of 1.8 m/s have random local tearing, scratches, characteristic of the initial development of setting
processes.
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Thus, the detonation coatings based on magnesium compounds, developed by the authors, are
characterized by high antifriction properties and significantly exceed the control coatings in terms of operational
capabilities, in addition, they are characterized by increased adhesion strength and the ability, through their
composition, to influence structural properties that are capable of self-lubrication. The conducted studies indicate
the feasibility of their use in order to increase antifriction due to self-lubrication in real operating conditions.
However, it can already be noted that their use will ensure reliability, increase the resource and reduce repair costs
when restoring worn parts. The most appropriate application of the studied coatings is to increase the reliability of
operation of friction units, for example, for moving pairs of control mechanisms, hinges of guide surfaces, cams,
sliding supports, pairs with reciprocating movement, bearings, sliding guides, lever parts of high-speed and heavily
loaded units, in which the use of traditional lubricants is undesirable.

It should be noted that the developed composite powder material for forming self-lubricating coatings
based on magnesium compounds can be implemented by any technological methods that use powder materials.
The presented work continues the cycle of research on the development of promising coatings to minimize friction
coefficients and wear rates through the use of materials containing magnesium compounds.

Conclusions.

1. The developed and investigated detonation coatings based on magnesium compounds, which are
characterized by stable and minimal values of friction coefficients and wear intensities under test conditions at a
sliding speed of up to 4.0 m/s and a load of 14.5 MPa, have friction parameters significantly lower than those for
control coatings by almost 2.5-7.0 times.

2. The creation of a powder mixture based on magnesium orthosilicate was carried out by the method of
mechano-chemical synthesis, which made it possible to obtain a nanocomposite conglomerate of micron-sized
base particles and nanosized alloyed phases with the subsequent addition of structurally free magnesium carbide
to the powder composition.

3. A comprehensive treatment of the main technological parameters was implemented and the optimal
mode of detonation-gas spraying of composite powders based on orthosilicate was worked out, while not only the
planned chemical composition was reproduced, but also the predicted structure was obtained, which modernizes
the friction surface and minimizes tribotechnical properties. At the same time, it was emphasized that the variation
of strength and plastic properties in samples of one batch is stable and is 5-10%.

4. The structural-phase composition of coatings with magnesium orthosilicate was studied by modern
means of physicochemical analysis, while the main components of the composite particles are solid solutions based
on binary oxides and inclusions of chemical compounds of simple and complex carbides and intermetallics, as
well as mechanical mixtures of component compounds. The determined components of the composition have
increased temperature stability, significant hardness and strength and chemical inertness. In addition, there is the
presence of dense and rather plastic heterogeneous oxide surface structures, which cause not only a decrease in
the oxidation rate and an increase in heat resistance, but also perform an active role of solid lubricants under
friction conditions.

5. The physical mechanism and main factors determining the level of thermodynamic graphitization have
been determined. The nature and regularities that determine the tendency of coatings to passivation have been
studied. It is noted that its implementation is carried out both due to solid-phase tribochemical reactions, which
cause the formation of quasi-spherical polydisperse surface films integrated on the basis of carbide a-graphite and
finely dispersed oxide compounds.

6. The developed self-lubricating antifriction coatings based on magnesium orthosilicate expand the
achievements of modern tribotechnical materials science. At the same time, the studied self-lubricating coatings
can be used both for strengthening and for high-quality restoration of worn parts by any technological methods
using powder materials.

References

1. Hawking M. Metal and ceramic coatings: production, properties, application / M. Hawking, V.
Vasantasari, p. Seeds M.: Svit, 2000 - 518 p.

2. Shchepetov V. V., Wear-resistant protective coatings / V.V. Shchepetov, O.V. Kharchenko. K.: Science.
opinion; 2023. - 110 p.

3. Kovaleiro A. Nanostructured coatings/A. Covaleiro, D. Hossona M.: Technosveru, 2011. - 752 p.

4. Babak V.P., Shchepetov V.V., Kharchenko S.D. Antifriction nano component coatings containing
magnesium carbide // Friction and wear, 2019, vol. 40, No. 6. - S. 783-790.

5. Tribology composite stringer, Heidelberg, 2016. ISBN: 978-3-642-3381-6.

6. Wear of composite. De Gruyter, Berlin, 2018. ISBN: 978-3-11-03529863.

7. Tribology for engineers. Wood head Elsevier. Cambridge. 2017. ISBN: 843346159.

8. Babak V.P., Shchepetov V.V., Kharchenko S.D. Mathematical modeling of the formation of detonation
coatings\\ Technological systems, 2020, No. 2.-p.82-88.

9. Surface strength of materials under friction\ Sub. ed. B.I. Kostetskyi. K.: Science. Opinion, 1996-296p.

10. L.I. Bershadsky. Structural thermodynamics of tribosystems. K.: Knowledge, 1990.-30 p.



Problems of Tribology 91

HleneroB B.B., ®ianko H.M., bucs C.C.TpuOoTexHiuHi BIaCTHBOCTI IOKPUTTIB Ha OCHOBI CIIOJYK
MarHiro

VY cTarTi y3araibHEHO Pe3yNbTaTH JOCIKCHh TPHOOTEXHIYHUX BIIACTHBOCTCH NETOHAIIMHUX MTOKPUTTIB
Ha OCHOBI OPTOCHJIIKaTy MarHiro B yMOBaX MOCTIHOTO HABaHTAXKCHHS Yy IMOJII MIBUAKOCTEH KOB3aHHA. MeTogamMu
Cy4JacHOTO (Di3MYHOTO aHANI3y JOCIIIKEHO CTPYKTYpHO-(ha30BHiA CKiIa[ MOKPHUTTIB. Po3pobieni Ta gocmimkeHi
TIOKPUTTS Ha OCHOBI OPTOCHIIIKATy MarHit0 MarOTh BHCOKi Ta CTaOiNbHI aHTH(PHUKIIHHI BIACTHBOCTI Y BCHOMY
HaBaHTAXXyBAJIbHO-IIBHIKICHOMY Jiama3oHi BHIPoOyBaHb. [lizkpeciieHo, MO pe3ynbTaToM aHTH(GPHUKIIITHOCTI
yMOBax TepTsd € aAWTHBHA [is SK IUTBKH KapOimHoro rpadiTy, Tak i AMCHEPCHUX MOBEPXHEBUX OKCHIHHUX
CTPYKTYD, CHHTE3 SIKHX 3a0e31meuye MOTU(IKaIliio MOBEPXHI CTPYKTYPH, III0 CIIPOMOXKHS IO CAaMO3MAIlyBaHHS Ta
BOJIHOYAC OOMEKEHHS PO3BUTKY HENPHUITYCTUMHX MPOLECIB PyHHYBaHHS.

KoarouoBi ciioBa: neroHamiliHe NMOKPHUTTS, IHTEHCHBHICTh 3HOIIYBAaHHS, CTPYKTYpHO-(a30BUil CKia,
rpadiTu3ais.
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Abstract

The article is dedicated to the improvement of the mathematical model of operation of hydraulic drives of
mounted sweeping equipment of a garbage truck, taking into account the wear of a cylindrical brush. An improved
nonlinear mathematical model of the operation of hydraulic drives of mounted sweeping equipment of a garbage
truck that takes into account the wear of a cylindrical brush, is proposed, which allowed to numerically study the
dynamics of these drives during startup and determine that taking into account the wear of the cylindrical brush
significantly affects such values as the pressure at the inlet of the hydraulic motor of the cylindrical brush and the
angular velocities of both hydraulic motors. At the same time, the pressure at the inlet of the screw conveyor
hydraulic motor after taking into account the wear of the cylindrical brush has hardly changed. The study of this
mathematical model was carried out using the numerical Runge-Kutta-Felberg method of the 4™ order with a
variable integration step. It was also established the graphical dependencies to compare changes in the main
parameters of the hydraulic drive of the garbage truck’s mounted sweeping equipment during startup without
taking into account the wear of the cylindrical brush and with taking into account the wear. It has been established
that the creation of a linearized mathematical model of the operation of hydraulic drives of garbage truck mounted
sweeping equipment, taking into account the wear of a cylindrical brush, and its analytical solution in order to
obtain dependencies for an improved methodology for engineering calculations require further research.

Keywords: wear, mathematical model, rotational speed, mounted sweeping equipment, cylindrical brush,
garbage truck.

Introduction

Increasing the wear resistance, durability, and reliability of machine parts is one of the key tasks of the
Ukrainian machine-building industry, especially for municipal sweeping machines [1, 2]. Municipal vehicles
equipped with brushing equipment are widely used to clean the road surface from contaminants. The most common
is brushing equipment with cylindrical brushes, the pile of which is made of polymeric material. During operation,
the bristles of a cylindrical brush wear out intensively due to interaction with the working surface containing
abrasive particles. This leads to changes in its elastic properties. To maintain the optimum width of the contact
patch, the force of pressing the brush against the road surface is increased. This approach ensures high quality road
surface cleaning and minimizes the intensity of pile wear. An analysis of statistical data showed that the level of
wear and tear of the vehicle fleet of Khmelnytskyi region’s municipal enterprises decreased slightly from 63% to
59% between 2015 and 2020, despite the measures taken [3, 4]. According to the Resolution of the Cabinet of
Ministers of Ukraine No. 265 [5], one of the priority tasks is to provide the country’s utilities with modern and
highly efficient garbage trucks, which play a key role in the processes of collection, transportation and primary
processing of municipal solid waste (MSW). This task is facilitated, in particular, by expanding the functionality
of the garbage truck by equipping it with mounted sweeping equipment. This approach generally helps to improve
the overall reliability of utility companies’ operations, while simultaneously solving a number of environmental

Copyright © 2025 O.V. Bereziuk, V.I. Savulyak, V.O. Kharzhevskyi, Ye.S. Harbuz. This is an open access article distributed
@m under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
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issues. Planning for the improvement, renewal, maintenance, and repair of municipal equipment is facilitated by
improving the mathematical model of the operation of hydraulic drives of the garbage truck’s mounted sweeping
equipment, taking into account the wear of the cylindrical brush.

Analysis of recent research and publications

Article [6] describes measures aimed at significantly improving the efficiency of the technological process
of cleaning of road’s pavement. These measures are aimed at reducing the need for cleaning equipment and manual
labor, as well as improving the sanitary, hygienic, aesthetic, transport and operational condition of the road surface
within urban areas. It is noted that the elastic modulus of the pavement of intra-quarter passages should be at least
125 MPa, while for sidewalks and pedestrian alleys over 3 meters wide — should not exceed 85 MPa. If the moisture
content of the garbage is up to 20%, it is recommended to use sweeping machines with additional moistening of
the garbage to a level of less than 15%. If the moisture content of the garbage exceeds 20%, it is advisable to use
water washers.

The work [7] considers the technology for maintaining the city’s street and road network during the period
with positive air temperatures, describes methods for planning and determining the volume of cleaning work,
provides technical characteristics of sweeping machines, and presents a method for calculating their required
number. The characteristics and composition of garbage on the roadway of city streets and roads are presented,
including its fractional distribution, the content of dusty particles by fraction in the air above the road surface, the
concentration of the main and most harmful components of road dust, seasonal changes in the composition of
garbage, as well as the estimated annual accumulation of street garbage per 1 m? of road surface for cities. It was
also identified the key factors that affecting the performance of street sweeping machines during the cleaning of
the city’s road network. The paper considers the productivity of sweeping machines, analyzes the factors that affect
its level, and presents a methodology for calculating productivity. The modes (frequency) of road surface cleaning,
the intensity of garbage accumulation on its surface, and the level of contamination depending on the intensity of
traffic are also determined.

The paper [8] considers the results of analyzing a set of partial indicators, including fuel consumption
during operation, work performance, maintenance and repair costs of brush equipment, and the cost of cleaning a
certain area of roads or urban areas. These indicators make it possible to assess the efficiency of operation of
municipal sweeping machines equipped with brush equipment. The study presents a functional scheme for the
formation of a generalized efficiency criterion and proposes a mathematical expression for its calculation. In
addition, an expression for determining a generalized criterion for the efficiency of using municipal machines
based on the selected aggregation function. The paper proposes a functional scheme for the formation of a
generalized efficiency criterion that provides a visual representation of the relationships between the factors that
influence the partial indicators of efficiency of the use of municipal sweeping machines.

The article [9] presents a study that was carried out by modeling brushes using the finite element analysis
method to develop a system for automating the road sweeping process. Taking into account the type of garbage
and road conditions, it is noted that the driver of a sweeping machine needs to adjust the vertical pressure, angle
of inclination, and speed of rotation of the curb brush, as well as regularly monitor the quality of sweeping. The
driver’s work is complicated by the need to simultaneously carefully control the machine and perform sweeping
operations. Previously, achieving efficient road sweeping has been difficult, partly due to a lack of knowledge
about the basic characteristics of sweeping brushes. The study uses a finite element model to analyze the
deformation of metal brushes as they are pressed and rotated on the road surface. The main parameters considered
include the length, width, and thickness of the teeth, the radius of their installation, the angle of installation, and
the orientation of the teeth, as well as the number of teeth in a cluster, the number of clusters in a row, and the
number of rows. The brush teeth were modeled as thin cantilever beams using the commercial software package FE
ANSYS. This model was used to obtain the key characteristics of the brush, including the force-strain relationship,
contact pattern, and torque. The effect of different tooth geometries on brush performance was also analyzed.

The research paper [10] states that the use of brush seals can increase engine performance by reducing
losses. Brush seal wear models offer methods for predicting the level of wear and associated costs. However,
existing models do not systematically take into account rotor eccentricity, radial deformation, and the effect of
bristle hysteresis, which can lead to significant errors in certain situations. To study the effect of rotor-stator
eccentricity and radial deformation on the wear process and flow characteristics of the brush seal, experimental
tests were carried out. During the tests, the air leakage rate was measured under different operating conditions and
at different moments in time, while the eccentricity and radial deformation were determined using eddy current
sensors. The test results showed that eccentricity and radial deformation significantly affect the wear process and
cost efficiency. In the theoretical study, the abrasive wear equation was used to describe the loss of pile material,
while the eccentric rotor-stator motions were described using a simplified model. A wear model for the brush seal
was developed taking into account the rotor-stator eccentricity and radial deformation, which especially takes into
account the hysteresis effect. The developed model was verified on the basis of experimental data from brush seal
tests. The results showed that when the rotor eccentricity, radial deformation, and hysteresis effect are fully taken
into account, the error is 20% compared to the calculated wear losses.
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The paper [11] consider the interaction of forces and temperature effects on friction and wear of the brush
pile, and also determine the quantitative characteristics that affect the service life and efficiency of the sweeping
process depending on the properties of the removed contaminants and operating modes. The developed and
implemented on a PC simulation model of the functioning of the brush unit of a municipal sweeping machine
provides forecasting of the process characteristics and identification of cause-and-effect relationships between the
brush parameters and operating modes. The simulation model makes it possible to predict the service life and
performance of the brush at the early stages of designing the brush body of a municipal machine, taking into
account the model conditions of further use. The parametric adjustment of the simulation model was carried out
by matching the calculated and experimental values of brush pile wear obtained in the experiment conditions. The
criteria characterizing the intensity of brush lint wear were established. It is found out that the main factors that
impede the establishment of optimal operating modes of municipal machines are the limitation of the brush rotation
frequency and the heating of the contact surface of the pile, which leads to a deterioration in the mechanical
properties of the pile material and an increase in the intensity of its wear.

The scientific article [12] considers the problem of improving the quality of road surface cleaning and
extending the service life of brushing equipment. Improving the quality of cleaning and increasing the service life
of brushing equipment will help reduce the cost of operating municipal equipment. During operation, the pile of a
cylindrical brush is subject to wear, which leads to a change in its elastic properties. This makes it necessary to
apply the optimal clamping force to maintain a rational width of the contact patch, which ensures high quality
cleaning and minimizes pile wear. The article presents the dependence of the degree of wear of the brush pile of
brush working equipment on the actual radius of the cylindrical brush. The influence of the degree of wear on the
elastic properties of the brush working equipment is also analyzed. The dependence of the average stiffness
coefficient on the degree of wear of the cylindrical brush bristles is given, as well as the dependence of the required
clamping force on the degree of wear at different values of the width of the contact patch of the cylindrical brush.
The dependence of the pressure in the hydropneumatic accumulator of the brush working body position control
device on the actual free length of the cylindrical brush bristles was also determined.

Paper [13] presents a nonlinear mathematical model that describes the operation of hydraulic drives of the
working bodies of the garbage truck’s mounted sweeping equipment in the form of a system of differential
equations, as well as the results of its numerical and analytical study. However, this mathematical model does not
take into account the wear of the cylindrical brush.

Scientific publication [14] is dedicated to determining the power law of the wear of a cylindrical brush of the
mounted sweeping equipment of a garbage truck depending on its rotation frequency. It has been established that for
a Ukrainian-made sweeping machine of the serial model KO-713-01 that is equipped with a cylindrical brush with a
rotation speed of 3200 rpm, its wear according to the obtained dependence will reach 86.5 mm. It has been also found
that reducing the rotational speed of the cylindrical brush of the garbage truck’s mounted sweeping equipment from
62 sec™' (3700 rpm) to 26...38 sec™! (1550...2250 rpm) leads to a decrease in its wear by 2 orders of magnitude.

In the article [15], adequate regularities according to the Fisher criterion were established, which describe
the effect of cylindrical brush wear on the performance characteristics of the garbage truck’s mounted sweeping
equipment. It has been established that, according to the Student’s criterion, the degree of wear of a cylindrical
brush has the greatest influence on the value of deformation of the brush, while the least influence has the width
of the contact patch. It has been determined that the the required clamping force of a cylindrical brush is most
influenced by the width of the contact patch, while the degree of its wear has the least influence. The response
surfaces of the objective functions are demonstrated — the values of deformation and the required clamping force
of the cylindrical brush, and their two-dimensional sections in the planes of the influence parameters, which clearly
illustrate the dependence of these objective functions on individual parameters. It was determined that at a wear
rate of 50%, the value of the cylindrical brush deformation increases by 1.3 times, while the required clamping
force increases by 3.1-3.6 times, depending on the width of the contact patch.

However, as a result of the analysis of known publications, the authors did not find a specific mathematical
model describing the operation of hydraulic drives of the working bodies of the garbage truck’s mounted sweeping
equipment, taking into account the wear of the cylindrical brush.

However, as a result of the analysis of known publications, the authors did not find a specific mathematical
model that describes the operation of the hydraulic drives of the working bodies of the attached sweeping
equipment of a garbage truck, taking into account the wear of the cylindrical brush.

Aims of the article

Improvement of the mathematical model of the operation of hydraulic drives of the mounted sweeping
equipment of a garbage truck, taking into account the wear of a cylindrical brush.

Methods

Fig. 1 shows the scheme of the garbage truck operation during the sweeping operation [13], which indicates
the following structural elements and parameters: GM;, GM; — hydraulic motors, TR— throttle, H- hydraulic pump,
SV- safety valve, F— filter, FT— working fluid tank. The scheme also shows the following basic geometric,
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kinematic and power parameters: p1, p2, p3, ps— respectively: pressures at the outlet H, at the inlet GM, at the inlet
GM,, at the outlet GM,; W1, W, W3, W4— volumes of pipelines between H and TR, TR and GM;, GM; and GMa,
GM; and F; Qn— actual flow rate of H; S7z— the area of inlet of TR; Sp— is the surface area of the filter element F;
qu1, qu2 — the working volumes of GM, GMy; Ji, J> — the of inertia moments of the shafts of GMi, GM; M7,
M7, — torques of technological load on shafts of GMi, GM» ;@ 1,@» — angular velocities of shafts GM, GM, .
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Fig. 1. Scheme of operation of a garbage truck during sweeping

The technological operation of sweeping can be described by the corresponding system of nonlinear
differential equations (1-6) with the corresponding boundary conditions (7) and algebraic equation (8) [13]:
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where 75— the radius of the cross-section of the pile bar, m; S = 70...160 mm — the free length of the pile,
mm; £ — the modulus of elasticity of the brush pile material, MPa; By — the width of the sweeping strip, m; fz —
the coefficient of friction of the brush pile material on the road surface; Rp— the radius drum of the cylindrical
brush, mm; / — the value of brush pile deformation, mm; Kz = 1.1 —the coefficient of power reserve for overcoming
inertial forces in an unstated mode of movement, pile deformation forces, and aerodynamic resistance; Ky =
2...2.5 — coefficient of unevenness of the pile arrangement on the generating surface of the brush drum; y— pile
inclination angle, deg; yx— distance between the drum rim and the horizontal surface of the road, mm; 7z — efficiency
of the drive of cylindrical brush; ¢,,= 0.1 kg/m?— amount of contamination per unit area of the road surface, kg/m?;
vir = 0.7...6 m/sec — operating speed of the machine during sweeping, m/sec; i = 0.125— filling factor; £ — angle of
inclination of the screw conveyor, deg; Is— length of the screw conveyor, m; fx — friction coefficient of the particle on
the conveyor casing; p,= 1.4- 10°kg/m> — density of the swept waste; g = 9.8 m/sec’~ free fall acceleration, m/sec?;
o — angle of rise of the screw line, deg; f,— coefficient of friction of the particle on the conveyor screw.

In the paper [14] it was determined the dependence of wear of the cylindrical brush of the mounted
sweeping equipment of a garbage truck depending on its rotation frequency:
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u =0,4593+1,834-10% 1 = 054593“,834_10.8(&

5,6
=0,4593+6,217-10" @>° [mm], (9)
27 '

where u — the wear of the cylindrical brush, mm; n — rotational speed of the cylindrical brush, sec™’.
The dependence of the effect of cylindrical brush wear on the value of its deformation for different widths
of the contact patch was determined in the work [15].

h=AY,, =0,002832X, —0,04836C, +6,822-10°*C, X, +1,674-10°C> +4,297-10* X7, (10)

where 4Ycp — the deformation value of the cylindrical brush, mm; C,— the degree of wear of the cylindrical
brush, %; Xi — the width of the contact patch, mm.

To study an improved nonlinear mathematical model of the operation of hydraulic drives of garbage truck
mounted sweeping equipment, taking into account the wear of a cylindrical brush in the form of a system of
ordinary nonlinear differential equations with appropriate boundary conditions, the Runge-Kutta-Felberg
numerical method of the 4™ order was used with a variable integration step.

Results
The free length of the pile, taking into account its wear, can be determined by the following formula:
S=8,—u [mm], (11)

where So— the initial free length of the pile, mm.
The degree of wear of the cylindrical brush wear can be determined by the formula:

C, = —100%. (12)
SO

After substituting formulas (9)—(12) into the equation (5), the improved nonlinear mathematical model of
the operation of hydraulic drives of the garbage truck’s mounted sweeping equipment, taking into account the
wear of the cylindrical brush, can be written as follows:

f2 - d
Oy = 1S, % +O‘(p1 _p2)+KVVl % ; (13)

2(p,—p dp

JIA ™ ( : 2) =4 ux1® +O'(p2 —p3)+KW2 —=; (14)
yo, dt

_ oy K. P
Q1@ = o, @y +0(p3 —py) + S (15)
d,

4 vx 2@ :kF&SF +op, +KW4ﬂ; (16)

Hp dt

(S, ~4,593-10* =6,217 10" 0>* |
8 X
3843y,
x T r3EB,, f,K K, siny[S, + R, ~2.832-10°X, ~4297-107 X} ~(4,593-10* +  (17)

d
QMm(pz _p3):J1§+ﬂa)l +aqMX1(p2 +p3)+

3

S, S?

3,3437%(q, B, vy, )" 1 i

_ _ _ B 2
+6217 .10_16w5,6{1+6,822-10 X, —4,836-10 3}_(5,943 10" +8,044 10" 05 )

dw
_ =J 224 + TPy )t » (18)
Guca Py = Pi)= Ty =2+ oy + 0 s (P + 1) (- p/50)" p2lg 1gla~ p+arerg 1, )
0< {p1, p2, p3, pa}< ps; 0< {w1, w2} (19
G,y = (20)

27
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A comparison of the change in the main parameters of the hydraulic drive of the garbage truck’s mounted
sweeping equipment during startup without taking into account the wear of the cylindrical brush and with taking
into account the wear is shown in the Fig. 2. The graphical dependencies shown in the Fig. 2 were obtained for the
following parameters: On=1.917- 103 m3/sec; gax = 1.432- 10> m*/rad; grxo= 1.003- 10#m>/rad; Mz = 8.3 N-m;
Mp =261 Nom; Ji = 1.98- 102 kg- m?% J> = 3.13- 102 kg m% W, = 1.48- 10° m?, W, = W;=5- 10* m?;
Wi=1-10"3m’ K =10° Pa; o= 9.24- 10" m*/(N- sec); Srr= 58 mm?>.
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Fig. 2. Comparison of changes in parameters of the hydraulic drive of the garbage truck’s sweeping equipment during

startup without taking into account the wear of the cylindrical brush (==) and with wear (= ): a) inlet pressure of the

hydraulic motor GMi; b) pressure of the inlet hydraulic motor GM2; c) angular velocity of the hydraulic motor GM;
d) angular velocity of the hydraulic motor GM:

As it can be seen from the Fig. 2, taking into account the wear of the cylindrical brush in the improved
mathematical model significantly affects on such values as the inlet pressure of the hydraulic motor GM; and the
angular velocities of both hydraulic motors. At the same time, the inlet pressure of the hydraulic motor GM after
taking into account the wear of the cylindrical brush has hardly changed.

Thus, the creation of a linearized mathematical model of the operation of hydraulic drives of garbage truck
mounted sweeping equipment, taking into account the wear of a cylindrical brush, and its analytical solution in
order to obtain dependencies for an improved methodology of engineering calculations, require further research.

Conclusions

An improved nonlinear mathematical model of the operation of hydraulic drives of mounted sweeping
equipment of a garbage truck is proposed, which takes into account the wear of a cylindrical brush and allows to
numerically study the dynamics of these drives during startup. It enabled to determine that taking into account the
wear of the cylindrical brush significantly affects such values as the pressure at the inlet of the hydraulic motor of
the cylindrical brush and the angular velocities of both hydraulic motors. At the same time, the pressure at the inlet
of the screw conveyor hydraulic motor after taking into account the wear of the cylindrical brush has hardly
changed. The graphical dependencies were established to compare changes in the main parameters of the hydraulic
drive of the garbage truck’s mounted sweeping equipment during startup without taking into account the wear of
the cylindrical brush and with taking into account the wear. It was also established that it needs further research of
a linearized mathematical model’s creation of hydraulic drives operation of garbage truck mounted sweeping
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equipment, taking into account the wear of a cylindrical brush, and its analytical solution in order to obtain
dependencies for an improved methodology for engineering calculations.
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Bepesok O.B., Cayasik B.1., Xap:xkeBcbkuii B.O., 'ap0y3 €.C. YV nockonaneHna MmareMaTU4Ha MOAENb
POOOTH TiAPONPUBO/IIB HABICHOTO IMiAMITAJILHOTO 00JIaJIHAHHS CMITTEBO3A 13 ypaxyBaHHAM 3HOCY LMJIIHIPUYHOT
IIITKH.

CrarTss IpUCBSIYCHA YAOCKOHAJIEHHIO MaTeMaTH4HOi Mojeni poOOTH TiJpONpPHUBOIIB HaBICHOTO
miaMiTanbHOTO OONAagHAHHSA CMITTEBO3a 13 ypaxXyBaHHSAM 3HOCY IIMIIHAPUYHOI IMITKA. 3alporOHOBaHA
YAOCKOHAJICHA HEJiHiIifHA MaTeMaTHYHa MOJENb POOOTH TiAPOIPHUBOAIB HABICHOTO MiAMITANIEHOTO OOJaTHAHHS
CMITT€EBO3a, KA BPaXOBY€ 3HOC NITIHAPUIHO] IIITKH 1 JO3BOJIMJIA YUCEIHHO AOCHITUTH JHHAMIKY JaHUX IIPUBO/IIB
IiJ] 9ac MyCKy Ta BU3HAYHTH, IO BpaxXyBaHH: 3HOCY LIFTIHAPUYHO]T IIITKH CYTTEBO BIUIMBAE HA TaKi BEIMYMHH, K
THCK Ha BXOJi T1IpOMOTOpa IFIIHAPUYHOI IIITKH Ta KyTOBI IIBHAKOCTI 000X TiIpoMoTOpiB. B To# e gac, THCK
Ha BXOJi TiIpOMOTOpa IIHEKOBOTO TPAHCHOPTEpa MICIS BpaXyBaHHA 3HOCY MITIHAPUYHOI IMITKHA Maibke He
3MiHuBcA. JlocmikeHHs TaHOT MaTeMaTHYHOT MOJIes IPOBOJIMIIOCH 32 JJOIIOMOI'OI0 YHCEIBHOr0 MeToay PyHre-
Kyrra-®ennbepra 4-ro mopsiaky 3i 3MiHHUM KpOKOM iHTerpyBaHHs. [loOynoBano rpadiyni 3aiexHOCTI Ui
MOPIBHSTHHS 3MIHM OCHOBHHX IapaMeTpiB I'iIpONpPHBOLY HABICHOTO IiMITAIFHOTO O0JIaJHAHHS CMITTEBO3a IIiJT
yac IMycKy 0e3 ypaxyBaHHS 3HOCY IIMJIIHAPUYHOI LIITKU Ta 3 ypaxyBaHHSM 3HOCYy. BcraHoBieHo, 1m0 moOynosa
JliHeapu30BaHOT MaTeMaTUYHOI MOJIeJi poOOTH T'iIPONPHUBO/IIB HABICHOTO ITiIMITaJIBHOTO 008 JHAHHS CMITTEBO3a
i3 ypaxyBaHHSIM 3HOCY LMJIIHAPUYHOI IIITKH Ta i1 aHaJIITHYHE PO3B'SI3aHHS 3 METOI0 OTPUMAaHHS 3aJIeXKHOCTEH JUIs
YIIOCKOHAIEHOT METOMKH IH)KeHEPHUX PO3PAXyHKIB BUMAraloTh IIPOBEICHHS ITOJaJIbIINX TOCIiIKEHb.

Karou4oBi ci1oBa: 3HOC, MareMaTHYHa MOJEIb, YAaCTOTAa O0CpPTAaHHS, HABICHE MiaMiTanbHe OOJaJHAHHS,
ITIHAPUYHA IIiITKA, CMITTEBO3.
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Abstract

The paper presents a study of the technological process of restoring the working surfaces of combine
harvester header segments using electrodiffusion strengthening (EDS). The EDS of restored Duracut Knife
Sections was experimentally investigated. It was found that after EDS, the microhardness of the working surfaces
of the Duracut Knife Sections increased 1.03 - 2.09 times to a depth of 200 - 500 microns. With a current density
range from 0.022 - 0.095 A/cm?, the ratio between the hardness of the front and rear surfaces of the blade was
observed to range from 1.26 - 1.30, ensuring a self-sharpening effect. The relative wear resistance of the restored
segments with EDS hardening was on average 1.3 times higher than that of new segments. Quantitative
microanalysis of the chemical composition across the cross-section of the EDS-treated segments revealed an
increase in the concentration of alloy-forming components in the hardened surface by 1.1 - 2.4 times compared to
the core. As a result of diffusion segregation, the concentration of elements increased in the following ranges:
carbon 1.6 - 1.8 times, chromium 2.2 - 2.4 times, silicon 1.7 - 2.1 times, and manganese 1.1 - 1.3 times. Larger
values were observed on the rear surface of the restored segment's blade. A technological process for restoring the
working surfaces of the Duracut Knife Sections of the John Deere 900 combine harvester header using EDS has
been developed. The proposed technology allows for the restoration and strengthening of the working surfaces of
segments in grain harvesting and forage harvesting combines, as well as mowers. Comparative operational tests
on the John Deere 900 combine harvester during wheat harvesting showed that after processing with EDS, the
wear resistance of the Duracut Knife Sections increased to 1.43 - 1.65 ha/mm after 90 hectares of use, which is
1.5 - 1.9 times higher than the standard segments restored without hardening. For the EDS-hardened segments, the
blade thickness were maintained after the operational tests, indicating the presence of the self-sharpening effect.
The resource of the Duracut Knife Sections restored with EDS was 1.7 - 2.4 times higher than that of standard
segments restored without hardening.

Key words: wear resistance, friction coefficient, electrodiffusion strengthening, header segment,
durability.

Introduction

Segments are mass-produced for equipping new agricultural machinery but are primarily used to replace
worn-out parts. The highest failure rate in grain harvesters occurs in the harvesting unit, with approximately one-
third of these failures due to the breakdown of cutter bar segments. Operational experience shows that standard
segments, both domestic and foreign, have a relatively low service life. This leads to forced downtime of
agricultural equipment due to the replacement of worn parts.

During operation, cutter bar segments in grain and forage harvesters, as well as in mower cutting
mechanisms, undergo abrasive wear. As the cutting edges dull, agricultural requirements and deadlines are
compromised, crop losses increase, and energy consumption rises, ultimately raising production costs and
reducing the competitiveness of agricultural enterprises.

Therefore, extending the service life of harvester cutter bar segments is a highly relevant issue. To achieve
this, it is necessary to selectively form reinforced layers with different properties on the working surfaces of
segments during restoration. Unfortunately, existing strengthening technologies and methods cannot fully provide

Copyright © 2025 D.D. Marchenko, K.S. Matvyeyeva. This is an open access article distributed under the Creative Commons
@m Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
E properly cited.
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the desired results. In our view, the most promising approach involves restoration and reinforcement techniques
based on electrical treatment.

Literature review

Restoring and strengthening components allow agricultural machinery to regain its operational lifespan
and, in some cases, extend it by up to 2.5 times. This is especially crucial when it comes to repairing imported
components. To enhance the durability of harvester header components, it is necessary to create coatings with
high physical and mechanical properties or apply a reinforced layer to the wearing cutting surfaces [ 1].

Standard cutting mechanism segments are typically made from tool-grade carbon steels such as U8, U9,
and U10. During production, these components undergo hardening to a hardness level of HRC 50-55 through
high-frequency induction hardening (HFH) along the cutting edge of the segment [2]. These tool-grade carbon
steels exhibit high hardness and reduced brittleness [3]. However, ficld operation experience with segments made
from U8, U9, and U10 steels shows that, despite heat treatment, they lack sufficient wear resistance, wear down
quickly to their minimal limit, and have a short service life.

Recently, manufacturers have increasingly used steels such as 65 and 65G for segment production. These
segments undergo edge hardening with tempering to the specified hardness [4], penetrating up to 1 mm deep.
However, practical field experience indicates that such segments also suffer from poor wear resistance and degrade
rapidly. The primary causes of standard segment failure include rapid dulling, which increases the energy
consumption of the cutting process and negatively impacts both the cut quality and overall harvesting efficiency.

Methods for increasing the service life of harvester cutting mechanism components by altering material
composition or design have well-documented drawbacks [5]. Therefore, preference is given to methods that
enhance the durability of components. Existing methods for extending the service life of cutting mechanism
components are primarily implemented by increasing the wear resistance of cutting surfaces.

A review of the literature indicates that the dulling of standard segment blades results from rounding,
abrasion, deformation, and chipping of the cutting edge. This occurs because standard segment processing leads
to either excessively high or insufficient surface hardness [6]. The following technological methods provide high
surface hardness: electrolytic hardening, high-speed induction boriding, nitriding, thermodiffusion chromizing,
and plasma metallization. However, boriding has disadvantages, such as increased brittleness of borides and high
internal stresses in the treated part. Unfortunately, plasma metallization involves complex equipment, the release
of harmful compounds, ultraviolet radiation, and high noise levels. Thermodiffusion chromizing significantly
affects the thermal state of the part and contributes to air pollution, gas contamination, and workplace dust.
Nitriding is associated with high internal stresses, long processing times, and complex equipment. Using welding
for cutting elements is impractical because it requires extensive machining to achieve the required segment
geometry.

The authors of [4] suggest extending the lifespan of harvester segment blades by electrolytic chrome
plating. However, when the coating thickness exceeds 32 pum, excessive cracking occurs, leading to coating
delamination. Additionally, the application of electrolytic coatings, including electrolytic chrome plating, is
characterized by high labor costs, low environmental friendliness, and relatively low efficiency.

Among the most promising [6] and effective methods for restoring worn surfaces, the following are
considered the most justified.

The most promising and effective methods for restoring worn surfaces reasonably include electrocontact
techniques. The advantages of electrocontact welding include high hardness and wear resistance of the coating,
minimal heating of the part, low machining allowance, no burnout of alloying elements, favorable working
conditions, and more. However, after electrocontact welding of a steel strip, it is necessary to perform chemical-
thermal or thermomechanical treatment, or surface hardening, to achieve a uniform microstructure in the heat-
affected zone.

In the cutting units of harvesting machines, the primary challenge in addressing segment wear and durability
lies in ensuring their self-sharpening during plant cutting. This should help maintain the segment's initial optimal
profile while significantly reducing the pressure of the cut plant stems on the cutting edge.

In agricultural and engineering sciences, the theoretical models of Goryachkin V.P. and Reznik N.E. have
found widespread application in describing the interaction between a blade and the material being cut. Meanwhile,
the self-sharpening effect of a reinforced blade is explained by the phenomenological model of Tkachev V.N. [7].
Some authors use original approaches and integrate the aforementioned models.

By controlling the wear rate of different blade surfaces, self-sharpening can be achieved [6]. The blade
surfaces must resist wear differently, ensuring equal wear rates for both the more and less loaded areas while
maintaining a constant blade profile.

When determining the required parameters of cutting blades in harvesting machinery, it is necessary to
consider their operating conditions. The wear pattern of blade segments depends on their interaction with the cut
mass and abrasive particles [8]. At high movement speeds of cutting components, intensive wear can occur even
in the absence of abrasive particles in organic matter.
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Studies on segment wear during operation show that the wear intensity on the rear side is significantly
higher than on the front side [9]. As a result, the blade's microgeometry changes, reducing its cutting ability. This
necessitates the subsequent restoration of the required working surface parameters of the segments.

The essence of the self-sharpening phenomenon lies in the selective wear of the blade, which preserves its
necessary shape and cutting properties.

The authors of [10] have established that to ensure the self-sharpening effect of grain harvester segments,
the hardness ratio between the rear and front surfaces of the blade should be within the range of HV2/HV1 = 1.26—
1.30.

Based on information about the wear characteristics of the cutting elements under consideration, it can be
concluded that increasing their durability through self-sharpening during operation may be achieved by applying
hard and wear-resistant coatings of the required thickness to the working surfaces [9].

The longevity of thin-bladed cutting components made of steel that has undergone hardening and tempering
is relatively low, reducing the reliability and, consequently, the productivity of agricultural machinery [10].

Chromium plating the segments on the rear side results in less wear compared to chromium plating on the
front side [7]. Extending the lifespan of segments is possible by forming coatings on the working surface that
provide high hardness without increasing the brittleness of the metal from which the segment is made.

Foreign researchers suggest achieving a self-sharpening effect by strengthening the front and rear surfaces
of the blade segments with a laser beam to an approximate depth of 254—1016 um [8]. The preferred thickness of
the hardened layer on the rear and front surfaces of the segment is 508 um.

Research on the wear resistance of structures with hard inclusions is of great interest, as these inclusions
can significantly influence the scratch formation mechanism during friction against a metallic surface [ 10].

Many researchers assert that the wear resistance of alloys increases with a higher concentration of carbides
in the structure and their greater hardness [11]. This viewpoint is difficult to dispute.

Thus, to reduce wear on cutting components of agricultural machinery, it is necessary to develop
strengthening methods that not only enhance the wear resistance of steel but also provide a self-sharpening effect
for the blades [6].

In recent years, significant attention has been given to utilizing the self-sharpening effect in cutting
mechanisms. One of the promising methods for improving the wear resistance of blade tools in this direction is
gas-flame spraying [7]. This treatment results in a hardened layer thickness of up to 1000 um, with the restored
surface achieving a hardness of HRC65.

Another promising method for increasing wear resistance is the application of hardening coatings to the
surfaces of cutting unit segments in grain harvesters. One such method is electro-spark treatment (EST), which
can be applied both during manufacturing and repair processes [8]. As a result of low-voltage EST, a layer with a
modified microstructure and a thickness of 10-30 pm forms on the surface of the part [9]. The application of
electro-spark coatings to the cutting surface of the harvester finger increases its wear resistance by 1.7 to 2.2 times
compared to standard versions and extends its service life by up to 2 times [10].

The advantages of electro-spark deposition (ESD) include the simplicity of technological operations, low
energy consumption, and minimal heating of parts, even those with complex geometries. However, increasing the
thickness of electro-spark coatings with high contact density remains a challenge [11].

A unique method that combines mechanical and thermal effects on a restored part is electromechanical
processing (EMP) [12]. Among EMP techniques aimed at improving wear resistance [13], electromechanical
restoration has been tested as a method for enhancing part dimensions while improving their physical and
mechanical properties. The hardened layer depth after electromechanical surface hardening can reach up to 2 mm,
with surface hardness ranging from 42 to 68 HRC. However, the maximum hardness is observed at a depth of
0.10 to 0.15 mm from the treated surface. Therefore, EMP requires an additional allowance for final surface
finishing.

Overall, most existing hardening methods are unsuitable for the cutting segment components of harvesting
machinery [12]. The current situation in the agricultural sector necessitates comprehensive scientific research.

Purpose
The purpose of the research is to increase the service life of the segments of grain harvester combines by
developing a restoration technology with strengthening through electrodiffusion strengthening (EDS).

Research methodology

The research program included the following objectives: to conduct theoretical and experimental studies
on the EDS segments of grain harvesting combine headers, to study the patterns of hardened layer formation on
the working surfaces of EDS segments, to carry out comparative operational tests of the hardened combine
segments, and to develop a technology for restoring segments using electrode diffusion hardening.

The theoretical research was based on the laws of upward diffusion in steels. Standard methods were used
for the experimental research, including: experimental design planning, microhardness measurement,
metallographic analysis, scanning electron microscopy, X-ray fluorescence analysis, energy-dispersive
spectroscopy, X-ray diffraction phase analysis, and wear resistance testing. The results of the studies were
processed using standard methods of mathematical statistics.
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In accordance with the set goals and objectives of the dissertation, a selection of agricultural machinery
components was made. For the research, worn-out serial segments Duracut Knife Sections (Canada) with a large
upper notch were chosen. These segments are installed on grain harvesters for various crops.

The choice of electrolyte for the EDS process was based on its performance at processing temperatures of
800850 °C, weakly oxidative properties, availability, environmental cleanliness, safety for humans, and low cost.

To evaluate the microstructure of the segments, a metallographic method according to ISO 643:2019 was
used. Some of the segments strengthened by EDS were cut. Subsequently, microsections were made from the
obtained fragments for research [13].

The microhardness of the segments was determined using the Vickers restored indentation method (6361-
4:2014) on a PMT-3M microhardness tester (3-3.1377) with a load on the diamond tip of 1.962 N.

To determine the chemical composition of the segment material, the X-ray fluorescence method was used.
Primary X-rays irradiate the analyzed alloy and cause secondary X-ray radiation. The resulting spectrum depends
on the elemental composition of the material. The element was determined based on the dependence of the
radiation intensity on its mass fraction in the alloy.

Operating experience shows that during operation, the segments of grain harvester headers are subject to
abrasive wear, with their back side wearing out more. In this regard, a method for testing segments for wear
resistance during friction against loosely fixed abrasive particles according to (23.208-79) was chosen for
laboratory studies. The tests were carried out on a friction machine SMC-2 using the "roller — plate" scheme.

Research results

In EDS with a current density of 0.120 A/cm? the microhardness of the blade's front surface increases
significantly, leading to a reduction in the analyzed ratio. In contrast, at a current density of 0.011 A/cm?, surface
hardening is minimal, resulting in a negligible difference between the microhardness of the blade's front and rear
surfaces. Consequently, the ratio between these values approaches unity.

According to the research plan and methodology, wear resistance tests of restored and new segments were
conducted using the SMTs-2 friction testing machine, with friction against loosely fixed abrasive particles [14].

For some segments after EDS, a quantitative microanalysis of element concentrations across the cross-
section was performed using energy-dispersive spectroscopy. Fig. 1, a shows the spectral analysis areas with
marked points on the image obtained from a scanning electron microscope (SEM). Fig. 1, b presents the
corresponding distribution of alloying element concentrations by depth on the hardened front surface of the
segment blade after EDS at a current density of 0.070 A/cm?.
Element Distribution in Blade Material
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Fig. 1. Distribution of alloying elements by depth on the reinforced front surface of the segment blade after EDS: a -
spectral analysis areas (SEM x250); b - element concentration

In segments subjected to EDS, an increased concentration of carbon and alloying elements was detected in
the hardened layer to a depth of up to 400 um. Due to diffusion segregation during EDS, the concentration of
carbon in the working surfaces of the segments increased by 1.6-1.8 times, chromium by 2.2-2.4 times, silicon by
1.7-2.1 times, and manganese by 1.1-1.3 times [15]. Notably, after electro-diffusion hardening, the concentration
of alloying components on the rear surface of the segment blade was higher than on the front surface, specifically:
carbon by 0.07 wt.%, chromium by 0.12 wt.%, silicon, and manganese by 0.02 wt.%. The microstructure of the
Duracut Knife Sections segment after EDS at a current density of 0.095 A/cm? consists of medium- and coarse-
needle martensite [16]. On the front and rear surfaces of the segment blade after EDS, the precipitation of
strengthening phases is observed, appearing as small, irregularly shaped light inclusions (Fig. 2). The
strengthening phases are locally concentrated on the working surfaces of the segment as separate inclusions. The
average size of the inclusions is 1.9 um. Pearlite is present in the form of isolated small-area regions.
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Fig. 2. Microstructure of the Duracut Knife Sections segment after EDM with a current density of 0.095 A/cm?: a -
surface layer; b - surface layer with highlighted strengthening phases; ¢ - core (x500)

Fig. 3 shows the comparison graphs of experimental and theoretical microhardness values of the working
surface of the segment as a function of current density and voltage during EDM
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Fig. 3. Comparison of experimental and theoretical values of microhardness of the working surface of the segment as
a function of EDS modes

The difference between the theoretical and experimental values of microhardness for the working surface
of the segment, depending on the EDS modes, ranges from 0.5% to 9.8%, with an average difference of 5.5%
[17]. Overall, comparative operational tests showed that after the combine harvester had processed 90 hectares,
the wear resistance of the segments Duracut Knife Sections, restored with strengthening through electrode
diffusion treatment, was 1.43-1.65 hectares/mm, which is 1.5-1.9 times higher than that of the standard segments
(0.85-0.93 hectares/mm), restored without strengthening (Fig. 4). During the tests, no failures or downtime due to
the loss of operational condition of the tested parts were observed [18].
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Fig. 4. Wear diagram of the refurbished segments Duracut Knife Sections after testing with 90 hectares of use
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Based on the test results, the lifespan of the Duracut Knife Sections segments restored with EDS hardening
[19] ranged from 3.0 to 4.4 ha per unit, which is 1.7 to 2.4 times higher than that of standard segments (1.8 ha per
unit) restored without hardening (Fig. 5).
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Fig. 5. The resource of restored segments Duracut Knife Sections

Thus, the use of electro-diffusion hardening increases the wear resistance and service life of the restored
segments Duracut Knife Sections of the cutting unit of the John Deere 900 grain harvester.

Conclusions

1. Increasing the service life of grain harvester header segments during restoration is ensured by
electrodiffusion treatment with selective formation of hardened layers with different characteristics.

2. A mathematical model of EDS of segments has been developed that describes the upward diffusion of
carbon from the core to the front and back surfaces of the segment blade and allows determining its concentration
in the hardened layer. Experimental studies have established that after EDS the microhardness of the working
surfaces of Duracut Knife Sections segments increases by 1.03-2.09 times to a depth of 200-500 um. As a result
of diffusion segregation during EDS, the concentration of carbon in the working surfaces of the segments increased
by 1.6-1.8 times, chromium by 2.2-2.4 times, silicon by 1.7-2.1 times, and manganese by 1.1-1.3 times. The
formation of hardening phases in the working surfaces of the restored segments after EDS has been established.
The segments restored with EDS hardening have a relative wear resistance 1.3 times greater than that of new
segments. 3. A method for electrodiffusion hardening of the working surfaces of segment knives and an installation
for its implementation have been developed, allowing for a selective increase in the microhardness and wear
resistance of restored parts. An installation has been assembled that provides for the simultaneous hardening of 64
segments in a crucible with an internal diameter of 120 mm, a height of 230 mm and an electrolyte volume of 1.8
dmd.

3. The optimal parameters for hardening the segments with a self-sharpening effect are achieved by using
sodium tetraborate as the electrolyte and the following EDS modes: voltage 1.12-3.18V, current density 0.022-
0.095 A/em?, electrolyte temperature 850°C, and processing duration of 2 hours. The greatest influence on the
surface hardening and microhardness of the working surfaces of the segment is exerted by the current density
during EDS.

4. Comparative operational tests have shown an increase in the lifespan of segments restored with EDS
hardening by 1.7-2.4 times compared to the standard segments restored without hardening.
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Mapuenko J.Jd., MarBeeBa K.C. J[locmipkeHHS TEXHOJOTIYHOIO TPOLECY BiAHOBJIEHHS i3
esteKTpo A y3iifHUM 3MIITHEHHSIM pPOOOYHX MTOBEPXOHb CETMEHTIB JKaTOK 36pHO30MpaIbHUX KOMOaiHIB

Y po0oTi HaBeJAEHO IOCITIIKEHHS TEXHOJOTIYHOI'O TMpPOIECY BIJHOBJICHHS 13 eNeKTpoAu(y3iHHIM
sminaeHHsIM (E/I3) po0oumx MOBEpXOHb CETMEHTIB JKAaTOK 3epHO30MpanbHuX KomOaitHiB. JlocmimkeHo
excnepumerntansHo EJ[3 BimHoBnmeHmx cermeHtiB Duracut Knife Sections. Beranosneno, mo micns EJ3
CIOCTepiraeThCs MiABUIICHHS MIKPOTBEpAOCTI poOoUmX moBepxoHb cermeHTiB Duracut Knife Sections y 1,03 -
2,09 pasu Ha rmbuny 200 - 500 Mxwm. [Tpu EJI3 3 mineHicTio cTpymy Bix 0,022 mo 0,095 A/cm? crioctepiraeTsest
CHIBBIZHOIIEHHS MiX TBEPIOCTIO 3aIHBOI Ta MEPEAHBOI OBEpXOHB Jie3a Bix 1,26 mo 1,30 pasis, mo 3abe3mneuye
edeKT camo3aTouyBaHHs. BiTHOCHa 3HOCOCTIMKICTE BITHOBIEHNX CETMEHTIB 31 3MinHeHHAM EJ[3 B cepenapoMy B
1,3 pa3u OunbIla, HiXK Y HOBUX cerMeHTiB. KibKiCHHI MiKpOaHai3 XiIMIYHOTO CKJIay MO MOMEPEYHOMY TIepepizy
BITHOBJICHUX CerMeHTiB, mignanux EJ[3, BHUABHB MiABHINCHHS B 3MIIHCHIIH MMOBEpXHI KOHIICHTpAIT
CIJIaBOYTBOPIOBAILHUX KOMITOHEHTIB y 1,1 - 2,4 pa3u nopiBHsHO 3 ocepasM. BHacnigok mudysiitnoi cerperarii
KOHLIEHTpAILLisl eIEeMEHTIB MiABUIIMIACH Y TaKUX Jiana3oHax: Byriemto B 1,6 - 1,8 pasu, xpomy B 2,2 - 2,4 pa3my,
KpemHiro B 1,7 - 2,1 pasu, mapranmto B 1,1 - 1,3 pa3u. IIpu npoMy OinibIili BEIMYMHU CIIOCTEPIraroThCs Ha 3aIHIH
TIOBEPXHI Jie3a BITHOBJIEHOTO cermMeHra. Po3poOneHunii TexHonoriunuii npouec BinHosineHHs 3 E/I3 pobounx
nmoBepxoHb cerMeHTta Duracut Knife Sections sxamBapku 3epHO30mpanpHOT0 KoMOaiiHa John Deere 900.
3anponoHOBaHA TEXHOJIOTISA JO3BOJIAE BiJHOBIIOBATH Ta 3MIIHIOBATH POOOYI IMMOBEpXHI CETMEHTIB KAaTOK
3epHO30MpANBHAX 1 KOPMO30HMpambHHX KOMOaifHiB, a TaKoX KOCHWIOK. I[lOpiBHAIBHI eKcIDTyaTamiiHi
BUTIPOOYBaHHS Ha 3epHO30HpampHOMY KoMOaiiHi John Deere 900 minx wac 30upaHHs MIICHUII TTOKA3aIH, IO MPH
HapabiTky 90 ra 3HOCocCTi#iKicTh cermeHTiB Duracut Knife Sections BimHoBnenux 3 EJI3 00poOkoro cranoBmIa
1,43 - 1,65 ra/mm, mo B 1,5 - 1,9 pa3u Bumie, HiX y cepiiitaux cermenTi 0,85 - 0,93 ra/mm, BigHOBICHUX 0e3
3MinHeHHs. [IpoTsrom BuUmpoOyBaHb BiIMOB Ta MPOCTOIB 4Yepe3 BTpaTy Mpane3fgaTHOTO CTaHy BUIPOOYBaHUX
JieTayieil He croctepiranocs. Y cerMeHriB, 3minHeHux EJI3, micns excrutyataniiiHux BUIpoOyBaHb 30epiranacs
TOBIMHA JI€3 1 KyT 3arouyBaHHsA 22 ... 23°, mI0 CBIAYUTH MpPO HASBHICTh e(hEeKTy camo3arouyBaHH:. Pecypc
cermentiB Duracut Knife Sections, BigHoBnenux 3i EJI3, Bume B 1,7 - 2,4 pa3u, HiK y CEepillHAX CETMCHTIB,
BIZTHOBJICHUX 0€3 3MIIIHEHHSI.

Kiaro4oBi cioBa: 3HOCOCTIHKICTD, KOSQIIEHT TEPTs, eNeKTpoaudy3iifHe 3MIIHCHHS, CETMEHT JKaToK,
JIOBIOBIYHICTb.
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Abstract

The directions of application of the acoustic emission (AE) method for the study of transient processes in
tribosystems are considered. woodworking equipment during running-in. The use of this method will allow
obtaining information about the condition of friction surfaces and the wear rate during transient processes
(running-in) in online mode. To justify choice informative AE parameters analyzed the type of AE - signal frames
captured during the transition process at characteristic points. It is shown that when evaluating speed wear in
transient modes is best use acoustic emission power radiation. After completion transitional process (steady state
of operation), the AE signal frame takes the form that much different from transitional regime. Experimental
research presented in the form of experimental dependencies thats reflect average value power of AE signals ,
where along the axis X placed experimental value power signals acoustic emissions from the zone friction , unit
measurement — mB?/s. Along the axis Y postponed relevant calculated value speed works dissipation in
tribosystems , unit measurement - J/s. Dependence allows for the measured in the process experiment calculate
AE power value speed wear in the tribosystem woodworking equipment in real time. To determine maximum
values speed wear during the transient process the AE method and the informative parameter - power are justified
AE signals. It has been experimentally established that AE power correlates from speed wear woodworking
equipment, coefficient correlation R =0.98 and adequately reflects process Earnings. Received dependencies allow
determine speed works dissipation in tribosystems woodworking equipment during the transition process by values
power signals acoustic emissions, which allowed us to develop a calculation methodology quantities speed wear
in woodworking equipment during training in any point transitional process.

Keywords: tribosystem; speeds wear and tear; acoustic emission; power acoustic radiation; transient
processes; woodworking equipment; working out.

Introduction

Modern understanding the nature of friction and wear indicate that this the process is not stationary.
Acoustic friction vibration initiated by impact interaction microprotrusions and elastic-plastic deformation
surfaces that rub, processes destruction friction connections and structural-phase rearrangement materials,
formation and development microcracks in the surface layers of interacting bodies, departments particles wear and
tear. Registration acoustic signals allows with high accuracy determine the time of events that are happening,
which include elastic interaction microprotrusions connected surfaces, formation and destruction adhesive
connections, the emergence microcracks and separation particles wear and tear.

Acoustic emission (AE), as a way diagnostic for mechanical tests, has been widely used since the early
1980s as effective method of obtaining information about the change in the state of the material in the process
load. The use of this method will allow to obtain information about the condition of surfaces friction during the
transition processes (training) in online mode.

Copyright © 2025 A.V. Voitov, V.I. D’yakonov, Y.O. Gradiskiy. This is an open access article distributed under the Creative
@m Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
b original work is properly cited.
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Literature review

Review literary sources, which performed in [1], allows make conclusion that research on acoustic emission
diagnosing mechanisms mostly based on the use of signs that come from related industries techniques. Above all
it signs discrete emissions: account (number pulses registered during the entire test period); activity (number of
pulses per unit time) [2]. What concerns continuous emissions (when individual impulses to distinguish
impossible), then it's characterized by parameters widely used in vibration diagnostics — mean square value, peak
factor, and oscillation spectrum [3]. In addition, they use hourly parameters (pulse rise and fall duration) [3],
parameters distribution pulses by amplitude and apply wavelet transform [4].

Based on analysis works western scientists [5-11], the author of the work [11] concludes that promising
direction research is the justification of acoustic emission signs defects bearings rolling, invariant to the scaling of
the signal in amplitude. Due to it because fluctuations attenuation emissions, differences amplitude-frequency
characteristics of sensors emissions and others factors that affect the measurement result energy parameters
emissions, such as energy, root mean square value, spectrum and wavelet transform result. Listed factors affect
the parameters acoustic emissions, when calculating whose is carried out comparing the signal with some threshold
level. According to the authors of [11, 14], the procedure for selecting such a level is often not enough formalized
or is based on factors that are themselves variable (e.g., the amplifier's own noise or background level emissions).
Therefore, when measuring hourly parameters acoustic emissions expedient threshold level choose in accordance
to the order of the quantile of the distribution amplitudes that is determined from the condition minimum
probabilities errors diagnosing.

Summarizing result analysis completed research by choice informative AE parameters for diagnosing
tribosystem woodworking equipment can make conclusion that for registration speed wear in transient modes
(during running -in), most informative and invariant parameter can speak AE signal power generated surfaces
friction, which are in contact and mutual moving. Power AE signals correlate with the magnitude of the registered
amplitudes for a certain time period (level quantization).

Purpose

One of tasks this research is the development of a method and methodology for determining speed wear
woodworking equipment in non-stationary modes during online running-in, which will give possibility study
transitional processes in different structures tribosystem.

Methods

To justify choice informative AE parameters during control processes wear woodworking equipment we
will consider change speed wear tribosystems in process running-in, Fig. 1 and the type of AE - signal frames
taken during the transition process (running-in) of the tribosystem at characteristic points, Fig. 2. From the
presented signal frames it is clear that The amplitude of AE, hereinafter A(?), can be given as a function valid
variable ¢.

3
I, m/s

Fig. 1. Nature of change speed wear tribosystems in process running-in: #- running-in time; 7, - speed wear
after completion running-in: 1-2-3-4 - typical running-in points

After completion transitional process (steady state of operation), the AE signal frame receives view
presented in Fig. 2, point 3 and point 4. Study structures of the AE signals presented in Fig. 2 gives foundation to
claim that on a permanent basis mode process friction and wear has oscillations.

For selection AE signals from noise most often used frequency filtering and amplitude discrimination
[12]. In this work was used amplitude discrimination AE signals, which was carried out by introducing a threshold
device into the equipment, which lets out only those signals, amplitude whose exceeds some given level - level
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discrimination.
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Fig. 2. Frames AE signals at characteristic points on the curve working out according to Fig. 1

Justification equal discrimination was carried out experimentally and is important condition receiving
reliable results.

Non-stationary process characteristic because has certain trend development over time and
characteristics of such a process depend from the beginning of the countdown and from duration registration.
However, for each non-stationary process exist time intervals within which, with a known approximation, this
process maybe to be considered stationary and ergodic.

Thus, changing interval integration (assigning enough small interval) when changing frames AE signals,
possibly study processes superficial destruction (speeds wear and tear and damage limits) at the stage working out
tribosystem.

Random function A(#) maybe to be considered by definition stationary, at a certain time interval ¢, if all
its probabilistic characteristics do not change under any displacement arguments, from which they depend on the
axis . However, one of the main conditions that must be satisfied stationary random function is condition
sustainability dispersion.

Therefore, when analyzing transitional processes time interval ¢ of amplitude registration AE signals should
be chosen so that provided condition sustainability dispersion. This interval in the work is determined
experimentally.

Many conducted analyses experiments process working out tribosystems showed that when evaluating
speed wear in transient modes is best use acoustic emission power radiation, which was determined by the
expression:

2
Wi = ;4_2’ M
P
where A% is the total value of the square of the amplitudes all AE pulses, mV? during registration ¢p;

tpis the registration time, s.
Experimental research were carried out in two stages and aimed to determine correlational connection
between speed wear — 1,, m*/h and power signals:

Wi =
e

First stage experimental research aimed to definition functional communication between the listed
parameters during the transition process.

Second stage aimed to definition correlation communication between listed above parameters on a constant
mode works tribosystems, i.e. after completion transitional process (working in).

Completion working out can determine by stabilization the following parameters transitional process:
friction moment M,., Nem; temperatures elements tribosystems T, °C; minimum dispersion of AE radiation from
zones friction - D, mB2. In this work during the experimental research completion time transitional process was
determined by all listed above parameters.

Results
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Experimental research were carried out by car friction according to the kinematic scheme "ring-ring", with
such combinations materials.

First tribosystem: mobile triboelement steel 40X (45 ... 47 HRC), fixed triboelement Br.AZH 9-4 (90 ...
110 HB).

Second tribosystem: mobile triboelement steel 40X (45 ... 47 HRC), fixed SCM triboelement (293 HB).

Third tribosystem: mobile triboelement steel 40X (45 ... 47 HRC), fixed triboelement steel 40X (45 ... 47
HRCO).

For everyone three tribosystem lubricating environment was selected engine oil M-10Gx (E, = 3.6 * 1014
J/m?).

Experimental flow chart recording and processing equipment AE signals are presented in Fig. 3.

sensor amplifier
GT 300

N j :
/}1/ USB - oscilloscope

. |

compiuter

Fig.3. Experimental block diagram recording and processing equipment AE signals

Acoustic signal emissions that generates tribosystem, perceived from a stationary triboelement broadband
acoustic sensor emission GT300 (100.. 800 kHz) and enters the amplifier, and from the output amplifier - to the
USB oscilloscope PV6501 and then to the computer.

Amplifier consists of an input stage, a three-pole filter high frequencies and an amplifier with adjustable
coefficient transmission (1 - 100). General coefficient strengthening reaches 1000. The lower limit of the band
transmission amplifier selected equal to 50 kHz, which corresponds low-frequency acoustic sensors emissions that
are produced, for example, by the company GlobalTest. Upper band limit transmission selected equal to 1.5 MHz,
which surpasses the corresponding serial limit high-frequency sensors acoustic emissions. This restriction related
also from increase attenuation elastic waves in metal with increasing frequency.

Strip transmission of the used USB oscilloscope is 20 MHz, which repeatedly exceeds upper limit of the
bands sensor and amplifier throughput acoustic emissions. Filter high frequencies are intended for highlighting
signals acoustic emissions that have much smaller intensity than AE signals. By weakening the passage AE signals
to the USB oscilloscope input 300 times using filter high frequencies and proportionally increasing coefficient
reinforcement, it became possible to isolate the acoustic signal emissions with a predominant frequency of 70-600
kHz.

Oscillograph worked in mode wait, scan start threshold marked with the symbol "T" in Fig. 2. Duration
previous samples was installed equal to 100 ps, which allows watch the value of the signal that precede exceeding
the threshold level. Results acoustic signal measurements emissions with a USB oscilloscope stored in a computer,
data that contained in these files are processed programs statistical analysis with definition dispersion of the square
of the amplitudes — D, and the total value of the square of the amplitudes during the registration time - . Having
data value according to formula (1) was determined W,z. Registration time #, was determined experimentally by
reproducibility results with equivalent repetitions. When checking homogeneity dispersions aggregates AE signal
results at constant mode that equivalently confirmation their reproducibility, under conditions for small sample
sizes, ISO 5725 recommends using criterion Cochrane.

Criterion Cochrane allows compare homogeneity dispersions results analysis amplitude AE signals at
different points of the transition process.

Test statistic of the criterion Cochrane S, is determined expression:

DA max (2)

S, = dmax_
21D

r

where D maq 1s the largest value dispersion amplitude during the transition process;
7 is the number measurements;
Dy; is the current value variances on the i-th experiment.
According to ISO 5725, the hypothesis Homogeneity (reproducibility) is checked according to the
following expression:
c,<C,, 3)
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where C, is the calculated value criterion Cochran, formula (2); C,, is the tabular value criterion for a given
equal significance [13].

If condition (3) is fulfilled, then it is accepted hypothesis about statistical homogeneity results
measurements.

Experimental research were carried out under the following friction modes: load N = 300...1200 N; speed
sliding 0.5 m/s.

In progress experiments using recorders machinery friction recorded in time change in friction torque,
temperature, and with the help of computer calculated dispersion and power AE signals.

Results experimental research presented in the form of experimental dependencies in Fig. 4, which reflect
average value power AE signals for three with the same type of repetitions and three tribosystems with different
combination materials, where along the axis X placed experimental value power signals acoustic emissions from
the zone friction, W, formula (1), unit measurement — mB?/s. Value W, obtained for different combinations
materials in the tribosystem, different loads and speeds sliding. Along the axis Y postponed relevant calculated
value speed works dissipation in tribosystems W,., which equal algebraic sum speeds works dissipation in moving
and stationary triboelements, unit measurement - J/s. Formulas for calculation W, presented in [14]:

speed works dissipation in the moving triboelements;

W o = Cacs “Emov * Vimov *J 1 8- “)

mov acs
speed works dissipation in a stationary triboelements;

W, = Ogar * éstal ’ Vdstat J/s. (5)

mov
Speed works dissipation in the tribosystem:

VVZI” = Wmov + WY[H[ : J / S. (6)

In formulas (4) and (5) we assume next designation:

0Oucs 18 the stress on the actual contact spots, Pa;

Emovs Estar 18 the speed deformations in movable and stationary triboelements, 1/s;

Vimovs Vastar 18 the volume material movable and stationary triboelements, which participates in deformation
in the process friction, m>.

Received dependence, Fig. 4, establishes linear relationship between measured in the process experiment
power AE signals, formula (1) and speed works dissipation in the tribosystem, formula (6). Using the method of
least squares squares was received regressive equation:

W, =0.033-W,, )

30 /

W i Jis

Ly
=
+

‘} -
: 4 6 &8 10 12 14 16 18 20 2 Wie*l0 ups

Fig. 4. Dependence changes speed works dissipation in different tribosystems W from power signals acoustic
emissions from the zone friction Wik

Dependence (7) allows for the measured in the process experiment power AE - W4, calculate value speed
works dissipation in the tribosystem W,,. Using received value W, and the formula obtained in [13] can be calculate
speed wear in the tribosystem in real time:

[ =610 exp| 079510 —— |— ™y | w?/n, ®)
v E 8 tr

y mov "~ Ystat
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where Iy is the volumetric speed wear, m*/h in real time;

Omov and dyq; are coefficients that take into account rheological properties structures material from moving
and stationary triboelements.

The second stage experimental research began to determine functional relationship between speed wear Iy
and parameters AE - W, for the specified above tribosystem when changing load on the node friction from 300 N
to 1200 N on a stationary mode works tribosystems, i.e. after completion transitional process (running in). Change
load leads to change speed works dissipation in tribosystems - Wj.

The purpose of the research is to show that by the value of W,z mB?s, it is possible determine the speed
wear Iy, m*/h.

Research were carried out in stationary friction modes, i.e. depreciation for running-in was not taken into
account. For this after completion working in (after stabilization parameters) on the surface friction wells were
applied for measurement wear and tear and after carrying out tests for two hours by the method of artificial bases
was determined linear wear and tear, which converted into volumetric.

Speed wear was determined by the formula:

I :Ab'AH,nf/h, Q)

v

e
where 4b is the value of the linear wear, m;
Ay is the area friction triboelement, m?;
t. is the time of execution experiment, hours.

Results experimental research are presented in Fig. 5.

We will do it assessment reproducibility results measurements signals acoustic emissions using criterion
Cochren, formula (2). Parameters signals acoustic emissions at different values speed works dissipation for
dispersion amplitudes and dispersions AE power specified above tribosystem are presented in Table 1.

Jim’®

Fig. 5. Estimated Iy, and experimental Iy. surface feedback volumetric speed wear and tear when changing
tribological properties lubricating environment E, and speed works dissipation W} in tribosystem steel 40X + Br.AJ 9-
4

Parameters signals acoustic emissions at different values speed works dissipation in tribosyst(};:rll‘t;le 1
W, J/s D tax 2D Sy Dimax 2D, S M

10 471 60.41 0.764 309.35 461.22 0.695 0.853

20 57.3 70.75 0.764 315.30 460.08 0.715 0.853

30 70.5 91.30 0.785 430.25 572.67 0.720 0.853

40 113.6 144.76 0.795 613.33 822,14 0,755 0,853

Analysis calculated values criterion Cochrane - C, and tabular values — C; at a given levels significance

level 0.95 (number of evaluated parameters - 2, number repetitions - 10), allows make conclusion that condition
(3) is fulfilled, i.e. results measurements homogeneous and reproducible.

For the subjects tribosystem coefficient correlations between dependencies I and D, has R value = 0.96,
and for dependencies /y and W has R value = 0.98.
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From the analysis presented values in Table 1 it follows that dispersion amplitude and power AE signals
adequately reflect process wear and tear and are in functional condition interconnection from speed wear and tear.
This allows to put forward assumption that the magnitude of the AE power can be to judge the magnitude of the
speed wear at any time during work tribosystems, i.e. in transient regimes.

Practical recommendations: determination method values speed wear during the transition process boils
down to the following operations.

1. Conducted trial specific tribosystems and in the process transitional process are registering AE
parameters and according to formulas (1) are calculated value power acoustic emissions - Wyg.

2. According to the known values W,g, according to expression (7), is calculated value speed works
dissipation in the tribosystem at a given time — W,,..

3. Numerical value volumetric speed wear at a given time - [y is determined by formula (8).

Conclusions

To determine maximum values speed wear during the transition process the AE method and the informative
parameter - power are justified AE signals. It has been experimentally established that AE power correlates from
speed wear and tear, coefficient correlation R = 0.98 and adequately reflects process working out.

Received dependencies that allow determine speed works dissipation in tribosystems of woodworking
equipment during the transition process by values power signals acoustic emissions, which allowed the
development of calculation method quantities speed wear during training in any point transitional process.
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BoiiTtos A.B., I’akonos B.1., I'paguceknii F0.0. Bu6ip inpopmatuBHEX napaMeTpiB akyCTHUHOI eMicii
JUIsl BU3HAYEHHSI IHTEHCHBHOCTI 3HOCY J€peBOOOPOOHOTr0 001 JHAHHS B TIEPEXITHUX PEKIMaX

Po3risiHyTO HampsiMM 3acTOCyBaHHS MeToay akycThuHol ewmicii (AE) mns nmocnimkeHHS NepexigHuX
MPOIIECiB Y TPHOOCHUCTEMaX. NepeBOOOPOOHOr0 oONMamHAHHA IMiJ Yac OOKaTKW. BUKOpHCTaHHA NaHOTO METOIY
JIO3BOJIMTH OTPUMYBATH iHPOPMAIIiFO TIPO CTaH MOBEPXOHB TEPTS Ta MIBUAKICTH 3HOITYBAHHS ITi[l YaC IMEePEXiTHNX
nporeciB (0OkaTku) B pexumi ommaiiH. s oOrpyHTyBamHA BuOOpy iHpopMaTuBHHX mapamerpie AE
npoanainizoBaHo Tull AE — curHanpHi KagpH, 3aXOIIeHi B POILeCi mepexoIy B XapakTepHuX Todkax. [TokazaHo,
IO TMpH OMIHII IIBHIKICHOTO 3HOCY B IMEPEXifHUX peXHMax HaWKpalle BHKOPHCTOBYBAaTH IOTYXHICTh
BUIIPOMIHIOBaHHS aKyCTH4YHOI eMicii. [Ticis 3aBepiieHHs nepexigHoro mporecy (CTarioHapHHAN peXuM poOoTH)
kaap curHaity AE HaOyBae Qopmu, sika CHIBHO BIIPI3HSETHCS BiJ MepeximHOro pexumy. ExcriepumeHTtanbHi
JIOCTIIPKSHHS TIPEACTABJICHI Y BUTTIAAI €KCIICPUMEHTAIBHUX 3aJISKHOCTEH, 0 BIOOPaKAIOTh CepeIHE 3HAYCHHS
notyxHocti curHaimiB AE, me mo oci X po3MillleHO eKclepUMEHTaIbHE 3HAYeHHS ITOTY)KHOCTI CHTHANIB
aKyCTMYHOI eMicii i3 30HM TepTs, oMHuUL BuMiproBanHs —mB?/c. Tlo oci Y BiknaieHe BifNOBiqHe pO3paxyHKOBE
3HA4YEHHs IIBUJIKOCTI poOOTH pO3CiIoBaHHSA B TpHOOCHCTEMaX, OJUHUII BUMiproBaHHS - JDk/c. 3anexHicTh
JO3BOJISIE 32 BUMIPSIHUM Y TEXHOJIOTITYHOMY €KCIIEPHMEHTI pO3paxyBaTH 3HadeHHs MoTyxHocTi AE mBuakocTi
3HOCY B TpHOOCHCTEMi JepeBOOOPOOHOTO OONMaJHAHHS B pPEXUMI peanbHOro dacy. /[l BH3HAYCHHS
MaKCHMAaIBHHX 3HaYeHb IIBUAKOCTI 3HOIIYBAHHS ITiJ] 4ac IIEPEeXiTHOTO MpoLecy o0IpyHTOBaHUMH cHrHanaMu AE
e meron AE Ta iHpopMaTHBHHI TapaMeTp — HOTYKHICTh. EKcriepruMeHTaTbHO BCTAHOBIIEHO, 110 MOTYXHICTh AE
KOpEJIo€e 31 MBHUAKICTIO 3HOCY JepeBooOpobHoro obnanHanHsA, kKoedimienToM Kopersmii R = 0,98 1 amexkBaTHO
BimoOpaxae mpuOyTok mporecy. OTpuMaHi 3aJIeKHOCTI JO3BOJIAIOTh BU3HAYUTH MIBUAKICTH pOOOTH OUICHTIAI] B
TpubOCHUCTEMaX JePEBOOOPOOHOro OOJaJHAHHS A Yac MEePEeXiJHOTO MPOIeCYy 3a 3HAYCHHSAMH ITOTY)KHOCTI
CUTHAIIB aKyCTUYHOI eMICii, 110 TO3BOJHIO PO3POOMTH METOMUKY PO3PaxXyHKY BEJIHYMH IMIBHAKOCTI 3HOCY
JIepeBOOOPOOHOT0 00JIaIHAHHS T1iJ] YaC TPEHYBaHHS B Oy Ib-sKill TOUI MEPEXiAHOTO IPOLECy.

KarouoBi cioBa: Tpubocucrema; 3HOC; aKyCTHYHA €MiCisl; IOTYXKHICTh aKyCTUYHOTO BUIIPOMIHIOBAaHHS;
MepexiIHi MPOIeCcH; JepeBO0OPOOHE 00IaTHAHHS; PO3pOOKa.
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Abstract

The aim of this work is a comparative study of tribological properties and tribotechnical characteristics of
polymer nanocomposites based on polyamide 6, modified with nanosized fillers. The work investigates polyamide
6 as a matrix modified with the following fillers: fulleroid materials (carbon fibers), microsized fillers containing
nanoparticles (fullerene carbon black), nanoparticle fillers (fullerene C60).The influence of fulleroid modifiers and
carbon fibers on the tribological properties of samples and parts made of polymer nanocomposites based on
thermoplastic (polyamide 6) polymer matrices was studied. It was shown that the introduction of fulleroid
modifiers allows to significantly reduce the friction coefficient of polymer compositions while increasing their
mechanical characteristics. It was found that the use of carbon fibers for modification of polyamide 6 with an
increase in mechanical characteristics during operation leads to an increase in the friction coefficient of the
conjugated steel sample by more than two times compared to the original polymer matrix.

Key words : transport vehicles, agricultural machinery, parts, fulleroid modifiers, polymer matrix.
Introduction

The durability of parts, assemblies, systems and units of transport and agricultural machines is largely
determined by the phenomena of friction and wear. The use of new progressive structural materials ensures the
creation of tribocoupling of machine parts with a high level of specified operational characteristics. An important
place among these materials has recently been occupied by polymer nanocomposites . The main advantage of
polymer nanocomposites as materials for tribocoupling of parts is their increased strength characteristics and
tribotechnical indicators. This is due to the peculiarities of the interaction in the system "polymer matrix-filler
nanoparticle" [1-3].

Literature review

Increasing the strength of polymeric materials leads to a decrease in the coefficient of friction and wear in
triboconjugates of samples and parts [4,7,8]. At the same time, this pattern is not observed for polymer composites
filled with micro-sized fillers in the form of fibers [5,6]. This can be explained by the fact that during the wear
process, micro-sized fillers are torn out of the polymer matrix, which leads to an increase in the abrasive properties
of the conjugated surfaces [9,11,14]. This causes an increase in the coefficient of friction [10,12]. This problem
can be solved using polymer nanocomposites [13]. In such materials, nanoparticles are more firmly held in the
matrix, and their detachment does not lead to a change in the properties of the microsurface [15].

Purpose

The aim of this work is a comparative study of the tribological properties and tribotechnical characteristics
of polymer nanocomposites based on polyamide 6 (PA-6) modified with nanoscale particles.

Copyright © 2025 V.V. Aulin, A.A. Tykhyi, O.D. Derkach, S.V. Lysenko, D.O. Makarenko. This is an open access article
@m distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in
v any medium, provided the original work is properly cited.
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Results

The work investigates polyamide PA-6 as a matrix modified with the following fillers: fulleroid materials
(carbon fibers), micro-sized fillers containing nanoparticles (fullerene carbon black), and nanoparticle fillers
(fullerene C60).

Polymer nanocomposites were obtained by polymerization in in situ according to the method [2] after
mixing the filler and monomer, and mixing the finished PA-6 with the filler in an extruder. C60 fullerenes (purity
99.0%) and fulleroid carbon black (fullerene content 10.5%; 68% C60 fullerene, 30% C70 fullerene by weight,
the sum of higher fullerenes about 2%) were used as fillers. Fulleroid carbon black is an ultrafine carbon - a product
of burning graphite electrodes in an arc in an inert gas atmosphere with an average particle size of 0.5...2.0 microns.
Fulleroid carbon black is the main raw material for producing fullerenes . Fractionated chopped viscose carbon
fiber (average length 400 um) was used as a filler. Tests on the MTVY-01 friction machine were carried out
according to the "roller-plate" scheme. The roller with a diameter of D = 19 mm is made of 40X steel, heat-treated
to a hardness of approximately 58 HRC. The roller rotated at a frequency of n = 60 rpm. This corresponded to a
linear sliding velocity of 0.06 m/s. The roller was pressed against a plate measuring 40x40x5 mm with a force of
400 N. Young's modulus and tensile strength were determined on a UTS 10 tensile testing machine
(UTStestsysteme , Germany) during compression for samples in the form of a half-cylinder with a diameter of
8...9 mm and a height 0of 9...12 mm in the load range from 0.001 N to 10 kN . In this case, the range of deformation
rates of the samples was from | pm/ min to 1 m/min. All measurements were performed for series of samples of
at least five obtained by different methods of forming nanocomposites.

As already noted, PA-6 was chosen as the thermoplastic matrix as a polymer that is widely used for the
manufacture of sliding bearings of transport and agricultural machines. It is known that the optimal method for
obtaining nanocomposites is polymerization in situ [6]. All other methods of their production are associated with
problems of aggregation of filler particles. In which they are difficult to overcome. This problem complicates the
uniform distribution of filler particles in the polymer matrix. Mixing the finished polymer with a filler in an
extruder is the most common method of preparing polymer composites. In this work, both methods of obtaining
polymer compositions were considered. The PA-6 matrix material is obtained by anionic polymerization using
metallic sodium as an initiator and toluene diisocyanate as a cocatalyst . Fullerene C60 is chemically unstable
under these conditions. Therefore, polymer composites obtained by polymerization in situ are chemically
modified. In them, nanoparticles are chemically bound to a polymer matrix. In addition, the comparative nature of
the tribological properties of compositions obtained by different methods is interesting. Introduction of fullerene
C60, at a filling level of 0.01...0.1 wt.%, into the PA-6 matrix during synthesis by polymerization in In situ , the
Young's modulus and strength increase by approximately 18...20%. Nanocomposite samples obtained by mixing
the polymer melt with other components in an extruder were tested [7,8] . The test data are given in Table 1. As
can be seen from the data presented, the melt mixing method does not lead to a significant increase in the strength
characteristics of PA-6 at a fullerene C60 content of 0.01 wt.% (an increase of 3%). The introduction of both
fullerene C60 and fullerene carbon black in amounts of 1 wt.% leads to a decrease in mechanical properties. The
sharp drop in the mechanical characteristics of PA-6 filled with 1 wt.% fullerene C60 is due to the fact that the
insufficiently uniform distribution of fullerene C60 in the polymer matrix necessitates the introduction of a co-
solvent (Erucamide 0.05 wt.%) , which simultaneously acts as a plasticizer and prevents crystallization of PA-6,
which leads to a decrease in mechanical characteristics. The decrease in the mechanical properties of
nanocomposites at high filling degrees is due to the uneven distribution of the filler in the polymer matrix.

Table 1 — Mechanical properties and characteristics of nanocomposites based on PA-6 obtained by
extrusion

Modifier content

Young's modulus

Destructive force

Elongation &, %

Friction coefficient

black — 1 wt. %

E, MPa o, MPa Jor
PA-6 without 673 %15 64 +1 285 +5 0.26...0.30
additives
C60 —0.01 wt.% 702 +12 66 +1 302 +5 0.187...0.19
C60 — 1 wt.%; 258 £14 12 1 289 +5 0.28...0.30
Erucamide 0.05
wt.%
Fullerene carbon 618 £15 63 +1 276 +5 0.29...0.30

In this work, the tribotechnical characteristics of polymer nanocomposites were investigated (Fig. 1-3). For
the PA-6 nanocomposite 0.01 wt.% fullerene C60, obtained by polymerization in In situ , a significant decrease in
the friction coefficient (from 0.28+0.02 to 0.18+0.05) is observed compared to pure PA-6. This can be justified by
the increase in the mechanical strength of the polymer nanocomposite. At the same time, for the PA-6 polymer
matrix filled with 10 wt.% carbon fiber, an increase in the friction coefficient (up to 0.5 24+0.05) is observed. To
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explain the obtained result, we studied the materialography of wear spots on the material of the samples and parts
(Fig. 4).
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Fig. 1. Dynamics of changes in the friction coefficient for samples of PA-6 (1) and PA-6 with 0.01 wt.% of C60
fullerenes (2), obtained by the polymerization method in situ
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Fig. 2. Dynamics of changes in the coefficient of friction for samples of composite material: PA-6 filled with 10 wt.%
carbon fibers, obtained by polymerization in situ
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Fig. 4. Dynamics of changes in the friction coefficient for pure PA-6 (1) and polymer nanocomposites obtained by
extrusion and containing: 1 wt.% C60 fullerenes and 0.05 wt.% Erucamide (2); 0.01 wt.% C60 fullerenes (3); 1 wt.%
fullerene carbon black (4)

Fig. 4. General view of friction surfaces for pure PA-6 (a), PA-6 with 0.01 wt.% C60 fullerenes (b) and for PA-6 with
10 wt.% carbon fibers (c), obtained by polymerization in in situ , x400

The study of the surfaces of the samples after testing (Fig. 4, a, b) shows that chemically incorporated
fullerene C60 does not change the sliding properties of the surface compared to pure PA-6. It was found that in
samples reinforced with carbon fibers, fiber particles break away from the polymer matrix and become burrs ,
which worsen the sliding properties of the surface. Such an effect of fibers in polymer compositions is observed
in [9]. For nanocomposites obtained by extrusion (Fig. 3), a decrease in the friction coefficient is also observed.
In this case, the value of the friction coefficient is lower than for the polymer synthesized by polymerization in in
situ with the introduction of 0.01 wt.% fullerene C60. The friction coefficient changes from 0.30+0.2 to 0.25+0.02.
It was found that the most effective modification of PA-6 is 1 wt.% fullerene carbon black. In this case, the friction
coefficient decreases to 0.20+0.01. The increase in the friction coefficient for the nanocomposite filled with 1 wt.%
fullerene C60 in the presence of Erucamide 0.33+0.02 is associated with an increase in the viscosity of the
composite during friction. This is due to the fact that the surface heats up and the glass transition temperature
decreases in the presence of the additive. This is confirmed by the study of friction spots (Fig. 5).

Fig. 5. Photographs of friction surfaces of polymer nanocomposites obtained by extrusion and containing 0.01 wt.% of
C60 fullerenes (a); 1 wt.% C60 fullerenes and 0.05 wt.% Erucamide (b), x200
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It was found that for a nanocomposite filled with 1 wt.% fullerene C60 in the presence of Erucamide,
leakage is clearly visible.

Conclusions

1. As a result of the research, the possibility of creating polymer nanocomposites based on polyamide 6
matrices modified with fullerene materials has been shown.

2. It has been shown that the introduction of fullerene materials significantly (by half) reduces the friction
coefficient of nanocomposites compared to pure polyamide 6.

3. The decrease in the friction coefficient of polymer nanocomposites can be justified by the increase in the
mechanical strength of the composites in the absence of the removal of nanoparticle aggregates to the conjugate
surfaces of the samples being lapped.
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Ayuain B.B., Tuxuii A.A., lepkau O./., JIucenko C.B., Makapenko J.0. 3milHeHHs TpUOOCTIPSKEHHS
JieTayeil TpPaHCIIOPTHUX 1 CLIBCHKOTOCTIONAPCHKUX MaIInH (DyJIepOiTHUMH MaTepiallaMH.

Meroto naHoi poOOTH € TOPIBHSUIBHE JOCHIIPKEHHS! TPUOOJIOTIYHMX BIACTHUBOCTEH 1 TPHOOTEXHIYHHMX
XapaKTEPUCTHK MOJIMEPHIX HAHOKOMIIO3HTIB Ha OCHOBI moiaMiny 6, MoauQikoBaHUX HAaHOPO3MipHUX. B podoTi
MOCTIKYIOTBCS TIonmiamig 6 sK MaTpuid, MoaudikoBaHa HACTYITHUMH HANOBHIOBaYaMHd: (yIepOinHUMH
MaTepiaraMu  (BYIJICIIEBI BOJIOKHA), MIKPOPO3MIpPHUMH HAINOBHIOBAaYaMH, M0 MICTATh HAaHOYACTHHKH
(pynepenoBa caxa), HaHOYacTHHKaMH-HanoBHIOBadamu (pymnepern C60). locmimkeHO BIIUB (QyIuIepoimHUX
MoIu(iKaTOpPiB Ta BYIJIEIEBHX BOJIOKOH Ha TPHUOOJIOTiYHI BIACTHBOCTI 3pa3KiB 1 geTaneil 3 MOJTIMEepHHX
HAaHOKOMIIO3UTIB Ha OCHOBI TEPMOIUIACTHYHHX (ToJiaMin 6) momiMepHHX MaTpuilb. [loka3aHo, 1m0 BBEACHHS
¢dbymnepoinaux MoaudiKaToOpiB 03BOJISE 3HAYHO 3HHM3UTH KOC(DILIEHT TEpTSA MOTIMEPHHX KOMIIO3MIINA HpH
MIABUINCHHI X MEXaHIYHUX XapaKTePUCTHK. BUSBIICHO, 1110 BUKOPUCTAHHS BYTJICIIEBUX BOJIOKOH JIsk MOAUGIKaITi
noxiamigy 6 Tpu 3pOCTaHHI MEXaHIYHHX XapaKTepHCTHK B MPOLEC eKCILTyaTamii MpU3BOJIUTH O 3POCTaHHS
Koe(illieHTa TepTs CHIPSDKEHOTO CTAJIEBOTO 3pa3ka OUIbII HDK YIBIUi MOPIBHAHO 3 BHXIJIHOIO IOJIMEPHOIO
MaTpHLEHO.

Keywords: TpaHCTIOpTHI MamiHM, CLTBCHKOTOCIIONAPCHKI MAIITIMHM, AeTali, QyJUIepoiaHi MOIU(pIKaTOPH,
MOJTiMEpHA MaTPHUIIAL.



