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Abstract

This research is related to the spheres of wearproof coating testing. The SiC coating has been deposited on
the medium carbon steel using detonation deposition using the magnet coil flux of back direction. It has been
established that only nanoscaled particles are deposited on the surface which had been accumulated in aggregates
of different shape. The structure of the obtained coating has been thoroughly researched on the electronic
microscope in previous publication. The obtained coating has been developed for testing on the friction bench
modeling the friction process that is taking place in the couple of main and rod journals of internal combustion
engines. The coating has also the corrosion protection properties. The nanoscaled coating on mild carbon steel had
been tested under specified conditions and their friction surfaces had been researched on electronic microscope
with the view of determination of wear mechanism. The two-factor modeling of the wear rate and friction factor
has been done and three-dimensional diagrams have been plotted and analyzed.

Key words: wear, wear rate, friction factor, nanoscaled coating, detonation coating deposition, magnet
modified deposition

Introduction

The lifetime of the internal combustion engine elements can be improved by wearproof coatings deposited
by different methods. The main component of coating suggested is the silicon carbide SiC and as the bond for it
the alumina has been selected. Having the good hardness all these elements are of well abrasive properties, but not
in small gain sizes. If the granularity of these abrasives is no bigger than 5 micrometers they did not wear the steel
surfaces owing two features. The first one is too small size of particles makes the smallest scratches on surface
resulting in so-called surface polishing to mirror roughness grade. The second one this dimension of particles
“fills” the generic steel roughness cavities thus increasing the friction contact area and reducing the contact
pressure. So, the abrasive particles sized less than 5 micrometers is not “wear abrasive” that increases the wear,
but it is “run-in abrasive” that decreases the wear of steel surface. It has been proven several times using the
compact fine grain material made of silicon carbide and alumina when mixed and milled up to less than 5
micrometer granularity and avoiding recrystallization processes during the material synthesis as well as the same
fine grained coating on the steel surface. Recently, the nanoscaled coating (100 micrometers thick) had been
acquired [3] and its structure has been investigated. This study is devoted to tribotechnical investigation of these
coatings, establishing the wear mechanisms and results modeling.

Review of the latest research

Formerly [1], the specific way acquired batch mixture of SiC-Al,Oz (which was milled in steel vessels by
steel milling bodies in 32 hours up to 2,1 micrometers average particle granularity) content, which had the iron
millings in the batch mixture charge, was used for acquisition of wearproof coating deposition by detonation
method modified by magnetic field. So it had been established on direct polarity of coil magnet the microparticles
of silicon carbide and alumina had been deposited on the substrate. The coating had demonstrated not only high

Copyright © 2023 A.H. Dovhal, L.B. Pryimak, V.V. Varijukhno. This is an open access article distributed under the Creative
@I}. Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
[ original work is properly cited.
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wear resistance 40-55 micrometers/km and friction factor 0,42-0.45 [1], but also high wear resistance at elevated
temperatures up to 500°C it makes 40-55 micrometers/km and friction factor 0,32-0.34 [2] due to formation of the
glass-like superficial structures reducing the wear rate and friction factor comparing with the 250°C.

Using the gas detonation deposition from the batch mixture which contains the silicon carbide and
aluminum oxide particles, with the steel millings which have a size from 250-400 nanometers, on the direct polarity
the fine grained microstructure is acquired and on the reverse polarity of the magnet coil the nanostructure the
particles of 70,9, 115,2, 76,5, 54,0, 50,5, 65,6, 82,9 and 73,0 nanometers had been acquired [3] and its structure
had been thoroughly researched. The present paper is devoted to research the tribotechnical descriptions of these
coatings.

Scientific interest to silicon carbide coatings is growing throughout the world.

So, in article [4] researchers had investigated the laser-prepared SiC nanocoating: preparation, properties
and high-temperature oxidation performance. The SiC nanocoatings were prepared on graphite substrates via a
laser treatment process. A high-temperature oxidation test was also conducted to determine their antioxidation
performance. The results show that laser irradiation triggers the transformation from micro SiC particles into SiC
nanocoating consisting of numerous polycrystalline SiC nanoparticles. At the laser energy density of 10.42 kl/cm?,
the prepared SiC nanocoating reveals the best oxidation resistance at a high-temperature environment in tested
samples [4].

Scientists publishing paper [5] have been studying silicon carbide coatings produced at different deposition
conditions with use of high temperature nanoindentation. So, The elastic modulus and hardness of different silicon
carbide (SiC) coatings in tristructural-isotropic fuel particles were measured by in situ high temperature
nanoindentation up to 500 °C. Three samples fabricated by different research institutions were compared. Due to
varied fabrication parameters the samples exhibited different grain sizes and one contained some visible porosity.
However, irrespective of the microstructural features in each case the hardness was found to be very similar in the
three coatings around 35 GPa at room temperature. The elastic modulus differed for the three tristructural-isotropic
coatings with room temperature values ranging from 340 to 400 GPa [5].

The research [6] signifies an attempt to apply composite coating by co-deposition coating and assessing,
enhancement the Nickel coatings features, by adding the particles of silicon-carbide to solution of electrodeposited.
Stainless steel specimens have been subject to electroplating coating utilizing Nickel and Nano silicon carbide
particles (70-100 nm) with various amounts (16, 24, 32 and 40) g/L. After coating, the specimens were tested by
SEM, AFM, impeded in a solution with 3.5 percent NaCl to investigate the corrosion performance. Then testing
the microhardness, and wear resistance. Results obtained from this work showed a great reduction in corrosion
currents caused by adding of inert nanoparticles. These enhancements had been detected on all conducted tests for
corrosion and wear.

So, in article [7] researchers had investigated the strengthening and thermal stabilization of polyurethane
nanocomposites with silicon carbide nanoparticles by a surface-initiated-polymerization approach. Silicon carbide
reinforced polyurethane nanocomposites were fabricated by a facile surface-initiated-polymerization (SIP)
method. The particle loading was tuned to up to 35 wt% without any obvious shrinkage and breakage as compared
with the conventional direct mixing method. An increased thermal stability of the composites was observed with
the addition of the silicon carbide nanoparticles under thermo-gravimetric analysis (TGA). Tensile strength was
observed to increase dramatically with the increase of the particle loading. Both the uniform particle dispersion
and the strong chemical bonding between the nanoparticles and the polymer—matrix contributed to the enhanced
thermal stability and improved mechanical properties.

Scientists publishing paper [8] have been studying the compacting of silicon carbide nanopowder in high-
pressure device. The nanopowders of silicon carbide were sintered under the pressure from 3,5 GPa and under the
temperatures 1600-1800 °C. So the obtained materials had the following properties: density - 3,07-3,20 g/cm?;
microhardness — 15-30 GPa; porosity — 1,2-4,4 and weight wear rate — 0,0061-0,0462 g/cm?. On the SEM images
the big grain growth had been noticed.

The research [9] is about the synthesis of silicon carbide nanoparticles exhibiting monolayer to few-layer
graphene coatings and characterizes their optical response to confirm their plasmonic behavior. A multistep, low
temperature plasma process is used to nucleate silicon particles, carbonize them in-flight to give small silicon
carbide nanocrystals, and coat them in-flight with a graphene shell. These particles show surface plasmon
resonance in the infrared region. Tuning of the plasma parameters allows control over the nanoparticle size and
consequently over the absorption peak position. A simplified equivalent dielectric permittivity model shows
excellent agreement with the experimental data. In addition, optical characterization at high temperatures confirms
the stability of their optical properties, making this material attractive for a broad range of applications.

In the paper [10] researchers have discovered the development and characterization of silicon carbide
coating on graphite substrate. The development of materials with unique and improved properties using low cost
processes is essential to increase performance and reduce cost of the solid rocket motors. Specifically,
advancements are needed for boost phase nozzle. As these motors operate at very high pressure and temperatures,
the nozzle must survive high thermal stresses with minimal erosion to maintain performance. Currently three
material choices are being exploited; which are refractory metals, graphite and carbon-carbon composites. Of these
three materials graphite is the most attractive choice because of its low cost, light weight, and easy forming.
However, graphite is prone to erosion, both chemical and mechanical, which may affect the ballistic conditions
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and mechanical properties of the nozzle. To minimize this erosion Pyrolytic Graphite (PG) coating inside the
nozzle is used. However, PG coating is prone to cracking and spallation along with very cumbersome deposition
process. Another possible methodology to avoid this erosion is to convert the inside surface of the rocket nozzle
to Silicon Carbide (SiC), which is very erosion resistant and have much better thermal stability compared to
graphite and even PG. Due to its functionally gradient nature such a layer will be very adherent and resistant to
spallation. Despite its very good adhesion due to its functionally gradient nature, this layer due to its porous nature
exhibit poor oxidation performance compared to a dense SiC layer. The research [10] is focused on synthesizing,
characterizing and oxidation testing of a bi-layer; a functionally gradient inner layer and dense outer layer, SiC
coating on graphite.

In the article [11] researchers had investigated the fabrication of silicon carbide (SiC) coatings from
pyrolysis of polycarbosilane/aluminum. So, the SiC coatings were fabricated by the pyrolysis of polycarbosilane
(PCS)/aluminum, in which PCS acts as preceramic precursor of SiC and aluminum (Al) powder acts as an active
filler to both compensate the volume shrinkage of SiC coatings during pyrolysis and enhance the adhesion of SiC
coatings with Ferroalloy substrate. SiC coatings as thick as ~35 Im without cracking can be fabricated through our
approach. Microstructural analysis revealed that the SiC coatings were composed of a-Al203 and -SiC. Hardness
and modulus of the SiC coatings as measured by nano-indentation were 12.2 + 4.0 and 153.7 + 47.0 GPa,
respectively

Scientists publishing paper [12] have been studying high-performance Ni-SiC coatings fabricated by flash
heating. In this research, a novel flash heating coating application technique was utilized to create Ni-SiC coatings
on carbon steel substrates with SiC contents much higher than is achievable using certain conventional coating
techniques. Hardness profiles showed that the coatings improved the substrate by as much as 121%, without
affecting the substrate. Tribotests showed that the wear performance was improved by as much as 4.7 times in
terms of the wear rate (mm3/N*m) for the same coating when using an Al,O3 counterpart. Pure SiC coatings as a
reference were also fabricated. However, the SiC coatings experienced elemental diffusion of Fe from the carbon
steel substrate into the coating during fabrication. This occurred due to the increased heat input required for pure
SiC to fuse to the substrate compared to the Ni-SiC coatings and resulted in decreased tribological performance.
Diffusion of Fe into the coating weakened the coating’s hardness and reduced the resistance to wear. It was
concluded that ceramic—metallic composite coatings can successfully be fabricated utilizing this novel flash
heating technique to improve the wear resistance of ceramic counterparts.

The research [13] is about the wear characterization and microstructure evaluation of silicon carbide based
nano composite coating using plasma spraying. So there thin films of various thickness of SiC — Al,0; composite
is deposited on aluminum alloy 6061 using Plasma spraying process. Wear tests on pin-on-disc tester is conducted
to compare the wear characteristics of uncoated and coated samples. The micro hardness tests of coated samples
and uncoated samples are compared. The microstructure characterization of the Nano-coated films using Scanning
Electron Microscope (SEM) of the samples is studied. The results and studies clearly depicts that the major
variations in coating performance can be obtained by exploiting proper plasma spray conditions and optimum
percentage of SiC — Al,03 in composite coatings.

In the paper [14] researchers have discovered the tribological behavior of thermally sprayed silicon
carbide coatings. SiC coatings have been successfully deposited using thermal spray detonation technique with a
newly patented feedstock. Their tribological performance was compared to bulk SiC for dry and lubricated
conditions (polyalphaolefin and 3.5 wt% NaCl solution).The lowest coefficient of friction (CoF=0.10) and wear-
rate were detected with polyalphaolefin lubricant regardless of the test pair due to mixed fluid film lubrication.
Contradicting results were recorded under other test conditions. The coatings show low CoF of 0.20 in comparison
to four times higher CoF of bulk SiC under dry sliding. Oppositely, SiC coatings in NaCl solution record five
times higher CoF compared to bulk SiC CoF of 0.20. Such behavior is associated with tribochemical reaction and
tribo-corrosion mechanisms occurring in dry and NaCl sliding, respectively.

Scientists publishing paper [15] have been studying the properties features of nanostructured silicon
carbide films and coatings, acquired by new method. There the new method of nanostructured silicon carbide films
and coatings acquisition, which structure can be changed depending on the application industry, had been
developed. Acquired films and coatings are suitable for use in metallurgy, nuclear power industry,
microelectronics and in high-temperature stoves. The nanostructures coatings were acquired from the silicon
vapors and gaseous carbon under high temperatures, and changing the supply speed, pressure and temperature the
grains sizes of silicon carbide in coating can also be changed. Some improved properties of acquired coatings had
been revealed.

So, as it can be already seen, the great worldwide interest to silicon carbide coatings in different application
areas is continuously growing and any research is worthy to promote the scientific progress.

Research aim
Scientific development of nanoscaled composition coatings for crank shaft journal of internal combustion

engines.
Originating from the aim of article paper the following tasks of research were preset:
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1. Simulating the friction conditions similar to crank shaft journals of internal combustion engine without
lubricant.

2. Nanoscaled coatings wear testing and their friction surfaces research.

3. Modeling the wear rate and friction factor of the nanoscaled silicon carbide coatings in the preset ranges
of factors.

Research methodology

For study of interactions between properties of coatings with their phase composition and structure, and
also an external factors influence the choice of research methods has the great importance. The receiving of reliable
results of research in this work is provided by modern equipment and devices, approved methodologies, necessary
productivity of experiments, by careful treatment of specimens before and after the experiment, strict adherence
of order of experiment.

For receiving a charge of silicon carbide ceramics with aluminum oxide admixtures, the starting powders
were used: silicon carbide grade 64C (I'OCT 26 327-84) with an average size of 45-55 pum, aluminum oxide (TY
6-09-03-350-73) with particles of average size 45 -50 microns.

The chemical content of the initial powders and possible admixtures is given in Table 1.

Table 1
Results of analysis of initial powders in masses. %

Powder name | Al Si |Mg| Fe [ Ni| Cr |Ti| Ca |Zr| Ag | Cu
SiC 10°% |maj. [10* |10% | - - - |10% | - - -
Al;O3 maj. | - 10 |>0,1 |>1 |0,01 | - - - |10* |10

The common procedure for the formation of composite materials from the initial powders is their mutual
mixing and grinding.

For acquisition of SiC-based coating the batch mixture charge with 50% Al,O3 additive, and the powders
components in the appropriate proportions were mixed with simultaneously grinded for 32 hours in the laboratory
planetary mill Sand-1 in an alcohol (ethanol) medium in order to avoid particles agglutination.

In this case, the table rotational speed was 648 rpm, the drum vessels rotation speed was 1620 rpm
throughout 32 hours. To prepare the charge, the steel vessels of 340 cm® volume and steel grinding bodies (balls)
made of steel of IIIX15 with a diameter of 10-15 mm were used.

The ratio of the batch mixture charge mass to the grinding bodies (balls) mass is 1: 3. After grinding, the
batch mixture charge was dried and sifted to avoid lumps and clods. The granulometric composition of the resulting
mixtures after milling was determined in aqueous media on a laser microanalyzer "SK Lazer Micron Sizer PRO
7000" and average particle size makes about 2,1 micrometers. Content and size of nanoscaled particles have not
been determined in any technique.

Coatings in the work were deposited by the detonation method on the installation “Dnepr-3M” detonation-
gas installation is intended for coating made of metal powders, hard alloys, ceramics and composite materials on
the surfaces of machine parts, devices, apparatuses and tools during their manufacture, as well as reconditioning.
On the barrel of detonation installation the magnet coil of the reverse polarity current was fed in it. Thus the iron
millings had retardated the microsized particles, but not nanosized. The coating thickness varied about 60
micrometers after about 120 shots of detonation installation barrel (so approximately 0,5 micrometer per shot) [3]
comparing with the microstructural coating 200 micrometers per 30 shots (so approximately 5 micrometer per
shot) [1-2]. So the about 90% of batch mixture charge was wasted, what allows making the conclusion the amount
of nanosized particles was about ~10% (overwhelming majority of nanoscaled particles is SiC) The content of the
nanoparticles is about 85% of SiC, 10% of Al,O3 and 5% of Fe,C. No metallic particles were detected in the
coating content. Coating thickness was about 50-60 micrometers. Within the 40 000 electronic zoom [3] the
particles of 70,9, 115,2, 76,5, 54,0, 50,5, 65,6, 82,9 and 73,0 nanometers are acquired

For research of structure and phase composition of the structure and phase content of coating on the basis
(SiC-Al;0s3), and also their friction surfaces was conducted by SEM microscopy and micro X-ray spectral analyses,
X-ray-phase (JJPOH-2.0 in Cuy, -radiation).

Composite coatings (charge of SiC-Al,O3 after 32 hours milling deposited by detonation through the
reverse magnet) were testes on the friction test machine MT-89 of Institute for Problems of Materials Science
under the loads from 0.2 to 15 MPa and under the friction speeds from 0.2 to 20 m/sec. Friction layout is “pin-on-
shaft” without lubricants. The coating has been deposited on the pin surface.

Research results and discussion
Modeling of the wear resistance process of the composition coatings for crankshaft journal of internal

combustion engines has demonstrated the following results. The range of factors was divided on the three levels
of change (table.2.)
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Table 2
Conditions of research of wear resistance of nanocomposite coatings in conditions of high load wear
Factors Load Xy, P, [MPa] Speed Xy, V, [m/s]
Top level (+1) 15 20
Lower level (-1) 0,2 0,2
Basic level (0) 7,5 10
Variable interval (J) 7,5 10

The experimental results of wear rate (micrometers/kilometer) and friction factor (unitless) were recorded

to relevant factors in the model matrix (table 3.)

Table 3
Central noncomposite rotatable matrix of the 2nd order for number of factors K = 2
Experimental data on proper| Model-estimated data on
Ne of Factors
. factor level proper factor level
experiment
Xo | X | Xo | XXz | X2 | X2 Y1 Y, Y1 Y,
1 111 1 1 1 1 14,1 0,25 48,29 0,40
2 111 ]-1 -1 1 1 0,9 0,19 2,73 0,20
3 1111 -1 1 1 19,3 0,31 57,73 0,57
4 1 ]1-1]-1 1 1 1 13 0,24 9,29 0,37
5 1171 1]0 0 1 0 10,1 0,22 24,20 0,23
6 110 1 0 0 1 16,8 0,28 50,11 0,42
7 1 1-1]|0 0 1 0 12,5 0,28 32,20 0,40
8 1101 0 0 1 1 0,21 3,11 0,22
9 1100 0 0 0 10,3 0,25 10,30 0,25

Response function of experimental data for modeling: Y is linear wear rate (I, pm/km). Y3 is a friction

factor.

The function of response in the factor space has the mathematic expression: Y = Bg + B1X1 + BoXz +

B1oX1 X2 + B11Xi? + B2oXp?

Finally, when the coefficients B were calculated and after their statistical significance check. the models,
obtained after rotatable planning of the second power order, have the mathematic expression:

For wear rate Y1 (fig 1.): Y1=10,3-4X1+23,5X5-0,72X1X,+2,896X12+1,312X,2.

For friction factor Y2 (fig 2.): Y2=0,25-0,085X1+0,1X>-0,0015X1X»+0,0697X12+0,0664X,2.

According to the data, two-dimensional graphic dependencies were plotted (fig. 1. and 2.). Thus, an analysis
of the effect of all two factors both the load and friction speed to wear rate and friction factor are held.

Coating Wear Rate

Load, P, MPa

) 3
— 9 6 Speed, V, m/s
12

15

[ 55-60

W 50-55

I, (mcm/Km)

W45-50

m40-45

W35-40

W30-35

m25-30

m20-25

m15-20

m10-15

B5-10

m0-5

Fig. 1. Diagram of wear rate modeling of nanoscaled coating from friction speed and contact load



Problems of Tribology 11

The developed model allows to comprehensively and visually estimating the influence of factors on the
desired function of the response, to carry out optimization measures and mathematical processing of regression
dependence, like a derivation and the precise optimum detection.

Friction Factor [0,55-0,6
m0,5-0,55
B0,45-0,5
50,4-045
=0,35-0,4
B0,3-035
0,25-0,3
m0,2-025
m0,15-0,2
m0,1-0,15
m0,05-0,1
m0-0,05

\ T

Speed, V, m/s 127 . 0
hS T
s 12 8 Load, P, MPa

Fig. 2. Diagram of friction factor modeling of nanoscaled coating from friction speed and contact load.

The optimum friction modes of the nanoscaled particles coating is the following. The minimal wear of
the coating is 2,18 micrometers per kilometer path under the modes: speed 12,5 m/s and load 0,2 MPa, and the
minimal friction factor is 0,188536 for the load 12,5 m/s and load 17,5 MPa. It is about sparing run-in process, but
the working modes of the coating 20 MPs and 15 m/s the wear rate of the coating will be 48,288 micrometers per
kilometer and the friction factor will be 0.3996. Totally the nanoscaled coating will work in the antifriction mode
S0 as the friction factor will be less than 0,4.

Wear mechanisms of the nanoscaled coatings for crankshaft journal of internal combustion engine were
researched using the scanning electronic microscopy (SEM) images.

The tests were carried out at sliding speeds of 0,2-15 m/s and loads of 0,2-25 MPa, which simulates the
work of the contact area of the “crank shaft journal-insert” elements of medium load intensity. As a counterbody:
steel X16H4 (HRC 60-64) was used, since it is the material of the ICE crank shaft journal inserts. For the
explanation of the results of the friction and detection of wear mechanism let’s consider the friction surfaces of
the coating investigated on the microscope. For the convenience of comparison let’s consider the initial surfaces
(fig. 3.). So the initial view of the friction surfaces are about the presence of even, uniform and similar grain
structure under the 10000 and 20000 electron zoom (excepting some pits between the elements of the structure).

NONE SE 250kvV  X10,000 WD 23 n m N SEI 250KV X20,000 WD 23

Fig. 3. SEM-images of the Initial Surfaces of the Nanoscaled Detonation Coatings: a) 10 000 zoom; b) 20 000 zoom.

After application of small loads the compacting of the friction surface is observed unlike a rough surface
of initial surfaces [3]. And even creation of the some friction lines are detected on the friction surfaces those are
not detected under the light optical observation under the magnifying lens (fig. 4.).
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SEI 250kV  X10,000 WD 236mm

NONE SEI 250kV X10,000 WD 239mm 1pm 1um
a) b)
Fig. 4. SEM-images of the Friction Surfaces of the Nanoscaled Detonation Coatings under the 0,2 MPa load (15 m/s)
10 000 zoom: a) 1 stripe area; b) 2 stripe area.

So the analysis of the fig. 4. is about the formation of the compact friction surface and even some friction
lines are seen on the surface. So as the surface roughness was satisfactorily, the single wear stripes were created
due to formation of the big wear products and those are scaring the surface deeply. Son under the smallest friction
load the compaction of the friction surface was noticed and surfaces do not have the pores and cavities the initial
surfaces have.

When increasing the load to 20 MPa on the friction bench MT-89 on the scanning microscope images
(fig. 5.) the even uniform wear was detected of value 19,3 micrometer per kilometer. So well friction stripes were
observed on the friction surfaces. The wear process was liked a burn out from the MT-89 test specimens.

NONE SEN

a) b)
Fig. 5. SEM-images of Sliding Friction Surfaces of the Coatings Developed (10 000 zoom): a) under 0,2 MPa load; b)
under 20 MPa load

SEI 10.0kV X10,000 WI

250KV X10000 WD 23.6mm

The chemical content made by microscope X-ray analyzer of the top surface layer was of the following
oxides: SiOy, Al;O3, FeO and Fe,Os and pure iron was detected as well, what was proven by X-ray phase analysis.
So the wear mechanism is close to oxidative one.

Conclusions

Using the gas detonation deposition from the batch mixture which contains the silicon carbide and
aluminum oxide particles, which have particle of iron sized from 250-400 nm, on the direct polarity the fine grained
microstructure is acquired and on the reverse polarity the nanostructure the particles of 70,9, 115,2, 76,5, 54,0,
50,5, 65,6, 82,9 and 73,0 nanometers [3] had been acquired.

Under the friction modes the nanoscaled particles coating compacting and formation of an integral
protection layer had been detected using the scanning electron microscopy and low wear rate and friction factors
were detected and acquired.

As a result of the mathematical modeling of the experimental data obtained by the polynomial regression
dependence of the 2nd order for 2 factors, taking into account all experimental data, it was established the optimum
for these coatings use. The optimum friction modes of the nanoscaled particles coating is the following. The
minimal wear of the coating is 2,18 micrometers per kilometer path under the modes: speed 12,5 m/s and load 0,2
MPa, and the minimal friction factor is 0,188536 for the load 12,5 m/s and load 17,5 MPa. It is about sparing run-
in process, but the working modes of the coating 20 MPs and 15 m/s the wear rate of the coating will be 48,288
micrometers per kilometer and the friction factor will be 0.3996. Totally the nanoscaled coating will work in the
antifriction mode so as the friction factor will be less than 0,4.
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A. T'. Josraas, JI. b. Ilpuiimak, B. B. Baproxno. [lociimkeHHs Ta OBO(MAKTOpPHE MOJEIIOBAHHS
3HOCOCTIMKOCTI HAHOPO3MIPHHUX KapOiTOKPEMHIEBUX JIETOHAIHHNX TIOKPUTTIB

Le nocmimkeHHs TMOB'A3aHe 3 Taly3siMH, BUMNPOOYBaHHS 3HOCOCTIMKMX MOKPHUTTIB. SIC MOKPHTTS
HAHOCHJIOCS JIeTOHALiHUM METOJOM Ha CEepeIHBbOBYIVICLIEBY CTallb, BUKOPHCTOBYIOUH 3BOPOTHIM MarHiTHHI
MOTIK KOTYIIKH. BcTaHOBNIEHO, IO TITBKK HAHOPO3MipHI YaCTHHKH 0CAKYIOTHCS Ha TIOBEPXHI Ta HAKOIHMYYIOTHCS
B arperarax pi3zHoi popmu. CTpyKTypa 0ep>KaHOTO MMOKPUTTSI IILIIKOM JOCTIKeHA Ha eJIEKTPOHHOMY MiKpPOCKOITi
B ToTiepeHii myOmikamii. OpepikaHe TOKPUTTS pO3po0IIeHe U BUIIPOOYBAaHHS HA MAIIWHI TEPT, 0 MOJIEITIOE
MPOIIeC TEPTS, SIKMH Ma€ Miclie y KOPIHHUX 1 MIATYHHUX MIMHKaX ABUTYHIB BHYTPIOIHBOTO 3TOpsHHS. [IOKpHTTS
Ma€ TaKOXX BIIACTHBOCTI 3axXWCTy Big Koposii. Hamopo3mipHe mOKpWUTTS Ha M'SIKiii ByrjemeBid crami, Oymio
BUIPOOYBAHO 3TiJJHO 3 KOHKPETH30BAaHUMH YMOBaMH Ta iX MOBEPXHI TepTs OyJM JOCHTIIPKEHI Ha €IEKTPOHHOMY
MIKpOCKOII 3 METOI0 BH3HAUCHHS MEXaHi3My 3HOLIyBaHHs. byno mpoBeneHo IBO(AKTOpPHE MOIEITIOBAHHS
IHTEHCHBHOCTI 3HOLTYBaHHs 1 KoedilieHTa TepTs Ta Oyyiu nmoOyaoBaHi 1 MpoaHani3oBaHUil JBOBUMIpHI rpadiky.

KoarouoBi cioBa: 3HOC, 3HOCOCTIHMKICTh, KOEQIi€HT TepTs, HAHOPO3MIpPHE IOKPHUTTS, IETOHAamlilHe
HaHECEHH:I, MarHiTHOMO 11 (ikoBaHE HAHECEHHS. Hsl, MAKCUMaJbHI TOTUYHI HANPy>KEHHS, MiIKPOT€OMETPis, TePTs
CIIOKOIO.
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Abstract

A comprehensive methodology has been developed to assess the rheological and tribotechnical properties
to establish the impact of the lubricant in dynamic lubrication conditions. The results of the research indirectly
affect the fatigue life of bearing units under conditions of rolling friction.

Key words: Point contact zone, fatigue life, bearing units, elastohydrodynamic (EHD) lubrication,
lubricant material (lubricant), rheological and tribotechnical properties, rolling friction.

Introduction

Although lubrication is necessary for the satisfactory operation of rolling bearings, the effect of lubricant
on the fatigue life of the bearing has not been sufficiently studied. In recent times, the theory of
elastohydrodynamic (EHD) lubrication [1] has been used to explain the different effects of lubricants. According
to this theory, the thickness of the lubricating layer separating the moving elements of the bearing is determined
by the viscosity-pressure dependence of the lubricant. The contact of surface micron irregularities does not occur
if it is possible to maintain a sufficient thickness of the lubricating layer - in this case, the long-term durability of
the bearing is ensured. If the film thickness is reduced to a level where surface irregularities are encountered, the
fatigue life rapidly decreases with increasing contact frequency. In any case, a comprehensive calculation
methodology is needed that would allow to take into account the influence of lubricant on the fatigue life of bearing
units.

The purpose of the work

To develop a comprehensive methodology for assessing the influence of lubricant on rheological and
tribotechnical properties under rolling friction conditions for bearing units.

Technique for researching the properties of coatings for the influence of lubricant material.

For modern multigrade transmission, aviation and motor-transmission oils, it is necessary to evaluate the
dynamic viscosity on a rotational viscometer in order to approximate the real operating conditions of various
bearing units - namely, at high shear rates to ensure mechanical stability and film strength under high contact
pressure, maximum contact and sub-surface tangential stresses and deformations, which is the cause of fatigue
wear of the ball and sections of the friction paths of the bearing cage.

Of great importance for the technology of lubrication of heavily loaded parts of tribomechanical systems
are the conditions of formation of an elastohydrodynamic (EGD) lubricating layer in a local (point) friction contact,
under which pressure significantly affects the viscosity of the lubricant, as well as the deformation of the contacting
bodies (film shape). The viscosity of compressible fluids increases with increasing pressure. The relatively low
compressibility of mineral and synthetic oils leads to a significant increase in viscosity at high pressures.

Copyright © 2023 A. Milanenko, A. Savchuk, Y. Turitsa. This is an open access article distributed under the Creative Commons
@I}. Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
[ properly cited.
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Consequently, at points subjected to high load, the effective viscosity becomes higher than the nominal
viscosity of oils at equal temperatures. At the same time, an increase in temperature under such conditions leads
to a decrease in the effect of viscosity increase with increasing pressure. Also very important is the influence of
the rheological behavior of the oil, which is observed, for example, when the dynamic viscosity increases with
respect to atmospheric pressure and temperature at the entrance to the contact, which leads to an increased effect
on the change in viscosity with increasing pressure and temperature.

This special (non-Newtonian) rheological behavior of the oil with increasing pressure and temperature leads
to a strong dilution of the structural viscosity of the oil due to the addition of polymeric viscosity modifiers to the
base base to extend the viscosity-temperature range of operation, which, when the temperature changes,
shrink/expand, bringing the characteristics of the base bases to the required values. At high shear rates, polymers
line up in the direction of flow and shrink, resulting in oil thinning. In addition, some polymers at high shear rate,
on the contrary, thicken (expand their volume), and the fluidity characteristics of such fluids somewhat lose
linearity depending on temperature.

Taking care of this problem, it was necessary to develop a methodology for calculating rheological and
tribotechnical characteristics, simulating real operating conditions for various bearing units.

As oils, were investigated: two multigrade gear oils with different viscosity classes SAE 75W-90 and SAE
80W-90 (manufactured by KSM PROTEC), respectively, which are used for most friction units of the transmission
of passenger cars, trucks and agricultural machinery; aviation oil MS-8p (MS-8pn, manufactured by ZTM
"ARIAN") for lubrication of friction bearing units of gas pumping units based on aviation GTD and universal
motor-transmission oil MT-8p (EMT-8, manufactured by ZTM "ARIAN") for lubrication of friction units of
auxiliary internal combustion engine (up to 35 hp) and transmissions of military vehicles. s.) and transmissions of
military and agricultural tracked vehicles.

Dynamic viscosity (1) is a measure of the resistance to fluid flow or deformation. The dynamic viscosity
of an oil (n) at temperature (t) is calculated from the kinematic viscosity using the following formula:

n=vp, @)

where v is the kinematic viscosity, mm?/s.
p is the oil density at the same temperature at which the kinematic viscosity v was determined, g/sm?;

From the point of view of the rheological characteristics of the oils under study, a more universal definition
of dynamic viscosity should be used, which would be equally suitable for Newtonian and non-Newtonian oils. For
this purpose, the dynamic viscosity is defined as the ratio of shear stress (1) and shear rate (D):

T

Mo =7 2

Measurement of dynamic viscosity (1) at atmospheric pressure and temperature at the contact inlet is
carried out by means of a rotational viscometer (Fig. 1) using a coaxial-cylindrical measuring device (Fig. 2).

When determining the dynamic viscosity, rotational viscometers have the advantage that they allow to
measure Vviscosity as a function of time at high shear rate up to 108 s* and to determine the presence of hysteresis
of elastic-viscous properties.

Fig. 1. General view of the rotational viscometer REOTEST 2.1. Fig. 2. Scheme of the coaxial-cylindrical
system REOTEST 2.1.

Shear stress (1) and shear rate (D) are determined according to the following relations:

- Shear stress (1):
M .
TS ©
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- Shear rate (D):

_ 2-w-R?,

D=t @

To determine the dynamic viscosity as a function of pressure, the exponential law [1] of the viscosity-
pressure relationship described by the Barus dependence is used:

n = noe”, 5)

where 1 is the viscosity at pressure P; no is the viscosity at the contact inlet at P = 0; a is the coefficient of
dependence of viscosity on pressure (piezo-viscosity coefficient).

The piezo-viscosity coefficient (o) [2] characterizes the effective viscosity with changing pressure and
temperature and is determined by the following equation:

a_PzA‘[(T—138)_50.BZ_1], (6)

To—138

where 4 = In(0)+9,67 — rheological constant for the oil under study;

B=1 +5,1'10-9'Pmax, Pa,'

no— dynamic viscosity at Pmax = 0, Pa's;

Pmax— maximum Hertzian pressure, Pa;

To — atmospheric temperature, 293 K (20°C);

Z = 0,67 — a constant that depends on the pressure Prmay;

Sp - a constant that depends on temperature (T) and can be found by the following relation:

B-(To—138)
5p = 2010 (7)

where 8 — thermal viscosity coefficient.

In the conditions of EGD lubrication mode, the time of passage of the lubricant through the contact zone is
very short, and the process is accompanied by large changes in pressure, temperature, stress and shear rate
gradients. Under this friction regime, even lubricants of mineral origin, which are traditionally considered
Newtonian, can show deviations from this model.

Non-Newtonian fluid is characterized by the fact that the shear stress between the layers is not directly
proportional to the shear rate. It can also be characterized by a shear stress and depend, in addition to the velocity
gradient in the oil flow, on temperature, pressure, etc.

The rheological behavior of oils depends to a large extent on the frequency of loading, because at short-
term but high-frequency loads, corresponding, for example, to rolling bearings, the oil measured in the pressure
zone does not have time to relax and acquire the input properties. Therefore, at excessive pressure and shear rate,
the influence of viscoelasticity (rheology) on the thickness of the lubricating layer is noticeable. Non-Newtonian
properties, which change the value of normal and tangential stresses, significantly affect the friction force and the
thickness of the lubricating layer.

Thus, there are cases when some oils, which under normal conditions act according to the laws of
Newtonian fluid, in some cases, in particular under high-speed, high-load and high-temperature conditions, can
behave as non-Newtonian fluids, distorting the results obtained theoretically. At the same time, the minimum and
central thickness of the lubricating layers between the friction surfaces of the bearing units change significantly.

The main characteristic of the point contact - the central thickness of the lubricating layer (Ho) - can be
generalized as a function of the change of three dimensionless parameters of speed (U), load (W) and material
properties (G), which can be written in the following form for the point (circular) friction contact [2]:

H =349. U0,75 . W—0,206 . 60’426 (8)
o U .
The dimensionless parameters in the above formula are defined as follows:
1. Dimensionless film thickness in the central contact area:
Hy = —. ©)

2. Dimensionless velocity parameter:

(10)
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3. Dimensionless load parameter:

4. Dimensionless parameter of materials:

Results of calculations for the influence of lubricant materials

Table 1 shows the input data and formulas for calculations:

F
W=_——. (11)
G=a-E'. (12)
Table 1

The input data and formulas for calculations.

Modulus of elasticity of steel

The reduced radius of curvature

E1=2,07-10" Pa R=6,35103m

Modulus of elasticity of glass Rolling velosity

E>2=0,757-10** Pa V=12m/s

Poisson's ratio of steel Temperature at the contact inlet
v1=0,3 T=293K

Poisson's ratio of glass Operating temperature in contact
02=0,25 T = 343K

Reduced modulus of elasticity
E' =——=1,19186- 10!, Pq

1—v%+1—v%
Eq Ez

Thermal viscosity coefficient, f:
B (MS-8p) =0,027;

B (SAE 75W-90) = 0,030;

S (MT-8p) = 0,030;

B (SAE 80W-90) = 0,045.

Dynamic viscosity in atmospheric conditions at
the entrance to the contact, 7o, Pa-s:

1o (MS-8p) = 0,185;

no (SAE 75W-90) = 0,244;

no (MT-8p) = 0,264;

o (SAE 80W-90) = 0,478.

Dynamic viscosity n depending on pressure and temperature is

calculated by formula (5).

The piezo-viscosity coefficient a is calculated by formula (6).

Calculations of the change in dynamic viscosity n/no with pressure and temperature (rheological properties)
and the change in the central thickness ho of the lubricating layer with pressure and temperature (tribotechnical
properties) were made for two multigrade gear oils with different viscosity classes SAE 75W-90 and SAE 80W-
90, respectively, aviation oil MS-8p and universal motor-transmission oil MT-8p, and the corresponding results

are presented graphically (Fig. 3 - 4).
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Conclusions

A complex method of calculation of the influence of rheological and tribotechnical properties of the lubricant
with increasing maximum pressure, taking into account the temperature in the point contact zone, which indirectly
expresses the fatigue life of bearing units under EGD lubrication conditions, is presented.
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Minanenko O., CaBuyk A., Typuus FO. BrumB MacTHIEHOTO MaTepiary B 30HI TOYKOBOTO KOHTaKTy Ha
BTOMHY JIOBI'OBIYHICTh B YMOBaX TEpPTsI KOUEHHS JJISI MIAMIMITHUKOBHUX BY3JIiB TEPTSI.

[pesncTaBneHa KOMIUIEKCHA METOJIMKA PO3PAXyHKY BIUIMBY PEOJIOTIUHHX i TPHOOTEXHIYHHUX BIACTHBOCTEH
MacTHJILHOTO Marepiaiy MnpH 301IbIICHHI MaKCUMAJILHOTO THCKY 3 ypaxyBaHHSM TEMIIEPaTypy B 30HI TOYKOBOI'O
KOHTAKTY, 1110 OMOCEPEIKOBAHO BUPAXKA€ BTOMHY JOBIOBIYHICTH MiIIIMITHUKOBHX BY3JiB B ymoBax EI'J] maieHHs.
BcraHoBieHo, 1o Juisi HaiOUIbII BHCOKOB’s3K0i TpaHcMiciitHoi onmBu SAE 80W-90 xapakrepHa HaiimeHIa
3aJIeXKHICTh AWHAMIYHOI B’SI3KOCTI BiJl MAKCUMaJIbHOTO THUCKY, 3 YpaxyBaHHs TOTO, IO JiaHa TPaHCMiciliHa oJMBa
CTBOPIOE OUIBIIT TOBIIMHMA MACTHJIBHOTO INApy, IO MIiATBEP/KYE HAIIl MPUIYIIEHHS OpO Te, 10 JUIs
BHCOKOHABAHTA)KCHUX TPAHCMICiH TOTPiOHO BUKOPUCTOBYBATH TPAHCMICIHHI ONMBH OUTBINOT B SI3KOCTI.

HexapakTepni Kpamii peoJOTidHI BJIACTUBOCTI (HalMEHIIA 3aJieXHICTh JUHAMIYHOT B’A3KOCTI BiA
MaKCHMaJIbHOTO THCKY TIPH IIEBHIH TeMIeparypi B 30HI KOHTAKTy) HalO1IbII BUCOKOB SI3KO01 TPAHCMICIHHOT OJIMBH
SAE 80W-90 minrBepKylOTh YSBIEHHS HpPO Te, 110, KPiM OOMEXEHOro BIUIMBY B’S3KOCTI OJMBH, BTOMHY
JIOBrOBIUHICTh BU3HAYAIOTH 1 i XIMIYHMH CKJIaJ] OJIMBH, 110 00YMOBIIIOE CEJIEKTUBHI XIMIUHI peakiii Mi>k OKpEMUMH
KOMITOHEHTaMH (TTI0BEPXHEBO-aKTHBHUMH PEYOBHHAMH) OJIMBH Ta METAIIYHUMH TTOBEPXHIMH.

KarouoBi cioBa: ToukoBHi KOHTAKT TepTs, BTOMHA JIOBTOBIYHICTH, MiJIIMITHAKA KOYCHHSI,
enactorinpoanHamivne (EI'Jl) mamieHHs, MacTHIBHIHM MaTepiall, peosoTiuHi i TpPHOOTEXHIUHI BIACTUBOCTI, TEPTA
KOYEHHS.
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Abstract

The paper shows the prospects of nitriding in a cyclically switched discharge, the classification of nitriding
processes in a glow discharge according to the criteria of the characteristics of the power source is given. A
comparison of the advantages and disadvantages of nitriding processes with constant and cyclically switched
discharge is given.From a theoretical point of view, the process of nitriding in a cyclically switched glow discharge
is considered based on the concept of an energy model. In accordance with this model, tasks for further theoretical
and experimental research are formulated. It is shown that the process of surface modification in a cyclically
switched discharge opens up new possibilities associated with variants of the CSD itself, which is characterized
by: frequency, period and pulse shape. The implementation of the process of adjusting the switching frequency,
pitch - the ratio of the cycle period to the duration of the signal, and the shape of the signal itself opens up wide
opportunities to significantly influence the results of surface treatment.

The influence of the shape of the discharge power signal on the kinetics of the nitriding process and its
results opens up wide opportunities for studying the process itself. The presence of surges at the beginning and at
the end of the cycles can, in principle, significantly affect both the nature of the nitriding process itself and the
structure and phase composition of the modified surface layer, since short-term and sufficiently powerful voltage
surges should lead to intensive surface sputtering. The destruction of the monolayer of nitrides, which has just
formed on the surface, will contribute to the increase of the depth of the nitrided layer due to the diffusion of
nitrogen particles, as well as to a certain extent leveling off the blocking effect of the surface nitride layers.

Keywords: nitriding, glow discharge, cyclic switching, discharge power, waveform, nitride layer depth
Introduction

Nitriding in a glow discharge with constant or conditionally constant power is traditionally used as one of
the effective methods of surface modification of metals. For this method of strengthening metal surfaces and alloys,
both the main theoretical provisions and practical recommendations for its application have been established [1-
3]

Nitriding in a cyclically switched (intermittent) glow discharge (CSD) opens up fundamentally new
possibilities both theoretically and technologically. First of all, this concerns a significant simplification of the
principles of the formation of the cage, as well as the danger of the glow discharge turning into an arc. Despite the
obvious new possibilities opened up by the application of processes in a cyclically switched glow discharge,
theoretically this process has hardly been developed, which, of course, does not contribute to the use of all its
potential. A separate aspect in the theory of the nitriding process in a cyclically switched discharge is its
interpretation from the energy point of view, since in the end all elementary sub-processes are fundamentally
regulated by energy prerequisites. By creating certain energy parameters of the process, it is possible to stimulate
or, on the contrary, inhibition of the main competing components: formation of nitrides, diffusion of nitrogen into
the depth of the surface, sputtering of surface layers. The characteristics of tribological systems on the modified
surface of metals depend on the ratio of these components. In addition, the question of the adequacy of the
evaluation of the results of surface modification to the practical performance indicators of the modified products
is essential. The process is absolutely environmentally friendly. The principle of modification of the metal surface,
which is used in the researched process, provides the most favorable economic prerequisites compared to other

Copyright © 2023 M.S. Stechyshyn, O.V. Dykha, V.P. Oleksandrenko, N.M. Stechyshyna. This is an open access article distributed
@I}. under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
= provided the original work is properly cited.
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technologies similar in purpose, primarily due to extremely low energy costs. the ratio of these components
depends on the characteristics of tribological systems on the modified surface of metals. In addition, the question
of the adequacy of the evaluation of the results of surface modification to the practical performance indicators of
the modified products is essential. The process is absolutely environmentally friendly. The principle of
modification of the metal surface, which is used in the researched process, provides the most favorable economic
prerequisites compared to other technologies similar in purpose, primarily due to extremely low energy costs. the
ratio of these components depends on the characteristics of tribological systems on the modified surface of metals.
In addition, the question of the adequacy of the evaluation of the results of surface modification to the practical
performance indicators of the modified products is essential. The process is absolutely environmentally friendly.
The principle of modification of the metal surface, which is used in the researched process, provides the most
favorable economic prerequisites compared to other technologies similar in purpose, primarily due to extremely
low energy costs.

Classification of nitriding processes

The general systematization of surface modification processes using glow discharge qualifies them as
vacuum-diffusion gas discharge [2, 4, 5]. Most of the theoretical studies of the process refer to one of its possible
variants, where the power source is continuously loaded on the discharge chamber. However, in principle, other
power options are also possible, and in this case, certain technological advantages are achieved.

Vacuum-diffusion gas-discharge modification of the
surface of metals in a glow discharge

| Direct polarity (part -Ethode) | | Reverse p_olarity (detail — anode) |

I Power duration |
—| Continuous power supply | 4| Intermittent power supply |
4| Direct current | Regulated

—
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l
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I
I
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I
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|

LITTTT

Asymmetric shape

Fig. 1. Classification of nitriding processes in glow discharge according to the criterion of power source
characteristics

Consideration of nitriding in a glow discharge precisely according to the criterion of continuity of power
leads to the scheme shown in Fig. 1. In the vast majority of cases, nitriding installations in glow discharge were
formed according to the scheme of direct polarity (conventional name), in which the part is the cathode. In theory,
the doctrine prevailed, according to which nitriding of parts to which the positive pole of the power source is
attached (reverse polarity) is impossible [6]. However, later a number of studies were conducted, including
experimental ones, which proved that nitriding is possible even with such a feeding scheme. At the same time, it
is only important to provide a method other than cathodic bombardment to heat the parts to the temperature
regulated by the technological regime. This version of the process is especially effective when using an arc
discharge, when the current density is significantly higher compared to glow discharge [7]. In the future, the
nitriding method with reverse polarity, in the case of sufficient theoretical work, can be used as one of the really
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possible options, since it creates conditions for a relatively low energy of the incident flow in the area of nitride
formation energies. Thus, the low-energy spectrum of the incident flow may contribute to the growth of the activity
of nitride formation while reducing the intensity of their sputtering [8].

In chronological order, technologies with continuous power supply were introduced first. Such systems
are fundamentally simpler, and, most importantly, ensure the transfer of a greater amount of energy to the falling
flow and, accordingly, to the processed parts. In the complex, this contributes to a greater intensity of modification
and a shorter duration. Better stability of the discharge is observed when using ripple filters, but this complicates
power supply units and their cost, in addition, electricity costs increase [2].

In AC power supply units, there are options for completely or partially cutting off one of the phases (as a
rule, the positive one, if a process with direct polarity is used). Without such a cut-off, the heating of the anode, as
a rule, the walls of the chamber increases and the intensity of nitriding decreases. However, the latter can lead to
a softer regime of nitriding, in accordance with better indicators of plasticity of the modified layer. A certain
reduction of the negative influence of the positive phase on the nitriding process can be achieved by the asymmetry
of the voltage shape due to the displacement of its average value in the negative zone. In principle, the shape of
the voltage can be sinusoidal, rectangular or arbitrary up to its programmed change. It is obvious that the use of a
rectangular voltage form with other constant parameters provides a greater energy saturation of the incident flow,
accordingly, the regime is more rigid, but the processing time is shorter. The simplest is the option of using the
transformed voltage of the industrial frequency, because it eliminates the need to use rectifiers. High-frequency
current feeding is somewhat similar in principle (excluding the effect of the positive phase) to nitriding with
intermittent feeding.

Nitriding with constant feeding has a significant technological disadvantage. It consists in the increased
complexity of garden formation. This is primarily due to the fact that in all places where there are gaps larger than
0.5 mm, local burning of the discharge occurs, but already in the arc mode. This leads to local overheating of the
parts, and in some cases, to the impossibility of conducting the process, because an arc occurs when trying to
increase the voltage in such places. The need to take into account the mentioned circumstance complicates the
construction of hangers or tables that would ensure a tight base of parts on them. However, even when the condition
of a tight base of the part on the table is met, the presence of chamfers on the supporting surface of the parts also
causes a certain problem, since it together with the supporting surface of the table forms a wedge-shaped gap.
Another drawback, especially in comparison with gas furnace nitriding, there is a low efficiency of modification
of holes, especially of small diameter, with their relatively long length. From the theory of discharge with a hollow
cathode, it is known that the field strength in the hole is practically zero at a depth of more than two diameters [2].
The necessary results of nitriding of the holes can be achieved due to a significant increase in the duration of the
treatment, but in such a setting, all other advantages of nitriding in the glow discharge are negated, especially in
terms of duration, since in this case the process follows the scheme of ordinary furnace gas nitriding.

Nitrogenation in the CSD

In recent years, nitriding technologies in glow discharge with intermittent power supply - cyclically
switched discharge (CSD) - have been used in increasingly noticeable volumes. The main principle of the
formation of the CSD is that the duration of the signal in the cycle should not be longer than the time of the
transition of the glow discharge to the arc, and the pause should not be less than the extinguishing of the arc
discharge, if it even occurred. Under such conditions, there is practically no need for automatic arc discharge
cutting devices, or they can be used according to a scheme with an extremely simplified algorithm. The cage can
be formed in compliance with the requirements, which are no more complicated than in the case of ordinary furnace
nitriding. In other words, if we ignore the issue of uneven surface temperature distribution caused by mutual
heating from the adjacent part, then in the garden they can be placed practically in a heap or use any supporting
surfaces, hooks for hanging, etc. At the same time, existing local surface exceptions, gaps, etc., play almost no
negative role. It has been experimentally established that, using CSD, it is possible to nitride small-diameter holes
with a relatively significant depth [9, 10]. However, since the energy transfer to the falling flow takes place only
in part of the cycle, the efficiency of nitriding is lower, and in some cases the actual nitriding phase is two or even
more times longer than with continuous nitriding [11]. By the way, with regard to the terminology used in this
work, it should be noted that it is fundamentally incorrect, since we deal with voltage pulsations all the time even
during normal nitriding, especially in cases where filters are not used.

Intermittent power supply with the help of CSD is characterized in terms of classification by several
characteristics: frequency or period and pulse shape. It would be optimal to be able to adjust the switching
frequency, since it, together with the ability to change the frequency - the ratio of the cycle period to the duration
of the signal - will have the most significant effect on the processing results. The option using a high-frequency
field allows the use of standard power generators (provided that the positive phase is cut off), although there are
problems with the shielding of the installation elements to prevent the occurrence of radio interference. If sources
are used that allow adjusting the gap, then in principle it is possible to implement both continuous and intermittent
power supply options in one installation. Such versatility allows you to optimally use the potential possibilities of
the process, because in the presence of complications related to the shape of the parts (local exceptions, holes,
etc.), you can use CSD, while the period of the actual nitriding phase will increase. If the shape of the part is not
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complicated. then it is advisable to switch to a more productive continuous power supply method. A similar choice
can be made when there is a need to apply less rigid technological regimes. With regard to the shape of the pulse,
this question should first of all be considered as an object of theoretical studies of the formation of the energy
spectrum of the falling flow under alternating voltage, both in the phase of voltage increase and its decrease. A
certain role, perhaps in this sense, can be played by tension fronts. parts related to the shape (local exceptions,
holes, etc.) can be used by CSD, while the period of the actual nitriding phase will increase. If the shape of the
part is not complicated. then it is advisable to switch to a more productive continuous power supply method. A
similar choice can be made when there is a need to apply less rigid technological regimes. With regard to the shape
of the pulse, this question should first of all be considered as an object of theoretical studies of the formation of
the energy spectrum of the falling flow under alternating voltage, both in the phase of voltage increase and its
decrease. A certain role, perhaps in this sense, can be played by tension fronts. parts related to the shape (local
exceptions, holes, etc.) can be used by CSD, while the period of the actual nitriding phase will increase. If the
shape of the part is not complicated. then it is advisable to switch to a more productive continuous power supply
method. A similar choice can be made when there is a need to apply less rigid technological regimes. With regard
to the shape of the pulse, this question should first of all be considered as an object of theoretical studies of the
formation of the energy spectrum of the falling flow under alternating voltage, both in the phase of voltage increase
and its decrease. A certain role, perhaps in this sense, can be played by tension fronts. A similar choice can be
made when there is a need to apply less rigid technological regimes. With regard to the shape of the pulse, this
question should first of all be considered as an object of theoretical studies of the formation of the energy spectrum
of the falling flow under alternating voltage, both in the phase of voltage increase and its decrease. A certain role,
perhaps in this sense, can be played by tension fronts. A similar choice can be made when there is a need to apply
less rigid technological regimes. With regard to the shape of the pulse, this question should first of all be considered
as an object of theoretical studies of the formation of the energy spectrum of the falling flow under alternating
voltage, both in the phase of voltage increase and its decrease. A certain role, perhaps in this sense, can be played
by tension fronts.

Theoretically, the process of nitriding in a cyclically switched glow discharge (CSGD) is supposed to be
considered based on the concept of the energy model [2, 12]. The main differences and additions to previously
performed theoretical studies are reduced to the following:

1) the kinetics of the movement of the particles of the incident current in the near-cathode zone will have
a feature related to the fact that at the moment of pause (absence of voltage) the charged particles will no longer
move under the influence of the electric field strength, but by inertia tangential to their previous one at the moment
of removal potential of the trajectory field,;

2) a change in the Kinetic dependences, including the values of the parameters of the motion of the
mediated particle, will affect the probabilistic characteristics of the falling particles reaching the cathode, as well
as the angular parameters of their collision with the surface. In turn, the angular characteristics will change the
conditions of energy transfer from the particles of the incident flow to the surface components;

3) removing the field tension at certain moments of particle movement will stop their accumulation of
kinetic energy, which will affect the distribution of particles by energy levels;

4) therefore, the energy spectra of the incident flow will change, depending not only on the traditional
parameters of the technological regime, but also on the characteristics of the specified CSD;

5) since all the main indicators of the energy model - relative energy factors primarily depend on the
shape of the energy spectra, the change of the latter requires additional research;

6) the formation of the structure of the modified layer also changes, the main dependences of the processes
of phase formation during CSD require separate studies;

7) the most significant consequence of the processes of formation of tribotechnical systems is the study
of the influence of their structure on the wear resistance of modified layers. The practical result is the establishment
of regularities of technological process control depending on the necessary processing results, formed on the basis
of the requirements of the conditions of the subsequent operation of the objects;

8) for the practical application of the positive nitriding factor of small-diameter holes when using CSD, it
is necessary to develop a theory of changes in the concentration of diffusants in relatively long holes;

9) since the energy balance of plants operating with the use of CSD can significantly differ from the similar
indicator of plants with continuous power, this issue requires a separate study;

10) when applying CSD, conditions are created for controlling the intensity of phase formation by changing
the rigidity of the technological regime, therefore, the issue of nitriding in CSD of nitrogen-active metals is of
particular practical interest;

11) itis also necessary to investigate the possible influence on the NCSD process of the shape of the voltage
change and the deviation of this shape from the ideal;

12) an important role will be played by the processes in the internal local exceptions of the surface, since it
will be necessary to compare the behavior of such surface elements in the process of nitriding under different
power options;

The noted problems form the basis of a new scientific and technical task - nitriding of metals in a cyclically
switched discharge. The practical implementation of the research results is primarily aimed at using the positive
properties of nitriding processes with intermittent discharge discharge.
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Hardware implementation of nitriding in CSD

According to the data given in works [9-10], the introduction of the cyclic switching mode during nitriding
in the glow discharge opens up additional opportunities to improve the efficiency and quality of the specified
technology, primarily:

- the possibility of nitriding parts of a complex shape is expanded (the presence of deep and narrow grooves,
small-diameter holes, long holes, etc.);

- the risk of local damage to modified surfaces is reduced by reducing the probability of arc discharges;

- the permissible range of adjustment of parameters important for optimizing the technological process,
such as the pressure in the discharge chamber and the temperature of the surface of the parts, is expanded;

- the control of preventing overheating of the surface is significantly simplified due to the release of
additional discharge energy.

The development of the experimental layout of the device for the implementation of cyclic switching of the
gas discharge was based on the following prerequisites:

- maximum compatibility with existing electrical and electronic equipment;

- use of available element base;

- the possibility to provide a sufficiently wide range of switching parameters for the purpose of further
optimization of modes and their comparative analysis;

- reliable equipment protection against overloads and abnormal situations.

The justification of the switching parameters is primarily based on the following requirements for the
pulse current source:

- the shape of the pulse should be rectangular, which would ensure a jump from the zero level to the
desired zone of anomalous glow discharge;

- the duration of the pulse should be shorter than the arc development time (approximately less than 100
us), while the formation of the arc is disturbed; if necessary, the current can be interrupted during any pulse;

- the pause that follows each pulse should be short enough to ensure easy ignition of the discharge under
the action of the next pulse, i.e. be less than a few milliseconds;

- the ratio of the duration of the pulse and the pause should vary widely to effectively control the heating
of the parts.

Typical values of the pulse duration, which are recommended in [10], are in the range from 20 to 100 ps,
while the pause duration can vary from 20 to 200 ps. It should be noted that the processes of ignition and
extinguishing of the discharge are characterized by significant inertia, and this circumstance imposes certain
restrictions on the choice of time parameters of switching. Moreover, the inertia of gas discharge processes may
depend on the geometry of the discharge space and its dimensions, which in real conditions can vary in a very
wide range. The conclusion follows that it would be imprudent to unconditionally transfer the recommendations
[10, 13], which were developed on an experimental installation with a chamber with a diameter of 400 mm and a
height of 600 mm, to the case of much larger installations. The same applies to the results, obtained in the process
of physical research of miniature gas discharge devices (the so-called laboratory discharge). However, it was
decided at this stage of development to provide a sufficiently wide range of current switching parameters in order
to refine it after conducting a series of preliminary experiments. Namely, we specify the ranges of variation of the
frequency f of pulse tracking from one to ten kilohertz, the filling factor of the period from zero to one:

n=t /T=0..1,
where T is the pulse tracking period T =1/ f ,

t, is the duration of the pulse (duration of the active part of the period).

In order to save time and costs, it was decided to use the power supply unit of the existing plants for
nitriding in the glow discharge and the corresponding control devices (CSD - nitriding process controller), as well
as current and discharge voltage sensors. To implement the pulse mode of the installation, the power supply unit
is additionally equipped with a T-shaped RC - smoothing filter and a specially developed intermittent mode
controller (IMC), which includes a power electronic key EC with a control and protection device.

For the construction of the power switch, a powerful transistor of the MOSFET structure was chosen,
which is characterized by the following advantages, first of all - in comparison with bipolar transistors:

- low power of consumption in management circles;

- good characteristics when working in parallel, which makes it relatively easy to increase the power of
the key (up to certain limits).

At the same time, as with the use of bipolar transistors, in this case there is an urgent problem of protection
against current overloads, which sharply reduce the reliability of the key.

The device for implementing cyclic switching of a gas discharge is described in detail in [14].

The practical implementation of the device on a nitriding installation in a smoldering cyclic-commutated
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discharge confirmed its operability in the conditions of real technological processes. At the same time, all the
planned prerequisites mentioned above have been achieved, which opens the way to the experimental use of
cyclically switched discharge for surface modification of metal alloys on a fundamentally new basis. The
application of this method allows solving a number of technological problems, the most important of which is the
modification of parts of a complex shape, with holes and depressions of small transverse and large dimensions. It
was possible to effectively nitride such parts only with the use of furnace nitriding in ammonia gas environments,
that is, a process that is unacceptable in modern conditions not only in view of its economic indicators, but also,
first of all, from the point of view of environmental safety. In addition, the probability of surface damage caused
by the accidental transition of a glow discharge to an arc, which is often observed when using continuous power
supply of the discharge chamber, is significantly reduced.

Practical implementation of nitriding in CSD

The presence in the installation scheme of the block of cyclic switching of the discharge does not exclude
the possibility of using the equipment in the constant discharge mode, providing for the possibility of mobile
variation of the modes: constant and switched.

In AC power supply units, it is possible to completely or partially cut off one of the power lines (as a rule,
the positive one, if a process with direct polarity is used). The absence of such a cut-off helps to increase the
heating of the anode, which leads to a decrease in the intensity of the process. However, such a phenomenon can
lead to softening of the nitriding process itself, obtaining better indicators of plasticity of the modified layer. A
certain reduction of the negative influence of the positive phase on the nitriding process can be achieved by the
asymmetry of the voltage shape due to the displacement of its average value in the negative zone. In principle, the
shape of the voltage can be sinusoidal, rectangular or arbitrary up to its programmed change. The influence of the
signal shape on the process of formation of the modified surface layer requires a separate study. Obviously, that
the use of a rectangular form of voltage with other constant parameters ensures a greater energy saturation of the
incident flow, correspondingly, a greater rigidity of the regime, with a shorter duration of processing. The simplest
is the option of using a transformed industrial frequency voltage, which is somewhat similar in principle (excluding
the effect of the positive phase) to nitriding with intermittent power supply.

The use of cyclically switched power discharge of the discharge chamber, which is carried out by current
in the form of an intermittent signal, has a number of significant advantages:

- the possibility of forming such a CCR, in which the duration of the signal in the cycle does not exceed
the time of transition of the glow discharge into the arc. The duration of the pause is not less than the extinguishing
time of the arc discharge, in the event of its occurrence, which negates the need for automatic arc discharge cut-
off devices, or they can be used according to a scheme with an extremely simplified algorithm;

Fig. 2. The shape of the change in the discharge current with a cyclically switched discharge of a rectangular shape
with aslity = 2.

- the process of forming the cage is significantly simplified, since the need to comply with the
requirements for gaps and deep holes practically disappears;

- there is an opportunity to nitride holes of small diameter with a relatively significant depth;

It should be noted as a disadvantage when using the CSD that the energy transfer to the falling flow takes
place only in that part of the cycle where the signal is active and the efficiency of the process is lower, and in some
cases the nitriding phase is two or even more times longer than with a continuous discharge. The nature of the
change in current during a cyclically switched discharge is shown in Fig. 2, voltages - in fig. 3.

However, in general, the surface modification process in a cyclically switched discharge opens up new
possibilities associated with variants of the CCR itself, which is characterized by: frequency, period and pulse
shape. The implementation of the process of adjusting the switching frequency, pitch - the ratio of the cycle period
to the duration of the signal, and the shape of the signal itself opens up wide opportunities to significantly influence
the results of surface treatment.
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Fig. 3. The shape of the discharge voltage change with a CSD of a rectangular shape with a slity = 2.

The influence of the shape of the discharge power signal on the kinetics of the nitriding process and its
results opens up wide opportunities for studying the process itself. The presence of surges at the beginning and at
the end of the cycles can, in principle, significantly affect both the nature of the nitriding process itself and the
structure and phase composition of the modified surface layer, since short-term and sufficiently powerful voltage
surges should lead to intensive surface sputtering. The destruction of the monolayer of nitrides, which has just
formed on the surface, will contribute to the increase of the depth of the nitrided layer due to the diffusion of
nitrogen particles, as well as to a certain extent leveling off the blocking effect of the surface nitride layers.

Conclusions

The use of cyclically switched discharge nitriding in glow discharge technology allows to obtain adjustable
and even predictable processes of surface modification of metals and alloys, formation of surface layers with
specified properties, especially for parts of complex configuration.
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Creunmma M.C., luxa O.B., Onekcanapenko B.I1., Creunmmuna H.M. A30oTyBaHHS B IMKJIIYHO-
KOMYTOBaHOMY TJIIIOUOMY PO3PsIIi

B pobori mokazaHi TepCHNEKTHBH a30TyBaHHSA B IMKIIYHO-KOMYTOBAaHOMY pO3psAJi, HaBelcHA
KIacuQikaiis MpoIeciB a30TyBaHHSA B TIIIOYOMY O3PSIl 3a KPUTEPIEM XapaKTEPHCTHK JDKepesa JKUBIICHHS.
[IpuBOANTECS TOPIBHSAHHS IEpeBar i HEMOJIKIB MPOILECIB a30TyBaHHS 3 MOCTIMHHAM 1 IUKITIYHO-KOMYTOBAaHIM
po3psnoM. B TeopeTmyHOMY IUTaHI Tpomec a30TyBaHHS B NHKIIYHO-KOMYTOBAHOMY TIHIOUOMY pPO3pPsi
PO3TISIIAETECS BUXOASYH 3 KOHIICIII] eHepreTHIHOT Moewi. Y BiANOBITHOCTI A0 i€l Mozaeni chopMyIpoBaHi
3aBJaHHsI JJIsI IPOBE/ICHHS MTOJANIBIINX TEOPETHYHMX Ta EKCIIEPUMEHTAILHUX JI0CIUKeHb. [Toka3aHo, 1o npouec
Mo u(iKamii HOBEpXHi B HUKJIIYHO KOMYTOBaHOMY PO3psi/ii BIIKpHBAE HOBI MOKJIMBOCTI, TIOB’s13aHi 3 BapiaHTaMH
camoro LIKP, sikumii xapakTepusyeTbcs: 4acTOTOO, IepiogoM Ta (opMoro immynbcy. Peamizamisi mpouecy
pEryNIOBaHHS 4acTOTH KOMYTallii, IIMapyBaTOCTI — BiJHOIIEHHS IEpiofy LUKIY 10 TPUBAIOCTI CHI'HALY, Ta
(hopmu caMOro CHrHaIy BiIKpHBAE HIMPOKI MOKJIMBOCTI CYTTEBO BIUIMBATH Ha pe3yJIbTaTH 0OPOOKH MOBEPXHI.

BrummB ¢GopMu curHany KHUBJICHHS PO3psly Ha KiHETHKY IIPOLECY a30TyBaHHS Ta HOTO pe3ynbTaTh
BiJIKpHBa€e MIMPOKI MOXIIUBOCTI JUIS TOCHIKEHHSI caMoro Tporecy. HagBHICTE cIieckiB Ha MOYATKy Ta B KiHII
[MKJIiB B IPUHIMII MOXKE CYTTEBO BIUIMBATH SIK Ha XapaKTep caMOro IpoLecy a30TyBaHHs, TaK 1 Ha CTPYKTYypy Ta
(bazoBuil ckiag MOaH(IKOBAaHOTO MOBEPXHEBOTO IIAPY, OCKIIEKY KOPOTKOYACHI Ta JOCTAaTHBO IOTYXKHI CIIECKH
HaIpyTry MOBUHHI NPH3BOIUTH J0 iIHTEHCHBHOTO PO3IOPOLICHHS OBepXHi. PyliHYBaHHS MOHOIIAPY HITPHIIB, AKi
MIOHHO YTBOPIJINCH Ha MOBEPXHI, CIPHUATHME 30LNBIICHHIO TIMOMHH a30TOBAHOTO IIapy 3a paxyHOK audysii
YaCTOK a30TY, @ TAKOXK HIBEJIIOBATUME 0 MEBHOT MipH OJI0KyIOYHH e(heKT MOBEpXHEBUX HITPUAHUX ILAPIB.

KiawuboBi cioBa: a3oTyBaHHS, TIIIOYMA PO3pPsi, NUKIIYHA KOMYTAIlis, JKUBJICHHS po3psny, (opma
CUTHAJTY, TTTMOWHA HITPUIHOTO Iapy
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Abstract

The purpose of this article is to study the possibility of using fullerene additives and their effect on the
antiwear properties of aviation mineral and synthetic oils. The method of increasing the anti-wear properties of
mineral MK-8p and synthetic Mobil Jet Oil 254 oil for turbojet aircraft engines by adding fullerene additive C60
is considered. It has been shown that the anti-wear properties of synthetic Mobil Jet Oil 254 oil for turbojet aircraft
engines exceed MK-8p mineral oil by more than 10%. Increasing the concentration of fullerene additive in oils
increases the wear resistance of conjugated surfaces. It was established that the increase in the concentration of
the fullerene additive in oils shifts the critical load to higher values for both mineral and synthetic oils. The intensity
of this growth is observed in mineral oil to a greater extent than in synthetic oil. The use of fullerenes as an anti-
wear additive to oils for turbojet engines is proposed, which improves anti-friction properties and reduces the wear
of parts of machines and mechanisms. Scientific progress is determined mainly by experimental research, the
conduct of which in this direction is quite relevant.

Key words: fullerene additives, mineral oil, synthetic oil, four-ball machine, wear rate, critical load.
Introduction

The main function of lubricating oils and greases is to reduce friction and wear of the surfaces of parts that
rub. An important place in increasing the reliability of the equipment and increasing its service life is occupied by
the wear resistance of the parts. During operation, intensive wear of friction nodes occurs as a result of significant
loads, speeds and temperatures, exposure to aggressive environments and vibrations. One of the most economically
beneficial ways to increase the durability of friction nodes in various machines and mechanisms is to improve the
quality of lubricants, primarily their lubricating properties, which is achieved mainly by introducing anti-wear,
anti-seize and anti-friction additives into them. The introduction of additives into oils and lubricants allows you to
satisfy two main requirements of technology: increasing the service life (reliability) of machines and mechanisms;
fuel energy conservation, because about 30 % of the energy produced in the industrialized countries of the world
is ultimately wasted on friction. In recent years, one of the ways to improve the operational properties of materials
is the use of nanomaterials - fullerene as additives to them, including as additives to lubricating materials. This is
due to the fact that these compounds are unique objects from the point of view of electronic structure, physical and
chemical properties. An extraordinary feature is also the fact that it is the only soluble form of carbon in
hydrocarbon compounds, which allows it to be used in a variety of directions. Conducting experimental studies on
the possibility of using fullerenes and fullerene-containing carbon black as anti-wear additives is a very relevant
area of scientific work.

Analysis of the latest research

Copyright © 2023 V.P. Oleksandrenko, V.V. Yefymenko, N.G. Kalmykova, O.V. Efimenko, R.V. Budiak, Yu.M. Nelyubin. This is
@I}. an open access article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution,
[ and reproduction in any medium, provided the original work is properly cited.



http://creativecommons.org/licenses/by/3.0/
http://tribology.khnu.km.ua/index.php/ProbTrib
https://doi.org/10.31891/2079-1372-2023-108-2-28-36

Problems of Tribology 29

Information on the study of the tribological properties of fullerenes is very scarce and mainly concerns
fullerene C60. Several works have been published where fullerene C60 was studied in the form of a solid film as
a solid lubricating coating, therefore it was concluded that C60 is promising for solving various tribological
problems [1]. As shown in works [2-5], quite significant progress has recently been made in obtaining and
researching nano-objects, new nanomaterials and nanotechnologies have emerged. Nanoclusters of a number of
metals, fullerenes and carbon nanotubes were synthesized. A step forward was made in the methods of observing
and studying the properties of carbon nanostructures, connected with the development of physicochemical methods
of studying their use in lubricating materials. Research has been conducted, based on which it is proposed to use
fullerenes as an antioxidant additive, which significantly improves the thermo-oxidative stability of oils in
comparison with traditional additives.

Fullerenes are characterized by high chemical inertness in relation to the process of monomolecular decay.
Thus, the C60 molecule retains its thermal stability up to a temperature of over 1500 °C, which cannot be said
about other antiwear and antioxidant additives. However, in the presence of oxygen, the oxidation of this form of
carbon to CO and CO; is observed already at significantly lower temperatures (about 250 ° C), but such a
temperature is not reached in the lubrication system of modern automobile and aircraft engines, although in
aviation supersonic aircraft when the engine is stopped, due to cessation of heat removal from the area of the
turbine bearings, such an increase in temperature for a short period of time is possible [3].

The scientists performed a detailed quantitative study to determine the impact of fullerene additives on the
performance characteristics of graphite-based lubricating compositions. The results of these studies can be used
as a basis for the development of a "superlubricant” that will provide a coefficient of surface friction below 0.001.

As a lubricating base, highly oriented pyrolytic graphite (HOPG) was used, which, together with finely
dispersed graphite powder of natural origin, was introduced into a mixture of concentrated sulfuric and nitric acids
(in a volume ratio of 4:1) and stirred for 16 hours. The powder processed in this way was washed with water, dried
at a temperature of 100°C, after which the sample was subjected to heat treatment for 15 seconds. This led to the
formation of layered graphite particles, which were then introduced into a 70 % alcohol solution and subjected to
ultrasonic treatment. Then, layered graphite particles together with C60 or C70 fullerene powder were sealed under
vacuum in a quartz ampoule, which was kept at a temperature of 600 °C for 15 days. The graphite intercalated
with fullerenes obtained as a result of the described procedure was used to obtain an anti-friction coating, which
was a film with an area of 2.3x2.3 m2 and a thickness of 0.2 mm.

Fullerene-containing carbon black and powdered fullerene C60 provide a noticeable improvement in the
antifriction and antiwear properties of steel-steel and copper-steel friction pairs, especially in the area of high loads
and contact pressures. The greatest improvement occurs in the steel-steel friction pair. For copper pairs, it was
determined that the presence of fullerene C60 in pure form or in fullerene carbon black leads to the formation of
a fullerene polymer film of considerable thickness on the friction surface, which plays a protective role [6-8].

The coefficient of friction of this film u was measured by the standard method as the ratio of the friction
force to the applied lateral load. As a result of the measurement, values of 1<0.001 were obtained, which is half
as much as for the standard grease based on MoS; (u=~0.002) and for graphite grease (u=~0.001). As a physical
mechanism that determines the characteristics of a lubricating film based on pyrolytic graphite intercalated with
fullerenes, scientists consider the possibility of rolling of fullerene molecules on the graphite surface, which is
characterized by much lower friction compared to the sliding of graphite surfaces relative to each other due to the
higher contact area in the latter case It follows that fullerenes act as micro-rolling bearings that reduce the
coefficient of friction. [10,11]. The limits of application of fullerenes are very wide. As far as lubricants are
concerned, many additives for lubricating oils and greases are being developed on the basis of fullerenes. Recently,
the production of lubricants based on fullerenes, which are characterized by extraordinary characteristics, is
promising.

Formulation of the problem

The main lubrication units in turbojet aircraft engines are rolling bearings, in contrast to the lubrication
units of piston engines in which sliding friction prevails. The temperature of the outer cage of such bearings reaches
125-150 °C, which is mainly created due to the heat coming from the turbine impeller. After the engine stops,
when the air blowing decreases, the heat flow coming from the impeller heats the bearing bracket and the oil that
lubricates it and removes heat from the friction zone to a temperature of 200 °C.

In turbojet engines of supersonic aircraft, the temperature in the friction nodes increases sharply both due
to the increase in the load on the turbine bearings and due to the heat coming from the combustion chamber and
the turbine impeller. At the same time, the temperature of the oil rises. In promising supersonic turbojet engines,
the temperature in the friction nodes can reach 400 and even 540 °C, and the oil temperature up to 150-200 °C.
For operation at such temperatures, liquid mineral oils are unsuitable, and synthetic oils must contain anti-wear
and antioxidant additives, which performed b its functions under such conditions. Therefore, research aimed at
obtaining and using new additives for lubricating materials that would work at high temperatures and significant
loads is quite relevant.

Purpose and tasks
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The purpose of the work was to study the possibilities of using and introducing new, promising complex
additives to fuel and lubricant materials that will work for a longer period of time than traditional additives.

To improve the operational properties of fuels and lubricants - thermal oxidation stability of hydrocarbons,
anti-wear characteristics, phenolic antioxidant additives - "ionol", anti-wear additives - "Hatec-580" are used, but
at elevated temperatures they quickly oxidize. Therefore, the main task of this scientific work is the introduction
of new, promising complex additives to fuel and lubricants based on nano-sized carbon materials (fullerenes),
which are more resistant to the oxidation process, and the study of changes in the antiwear properties of lubricating
materials under their influence.

To achieve the goal, the following tasks were solved:

- determination of tribological parameters of mineral MK-8m and synthetic Mobil Jet Oil 254 turbojet
aircraft engine oils with C60 fullerene content on a standardized four-ball friction machine;

- studying the possibility and expediency of using fullerene additives in aviation mineral and synthetic oils.

Research materials and methodology

The development and introduction into operation of new lubricating oils with the aim of expanding the raw
material base for their production and improving operational properties was carried out simultaneously with the
development of engine construction. The large transmitted power of aviation gearboxes, in combination with their
small weight and dimensions, leads to increased operating conditions of friction pairs, an increase in thermal and
dynamic stress of engine parts and assemblies. Gears of reducers, as mentioned above, work under conditions of
high contact loads. The strength of the films of low-viscosity aviation oils suitable for lubricating the supports of
turbojet engines under these conditions is insufficient. To ensure reliable lubrication of the gears of the gearbox,
oils with a higher viscosity and higher lubricating capacity are required.

Contradictions in the quality requirements of mineral oils, which must combine high lubricity with
satisfactory viscosity-temperature characteristics to ensure reliable engine start-up at low temperatures, have led
to the need to use a mixture of low-viscosity mineral oils for the lubrication of helicopter propeller gearboxes and
turboprop engines (type "MK-8") with highly viscous residual oils "MC-20" (or "MK-22"). Moreover, the ratio of
the indicated oils in the mixtures is different for different types of engines. An alternative solution to this
contradiction is the use of Mobil Jet Oil 254 synthetic oil in the engine and gear system of Airbus Helicopters H-
145 helicopters. Mobil Jet Oil 254 is an extremely high performance synthetic oil for third generation gas turbine
engines, developed to meet their requirements and use in commercial and military aviation. This product is made
from a specially formulated synthetic ester base oil and is enriched with an additive package. The oil has excellent
thermal and oxidative stability, resisting degradation and scale formation while maintaining the physical
characteristics required by manufacturer and military specifications. The physical properties of Mobil Jet Oil 254
are similar to the previous generation gas turbine lubricants currently available. The effective working range of
the oil is from minus 40 °C to plus 230-250 °C. The viscosity of synthetic oils at temperatures of 250-300 °C is
higher than that of mineral oils of equal viscosity at 100 °C, they have better thermal stability, low evaporation
and low tendency to high-temperature deposits and foaming. Synthetic oils are superior to mineral oils in terms of
antioxidant properties, and have equal or better anti-wear and anti-scratch properties. In this regard, their service
life is several times longer than the service life of mineral oils. Recently, effective antifriction additives (friction
modifiers) have been introduced into synthetic oils, which contribute to improving their performance in the high
temperature zone and antiwear properties.

New synthetic materials, the operational characteristics of which are significantly superior to natural ones,
are the basis of humanity's advancement along the path of progress. Fullerene is essentially a new form of carbon.
The C60 molecule contains fragments with fivefold symmetry, which are not found in nature for inorganic
compounds (Fig. 1). Therefore, it should be recognized that a fullerene molecule is an organic molecule, and a
crystal formed by such molecules (fullerite) is a molecular crystal that is a connecting link between an organic and
an inorganic substance. Each carbon atom in the C60 molecule is located at the vertices of two hexagons and one
pentagon and does not fundamentally differ from other carbon atoms.

Fig. 1. C60 fullerene molecule: a — general view; B — double bonds between carbon atoms
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The carbon atoms that make up the sphere are bound together by a strong covalent bond. The thickness of
the spherical shell is 0.1 nm, the radius of the C60 molecule is 0.357 nm. The length of the C — C bond in the
pentagon is 0.143 nm, in the hexagon - 0.139 nm.

The C60 fullerene molecule maintains its thermal stability up to 1700 K, which is significantly higher than
the temperature in the friction unit of the rolling bearing of the gas turbine of the helicopter engine or in its gearbox.

However, in the presence of oxygen, the oxidation of this form of carbon to CO and CO: is observed already
at significantly lower temperatures (about 500 K). The process leads to the formation of an amorphous structure
in which there are twelve oxygen atoms per C60 molecule, while the fullerene molecule almost completely loses
its shape. When the temperature is further increased to 700 K, the intensive formation of CO and CO- and the final
destruction of the ordered structures of fullerenes occur.

Of interest is the halogenation of fullerene, especially its fluorination. In the first works devoted to fullerene
fluorides, the reaction of its interaction with gaseous fluorine was used, as a result of which a mixture of products
was formed. The solubility of C60 fullerene itself in non-aromatic solvents is low, while its fluorides are quite
soluble in hexane, chloroform, and acetone, and with aromatic compounds they form stable crystal solvates under
normal conditions.

The research was conducted using MK-8 mineral aviation oil and Mobil Jet Oil 254 synthetic oil with
additives of different fullerene content. Control of the content and solubility of C60 fullerene in olives was
determined according to the method described in [9]. The investigated fullerene additives in different mass ratios
of finely dispersed powder were added to the oil and mechanically mixed to a homogeneous suspension.

The quality of hydrocarbon lubricants is determined by their viscosity and anti-wear properties in the
working temperature range. From a chemical point of view, these properties are provided, first of all, by the
molecular weight and degree of branching of hydrocarbon chains. One of the main operational properties of oils
is high resistance to oxidation and anti-wear properties.

To assess the effect of fullerene on the antiwear properties of oils, tribological tests were performed on a
standardized four-ball friction machine in accordance with GOST 9490 (ASTM D2783) (Fig. 2).

According to the results of the research, wear was determined, which was estimated by the diameter of the
wear spots d and the critical load Pk of the transition to seizure.

2 J 3 45 ¢

te
Fig. 2. Four-ball friction machine: 1 — screw; 2 — balls; 3 — friction node; 4 — acoustic probe; 5 — glass; 6 — housing

The three lower balls are fixed immovably in the cup of the machine with the lubricant being tested. The
upper ball, which is fixed in the spindle of the machine, rotates relative to the three lower ones under a given load
with a rotation frequency of 1460+70 rotate/m. Turning the balls during the test is not allowed.

Balls must be made of bearing steel ShKh-15 not lower than the Il degree of accuracy, class B, with a
diameter of 16 or 20 mm. It is possible to use balls from new real bearings for testing.

Antiwear properties on a four-ball friction machine are determined for oils and plastic lubricants used to
lubricate friction surfaces.

The method consists in testing the lubricating material on a friction machine under specified axial loads
and determining the main tribological characteristics of lubricating materials: bearing capacity - according to the
critical load Pk, anti-seize properties according to the burr index - I, ultimate load capacity - according to the
welding load Pz and anti-wear properties - according to diameter of wear spots (d).

Before starting the test of each sample of lubricant, all parts of the machine with which the lubricant comes
into contact during the test (the cup with the parts of attachment of the lower balls and the parts of attachment of
the upper ball) are washed with gasoline or benzene and dried in air. The balls used in the test are also washed
with gasoline and air-dried.

Testing of each lubricating material is carried out at the temperatures established in the regulatory and
technical documentation.

The test consists of a series of determinations. Each determination is carried out on a new sample of the
tested lubricant with four new balls.

To conduct the test, the balls are fixed in the spindle of the machine and the cup for the lubricating material.
When testing the oil, it is poured so that the balls are completely covered with it. Then a cup with lubricating
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material is installed in the machine, the load is set and the electric motor is turned on. In order to avoid deformation
of the balls, it is necessary to avoid shock loads.

When conducting a test at elevated temperatures, the electric heater is previously turned on. After reaching
the set temperature, create the necessary load and turn on the electric motor. The test temperature must be
maintained with an error of no more than £5°C.

The duration of the test from the moment of switching on to the moment of switching off the electric motor
when determining the critical load, welding load and burr index should be 10 + 0.2 s, when determining the wear
rate - 60 £ 0.5 min.

When determining the critical load, which characterizes the ability of the lubricating material to prevent
the occurrence of burr on the friction surfaces, a series of successive tests with a decrease or increase of the load
are first carried out in accordance with a number of loads given in the test standard. Two parallel tests are
conducted.

When welding, it is necessary to turn off the electric motor immediately to avoid damage to the machine.

The wear index, which characterizes the influence of the lubricant on the wear of the friction surfaces, is
determined under the constant load established in the regulatory and technical documentation for the lubricant. Two
parallel tests are conducted.After the end of the test and cooling of the friction assembly below 40 °C, drain the
oil and wipe the balls with gasoline or alcohol.

Then measure the diameters of the wear spots of each of the three lower balls in the direction of sliding and
perpendicular to it in a plane perpendicular to the axis of the microscope objective with an accuracy of 0.01 mm
(Fig. 3).. The result of the measurement is taken as the average arithmetic value of the measurements of the wear
spots of the lower balls in two directions.

The results of solving the main tasks of the problem and their discussion

The object of research of this work is the process of influence of nano-sized carbon materials (fullerene
Ceo) On anti-wear properties of mineral MK-8p and synthetic Mobil Jet Oil 254 oils of turbojet aircraft engines.

The subject of the study is the main tribological characteristics of aviation oils with additives of fullerene
nano-sized carbon materials, determined according to the standard method on a four-ball friction machine.

The resource and reliability of engines largely depends on the extent to which the used aviation oil meets
the operational requirements of its use. After the discovery of fullerenes, it became possible to create new
lubricating materials. This possibility was indicated both by the ideal spherical shape of C60 fullerene molecules
and by the base of these molecules (carbon), which in the form of graphite has long been widely used as an
antifriction component of a whole class of lubricating materials. Numerous experiments conducted recently
indicate increased lubricating characteristics of oils as a result of adding a small amount of fullerenes to them.

A characteristic feature of modern jet aircraft engines is the absence of sliding bearings. Rolling bearings
are used as supports for the engine rotor shaft and aggregate drive shafts. The coefficient of rolling friction is in
the range of 0.001-0.003 for ball bearings and 0.002-0.005 for roller bearings, while for sliding bearings this value
is ten times greater (approximately 0.01). The rotors of modern aircraft engines are well balanced and, despite
their high rotation speeds and considerable weight, the maximum radial load on the bearing does not exceed 1500
N. Anti-wear properties were studied using a four-ball friction machine according to ASTM D2783 according to
the parameters of wear spot diameter (d) and critical load (Pk). The last indicator characterizes the maximum
amount of load, at which metal contact (burrs) does not yet occur when rubbing standardized metal balls. When
determining the limit wear indicator (d), the duration of the test from the moment of switching on to the moment
of switching off the engine is 60 + 0.5 min, under a standard load of 20 kg (196 N) and room temperature. In
general, for each lubricating material, the test conditions are indicated in the regulatory and technical
documentation. In this case, the same test conditions were chosen for mineral and synthetic oils for the convenience
of comparing their properties.

Fig. 3. Friction node

The dependence of the diameter of the wear spot on the concentration of the fullerene additive in mineral
MK-8p and synthetic Mobil Jet Oil 254 aviation oils is shown in Fig. 4. As the research results showed, the increase
in the concentration of the fullerene additive in oils does not significantly affect the amount of wear, although there
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is a tendency to decrease the diameter of the wear spot. It should also be noted that a more intensive reduction in
wear is observed in mineral oil than in synthetic oil. The nature of this action of fullerene-containing additives has
not yet been completely clarified.
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Fig. 4. Dependence of the wear index on the content of C60 fullerene in the oil

The critical load (Pk, kgf) is considered to be the load at which the average diameter of the wear spots of
the lower balls is within the values of the limit wear value for this load, given in the ASTM D2783 table, the
increase of which by the value of the next load in a series of loads causes an increase in the average diameter of
the spots wear greater than 0.1 mm. The smaller value of the critical load from the two obtained values (Table 1
and Table 2) is accepted as the result of the test.

Table 1
Determination of critical load (Pk) for MK-8 oil
The average diameter of .
Ll?ad, Load, N the wear spgts of the lower Critical load,
gf b kgf
alls, mm
20 196 0.38 -
40 392 0.46 -
60 588 0.49 -
80 784 0.53 -
100 980 0.57 -
120 1176 0.61 -
160 1568 0.65 -
200 1960 0.82 (P.) 200
Table 2
Determination of critical load (Pk) for Mobil Jet Oil 254
The average diameter of .
Load, Load, N the wear spgts of the lower Critical load,
kgf b kgf
alls, mm
20 196 0.36 -
40 392 0.41 -
60 588 0.45 -
80 784 0.51 -
100 980 0.54 -
120 1176 0.59 -
160 1568 0.61 -
200 1960 0.65 -
240 2352 0.68 -
280 2744 0.71 -
320 3136 0.89 P, (320)
360 3528 0.96 +

The critical load characterizes the beginning of the destruction of the lubricating film and the transition
from a normal type of friction to an abnormal one, which is characterized by large wear of parts. From the above
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tables, it can be seen that the critical load for mineral oil MK-8 under the same test conditions is 1960 N, while for
synthetic oil Mobil Jet Oil 254, the critical load is 3136 N. This can be explained by the fact that synthetic oil
contains a package of additives that significantly improve its anti-wear properties, while mineral oil contains only
one antioxidant additive.

The dependence of the critical load on the content of the fullerene additive in oils is shown in Fig. 5.
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Fig. 5. Dependence of the critical load on the content of fullerene in the oil

Research results have shown that increasing the concentration of fullerene additives in oils shifts the critical
load to higher values, both for mineral and synthetic oils. It should also be noted that the intensity of this growth
in mineral oil is observed to a greater extent than in synthetic oil, possibly due to the effect of the additive package.

Based on the totality of the obtained results, it is possible to predict and predict the mechanism of
antifriction and antiwear action of fullerenes as follows. In the process of tribopolymerization of mineral oil, a
coating is formed on the friction surfaces in the form of a three-dimensional tribopolymer network connected to
the substrate by chemical bonds.

This coating protects the rubbing surfaces from direct contact, and at the same time, being a spatial polymer
mesh, retains the mineral oil, thus providing both a low-wear mode of friction and a low coefficient of friction.
This process can occur without the presence of C60. However, without fullerene, the formation of a
tribometallopolymer coating probably requires more time and more specific conditions. Due to its high reactivity,
the presence of fullerene dramatically accelerates the tribopolymerization process and leads to the formation of a
tribopolymer network, in the nodes of which there are mainly C60 molecules. This fundamentally changes the
pattern of friction, as the tribopolymer protective coating in this case is implemented much faster and the low-wear
and anti-friction mode of friction has time to be implemented before the destruction of the protective film. Finally,
if in the process of friction the tribopolymer coating is disturbed (for example, under the influence of increased
load) and there is a direct contact of the friction bodies, the process of tribopolymerization increases and the
tribofilm is restored.

Therefore, tribocontact is a rather powerful reactor for various kinds of structural transformations, and one
can expect the appearance in the friction zone of those fullerene modifications that have increased hardness and
can determine the properties of surface films formed in the process of tribowear.

Conclusions

Fullerene nanoadditives are an effective means of increasing the tribological properties of oils of both
mineral and synthetic origin. It was established that an increase in the concentration of the fullerene additive in
olives up to 2% by weight. contributes to the growth of anti-wear properties of mineral oil MK-8p by 15%,
synthetic oil Mobil Jet Oil 254 by 10%.

It was found that an increase in the concentration of the fullerene additive in oils shifts the critical load to
higher values. At a content of 2% wt. fullerene critical load increases for mineral oil MK-8p by 19.5%, and for
synthetic oil Mobil Jet Oil 254 by 5%.

A more positive effect of C60 fullerene additives on the tribological properties of mineral oil compared to
synthetic oil was established: according to the indicator of the wear spot diameter - 1.5 times, according to the
critical load indicator — 3.9 times, which is related to the difference in the oil base and the presence in a synthetic
oil package of complex additives.

It was found that the anti-wear properties of synthetic oil Mobil Jet Oil 254 for turbojet aircraft engines
exceed the indicator of MK-8p mineral oil by more than 10%, and the critical load - by 58%.

Scientific progress in this direction is mainly determined by experimental studies, the conduct of which is
quite relevant.
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Oaexcanapenko B.II., €dpumenxo B.B.. Kaamukosa H.I'., €pimenko O.B., Bynsk P.B.,
Henro6in FO.M. [IpoTH3HOCHI BJIaCTUBOCTI 3MallyBaJbHUX MaTepialliB 3 (yJepeHOBUMHU HAHONIPHCAIKAMHU

MerToro 1aHOi CTATTI € TOCHIIPKEHHS! MOXKJIMBOCTI 3aCTOCYBaHHS (yJIepEeHOBUX NPUCAIOK Ta iX BIUIUBY Ha
MPOTH3HOCHI BIIACTHBOCTI aBialifHUX MiHEPaJbHUX Ta CHHTCTHYHHX OJHB. PO3TIIAHYTO METOX IIiJBUIICHHSI
MPOTH3HOCHMX BIACTUBOCTEH MiHepanrsHol MK-811 Ta cuuretnuroi Mobil Jet Oil 254 onuB st Typ6opeakTHBHEX
aBiaIliifHAX MBUTYHIB OUIIXOM J00aBku ¢ynepeHoBoi mpucagki Ceo. [IokazaHo, 0 IPOTH3HOCHI BIaCTUBOCTI
cuareridanaoi Mobil Jet Oil 254 onuBu 1t TypOOpeakTHBHUX aBialliiHUX ABUTYHIB HEPeBHILYIOTH IoHA 10 %
MiHepanbHy ommBy MK-8m. 30imbImeHHS KOHHIEHTpamii (¢ynepeHoBOI NpPHUCAIKA B OJHMBAaX IIiIBHIIYE
3HOCOCTIHMKICTD CIPSKEHUX MOBEPXOHB. BCTaHOBIIGHO, MO 3pOCTaHHS KOHIEHTpAIil (yIepeHOBOI MPUCATKU B
ONIMBaxX 3Milly€ KPUTHYHE HABaHTAKEHHS B 00JNAcTh OUTBII BUCOKMX 3HAYEHb SIK JJIsI MIHEPAIbHOI, TaK 1 Ui
CHHTETUYHOI ONIMBYU. [HTEHCHBHICTB LIOTO 3pOCTaHHS B MiHEPAJIbHIN OJIMBI CHIOCTEpiraeThes B OB Mipi, HIX
Yy CHHTETHYHIH OJIUBI.

3anpornoHOBaHO BUKOpPHCTaHHS (yJEepeHiB B SKOCTI MPOTU3HOCHOI TPHCAAKH [0 OIHMB JUIs
TypOOpEaKTUBHUX JIBUTYHIB, IO MOJIIIIYe aHTU(QPUKLIIHI BIACTUBOCTI Ta 3MEHILIYE 3HOC JIeTaled MalluH i
MexaHi3MiB. HaykoBuii Tporpec BH3HAa4yae€Tbcsi B OCHOBHOMY €KCIEPHUMEHTAIBHUMHU JIOCIIDKEHHSIMHU,
NPOBENICHHS SIKMX B IAHOMY HAIPSIMKY € TOCHTh aKTyaJIbHUMH.

KirouoBi cioBa: ¢ynepeHoBi mpucanky, MiHepalbHa OJIMBA, CHHTETHYHA OJIMBA, YOTHPHOXKYJIBKOBA
MallllHa TePTsl, HOKA3HHUK 3HOCY, KPUTHIHE HABAHTAKCHHS.
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Abstract

The article discusses the possibility of using surface treatment of parts with a concentrated heat flow to
increase the wear resistance of parts. This method provides conditions for the rapid crystallization of the metal
structure after zonal surface melting of the sample surface with electric arc plasma. It has been found that the wear
resistance of steel increases significantly with increasing scanning speed and decreasing current strength. The near-
surface layers on the cross-sectional grinds of the melting areas were studied in comparison with the initial (without
melting) state on the basis of diagrams of the method of continuous indenter immersion. The values of a number
of micromechanical parameters characterizing the resistance to microplastic deformation and elastic-viscous
properties of steel after strengthening heat treatment were obtained. It should be noted that with a fourfold increase
in hardness, the wear resistance of the steel increased almost 10 times. This indicates that the wear resistance of
metals under friction is determined not only by macroscopic strength and hardness, but also by the ability to relax
local peak stresses under dynamic contact interaction.

Key words: GTAW method, surface hardening, wear resistance of steel, electric arc treatment,
concentrated heat flux.

Statement of the problem

Heat treatment of working surfaces of machine parts with the use of concentrated heat flow of high power
allows to solve technical problems associated with increasing the wear resistance of metal products. In this regard,
from the economic point of view and technological capabilities, the electric arc plasma treatment method is of
interest, allowing after surface melting to cause rapid crystallization of metal due to intensive heat transfer (GTAW
method) [1]. However, the influence of technological parameters of the melting process with subsequent
recrystallization of the metal on the forming microstructure and its rheological strength properties, determining
the wear resistance, remains insufficiently studied.

Analysis of the available investigations

GTAW (Gas-Tungsten-Arc-Welding) has become one of the most common arc welding methods. This is
due to the fact that the resulting welds are characterized by high quality. One of the main advantages of this
technology is the possibility to weld a wide variety of materials: along with low-carbon, high-alloy and martensitic
steels, more valuable is the possibility of high-quality welding of aluminum and magnesium alloys, and in addition,
such metals and alloys as titanium, zirconium, molybdenum, nickel, copper, bronze, brass [2, 3].

Nevertheless, the works devoted to the application of this method do not consider its use as one of the
possible methods of surface hardening of machine parts, which in the future will be subjected to friction conditions
without lubrication. In this regard, the question of the possibility of applying the GTAW method as a method of
pre-treatment of materials is relevant.

The Objective of the work

Copyright © 2023 lu. Sokolan, O. Romanishina, K. Sokolan, P. Maidan, V. Karazey. This is an open access article distributed
@I}. under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
= provided the original work is properly cited.
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Evaluate the effectiveness of surface heat treatment of steel with electric arc plasma to improve tribological
parameters.

Statement of the task

GTAW (Gas-Tungsten-Arc-Welding) method was used for surface hardening, which provides conditions
of fast crystallization of metal structure after zonal surface melting by electric arc plasma of sample surface in the
form of tiles (200 x 50 x 10 mm). The basis of the experimental setup was equipment FALTIG 315AC/DC with
protective gas (argon) and the use of non-consumable tungsten electrode (diameter 2.4 mm), hardened by thorium
oxide. Installation scheme and general view are shown in Fig. 1 and 2.

(i@ | FALTIG-315AcmC

&

Fig. 1. Schematic of the installation for melting and calorimetric studies (method GTAW: Gas-Tungsten-Arc-
Welding): 1 - current source, 2 - liquid metal welding bath, 3 - melted layer, 4 - sample, 5 - protective gas,
6 - direction of arc movement, 7 - temperature gauge, 8 - protective atmosphere, 9 - electrode, 10 - electric arc, 11 - flow
meter, 12 — calorimeter, 13 — thermocouple

Fig. 2. General view of the installation

To intensify heat removal and accelerate crystallization, the sample tile was fixed as a flow calorimeter
cover so that its lower plane was cooled by a water flow, while its upper surface was zonally melted. During arc
scanning, the temperature of water at the inlet and outlet of the calorimeter was measured at the set water flow [4].
The heat absorbed by the tile material is spent for heating (Qn) and melting (Qn) of the scanning zone. The amount
of heat absorbed in this way (taken by the calorimeter) was calculated by the formula:

Qk =Qu+Qp=p-V-c- At 1)

where p is the density of water; V is the volume of water consumed in the fusion process; ¢ is the specific
heat capacity of water; At is the temperature increase of water.
The efficiency of useful use of the heat released in the electric arc was evaluated by the thermal efficiency:

n=QQ, @

where Q =1- U - 1 is the total amount of heat released during time .

The influence of the main process parameters of the GTAW process (current strength and arc scanning
speed) on the amount of heat taken by the tile sample during heating and melting (Q«x = Qn + Qn), as well as the
effect on the thermal efficiency of the process m (Fig. 3) were studied. The arc voltage was of secondary
importance.
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The dependences obtained show that the efficiency of heat reception by the sample increases with
increasing current strength and decreasing scanning speed. In the investigated range, the highest values of thermal
efficiency. (n = 60 + 70 %) were observed at the speed Vs = 200 mm/min.

Fig. 4 illustrates the influence of the studied technological parameters on the geometric parameters of
steel sample melting. It can be seen that the width, depth and cross-sectional area of the melts increase with
increasing current and with decreasing scanning speed. These geometrical characteristics are more sensitive to
current variations at low scanning speeds. The values of Qk and n, affecting the values of | and h, simultaneously
form the temperature-rate parameters of the thermal cycle: heating - melting - crystallization - hardening - self-
tempering of steel. The decisive factor influencing the formation of steel structure is the rate of heat removal from
the melting zone.

N -
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a b
Fig. 4. Influence of current strength and scanning speed of electric arc on the width | (a) and depth h (b) of melting:
1-1=100A;2-1=200A

Effect of electric arc treatment on the wear resistance of steel. Pre-eutectoid low-carbon steel 20 was
investigated. The anti-wear properties of steel were determined by testing cube-shaped specimens (10 x 10 x 10
mm), which were cut from the fusion zones. In a friction machine, such a specimen was pressed with a controlled
force against the surface of a 210 mm diameter rotating disc made of white cast iron (60 HRC). The specific load
was Pn = 1 MPa, the sliding speed (without lubrication) V= 1.6 m/s, and the test time 2 hours. The wear intensity
was calculated according to the formula:

7= % @)

where Am is sample mass loss; p is steel density; A is contact area; L is friction path.

The comparison of steel wear resistance depending on the parameters of melting - current and scanning
speed was carried out (Fig. 5). It was found that the wear resistance of steel increases significantly with increasing
scanning speed and with decreasing current. Thus, after melting at a scanning speed of 800 mm/min and a current
strength of 100 A, the intensity of wear decreases almost by one order of magnitude. This testifies to the fact that
the increased scanning speed and reduced current contribute to such optimization of cooling and crystallization
conditions, under which the microstructure with favorable strength and viscoelastic properties is formed.
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Fig. 5. Dependence of steel wear rate on electric arc scanning speed (Fn =1 MPa, Vi =1.6 m/s): 1 - 1 =100 A; 2 - 1 =200
A

The micromechanical and rheological properties of the surface layers were evaluated using the parameters
of kinetic diagrams of continuous indentation of a Berkovich indenter on the NHT/NST unit of CSM Instruments
(Switzerland) [5-7]. Double loading-unloading cycles with registration of the dependence of the indenter
penetration depth (Pq) on the acting force (Fn) were investigated. At the same time the following were determined:
microhardness HVos, Young's modulus E, relaxation capacity R (relation of work of elastic aftereffects to the full
work of indenter penetration), contact hardness S and hysteresis loop area Wy characterizing mechanical losses
(cyclic viscosity) under repeated loading. The contact stiffness S is determined by the value of force reduction
during indentor unloading per unit of deformation. The smaller the value of S, the more microplastic the material
is.

Fig. 6 shows diagrams of tests of the materials under study by continuous indentation (two cycles of loading).
The near-surface layers (at a depth of h = 50 um) on the cross-sectional thin sections of the melting areas were
investigated in comparison with the initial (without melting) state.
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Fig. 6. Kinetic diagrams of continuous indenter microindentation after melting at arc current I = 100 A (a) and I =200
A (b): 1 - initial state; 2 - 5 - Vs = 200, 400, 600, 800 mm/min
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On the basis of recording of such diagrams the values of a number of micromechanical indices
characterizing the resistance to microplastic deformation and elastic properties of steel after hardening treatment
have been obtained (Fig. 7). A specific regularity is revealed: with increasing scanning speed during melting and
subsequent rapid crystallization microhardness (HVos), elasticity (E), relaxation indices (R1, R2) and dissipative
capacity (hysteresis loop area WH) increase significantly. At the same time, the stiffness of the contact interaction
between the indenter and the material (S) decreases. For clarity of comparison, these characteristics are
summarized in Table 1 for scanning speed Vs = 800 mm/min.
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Fig. 7. Effect of arc scanning speed on the micromechanical properties of hardened surfaces at 1 = 100 A (a) and | =
200 A (b): HVo,0s — microhardness; E — Young's modulus of elasticity; S — contact rigidity; Ri and Rz — relaxation
capacity in the first and second cycles; Wh — hysteresis loop area

Table 1
Comparison of micromechanical parameters (Vs = 800 mm/min)
Relaxation capacity >
2 _ ==
s g Microhardnes Nekl):sLtjil(l;Jist;f Hysteresis loop area | = S
% E S, HVo 05 E, GPa Ri1, % R2, % WhH '10"3, pJ g %
75} s»
O
Initial 140 155 4,5 55 4 3,1
Hardened at
| =100 A 580 205 23 87 11 1,4
Hardened at
| =200 A 570 230 17 78 9 2,0

From the above data it follows that the technology under study gives a 4-fold increase in hardness, 1.3 - 1.5
times increase in modulus of elasticity, 4 - 5 times increase in relaxation capacity, 2 - 3 times increase in dissipative
capacity (cyclic viscosity) with a simultaneous reduction of contact stiffness in 1.5 - 2 times.

Conclusions
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1. Optimized surface hardening process by electric arc plasma treatment (GTAW method) in terms of
current strength and arc scanning speed, providing favorable conditions for rapid crystallization of zonally melted
metal.

2. Surface melting of low-carbon steel by electric arc followed by rapid crystallization forms a
vidmanstetted ferrite structure with a bainite strengthening phase. Such material at high hardness exhibits
improved viscoelastic and relaxation properties, which provides a significant increase in wear resistance. In high-
carbon bainite friction, unlike ferrite-perlite structures, the contribution of relaxation processes prevails over
sticking during surface deformation. Therefore, martensite is additionally hardened by passing into a more ductile
state and preserving high relaxation properties that ensure the development of non-damaging dissipative processes.
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Coxoaan 1O., Pomanimuaa O., Cokonan K., Maiinan II., Kapa3zeii B. Oco0xuBocTi miBUIICHHS
3HOCOCTIMKOCTI JIeTajei MaIlluH IUITXOM 00pOOKH KOHIICHTPOBAHUM TEIUIOBUM ITOTOKOM

B crarTi po3misgaeTbes MOXKIMBICTh BUKOPHCTAHHS IMOBEPXHEBOI OOPOOKHM JeTayieil KOHLEHTPOBAHUM
TEIUTOBMM TMOTOKOM 3 METOIO IMiIABHINEHHS 3HOCOCTIMKOCTi neraned. Lleft meron 3abesmedye yMOBH IIBHAKOI
KpHCTali3anii CTPyKTypH METally MicIs 30HAJIBHOTO MOBEPXHEBOTO OIUIABICHHS EIEKTPOAYTOBOIO IIIA3MOIO
MOBEpXHI 3pa3KiB. BcTaHOBIEHO, MO 3HOCOCTIWKICTH CTaji 3HAYHO 3pocTae 31 30UMBIICHHSAM IIBHAKOCTI
CKaHyBaHHS Ta 31 3MECHIICHHAM CHIIM CTpyMy. JoCmiIKyBalnch MpUMOBEPXHEB] MIapy Ha NUTi(ax MOmepedHoro
nepepisy obxacTeil oruIaBiIeHHS MOPIBHAHO 3 BUXIAHMM (0e3 OIIaBIEHHS) CTAaHOM Ha OCHOBI Jiarpam Meroja
OesmepepBHOrO 3aHYpeHHS iHAeHTOpa. OTpWMaHi 3HAYEHHS pIAYy MIKPOMEXaHIYHAX IIOKAa3HHKIB, IO
XapaKTepu3y0Th OIip MIKPOIUIACTUYHIH nedopmanii Ta Npy»KHOB SI3Ki BIACTHUBOCTI CTaJIi Micisl 3MILHIOBAJIbHOT
TerIoBoi 00poOku. Cii 3ayBaXUTH, 110 NPH YOTHPUKPATHOMY IiJIBHIIEHHI TBEPAOCTI, 3HOCOCTIHKICTD cTaji
30inbpInnack Maibke y 10 pasis. Lle cBit4uTh 1po Te, 1110 OIip 3HOIIYBaHHIO METaJIB IPH TEPTI BU3HAYAETHCS HE
TUIBKH MaKpOCKOIIYHOIO MIiIIHICTIO Ta TBEPAICTIO, ajle 1 3aTHICTIO 10 peNaKcalii JOKaIbHUX MIKOBUX HAIpy>KeHb
B YMOBAaX JIMHAMIYHOI KOHTAKTHOI B3a€MO/Ii1.

KoarouoBi ciioBa: metonq GTAW, noBepxHeBe 3Mil[HEHHS, 3HOCOCTIHKICTB CTalli, €JIEKTPO yroBa 00pooKa,
KOHIICHTPOBAHHH TEIUIOBUH IOTIK.
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Abstract

The paper presents the results of mathematical modeling of tribosystems running-in processes when various
factors are changed: design parameters of tribosystems, which are taken into account by the form factor;
tribological properties of the lubricating medium; rheological properties of composite materials in the tribosystem;
roughness of friction surfaces; load and sliding speed. By comparing the theoretically obtained results, by
modeling according to the developed models, with experimental data, it was established that the mathematical
model adequately reflects the running-in processes taking into account the changes in constructive, technological
and operational factors. Applying the Cochrane criterion, it was established that the obtained experimental results
are homogeneous and reproducible. The maximum value of the coefficient of variation of the values of the
volumetric wear rate and the coefficient of friction is within the limits v = 12,3 - 26,5%. The value of the simulation
error is within the limitsv=7,7 - 12,9%.

A rating of factors that maximally affect the processes of running-in of tribosystems in the conditions of
extreme lubrication has been obtained. In the first place is the roughness of the friction surfaces, the coefficient of
variation v = 26,5%. In the second place — the load on the tribosystem during running-in, the coefficient of variation
v = 20,8%. In third place is the value of sliding speed during running-in, the coefficient of variation
v = 18,6%. The conclusion made must be taken into account when developing a rational program for running-in
tribosystems in conditions of extreme lubrication.

The methodical approach of applying the acoustic emission method in the study of tribosystem running-in
processes is presented. It is proved in the work that in order to determine the volume rate of wear during
tribosystem running-in, it is necessary to register and analyze the fourth cluster from the general acoustic emission
signal. The sources of signal generation of the fourth cluster are microcutting and plastic deformation of
protrusions of the roughness of the friction surface, which is characteristic of the first stages of running-in.

Key words: tribosystem; practice; mathematical model of training; marginal lubrication; form factor;
tribological properties of the lubricating medium; rheological properties of composite materials; wear rate;
coefficient of friction

Introduction

To date, in the literature there are many definitions of the process of running tribosystems. Running-in is a
non-stationary initial transient process of friction in tribosystems, which results in adaptation of the contacting
surfaces and a gradual transition to a stationary process by reducing and stabilizing the values of wear rate, friction
coefficient and temperature. It should be noted that even with minor changes in loading conditions, lubricating
medium or other friction conditions, the running-in surfaces will go through the stage of repeated (secondary)
running-in. The surfaces of tribosystems will adapt to new working conditions.

The most effective tool for studying the running-in processes of tribosystems is mathematical modeling. A
large number of mathematical models of such processes have been developed, but their application is limited for
the following reasons. Firstly, a large error in modeling the parameters of the running-in process, for example,
wear per run-in, run-in completion time. Secondly, the presence of an oscillatory process of wear rate and friction
coefficient during running-in. The instability of such parameters reduces the adequacy of the developed models to
experimental data, increases the simulation error. There is an opinion among researchers that the running-in of
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tribosystems has an individual trajectory and depends on design, technological and operational factors. In our
opinion, it is this triad of factors that should be taken into account when developing models and modeling the
processes of running-in of tribosystems.

Literature review

Authors of the work [1] note that running-in plays an important role in the further operation of machines.
This is a transient process involving a complex interaction between friction, lubrication, surface roughness, plastic
deformation, and run-in wear. The running-in process involves changing key tribological parameters such as
surface roughness, coefficient of friction and wear rate, which tend towards a steady state. This article provides a
comprehensive review of the literature on the subject, covering both experimental and analytical developments to
date.

In work [2] it is proposed to represent the running-in process of the tribosystem as a time series of friction
coefficients and the corresponding attractors. Due to the complexity and nonlinearity of tribosystems, friction
attractors exist in multidimensional phase spaces. This makes it possible to visualize the phase trajectory of a
complex running-in process. The authors compared and analyzed three methods for visualizing multidimensional
datasets. Differences in the results of identification between the temporal and phase-spatial regions are shown.
which indicates that recognition of the state of run-in results based on friction-induced attractors is more accurate.

According to the authors of the work [3] the quality of the running-in can be improved by optimizing the
process parameters (load, sliding speed and running-in time). The authors analyzed the relationship between the
quality of running-in and the parameters that affect the running-in. Based on the analysis, it was concluded that
the principles for choosing the running-in parameters for various designs of tribosystems differ. The processing
steps are also different. The authors of the work do not provide systemic recommendations on the choice of
running-in stages and running-in parameters at these stages. However, it is positive, in our opinion, that the
running-in process should be divided into stages and have different optimal parameters for each stage.

Authors of the work [4] note that numerical simulation is a powerful tool for estimating running-in wear.
The modeling of the surface topography is taken into account in the form of contact pressure curves on the
roughness ridges and, accordingly, wear values dependent on the contact pressure. To confirm the simulation
results, the authors present the results of the experiment. It has been experimentally confirmed that taking into
account the surface topography is a significant factor influencing the running-in process. A similar approach was
used by the authors of the works [5, 6], where the significant factors are the surface roughness parameters [5],
contact pressure [6].

In work [7] it is noted that the running-in of tribosystems must be performed at different loads and different
sliding speeds. The authors of the work showed that the use of a multi-stage process in the running-in process
reduces the running-in time and improves its quality. The authors present simulation results that allow making
predictions on the choice of running-in modes.

A similar approach is presented in the work [8]. The authors developed and substantiated the structure of
the tribosystems running-in program, which consists of two modes. The first mode is called the adaptation of the
tribosystem to external conditions. The second mode is called the trainability and trainability of the tribosystem.
The paper presents the transient characteristics of the running-in of tribosystems, which make it possible to
establish the relationship between the design of the tribosystem, rational loading modes, running-in time and wear
for running-in. The practical significance of the work is to minimize the running-in time and wear during the
running-in period.

Inwork [9] the methodical approach was further developed in obtaining mathematical models that describe
the running-in of tribosystems under boundary lubrication conditions. The structural and parametric identification
of the tribosystem as an object of simulation of running-in under conditions of extreme lubrication was carried
out. It has been established that the processes of running-in of tribosystems are described by a second-order
differential equation and, unlike the known ones, take into account the limit of loss of stability (robustness reserve)
of tribosystems. It is shown that the processes of running-in of tribosystems depend on the type of the magnitude
of the input influence on the tribosystem, the first and second derivatives. This allows us to state that the running-
in processes of the tribosystem will effectively take place when the input action (load and sliding speed) will
change in time and have fluctuations with positive and negative acceleration of these values from the set (program)
value. This requirement corresponds to the running-in program "at the border of seizing".

Summing up the analysis of works devoted to the processes of running-in modeling, we can make a
platoon about the inconsistency of opinions about the choice of significant factors affecting the process. A
reasonable choice and ranking of factors, according to their degree of importance, will allow to justify the running-
in regimes and reduce wear during running-in and running-in time. The following are subject to study as significant
factors: the design of the tribosystem; lubricating medium; the structure of conjugated materials in the tribosystem;
roughness of friction surfaces; load and sliding speed. This article is a continuation of the work [9], where the
mathematical model of the running-in process was obtained. The ranking of factors will allow us to develop a
program for the effective running-in of various designs of tribosystems, which will be a continuation of this work.

Purpose
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The purpose of this study is to simulate the running-in processes of various designs of tribosystems,
experimentally determine the simulation error and build a rating of factors that affect the running-in efficiency.

Methods

In work [9] structural and parametric identification of the tribosystem as an object of simulation of run-in
under conditions of extreme lubrication. It has been established that the processes of running-in of tribosystems
are described by a second-order differential equation and, unlike the known ones, take into account the limit of
loss of stability (robustness reserve) of tribosystems.

Modeling the running-in process depends on the following values:
- input impact on the tribosystem W;, (the power supplied to the tribosystem) is determined
by the formula given in the work [10];
- the maximum value of the input impact, when there is accelerated wear of tribosystem
materials, or burr of friction surfaces, Wh, is determined by the formula given in the work [10];
- speed of dissipation in the tribosystem W, is determined by the formula given in the work
[10];
- the maximum value of the Q-factor of the tribosystem Qmax during the run-in time, is
determined by the formula given in the work [11];
- the design parameters of the tribosystem are taken into account by the form factor K, is
determined by the formula given in the work [11];
- given value of the coefficient of thermal conductivity of triboelement materials areqd, IS
determined by the formula given in the work [11];
- rheological properties of the structure of composite materials in the tribosystem RSys, is
determined by the formula given in the work [11].
The solution for the given in the work [9] of the differential equation when modeling the volumetric rate
of wear, there is the following expression:

4,
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where Ist— the value of the wear rate of the tribosystem after running-in (stationary mode) is determined
by the expression given in the work [12].

The solution for the given in the work [9] of the differential equation when modeling the friction
coefficient has the following expression:

ds
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where fi — the value of the friction coefficient of the tribosystem after running-in (stationary mode) is
determined by the expression given in the work [12];

Ko and K, — gain coefficients are calculated according to the formulas given in the works [9, 13];

A — exponent, which takes into account the change in the constant 73, as a function of run-in time, a
dimensionless quantity, is calculated according to the formula given in the paper [9];

t — run-in time, which varies from zero to completion of the run-in process, dimension second;

diand dr - decrements of damping of oscillations during run-in for modeling the volumetric rate of wear
and friction coefficient, the formulas for calculation are given in the work [9];

Ty and Ts - time constants of the tribosystem for modeling the volumetric rate of wear during run-in and
the friction coefficient, the formulas for calculation are given in the work [9];

v and os - frequency of oscillations for modeling the volume rate of wear during run-in and the coefficient
of friction, the formulas for calculation are given in the work [9];

A and As - the amount of deviation of the volume rate of wear from the current value during the oscillating
process for modeling the volume rate of wear during run-in and the coefficient of friction, the formulas for
calculation are given in the work [9].

Results

Applying formulas (1) and (2), we will simulate the processes of running-in of tribosystems over time
when the following input factors are changed:
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- geometric dimensions of the tribosystem, which are taken into account by the form factor K, 1/m;

- tribological properties of the lubricating medium £y, J/m3;

- rheological properties of the structure of combined materials in the tribosystem RSz, 1/m;

- roughness of friction surfaces Ra, m;

- load, N;

- sliding speed, m/s.

To use the developed mathematical model of the running-in of tribosystems, it is necessary to evaluate
the reproducibility and adequacy of the results obtained theoretically and experimentally, as well as the modeling
error.

To determine the rate of wear in the process of running in tribosystems (in online mode), we will use the
conclusions of the work [14]. The purpose of this study is to develop a methodology for diagnosing various
structures of tribosystems with the justification of informative frequencies and amplitudes when recording acoustic
emission (AE) signals from the friction zone. In the paper, it is proved that in order to determine the volumetric
rate of wear during tribosystem running-in, it is necessary to register and analyze the fourth cluster from the general
acoustic emission signal.

The fourth cluster is a packet of AE signals, which is characterized by emissions of large amplitudes, the
value of which exceeds the average value of the amplitudes of the first (basic) cluster K7 in 3.91 ... 4.6 times.
Sources of cluster signal generation K4 are: microcutting and plastic deformation of protrusions of friction surface
roughness, which is characteristic of the first stages of running-in.

In work [14] the sequence in the construction of the method of diagnosing tribosystems during running-
in is formulated.

1. From the analysis of the design documentation, the materials from which the triboelements are made are
determined (modulus of elasticity and Poisson's ratio), as well as the roughness parameters of the friction surfaces
(Ra, Sm) and the value of the smaller friction area of one of the triboelements Fpin.

2. From the analysis of operating conditions, the operating mode of the tribosystem is determined (load and
sliding speed).

3. According to the formulas given in [14], the rate of deformation of the triboelement material and the
informative frequency that the triboelement will generate during the run-in process are determined. Calculations
of the informative frequency must be performed for the triboelement material on which the piezo element will be
installed.

4. Taking into account the noise coming from the equipment, the cluster K1 in the frame is determined, as
well as the sufficiency of the length of the frame being registered. The sufficiency of the frame length is established
using the value of the autocorrelation coefficient, the calculation method of which is presented in [14].

5. According to the formulas presented in [14], the values of the informative amplitudes of the K4 cluster
are determined.

6. According to the formulas given in [14], the values of the peak factors of the AE signal from the friction
zone of tribosystems are determined and a relationship is established with the numerical values of the rate of wear
during running-in - the peak factor of the K4 cluster.

To perform an experimental verification of the modeling results with experimental data, an experimental
setup with a ring-ring contact kinematic scheme was used. The block diagram of the experimental equipment for
registration and processing of AE signals from the friction zone is presented in Fig. 1.

Sensor ﬂ?]i‘_pf{-ﬁé??'
GT 300
X/ USB - oscilloscope
) I I S |
¥ ) computer with

¢/ &(L \i software

Fig. 1. Block diagram of the experimental equipment for registration and processing of AE signals: 1 - moving
triboelement; 2 - fixed triboelement; N - load

The AE signal from the friction zone is registered by a broadband sensor GT300 (100 - 800 kHz), fig. 1,
which was installed on a stationary triboelement, was transmitted to the amplifier, then, in analog form, to the
PV6501 USB oscilloscope, which performs the functions of an analog-to-digital converter and a spectrum
frequency analyzer at the same time. After processing in the USB oscilloscope, the signal in digital code enters
the computer, where it is processed by special software.
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The lower bandwidth of the signal is 50 kHz, which does not allow recording signals from test equipment
(friction machines). The upper bandwidth of the signal is 1,5 MHz.

USB oscilloscope bandwidth, fig. 1, is 20 MHz, which is many times higher than the selected working
bandwidth of the signal. Thus, with the help of low- and high-frequency filters, the AE signal from the friction
zone in the band 50 - 1500 kHz was recorded and analyzed in the conducted studies.

The USB oscilloscope works in standby mode and is started on command for the registration time, the
registration time is 1x107% s, This time was chosen based on the analysis of the AE signal at a steady state using
the autocorrelation function [14].

When checking the homogeneity of variances of selected frames of AE signals in the tribosystem run-in
mode, as well as the reproducibility of results from frame to frame, the 1SO 5725 standard recommends using the
Cochran criterion. The Cochran criterion allows you to compare the homogeneity of dispersions of the results of
the analysis of AE signals from different frames. The degree of variability of the results of measurements of AE
signals for different designs of tribosystems and their operating conditions was estimated using the coefficient of
variation [14].

The root-mean-square absolute deviation for the volumetric wear rate and friction coefficient was
calculated according to the formulas given in the 1SO 5725 standard. The experimental sample arrays for
volumetric wear rate and friction coefficient were checked for compliance with the normal distribution law. The
results of experimental studies according to the investigated factors and levels of variation were checked for
homogeneity and reproducibility from experiment to experiment according to the Cochrane criterion.

Adequacy of theoretical values obtained by expressions (1) and (2) with experimental data was checked
using Fisher's F-test. For this purpose, adequacy variances and reproducibility variances were calculated.

In fig. 2 and fig. 3 shows the theoretical and experimental dependences of tribosystem run-in (the value
of the change in volumetric wear rate and friction coefficient) over time when the shape coefficient K of the
tribosystem changes. The shape coefficient of the tribosystem was changed due to the friction area F stationary
triboelement. Tribosystem "steel 40X+Br.AZH 9-4", lubricating medium - engine 0il M-10Ga (E,= 3,6-104J/m3).
Roughness of friction surfaces Ra = 0,2 micron; Sm = 0,4 mm. The tests were carried out on three designs of "ring-
ring" tribosystems, where the area of the fixed, bronze triboelement was: Fs=0,00006 m?, (K=5 m™); Fy=0,00015
m?, (K=12,5 m); Fr= 0,00024 m?, (Ki=20 m'). The area of the movable triboelement, steel 40X, in all three
designs was Fmax =0,0003 m?. Load N = 1500 N; sliding speed vg = 0,5 m/s.

The results of the obtained array of experimental values allow us to draw a conclusion about the
significant influence of the shape factor of the tribosystem on the nature of running-in. A small value of the shape
factor of the tribosystem shortens the running-in time, but increases the volumetric rate of wear and the coefficient
of friction. Conversely, an increase in the shape factor of the tribosystem makes the running-in process take longer,
but the values of the volumetric wear rate and the friction coefficient decrease.
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Fig. 2. Dependences of changes in the volume rate of wear during the running-in of tribosystems with different
shape factors Kt: 1 — K=5 m?; 2 — K+=12,5 m?%; 3 — K+=20 m*
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Fig. 3. Dependencies of the change in the friction coefficient during the running-in of tribosystems with different
form factors Kt: 1 — K=5 m; 2 - K+=12,5 m; 3 - k=20 m1

Comparison of estimated values of the Cochrane criterion G and table values G, for the given conditions
of the experiment, allows us to assert that the obtained experimental results are homogeneous and reproducible.

The calculation of the coefficient of variation and the modeling error of the tribosystem running-in process
when the shape factor changes from the minimum value to the maximum, for the given conditions of the
experiment, shows that the coefficient of variation is v=15,7%, and the modeling error does not exceed e = 7,7%,

The second constructive factor characterizing the tribosystem is the tribological properties of the
lubricating medium, E,. In fig. 4 and fig. 5 shows the theoretical and experimental dependences of lubrication of
tribosystems over time with different lubricating media: hydraulic oil MG-15V (E,= 2,43-10%* J/m?); motor oil
M-10Gy (Ey= 3,6-10%* J/m3); transmission oil TSp-15k (E,= 4,18-10%* J/m3).

Conditions of the experiment. Combined materials in the tribosystem: steel 40X+Br.AZH 9-4. Roughness
of friction surfaces Ra = 0,2 micron; Sm = 0,4 mm. Kinematic scheme of the "ring-ring™ tribosystem, shape factor
of the tribosystem K¢= 12,5 m™; load N = 1500 N; sliding speed vs = 0,5 m/s.

Comparison of estimated values of the Cochrane criterion G and table values G, for the given conditions
of the experiment, allows us to assert that the obtained experimental results are homogeneous and reproducible.

The presented results of experimental studies confirm the results of modeling and allow us to draw a
conclusion about the significant influence of the tribological properties of the lubricating medium on the running-
in time and the volume rate of wear and the coefficient of friction. The coefficient of variation is constant and is
at the level v=12,3%, the modeling error does not exceed e = 8,9%,
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Fig. 4. Dependencies of changes in the volumetric rate of wear during the running-in of tribosystems with
different lubricating media Eu: 1 - hydraulic oil MG-15V (Eu= 2,43-10%* J/md); 2 - motor oil M — 10Gaz: (Eu=3,6-10"
J/m8); 3 - transmission oil TSp-15k (Eu=4,18-10 J/m?3)
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Fig. 5. Dependencies of the change in the friction coefficient during the run-in of tribosystems with different
lubricating media Eu: 1 - hydraulic oil MG-15V (Eu= 2,43-10% J/m?); 2 - motor oil M — 10G2« (Eu= 3,6-10'* J/m®); 3 -
transmission oil TSp-15k (Eu= 4,18-10%* J/m?)

The third constructive factor that characterizes the tribosystem is the combination of materials of moving
and stationary triboelements. In fig. 6 and fig. 7 presents the theoretical and experimental values of the change in
the running-in time (the value of the change in the volumetric rate of wear and the coefficient of friction) for
different combinations of materials in the tribosystem. The following designs of tribosystems were tested: steel
40X + steel 40X, (RS7s=249,9 m?); steel 40X + VCh 70, (RSrs=309 m?); steel 40X + Br.AZH 9-4, (RSs=332,5
m™). For all designs, the moving triboelement was made of steel 40X (HRC 52-54).
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Fig. 6. Dependencies of the change in the volumetric rate of wear during the running-in of tribosystems with
different composite materials RSzs: 1 — steel 40X + steel 40X, (RS7s=249,9 m1); 2 - steel 40X + VCh 70, (RS7s=309 m
1); 3 - steel 40X + Br.AZH 9-4, (RS7¢=332,5 m)
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Fig. 7. Dependencies of the change in the friction coefficient during the running-in of tribosystems with
different combined materials RSrs: 1 — steel 40X + steel 40X, (RS7s=249,9 m1); 2 - steel 40X + VCh 70, (RSrs=309 m
1); 3 - steel 40X + Br.AZH 9-4, (RS7s=332,5 m?)
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Conditions of the experiment. The lubricating medium is motor oil M-10G2. (E~= 3,6-1014J/m3).
Roughness of friction surfaces Ra = 0,2 micron; Sm = 0,4 mm. Kinematic diagram of "ring-ring" tribosystems,
tribosystem form factor Ki= 12,5 m%; load N = 1500 N; sliding speed vs = 0,5 m/s.

Comparison of estimated values of the Cochrane criterion G, and table values G, for the given conditions
of the experiment, allows us to assert that the obtained experimental results are homogeneous and reproducible.

The results of the obtained array of experimental values allow us to draw a conclusion about the significant
influence of composite materials in the tribosystem on the dependence of tribosystem run-in. Little value of
rheological properties of combined materials and tribosystem RSzs increases break-in time and increases
volumetric wear rate and friction coefficient. Conversely, an increase in size RSzs reduces the running-in time and
reduces the values of the volumetric rate of wear and the coefficient of friction.

Calculation of the coefficient of variation and the modeling error of the tribosystem running-in process
when the rheological properties of the combined materials in the tribosystem change RSrs, shows that the
coefficient of variation is v = 18,4%, and the modeling error does not exceed e = 10,3%.

Technological factors that affect the change of running-in dependencies are represented by the parameters
of the roughness of the friction surfaces (Ra, Sm) moving and fixed triboelements. In fig. 8 and fig. 9 presents the
theoretical and experimental values of the change in the volumetric rate of wear and the friction coefficient during
the run-in of tribosystems with different values of the roughness of the friction surfaces (Ra, Sm).

Conditions of the experiment. Combined materials in the tribosystem: steel 40X+Br.AZH 9-4. Kinematic
diagram of "ring-ring" tribosystems, tribosystem form factor Ki= 12,5 m%; load N = 1500 N; sliding speed vy =
0,5 m/s. Roughness of friction surfaces: Ra = 0,16 micron; Ra = 0,2 micron; Ra = 0,24 micron. Average pitch of
inequalities: Sm=0,4 mm.

Comparison of estimated values of the Cochrane criterion G, and table values G, for the given conditions
of the experiment, allows us to assert that the obtained experimental results are homogeneous and reproducible.
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Fig. 8. Dependencies of the change in the volumetric rate of wear during the run-in of tribosystems for
different values of the roughness of the friction surfaces Ra: 1 — Ra = 0,16 micron; 2 — Ra = 0,2 micron; 3—-Ra = 0,24
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Fig. 9. Dependencies of the change in the friction coefficient during the running-in of tribosystems for
different roughness values on the friction surfaces Ra: 1 — Ra = 0,16 micron; 2 — Ra = 0,2 micron; 3 — Ra = 0,24 micron
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The results of experimental studies confirm the results of modeling and allow us to draw a conclusion
about the significant influence of the roughness of the friction surfaces on the character of the tribosystems'
running-in. When changing the value Ra = 0,16 micron to the size Ra = 0,24 micron, the coefficient of variation
increases from the value v = 4,5% to the size v = 26,5%. The value of the modeling error in the entire range of
studies is e = 12,5%. Operating factors that affect the nature of tribosystems running-in are expressed through

parameters: load and sliding speed.
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Fig. 10. Dependencies of the change in the volumetric rate of wear during tribosystem running-in for
different load values N: 1 - N =750 N; 2- N =1500 N; 3- N =2250 N
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Fig. 11. Dependencies of the change in the friction coefficient during the tribosystem running-in for different
load values N: 1 - N =750 N; 2- N =1500 N; 3-N=2250 N
In fig. 10 and fig. 11 presents the theoretical and experimental values of the change in the character of the
tribosystem run-in when the load N changes, and fig. 12 and fig. 13 when changing the sliding speed vq.
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Fig. 12. Dependencies of the change in the volumetric rate of wear during tribosystem running-in for
different values of the sliding speed vsi: 1 —vsi= 0,2 m/s; 2 —vs = 0,5 m/s; 3 —vs1= 0,8 m/s
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Conditions of the experiment. Combined materials in the tribosystem: steel 40X+Br.AZH 9-4. Kinematic
diagram of "ring-ring" tribosystems, tribosystem form factor K= 12,5 m™. Lubricating medium - motor oil M —
10G (Ev= 3,6-10%* J/m3).
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Fig. 13. Dependencies of the change in the friction coefficient during tribosystem running-in for different
sliding speed values vsi : 1 —vsi =0,2 m/s; 2 —vs=0,5 m/s; 3—vsi=0,8 m/s

Roughness of friction surfaces: Ra = 0,2 micron; average step of inequalities: Sm = 0,4 mm. Load N =
750; 1500; 2250 N; sliding speed vs = 0,2; 0,5; 0,8 m/s.

Comparison of estimated values of the Cochrane criterion G, and table values G, for the given conditions of
the experiment, allows us to assert that the obtained experimental results are homogeneous and reproducible.

The results of experimental studies confirm the significant influence of load and sliding speed on the
nature of tribosystems' running-in. An increase in the amount of load contributes to a decrease in the running-in
time, which is positive, but it increases the volume rate of wear, fig. 10, and the coefficient of friction, fig. 11. The
coefficient of variation of the values of the volumetric wear rate and the coefficient of friction increases from the
value v = 6,4% to the size v = 20,8%. The value of the modeling error in the entire range of studies is e = 11,7%.

When changing the value of the sliding speed, it was established that the minimum run-in time is
characteristic for the minimum sliding speed. At the same time, the volumetric rate of wear has minimal values,
fig. 12, and the friction coefficient, maximum values, fig. 13. The coefficient of variation is within the limits v =
13,5 - 18,6%. The value of the modeling error in the entire range of studies is e = 12,9%.

Based on the results of theoretical and experimental data, it is possible to build a ranking of factors that
have the greatest influence on the running-in process. In the first city - the roughness of the friction surfaces, the
coefficient of variation v = 26,5%. In the second place — the load on the tribosystem during running-in, the
coefficient of variation v = 20,8%. On the third city - the value of the sliding speed during running-in, the
coefficient of variation v = 18,6%. The conclusion made must be taken into account when developing a rational
program for running in tribosystems in conditions of extreme lubrication.

Conclusions

An experimental verification of the mathematical model of tribosystem running-in processes was carried
out. Comparing the theoretically obtained results, by modeling according to the developed models, with
experimental data, it was established that the mathematical model adequately reflects the running-in processes
taking into account the changes in constructive, technological and operational factors. Applying the Cochrane
criterion, it was established that the obtained experimental results are homogeneous and reproducible. The
maximum value of the coefficient of variation of the values of the volumetric wear rate and the coefficient of
friction is within the limits v = 12,3 - 26,5%. The value of the simulation error is within the limits v =7,7 - 12,9%.

A rating of factors that maximally affect the processes of running-in of tribosystems in the conditions of
extreme lubrication has been obtained. In the first place - the roughness of the friction surfaces, the coefficient of
variation v = 26,5%. In the second place — the load on the tribosystem during running-in, the coefficient of variation
v = 20,8%. On the third place - the value of the sliding speed during running-in, the coefficient of variation v =
18,6%. The conclusion made must be taken into account when developing a rational program for running in
tribosystems in conditions of extreme lubrication.
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BoiitoB A.B. MaremarnuHa MoJeib NPHUIPALIOBAaHHS TPUOOCHCTEM B YMOBaX IPaHHYHOI'O MAILlCHHS.
YactuHa 2. Pe3ynbTaTi MOJICIIIOBaHHS
B pobori HaBemeHO pe3ynbTaTH MaTeMaTHYHOIO MOJICNIIOBAHHS IIPOLECIB  IPHUIPALIOBAHHS
TpuOOCHCTEM TpH 3MiHI DPI3HUX (AKTOPIB: KOHCTPYKTUBHHX IapaMeTpiB TPHOOCHCTEM, SIKI BPaxOBYIOTHCS
koe(iieHToM (hopMH; TPHOOIOTUYHHX BIACTHBOCTEH 3MAalyBaJIbHOTO CEPEIOBHUINA; PEOJIOTYHUX BIACTHBOCTEH
CHOJYYEeHHX MaTepialiiB B TpHOOCHCTEMI; MIOPCTKICTh MMOBEPXOHD TEPTS; HABAHTAKEHHSI Ta IIBUAKICTH KOB3aHHS.
[lopiBHIOIOYH TEOPETHYHO OTPHMaHI pPEe3yNIbTATH, LUIIXOM MOIETIOBAHHS 332 PO3POOJICHUMH MOJICISMH, 3
SKCIICPUMEHTAJIbHIMH JAaHHMH, BCTAHOBJICHO, IO MaTeMaTWYHa MOJETb aJeKBaTHO BigoOpaxkae IpouecH
MPUTPAIIOBAHHSA 3 ypaxyBaHHSIM 3MiHM KOHCTPYKTHBHHX, TEXHOJOTIYHMX Ta EKCIUTyaTalliifHuX (aKTopiB.
3acrocoByroun kpurepiii KoxpeHa BCTaHOBICHO, IO OTpHMaHi eKCIEPUMEHTAIbHI Pe3ylbTaTH OTHOPIMHI i
BiITBOpIOBaHI. MakcuMaipHe 3HA4eHHS KoedimieHTa Bapiamii 3Ha4eHb 00’€MHOI HIBHIKOCTI 3HOIIYBAHHS Ta
KoeilieHTa TepTs 3HAXOMUThCA B Mexax V = 12,3 - 26,5%. 3HaueHHs MOXUOKH MOJICITIOBAHHS 3HAXOJUTHCS B
Mexax Vv ="7,7 - 12,9%.

OTpHMaHO PEUTHHT (aKTOPIB, IKI MAKCUMAJILHO BIUIMBAIOTh HA MTPOLIECH NPHUITPALIOBAHHS TPUOOCHCTEM
B YMOBax IpaHHYHOro MaiieHHs. Ha nmepimoMy MicTi — IOPCTKICTh TOBEPXOHB TepTs, KoedilieHT Bapiawii V =
26,5%. Ha npyromy MicTi — HaBaHTa>KeHHSI Ha TpUOOCUCTEMY TIiJ] Yac MPUMNpaLoBaHHs, KoedilieHT Bapiamii V =
20,8%. Ha TpeThoMy MiCTi — BeJIMYMHA MIBUAKOCTI KOB3aHHS ITiJ YaC MPHUIIPAIIOBAHHS, KoedilieHT Bapiarii vV =
18,6%. 3pobnennii BHCHOBOK HEOOXiIHO BpaXxOBYBaTH MpH PO3poOIli parioHaIbHOI IPOrpaMHy MPUIPAIIOBAHHS
TPUOOCHCTEM B YMOBAX I'PAHHYHOTO MAILCHHS.

[IpencraBneHO METOAMYHIH IiIX1]T 32CTOCYBAaHHS METO/Ia aKYCTHYHOI eMicii IPH AOCIiKEHHI IPOIIeCiB
MPUTpaIIOBaHHA TpubocucTeM. B poboTi noBeneHo, Mo Ay BU3HAUYCHHS 00 €MHOI IIBHIKOCTI 3HOIIYBaHHS ITiJ
Yac NPUIPALIOBAHHA TPHOOCHCTEM, HEOOXiTHO peecTpyBaTH Ta aHai3yBaTH YETBEPTHH KiacTep 3 3arajbHOTrO
CUTHAJTy aKyCTUYHOI emicii. /[kepenamu reHepallii CHrHady YeTBEPTOro KJIacTepy € MIKpOpIi3aHHS 1 IUIacTUYHA
Jedopmarisi BUCTYIIB HIOPCTKOCTI MOBEPXHI TEPTH, SIKE XapaKTepHe JUIs NEePIIX eTaliB IPUIPalOBaHHS.

Keywords: tpubocuctema; TpHUIpAIOBAHHSI; MaTeMaTHYHa MOJCTb MPHUIPAIOBAHHSI, TPaHUYHE
MaIlleHHs; KoeirieHT GopMu; TPHOOJIOTIUHI BIACTHBOCTI 3MallyBaJIbHOTO CEPEIOBHIIA; PEOJIOTTYHI BIACTUBOCTI
CIOJIy4EHUX MaTepialliB; IIBUIKICTh 3HOLIYBaHHSI; KOSILlIEHT TepTs
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Abstract

The article is dedicated to the study of the influence of the microhardness of the auger coating on its wear
resistance during the dehydration of municipal solid waste in a garbage truck. The use of mathematical tools and
appropriate regression analysis software allowed to determine the dependence between the auger wear rate and the
microhardness of the coating. A graphical representation of the change in auger wear rate based on the
microhardness of the coating was made up, confirming a significant convergence with the obtained dependence.
The graphs illustrating the impact of the microhardness of the screw coating on its wear rate demonstrate the
feasibility of increasing it. It was found that after operating and wearing out over a distance of s = 56850 m during
the dehydrating of solid municipal waste in a garbage truck, increasing the microhardness of the coating from 2.7
GPa to 33.2 GPa leads to a decrease in energy consumption by 19 kWh/tons or 12% and reduces the cost of the
dehydrating process. The feasibility of conducting additional research to determine further ways to increase the
wear resistance of the auger was established.

Key words: wear, wear resistance, wear rates, coating microhardness, auger press, garbage truck,
dehydration, municipal solid waste, regression analysis.

Introduction

One of the important tasks of municipal engineering is to improve the wear resistance and reliability of the
executive components of machines [1, 2]. One of the promising technologies for primary processing of municipal
solid waste (MSW), aimed at reducing the costs of MSW transportation and its negative impact on the
environment, is their dehydration during the loading process into garbage trucks, accompanied by associated
processes of pre-compaction and partial shredding. The dehydration of MSW in the garbage truck is performed by
a tapered auger, the surfaces of which undergo intensive wear due to the presence of waste components with
abrasive properties, such as small metal objects, glass, stones, ceramics, polymer materials, and bones. The
aggressive corrosive environment is formed by the moisture present in the MSW in the range of 39...92% by
weight. Augers are typically made from iron-based alloys. The application of wear-resistant coatings to increase
wear resistance [3, 4] is substantiated. Therefore, determining the dependence of wear rate on the microhardness
of the coating on the dehydrating auger in the garbage truck for municipal solid waste is a current task.

Analysis of recent research and publications

The evaluation of the effectiveness of the application of nano-sized coatings on surfaces subject to abrasive
and erosive wear during operation of compressor blades of gas turbine engines, augers of mechanical mills, etc. is
carried out in the article [3]. Two types of nanostructured coatings were chosen for the study — multilayer
nanocoatings based on titanium and zirconium nitrides (Ti/Zr) and composite chromium coating with diamond
nanoparticles (Cr-UDD). According to the results of gravimetric measurements, it was established that the rate of
wear of the Ti/Zr nanolayer coating is 2 and 3.3 times lower than that of monolayer Ti and Zr, respectively.

Copyright © 2023 O.V. Bereziuk, V.I. Savulyak, V.0. Kharzhevskyi, L.V. Vishtak. This is an open access article distributed under
@I}. the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
= provided the original work is properly cited.
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The work [1] examines the peculiarities of the influence of prior laser treatment on the phase composition,
structure, and properties of nitrogenized layers on steels. It is shown that the qualitative and quantitative changes
in the nitrogenized layer are determined by the pre-formed structural and phase state. The main dependencies of
the influence of contour-radiation schemes of laser strengthening on the tribological characteristics of coatings are
established.

In the materials of the work [5], the physical justifications for a significant increase in the strength of nano-
layered metal composite materials compared to the additive strength of components are given. From a unified
perspective, the main technological methods of forming multilayer nanostructures in alloys are considered. It is
experimentally shown that the use of nano-layered steel and copper composites allows for a significant increase in
wire strength and approach the lower limit of the theoretical value for iron alloys.

The construction of a mathematical model for calculating the wear rate of tribological elements in a
tribological systems under conditions of corrosion-abrasive wear is published in [6]. The input parameters included
active acidity, abrasiveness, roughness, load, and sliding speed. The theoretical study established the degree of
influence of these factors on the wear rate: abrasiveness being the most significant factor, followed by the level of
active acidity and load, respectively, in decreasing order of impact.

To reduce the degree of damage to granular material during its transportation, a new design of an auger
with a sectional elastic surface is proposed [7]. In order to determine the influence of structural, kinematic, and
technological parameters of the elastic auger on the time and path of free movement of particulate material between
sections, as well as to eliminate the possibility of interaction between the granular material and the non-working
surface of the auger working element to reduce its damage, a dynamic model was developed. This model was used
to perform a theoretical calculation of the interaction between the grain and the elastic section of the auger.

The work [8] is dedicated to determining the regularities of microstructure formation in Cr-Ni-Fe-C alloys
during the surfacing with powder ribbons PL AN-101 and PL AN-111. The aim is to determine the optimal
microstructural state, alloying level, and increase the durability of coatings under high-temperature wear
conditions. Recommendations are provided regarding the application areas of wear-resistant coatings deposited
with the mentioned powder ribbons. It is established that in order to prevent the formation of graphite in the
structure of the surfacing and considering the possible local increase in carbon content up to 5.5%, the nickel
concentration should not exceed 13...14%.

In the materials of article [9], the influence of geometric parameters on the productivity and design of a
briquetting machine is investigated using a pressure model based on the theory of piston flow. An analytical model
using the pressure model was also developed based on the Archard wear law to study the wear of biomass
briquetting machine augers. This model satisfactorily predicted the wear of the auger and showed that the rotational
speed and material selection have the greatest impact on wear. It was found that the wear volume exponentially
increases towards the end of the auger, where the pressure is highest. It is determined that modifying the auger
design to select optimal geometry and speed, along with the appropriate material selection, can increase the
productivity of the biomass briquetting machine and extend the service life of the auger.

As a result of morphological investigations [10] of friction surfaces, it was determined that the improvement
of tribological properties is associated with the formation of a discrete anti-friction coating on the steel surface
during frictional interaction with developed polymer composite materials. The increase in microhardness of the
steel surface at filler concentrations in polymer composite materials from 0 to 10% is explained by the formation
of an anti-friction coating, which is most stable at a filler content of 10%. Further decrease in microhardness with
increasing filler content from 10 to 30% is related to its abrasive action on the friction pair, which partially destroys
the obtained stable anti-friction coating.

The wear of a twin-auger extruder for rigid PVC resins was studied in the materials of article [11] using
numerical flow modeling with power-law viscosity functions of the resins. The pressures around the cylinder
during the extrusion of two rigid PVC resins in a laboratory extruder with a diameter of 55 mm and the forces
acting on the auger core were determined.

The work [12] investigated the peculiarities of wood chip pressing in auger machines, as well as the
processes occurring at different sections of the auger. Formulas were derived that allow for the calculation of loads
acting on the auger flights and the determination of pressing power. Specific energy consumption and the degree
of heating of the raw material during pressing were determined.

Using Box-Wilson rotatable central composite design, experimental results of the dehydration process of
MSW were obtained and published in the work [13]. Quadratic regression equations with first-order interaction
effects were obtained for the following response variables: moisture content and density of pre-compacted and
dehydrated MSW, maximum power of the drive motor, energy consumption of MSW dehydration. This allowed
for determining the optimal equipment parameters for dehydration based on the criterion of minimizing energy
consumption, including the auger rotation frequency, the ratio of radial clearance between the auger and the
housing, and the ratio of the core diameter of the auger to the outer diameter of the auger on the last turn, for both
mixed and "wet" MSW.

An improved mathematical model of the operation of the municipal solid waste dehydration drive in the
garbage truck taking into account the wear of the auger is proposed [14], which made it possible to determine by
means of a numerical study of the dynamics of this drive during start-up that as the wear of the auger increases,
the pressure of the working fluid at the input of the hydraulic motor of the drive increases, and the angular velocity
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and the rotation frequency of the auger is significantly reduced with constant supply of the working fluid. Power-
laws of changes in the nominal values of pressures at the hydraulic motor inlet, angular velocity and rotation
frequency of the auger depending on the amount of its wear were determined, the last of which describes the
deviation from the optimal rotation frequency of the auger during its wear and was used to determine the energy
intensity of solid waste dehydration taking into account the wear of the auger. It was established that the wear of
the auger by 1000 pum leads to an increase in the energy consumption of solid waste dehydration by 11.6%, and,
therefore, to an increase in the cost of their dehydration in the garbage truck and an acceleration of the wear
process.

In the materials of the work [15], logarithmic dependencies of auger wear are determined depending on the
hardness of its surface for different values of the friction path. Conducting an additional regression analysis made
it possible to obtain the regularity of auger wear depending on the hardness of its surface and friction path, by
means of which it was established that during two-week operation and wear of the auger during the dehydration
of solid municipal waste in the garbage truck, the hardness of the auger surface increased from 2.31 GPa to 10.05
GPa leads to a decrease in the rate of growth of the energy intensity of dehydration of solid municipal waste from
16.7% to 1.5%, and, therefore, to a decrease in the cost of the process of their dehydration in the garbage truck.

Aims of the article

Determining the dependence of the wear rate on the microhardness of the coating of the auger dehydration
in a garbage truck for solid municipal waste.

Methods

Determining the paired regularity of the rate of wear from the microhardness of the coating of the
dehydrating auger in the garbage truck of municipal solid waste was carried out by the method of regression
analysis. Regression was determined on the basis of linearization transformations, which allow to reduce the non-
linear dependence to a linear one. The coefficients of the regression equation were determined by the method of
least squares using the developed computer program "RegAnalyz", which is protected by a certificate of copyright
registration for the work.

To determine the energy intensity of solid waste dehydration, taking into account the wear of the auger, the
following laws were used [14]:
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where E is the energy intensity of solid waste dehydration, kWh/tons;
po — initial municipal solid waste density, kg/m?;

Wo — initial relative humidity of solid waste, %;

n —nominal auger rotation frequency, rpm;

u — auger wear, m;

Aaug — radial clearance between the auger and the housing, m;

Dmin is the outer diameter of the auger on the last turn, m;

dmin — the diameter of the auger core on the last turn, m.

Results
The values of the wear rate for coatings with different microhardness are given in the Table 1 [3].

As a result of the regression analysis of the data in the Table 1, the regularity of the change in the rate of
wear of the auger depending on the microhardness of the coating is determined:

1
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where y — wear rate, mg/h; H — coating microhardness, Gpa.

Table 1
Effect of coating microhardness on wear rate [3]
Coating 12X18H10T Cr Cr-UbD ZrN TiN TiN/ZrN
Coating microhardness H, GPa 2,7 7,6 10,3 15,2 21,6 33,2
Wear rate y, mg/hour 0,8941 0,7176 0,2824 0,4 0,2039 0,1216

In the Fig. 1 is shown the graphical dependence of the change in the rate of wear of the auger on the
microhardness of the coating, constructed using dependence (3), which confirms the sufficient convergence of the
obtained regularity compared to the data given in Table 1.

v, mg/h
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o
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Fig. 1. Dependence of the change in the auger wear rate depending on the microhardness of the coating: actual o,

theoretical —

The results of the regression analysis are shown in Table 2, where cells with the maximum values of the
correlation coefficient R for paired regression are marked in gray.

Table 2

The results of the regression analysis of the dependence of the change in the wear rate of the auger on the
microhardness of the coating

N | Type of regression Correlation coefficient R | N [Type of regression Correlation coefficient R
1|y=a+bx 0.84993 9 |y=ax’ 0.91600
2|y=1/(a+hx) 0.95706 10 |y=a+bhlgx 0.93091
3|y=a+b/x 0.87496 11 |y=a+biInx 0.93091
4 | y=x/(a+bx) 0.95129 12 |y=al(b+x) 0.95705
5 | y=ab* 0.92861 13| y=ax/(b+x) 0.65429
6| y=ae™ 0.92861 14 | y = ael/x 0.78573
7|y=a-10™ 0.92861 15 | y=a-10°/* 0.78573
8 |y=1/(a+bhe¥ 0.46369 16 | y=a+ bx" 0.73056

It was established that the wear rate of the auger decreases according to a hyperbolic pattern when the
microhardness of the coating increases.

In the Fig. 2 shows the graphical dependence of the effect of the microhardness of the auger coating of the
device for dehydrating municipal solid waste on the energy intensity of the process (when it wears out along the
path s = 56850 m [15]), constructed using regularities (1-3).
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Fig. 2. The influence of the microhardness of the auger coating on the energy intensity of the municipal solid
waste dehydration process after its operation and wear on the path s = 56850 m

From the Fig. 2 shows that after operation and wear on the path s = 56850 m during municipal solid waste
(MSW) dehydration in the garbage truck, the increase in the microhardness of the auger coating from 2.7 GPa to
33.2 GPa leads to a decrease in energy consumption by 19 kWh/t or 12% and to reducing the cost of the solid
waste dehydration process in the garbage truck, which indicates the importance of determining further ways to
increase its wear resistance.

Conclusions

The hyperbolic dependence of the auger wear rate change depending on the microhardness of the coating
was determined. It was established that after operation and wear on the path s = 56850 m during the dehydration
of municipal solid waste (MSW) in a garbage truck, an increase in the microhardness of the auger coating from
2.7 GPato 33.2 GPa leads to a decrease in energy consumption by 19 kWh/tons or 12% and to a decrease in price
of the process of municipal solid waste dehydration in the garbage truck. Therefore, the determination of further
ways of increasing the wear resistance of the auger require additional research.
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Bepeswk O.B., CaByssik B.1. , Xap:xkeBcbkmii B.O., Bimrak L.B. 3ane:HicTh MBHIKOCTI 3HOIIYBAHHS Bijl
MIKpPOTBEPIOCTI TIOKPUTTS [ITHEKA 3HEBOMHEHHS y CMITTEBO31 TBEPANX MOOYTOBHUX BiAXOIIB

CraTTs MpuUCBSYCHA JOCIIHKEHHIO BIUTUBY MIKPOTBEPIOCTI MMOKPUTTS ITHEKA HA HOTO 3HOCOCTIHKICTE i
Yyac 3HEBOJHEHHS TBEPAMX MOOYTOBMX BIAXOAIB y CMITTEBO3i. BHKOpHCTaHHS MaTeMaTHYHOTO amapary Ta
BIIIOBITHUX TPOTpPaM PErpecifHOrO aHaNi3y [O3BOJMJIO BH3HAYMTH 3aKOHOMIPHICTH 3MIiHHM MIBHIKOCTI
3HOIIYBaHHS [IHEKa 3aJIeKHO Bifl MiKpoTBepaocTi NOKpuTTs. [loOynoBaHa rpadivyHa 3ae:KHICTh 3MiHH IIBUIKOCTI
3HOIIYBaHHS LITHEKA 3aJIEKHO BiJl MIKPOTBEPJOCTI MOKPUTTS, SKa MiATBEPAMIIA TOCTaTHIO 301KHICT OTpUMaHOT
3aKOHOMIpHOCTI. ['padiky BIUIMBY MIKPOTBEPJIOCTI TMOKPUTTS IIHEKA HA IIBUIKICTh HOrO 3HOIIYBaHHS
JIEMOHCTPYE MOUUIbHICTh 11 MiJBUINCHHs. BCTAaHOBIEHO, 1110 IMIC/IS SKCIUTyaTallil Ta 3HONIYBAHHS Ha NUIIXY S =
56850 m miz uac 3HeBoHEeHHs TTIB y cMiTTE€BO31 301IbLICHHS MIKPOTBEpAOCTI MOKPHUTTS Heka 3 2,7 ['Tla no 33,2
I'Tla npu3BoANTH 1O 3HWXKEHHS eHeproeMHocTi Ha 19 kBt-rom/tr ado 12% Ta 10 37€UIeBICHHs MPOLECY
sneBogHeHHs TIIB y cMmiTTeBO3i. BeTaHoBieHa MONIIBHICTE TPOBEAEHHS JOAATKOBUX JOCIIKEHb 3 BU3HAUCHHS
MOAAJBIINX NIISXIB MiBUIIEHHS 3HOCOCTIMKOCTI IITHEKa.

KoaiouoBi ci1oBa: 3HOC, 3HOCOCTIHKICTD, HIBUAKOCTI 3HOIIYBAaHHS, MIKPOTBEPAICTh MOKPHUTTS, ITHEKOBUH
npec, CMITTEBO3, 3HEBOAHEHHS, TBEPAl HOOYTOBI BiIXOIH, perpeciiHuii aHais.
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Abstract

In connection with environmental pollution and the depletion of oil reserves, biologically based lubricants
have received great interest as a replacement for mineral oil-based lubricants. Biolubricants have a number of
advantages over mineral lubricants, including high biodegradability, low toxicity, lubricating properties and
minimal environmental impact. The presented review describes the main characteristics and properties of
biological lubricants, various vegetable oils, which are used as raw materials for the production of biolubricant
materials. The physicochemical properties of biological lubricants were analyzed from the point of view of
improvement. The technological processes used for the chemical modification of vegetable oils, ensuring the
lubricity and anti-wear properties of the obtained biolubricants are determined. Various additives used to improve
the properties of biolubricants are also recommended. This review material will provide researchers and
practitioners with additional information on the practice of using biolubricants.

Keywords: vegetable oils, food industry waste, environmental friendliness, chemical modification,
physical processing, lubrication, wear resistance

Introduction

Worldwide concern over the massive use of petroleum-based products is affecting the production of
lubricants in a way that also requires the search for new oil-free technologies. Nowadays, environmental protection
requirements [1-6] have turned biodegradability into one of the main parameters from the point of view of choosing
base oils and improvers of lubricating properties of materials. It is known that various vegetable oils are suitable
as base oils for lubricants. However, the large acreage devoted to industrial oil crops competes with the use of land
for food production, and this is a major controversial issue. Thus, the production of biolubricants based on edible
vegetable oils has recently been considered an unsustainable practice. In addition,

Main material

Edible vegetable oils are widely used for frying, which is usually carried out at a temperature of 160 to
180 °C in the presence of air and moisture. At the same time, chemical changes occur as a result of thermo-
oxidative and hydrolytic reactions, isomerization of double bonds, oligomerization and degradation of
triglycerides. Thus, the chemical composition of the oil after frying is different from the original fresh oil, it
undergoes undesirable physico-chemical changes (among other things, color, smell, viscosity, acidity, general
polar compounds). In recent decades, the amount of waste cooking oil (WCO) generated by the food industry,
restaurants, fast food establishments and homes has been continuously increasing, at a rate of up to 2% per year,
due to the increase in food products and, above all, the consumption of fast food by the population.

There is inadequate disposal of WCO through the sewage system, causing both economic problems and
pollution of rivers and soils. On the one hand, the irrational disposal of used cooking oil in the sewer creates
problems with the operation and maintenance of municipal sewage treatment plants, which significantly increases
the costs of their cleaning.

Copyright © 2023 O. Dykha, M. Hetman, A. Staryi, T. Kalaczynski. This is an open access article distributed under the Creative
@I}. Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
[ original work is properly cited.
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On the other hand, one liter of waste vegetable oil poured into the environment can pollute 0.5 million
liters of water, which will cause serious environmental problems [1-4]. Therefore, proper management of WCO is
mandatory to reduce its impact on the global environment and improve their availability for reuse in various
industrial processes such as bio-lubricants, biodiesel, asphalt additives and others.

The use of WCO as a feedstock in biodiesel plants is an established practice. However, demand for
biodiesel is currently declining to reduce harmful emissions, and many biodiesel plants are closing around the
world. Therefore, other methods of reuse should be explored to reduce the negative environmental impact and
greenhouse gas emissions of WCO. With this in mind, bio-lubricants can be a way to use waste cooking oil with
a dual purpose. First, it can prevent non-food land use; secondly, it can prevent their potential impact if disposed
of in the environment. Therefore, other methods of reuse should be explored to reduce the negative environmental
impact and greenhouse gas emissions of WCO. With this in mind, bio-lubricants can be a way to use waste cooking
oil with a dual purpose. First, it can prevent non-food land use; secondly, it can prevent their potential impact if
disposed of in the environment. Therefore, other methods of reuse should be explored to reduce the negative
environmental impact and greenhouse gas emissions of WCO. With this in mind, bio-lubricants can be a way to
use waste cooking oil with a dual purpose. First, it can prevent non-food land use; secondly, it can prevent their
potential impact if disposed of in the environment.

In general, most of the research work related to waste cooking oils focuses on the use of their fatty acid
methyl esters for the production of WCO-derived molecules and elucidating their physicochemical characteristics
[1-3]. There is insufficient information about the full physicochemical characteristics of the used WCO and the
relationship between its physicochemical properties and tribological characteristics.

Therefore, a comparative assessment of waste cooking oil from different food enterprises and an analysis
of the influence of their physical and chemical properties on tribological behavior is needed.

This review presents the results of the latest research in the field of using waste cooking oils for the
production of technical lubricants.

The work [1] reveals the achievements of modern scientists in the creation of environmentally friendly
biodegradable lubricants. It is noted that the main problem is the development of a universal biodegradable base
oil that could replace base mineral oils taking into account the preservation of the environment. The need for
environmentally friendly products has been discussed for a long time in many forums. ASTM reviews the products
available today and the tests required to determine performance criteria for biodegradable fluids. Synthetic fluids
as a base oil have become widely used in a variety of industrial applications. Some of the applications include
engine oils, transmission oils, hydraulic oils, compressor oils, pump and turbine oils. The choice of different base
lubricants depends on the type of application, cost and biodegradability requirements. Vegetable oils are widely
used for two-stroke systems, open gears, chain saws. For automotive lubricants with extended drain intervals,
hydrotreated mineral oils are increasingly preferred. The development of chemically modified esters based on
biological resources is a very profitable option for environmentally friendly applications. Development of synthetic
esters from cost-effective sources for critical applications (automotive and industrial) is one of the best choices.
Additionally, there is a need to develop hydrocarbon-based mineral oils with improved biodegradability and
performance. Lubricants should be evaluated on the basis of increased thermal and mechanical stability,
environmental safety and rapid biodegradability.

In the review [2], lubricants on a biological basis, various vegetable oils used as raw materials for the
production of lubricants on a biological basis are considered in detail. The physical and chemical properties of
biologically based lubricants are described. Features of the processes used for chemical modification of vegetable
oils, lubricating properties of bio-based lubricants, as well as various additives to improve the properties of bio-
based lubricants are highlighted. Vegetable oils have several advantages over conventional mineral oils, as they
have a high level of biodegradability and are safe for the environment. The following methods of chemical
modification of vegetable oils can be used to increase thermo-oxidative stability: transesterification, epoxidation
or selective hydrogenation. The properties of biobased lubricants can also be improved by introducing additives:
antioxidants, detergents and dispersants, nanoparticles, corrosion inhibitors, anti-seize additives and anti-wear
additives. Bio-based lubricants appear to be promising alternatives for replacing petroleum-derived lubricants.
Regarding the use of vegetable oils as lubricants on a biological basis, additional studies are being conducted to
understand the lubrication mechanisms of these lubricants and their mixtures.

In [3], two main types of WCO treatment are discussed in detail: chemical transformations to utilize the
chemical functional groups present in the waste, and physical treatments such as extraction, filtration and
distillation procedures. The first part, which concerns chemical synthesis, is mostly related to the production of
fuel. The second part, related to physical processing, focuses on the production of biolubricants. In addition, during
the description of the filtration procedures, special attention is paid to the development and application of new
materials and technologies for the treatment of WCO materials.

A technology based on a combination of water treatment and filtration on porous materials was made in
[4], designing a mini-recycling plant aimed at the production of biolubricants from WCO (Fig. 1) [4].

The proposed technology can be described as follows: WCO is to be purified from water. The refined
waste oil is then pushed to the filter module, where it is cleaned by a porous material. The combination of refining
and filtration makes it possible to obtain purified processed vegetable oil.
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Despite the results achieved in the field of filtration, further efforts are needed to improve performance
and cost-effectiveness. In particular, careful research is needed to reduce the amount of oil absorbed by cellulose
filters, to reduce the cost of synthesis and regeneration of synthetic materials.

In work [5], several types of cooking oil waste from various food establishments were investigated: a
regular restaurant, a fast food restaurant, a fried food establishment, a mixture of used cooking oils of various
unknown origins, without segregation

Oil has undergone molecular distillation. Distillation of WCO does not require too much energy, so it can
be considered economically feasible. Molecular distillation yields two fractions: a lighter fraction enriched in free
fatty acids, and a heavier fraction containing the most polar compounds and a low fraction of undistilled free fatty
acids. Both fractions are liquid at room temperature.
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Fig. 1. WCO recycling process [4].

Studies of WCOs have shown marked variations in their chemical composition associated with several
variables involved in the various roasting processes investigated. Deep-fried oils showed a high content of free
fatty acids and diglycerides due to the hydrolysis of triglycerides [5]. In contrast, lightly roasted WCO showed
rather low acidity, indicating a lower degree of hydrolysis. Variations in the chemical composition had different
effects on the studied properties. WCO with the highest content of molecules (oligomers, dimers and polymers)
showed the highest kinematic viscosity. WCOs with the highest values of total polar compounds and acidity
showed the lowest viscosity index values, while WCOs with the lowest acidity values showed the highest viscosity
index values and were less sensitive to temperature. revealed that acidity also affects the fluidity of oils at low
temperature, so oils with the lowest acidity values have the best fluidity at low temperature. It was found that the
high acidity and high ratio of unsaturated and saturated fatty acids of the oils gave these WCOs the greatest
lubricating ability [5].

Molecular distillation was shown to yield two fractions, light and heavy, with significantly improved
tribological properties compared to their parent waste cooking oil. Thus, the low viscosity and high polarity of the
light fractions enriched with free fatty acids provide improved lubricating characteristics both in extreme and
mixed modes of friction.

In the study [6] methylolpropane triester of fatty acid (TFATE) was obtained as a base oil of biolubricant
material. This product was synthesized by transesterification of fatty acid methyl esters from waste cooking oil.
The constituent reactions and oxidative stability of TFATE were analyzed. Under the selected conditions, TFATE
was obtained with a yield of 85.7%. After purification by molecular distillation at 120 0C, the TFATE content in
the product reached 99.6%. It has been proven that the chemical and physical properties of TFATE meet the
requirements of 1ISO VG32.

A study [7] showed that WCO can be successfully hydrolyzed by Candida rugosa lipase to obtain FFA at
an enzyme concentration of 1 g L-1 within 30 hours. The resulting FFA can be esterified with a higher alcohol
(octanol) using Amberlyst 15H to produce an environmentally friendly bio-lubricant. It was found that
temperature, amount of catalyst, molar ratio of reagents (alcohol : FFA) have a significant effect on the reaction
rate. Complete recycling can be achieved in minimal time by using a suitable desiccant to remove the water
produced during the esterification reaction. It can be concluded from the experiment that the most favorable
conditions for the maximum conversion in the minimum time are the molar ratio octanol : FFA 3 : 1, temperature
80 °C, catalyst 2 g and desiccant (preferably silica gel powder) 50% by weight of FFA.

Studies have shown that esters based on olive oil have the highest thermal oxidation resistance due to the
low content of polyunsaturated acids. While NPG esters have higher stability in thermo-oxidative conditions.

The polyols used during the transesterification process are NPG, TMP and PE. Each of them contains a
different number of hydroxyl functional groups. In general, the viscosity of ester-based lubricants increases with
polyol functionality. The number of hydroxyl groups affects the viscosity of esters in the following order: PE >
TMP > NPG. Similarly, the viscosity of vegetable oil-based TMP esters is higher than that of equivalent esters,
which may be due to the presence of three acidic groups in the ester structure.

The introduction of separation into methyl ether lowers the solidification temperature, disrupting the
alignment and construction of hydrocarbon chains. This allows the oil to solidify at lower temperatures.

A specialized batch reactor (1.5 L) made of stainless steel was used to carry out esterification reactions
under appropriate operating conditions (Fig. 2). The reactor was equipped with: a stirrer with an electric drive and
a digital speed display (rpm); a thermostat that maintained the desired temperature of the liquid in the shirt; inlet
channel for pouring the sample; sampling outlet equipped with a valve.
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Fig. 2. Schematic diagram of the reactor for the esterification reaction: 1- reactor, 2- stirrer, 3- reactor casing,
4- thermocouple, 5- material output, 6 - material input, 7 - temperature indicator, 8- stirring speed indicator.

The review [8] describes in detail biological lubricants, various vegetable oils used as raw materials for
the production of biolubricants, physicochemical properties of biological lubricants, processes used for chemical
modification of vegetable oils. The properties of biolubricants are considered, as well as various additives used to
improve the properties of biolubricants. Low temperature characteristics are the main limitation when it comes to
the use of vegetable oils as lubricants. Although vegetable oils have strong intermolecular interactions that provide
a strong lubricating film, these interactions also result in poor low-temperature properties.

The life cycle of lubricants obtained from renewable sources is shown in fig. 3 [8]. The main component
of vegetable oils are triacylglycerols (98%), as well as various fatty acid molecules attached to the single structure
of glycerol.

Photosynthesis

Disintegration Extraction

v Refinery

Maoadification &
Formulation

Fig. 3. Life cycle of biolubricants

Although the thermo-oxidative stability of vegetable oils can be a problem, this problem can be overcome
by chemical modification of vegetable oils through transesterification, epoxidation or selective hydrogenation.

Sunflower oil is extracted from sunflower seeds and is usually used for cooking, as well as for the
production of margarine and biodiesel. Sunflower oil is cheaper compared to olive oil. Sunflower varieties differ
in the content of fatty acids [9-11]. Sunflower oil with a high oleic acid content has many properties that make it
suitable for use in lubricants, with good oxidation resistance and lubricity. [9-11]. One study showed that high
oleic sunflower oil (HOSO) can be used to replace mineral oils in textile and leather production without technical
problems or equipment modification [11]. The correct composition of sunflower oil can be compared with mineral
oil.

High oxidation resistance is an important criterion for lubricants, as low oxidation resistance will cause
the lubricant to oxidize rapidly if left untreated. As a result, the lubricant thickens and polymerizes into a plastic
consistency. Numerous studies were conducted to study the resistance of vegetable oils to oxidation [12-14]. The
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oxidation resistance of vegetable oils is generally lower than that of synthetic esters due to the higher degree of
unsaturation in vegetable oils. Oxidation is undesirable because it leads to polymerization and degradation of the
lubricant.

Attempts to improve the low-temperature properties and oxidation resistance of vegetable oils include
transesterification of trimethylolpropane and methyl ether from vegetable sources [15-17]. Transesterification is
a reaction in which a triglyceride molecule reacts with three moles of methanol in the presence of an acidic or
basic catalyst [18-19], resulting in the formation of glycerol and mixtures of methyl esters of fatty acids.

The disadvantages of vegetable oils, such as low thermo-oxidative stability and cold flow, can also be
enhanced by the use of additives. Manufacturers of different vegetable oils may choose different additives to meet
the requirements of a particular application. For some oils, additives can be up to 5% (by weight). The presence
of additives contributes to the improvement of the properties of lubricants and lubricants on a biological basis in
terms of corrosion inhibition, as well as friction and wear characteristics. In general, esters with biodegradable
additives have superior wear resistance compared to pure oils or blends of vegetable oils.

Antioxidants are used to slow down or prevent the oxidation process by slowing the oxidative degradation
of the lubricant, while ensuring that the lubricant meets the technical requirements [20].

Nanoparticles are effective additives for lubricants and bio-based lubricants to reduce friction and wear.
Nanoparticles are considered to be more effective compared to conventional additives for protection against high
pressure and anti-wear additives due to their environmental properties [21]. The properties of biolubricants depend
on the properties of the nanoparticles, such as the size, shape and concentration of the nanoparticles.

Friction in the contact of surfaces from the shear forces required to separate the interacting asperities.
Friction and wear can be reduced by adding anti-wear and anti-seize additives to the oil. These additives create
strong protective films on the metal surface, entering into a thermochemical reaction with the metal surface. Anti-
seize and anti-wear additives usually contain chlorine, phosphorus and sulfur [22]. These elements protect the
surface of the metal with layers of sulfides, chlorine, or phosphides that are easily erased, preventing severe galling
and wear.

A fairly in-depth analysis of directions for processing used cooking oils is presented in the review [23].
It is noted thatthe use of biomass wastes such as used cooking oil (WCO) does not create competition and is a
better source of resource recovery as it allows a second life cycle (Fig. 4).

Oil crop
Solar )
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Food factory T
Waste cooking oil
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=

-
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(FAME) Waste cooking oil :arafin
processor 2

Fig. 4. Chain of cooking oil waste [23].

Valorization of WCO was realized by the following processes: transesterification, transesterification,
hydrolysis, hydrodeoxygenation, hydrocracking and hydrogenation. Among them, transesterification is the main
process that allows the production of biodiesel and bio-lubricant. Biodiesel can be obtained using heterogeneous
catalysts having basic centers, acidic centers, a mixture of acidic and basic centers, or enzymes. Among
heterogeneous catalysts, magnetic catalysts have been developed for easy separation of catalysts after each cycle.
Homogeneous catalysts and enzymes as catalysts also allow the production of biodiesel. Various alternative
technologies have been successfully studied, such as electrolysis, ultrasound, microwaves, continuous flow, even
continuous flow with microwaves. Compared to transesterification, transesterification makes it possible to obtain
biodiesel and triacetin instead of glycerol. Hydrolysis of WCO generates free fatty acids, glycerol, and water, while
hydrogenation of WCO vyields free fatty acids, free fatty aldehydes, free fatty alcohols, and alkanes via
hydrodeoxygenation, hydrocracking using a similar petrochemical process.

In [24], used cooking oil is chemically modified to obtain biolubricants. Three WCO-based fluids were
synthesized and considered as base lubricants for environmentally friendly lubricants. Typical properties of these
biolubricants, such as viscosity, viscosity index, solidification temperature, cloud point. Corrosion resistance,
oxidation resistance and four-ball anti-wear properties were investigated. WCO and its derivatives were tested for
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friction and wear reduction using a four-ball friction machine. Experimental results indicate that chemically
modified WCOs are an economic, sustainable and ecological substitute for mineral oils and will find potential
practical applications in the field of lubricants.

In order to reduce environmental pollution as a result of biolubricant synthesis, the study [25] developed
an ecological and efficient strategy for the preparation of octylated biolubricant from waste cooking oil (WCO).
First, it was hydrolyzed by lipase to obtain unsaturated fatty acids, and the latter were later concentrated by urea
complexation. Further, new esters were synthesized by esterification with ethylhexanol using lipase, and new
esters were additionally epoxidized. After that, the epoxy group was attacked with a reagent, octanoic acid, to
obtain an octylated biolubricant. Articles [26-27] review recent advances in the synthesis of biolubricants from
vegetable oils using chemical modification methods, such as esterification/reesterification,

Conclusions

An overview of the basic properties of biologically based lubricants, the role of chemical functionality
and additives, as well as their relationship with the effectiveness of the lubricant is presented. Vegetable oils have
several advantages over conventional mineral oils, as they are biodegradable and safe for the environment.
Although the thermo-oxidative stability of vegetable oils may be insufficient, this problem can be overcome by
chemical modification of vegetable oils by transesterification, epoxidation or selective hydrogenation. The
properties of bio-based lubricants can also be improved by adding additives such as antioxidants, detergents and
dispersants, viscosity modifiers, nanoparticles, corrosion inhibitors, extreme pressure and anti-wear additives.
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Huxa O., T'erbman M., Crapmii A., Kanaunaceknit T. Ornsag acnekrtiB nepepoOKH 1 3acTOCYBaHHS
BIANpPAIbOBAaHKUX KYJIHAPHUX OJIMB SIK €()EKTHBHUX MACTHIBHUX MaTepialiB

VY 3B'I3Ky 13 3a0pyAHEHHSIM HaBKOJIMIIHBOTO CEPEIOBHINA Ta BUCHAKEHHSM 3allaciB HaTH MacTuia Ha
0ioOTiYHI OCHOBI BHKJIMKAIOTh BEIWKHAH IHTEpeC sK 3aMiHAa MacTHJaM Ha OCHOBI MiHEpaJbHHX Macedl.
biomacTria MaroTh HH3KY IIepeBar Iepel MiHepaIbHHMHM MACTHIBHHMH MaTepiallaMi, BKJIIOYAIOYH BHCOKY
3IaTHICTH 10 010JIOTIYHOTO pO3KIaJaHHS, HU3bKY TOKCHYHICTh, 3MaIllyBaJIbHi BIACTUBOCTI Ta MiHIMAJIbHUH BILUTHB
Ha HABKOJIMIIHE CepeoBHIIC. Y MPENCTABICHOMY OIVLAII OMMCAHO OCHOBHI XapaKTEPHCTUKH Ta BIACTHBOCTI
010JTOTIYHIX MAaCTHJI, PI3HOMAHITHAX POCIMHHUX OJNi, SIKi BAKOPHCTOBYIOTHCS SK CHPOBHHA ISl BUPOOHUIITBA
OiomactuinpHEX MatepianiB. [IpoaHarnizoBaHO ()i3MKO-XIMiYHI BIIACTHBOCTI OiOJOTIYHMX MACTIII 3 TOYKH 30pY
MOJIMIIEHHs . BU3HAaYeHO TEXHOJIOTIUHI Mpouecu XiMiuHOiI MoauGikalii poCIMHHUX O, Mo 3a0e3neuyroTh
3MallyBajJbHI Ta NMPOTH3HOCHI BJIACTHBOCTI OTPUMaHHUX OlOMAacTHJIBHHMX MartepianiB. TakoX peKOMEHIYIOThCS
pi3Hi 100aBKHM, II0 BUKOPHCTOBYIOTHCS JJIsI HOJIIIEHHS BJIACTUBOCTEH OloMacTHiIbHMX MarepianmiB. Llei
OMIISIOBUI MaTepian HaAacTh JIOCTIJHAKAM 1 IpaKTHKaM J0JaTKOBY 1H(OpMaLlilo Npo NMPaKTUKy BUKOPUCTAHHS
GioMacTHIBHUX MaTepialis.

Kro4oBi ci1oBa: pociuHHI 01111, BITX0IM XapuoBOi IPOMHUCIOBOCTI, €KOJIOTIYHICTh, XiMiYHa MOAUDIKAIIis,
(izmara 06poOKa, 3MaIIEeHHS, 3HOCOCTIHKICTB.
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