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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-Al2O3 (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 

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://tribology.khnu.km.ua/index.php/ProbTrib
https://doi.org/10.31891/2079-1372-2023-108-2-6-14
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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 500oC 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 250oC. 

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 kJ/cm2, 

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 oC. 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 oC.  So the obtained materials had the following properties: density - 3,07-3,20 g/cm3; 

microhardness – 15-30 GPa; porosity – 1,2-4,4 and weight wear rate – 0,0061-0,0462 g/cm2. 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 lm without cracking can be fabricated through our 

approach. Microstructural analysis revealed that the SiC coatings were composed of α-Al2O3 and β-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 Al2O3 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 – Al203 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 – Al203 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 (ГОСТ 26 327-84) with an average size of 45-55 μm, aluminum oxide (TУ 

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 10-3 maj. 10-4 10-3 - - - 10-4 - - - 

Al2O3 maj. - 10-3 >0,1 >1 0,01 - - - 10-4 10-3 

 

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% Al2O3 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 cm3 volume and steel grinding bodies (balls) 

made of steel of ШX15 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 Al2O3 and 5% of Fe2C. 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-Al2O3), and also their friction surfaces was conducted by SEM microscopy and micro X-ray spectral analyses, 

X-ray-phase (ДРОН-2.0 in Cukα -radiation). 

Composite coatings (charge of SiC-Al2O3 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 X1, P, [MPa] Speed X2, 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 

№ of 

experiment 

Factors 
Experimental data on proper 

factor level 

Model-estimated data on 

proper factor level 

X0 X1 X2 X1X2 X1
2 X2

2 Y1 Y2 Y1 Y2 

1 1 1 1 1 1 1 14,1 0,25 48,29 0,40 

2 1 1 -1 -1 1 1 0,9 0,19 2,73 0,20 

3 1 -1 1 -1 1 1 19,3 0,31 57,73 0,57 

4 1 -1 -1 1 1 1 1,3 0,24 9,29 0,37 

5 1 1 0 0 1 0 10,1 0,22 24,20 0,23 

6 1 0 1 0 0 1 16,8 0,28 50,11 0,42 

7 1 -1 0 0 1 0 12,5 0,28 32,20 0,40 

8 1 0 -1 0 0 1 1 0,21 3,11 0,22 

9 1 0 0 0 0 0 10,3 0,25 10,30 0,25 

 

Response function of experimental data for modeling: Y1 is linear wear rate (I, μm/km). Y2 is a friction 

factor. 

The function of response in the factor space has the mathematic expression: Y = B0 + B1X1 + B2X2 + 

B12X1X2 + B11X1
2 + B22X2

2 

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+23,5X2-0,72X1X2+2,896X1
2+1,312X2

2. 

For friction factor Y2 (fig 2.): Y2=0,25-0,085X1+0,1X2-0,0015X1X2+0,0697X1
2+0,0664X2

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.  

 

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

 

 
 

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 

so 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). 

 

        
   a)       b) 

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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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. 

 

             
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 

 

The chemical content made by microscope X-ray analyzer of the top surface layer was of the following 

oxides: SiO2, Al2O3, FeO and Fe2O3 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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А. Г. Довгаль, Л. Б. Приймак, В. В. Варюхно. Дослідження та двофакторне моделювання 

зносостійкості нанорозмірних карбідокремнієвих детонаційних покриттів 

 

Це дослідження пов'язане з галузями, випробування зносостійких покриттів. SiC покриття 

наносилося детонаційним методом на середньовуглецеву сталь, використовуючи зворотній магнітний 

потік котушки. Встановлено, що тільки нанорозмірні частинки осаджуються на поверхні та накопичуються 

в агрегатах різної форми. Структура одержаного покриття цілком досліджена на електронному мікроскопі 

в попередній публікації. Одержане покриття розроблене для випробування на машині тертя, що моделює 

процес тертя, який має місце у корінних і шатунних шийках двигунів внутрішнього згоряння. Покриття 

має також властивості захисту від корозії. Нанорозмірне покриття на м'якій вуглецевій сталі, було 

випробувано згідно з конкретизованими умовами та їх поверхні тертя були досліджені на електронному 

мікроскопі з метою визначення механізму зношування. Було проведено двофакторне моделювання 

інтенсивності зношування і коефіцієнта тертя та були побудовані і проаналізований двовимірні графіки. 

 

Ключові слова: знос, зносостійкість, коефіцієнт тертя, нанорозмірне покриття, детонаційне 

нанесення, магнітномодифіковане нанесення.ня, максимальні дотичні напруження, мікрогеометрія, тертя 

спокою. 
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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. 

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://tribology.khnu.km.ua/index.php/ProbTrib
https://doi.org/10.31891/2079-1372-2023-108-2-15-19
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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 (η) is a measure of the resistance to fluid flow or deformation. The dynamic viscosity 

of an oil (η) at temperature (t) is calculated from the kinematic viscosity using the following formula: 

 

η = υ ρ,                                                                     (1) 

 

where υ is the kinematic viscosity, mm2/s. 

ρ is the oil density at the same temperature at which the kinematic viscosity υ was determined, g/sm3;  

 

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 (τ) and shear rate (D): 

 

    𝜂0 =
𝜏

𝐷
,                                                                             (2) 

 

Measurement of dynamic viscosity (η0) 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 viscosity as a function of time at high shear rate up to 106 s-1 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 (τ) and shear rate (D) are determined according to the following relations:  

- Shear stress (τ): 

𝜏 =
𝑀

2⋅𝜋⋅𝑙⋅𝑟2;                                                                             (3) 
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- Shear rate (D): 

𝐷 =
2⋅𝜔⋅𝑅2

𝑅2−𝑟2;                                                                      (4) 

 

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: 

 

η = η0∙eα∙Ρ,                                                                       (5) 

 

where η is the viscosity at pressure P; η0 is the viscosity at the contact inlet at P = 0; α is the coefficient of 

dependence of viscosity on pressure (piezo-viscosity coefficient). 

The piezo-viscosity coefficient (α) [2] characterizes the effective viscosity with changing pressure and 

temperature and is determined by the following equation: 

 

𝛼 ⋅ 𝑃 = 𝐴 ⋅ [(
𝑇−138

𝑇0−138
)

−𝑆0
⋅ 𝐵𝑍 − 1],                                                       (6) 

 

where А = ln(η0)+9,67 – rheological constant for the oil under study; 

B=1+5,1∙10-9∙Pmax, Pа; 

η0 – dynamic viscosity at Pmax = 0, Pа∙s; 

Pmax – maximum Hertzian pressure, Pа; 

Т0 – atmospheric temperature, 293 К (200С); 

Z = 0,67 – a constant that depends on the pressure Pmax; 

S0 - a constant that depends on temperature (T) and can be found by the following relation: 

 

𝑆0 =
𝛽⋅(𝑇0−138)

𝐴
,                                                     (7) 

 

where β – 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 (H0) - 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]: 

 

𝐻о = 3,49 ⋅ 𝑈0,75 ⋅ 𝑊-0,206 ⋅ 𝐺0,426.                                           (8) 

 

The dimensionless parameters in the above formula are defined as follows: 

 

1. Dimensionless film thickness in the central contact area: 

 

𝐻0 =
ℎ0

𝑅
.                                                   (9) 

 

2. Dimensionless velocity parameter: 

𝑈 =
𝜂𝑜⋅𝑉

𝐸′⋅𝑅
.                                                             (10) 
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3. Dimensionless load parameter: 

 

𝑊 =
𝐹

𝐸′⋅𝑅2.                                     (11) 

 

4. Dimensionless parameter of materials: 

𝐺 = 𝛼 ⋅ 𝐸′.                                    (12) 

 

Results of calculations for the influence of lubricant materials 

 

Table 1 shows the input data and formulas for calculations: 

Table 1 

The input data and formulas for calculations. 

Modulus of elasticity of steel 

E1 = 2,07∙1011 Pа 

The reduced radius of curvature 

R = 6,35∙10-3 m 

Modulus of elasticity of glass 

E2 = 0,757∙1011 Pа  

Rolling velosity 

V = 1,2 m/s 

Poisson's ratio of steel 

υ1 = 0,3 

Temperature at the contact inlet 

Т = 293К 

Poisson's ratio of glass 

υ2 = 0,25 

Operating temperature in contact 

Т = 343К 

Reduced modulus of elasticity 

𝐸′ =
2

(
1−𝜈1

2

𝐸1
+

1−𝜈2
2

𝐸2
)

= 1,19186 ∙ 1011, 𝑃𝑎  

Thermal viscosity coefficient, β: 

β (МS-8p) = 0,027; 

β (SAE 75W-90) = 0,030; 

β (МТ-8p) = 0,030; 

β (SAE 80W-90) = 0,045. 

Dynamic viscosity in atmospheric conditions at 

the entrance to the contact, η0, Pа∙s: 

η0 (МS-8p) = 0,185; 

η0 (SAE 75W-90) = 0,244; 

η0 (МТ-8p) = 0,264; 

η0 (SAE 80W-90) = 0,478. 

Dynamic viscosity η depending on pressure and temperature is 

calculated by formula (5). 

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

 

 

Calculations of the change in dynamic viscosity η/η0 with pressure and temperature (rheological properties) 

and the change in the central thickness h0 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). 

 

 
 

Fig. 3. Influence of the rheological feature (change in 

dynamic viscosity) of lubricants of different physical and 

chemical composition with increasing maximum pressure,  

taking into account the temperature in the contact zone  

T = 343 K for friction bearing units 

 

Fig. 4. Change in the central thickness of the lubricating 

layer with increasing maximum pressure, taking into 

account the temperature in the contact zone T = 343 K for 

friction bearing units lubricated with lubricants of different 

physical and chemical composition 
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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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Міланенко О., Савчук А., Туриця Ю. Вплив мастильного матеріалу в зоні точкового контакту на 

втомну довговічність в умовах тертя кочення для підшипникових вузлів тертя.  

 

Представлена комплексна методика розрахунку впливу реологічних й триботехнічних властивостей 

мастильного матеріалу при збільшенні максимального тиску з урахуванням температури в зоні точкового 

контакту, що опосередковано виражає втомну довговічність підшипникових вузлів в умовах ЕГД мащення. 

Встановлено, що для найбільш високов’язкої трансмісійної оливи SAE 80W-90 характерна найменша 

залежність динамічної в’язкості від максимального тиску, з урахування того, що дана трансмісійна олива 

створює більші товщини мастильного шару, що підтверджує наші припущення про те, що для 

високонавантажених трансмісій потрібно використовувати трансмісійні оливи більшої в’язкості. 

Нехарактерні кращі реологічні властивості (найменша залежність динамічної в’язкості від 

максимального тиску при певній температурі в зоні контакту) найбільш високов’язкої трансмісійної оливи 

SAE 80W-90 підтверджують уявлення про те, що, крім обмеженого впливу в’язкості оливи, втомну 

довговічність визначають і й хімічний склад оливи, що обумовлює селективні хімічні реакції між окремими 

компонентами (поверхнево-активними речовинами) оливи та металічними поверхнями.   

 

Ключові слова: Точковий контакт тертя, втомна довговічність, підшипники кочення, 

еластогідродинамічне (ЕГД) мащення, мастильний матеріал, реологічні і триботехнічні властивості, тертя 

кочення. 
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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 

http://creativecommons.org/licenses/by/3.0/
http://tribology.khnu.km.ua/index.php/ProbTrib
https://doi.org/10.31891/2079-1372-2023-108-2-20-19
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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. 

 

 
 

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 



Problems of Tribology 23 

 

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) it is 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 

μs), 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 μs, 

while the pause duration can vary from 20 to 200 μs. 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: 

 

/ 0...1nt T   , 

where T   is the pulse tracking period 1/T f  , 

nt  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 a slit 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 slit 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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Стечишин М.С., Диха О.В., Олександренко В.П., Стечишина Н.М. Азотування в циклічно-

комутованому тліючому розряді  

 

В роботі показані перспективи азотування в циклічно-комутованому розряді, наведена 

класифікація процесів азотування в тліючому розряді за критерієм характеристик джерела живлення. 

Приводиться порівняння переваг і недоліків процесів азотування з постійним і циклічно-комутованим 

розрядом. В теоретичному плані процес азотування в циклічно-комутованому тліючому розряді 

розглядається  виходячи з концепції енергетичної моделі. У відповідності до цієї моделі сформульовані 

завдання для проведення подальших теоретичних та експериментальних досліджень. Показано, що процес 

модифікації поверхні в циклічно комутованому розряді відкриває нові можливості, пов’язані з варіантами 

самого ЦКР, який характеризується: частотою, періодом та формою імпульсу. Реалізація процесу 

регулювання частоти комутації, шпаруватості – відношення періоду циклу до тривалості сигналу, та 

форми самого сигналу відкриває широкі можливості суттєво впливати на результати обробки поверхні. 

Вплив форми сигналу живлення розряду на кінетику процесу азотування та його результати 

відкриває широкі можливості для дослідження самого процесу. Наявність сплесків на початку та в кінці 

циклів в принципі може суттєво впливати як на характер самого процесу азотування, так і на структуру та 

фазовий склад модифікованого поверхневого шару, оскільки короткочасні та достатньо потужні сплески 

напруги повинні призводити до інтенсивного розпорошення поверхні. Руйнування моношару нітридів, які 

щойно утворились на поверхні, сприятиме збільшенню глибини азотованого шару за рахунок дифузії 

часток азоту, а також нівелюватиме до певної міри блокуючий ефект поверхневих нітридних шарів. 

 

Ключьові слова: азотування, тліючий розряд, циклічна комутація, живлення розряду, форма 

сигналу, глибина нітридного шару 
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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 
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Information on the study of the tribological properties of fullerenes is very scarce and mainly concerns 

fullerene С60. 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 CO2 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 μ 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 μ<0.001 were obtained, which is half 

as much as for the standard grease based on MoS2 (μ≈0.002) and for graphite grease (μ≈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 



30 Problems of Tribology 

 

 

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-8п 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 "MС-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.  

 

a                                                                b 
Fig. 1. C60 fullerene molecule: a – general view; в – 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 CO2 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 CO2 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. 

 

 
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 II 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 Рк, anti-seize properties according to the burr index - Іb, ultimate load capacity - according to the 

welding load Рz 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 

C60) 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. 

 

 
 

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 

Load, 

kgf 
Load, N 

The average diameter of 

the wear spots of the lower 

balls, mm 

Critical load, 

kgf 

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 (Рк) 200 

 

Table 2 

Determination of critical load (Pk) for Mobil Jet Oil 254 

Load, 

kgf 
Load, N 

The average diameter of 

the wear spots of the lower 

balls, mm 

Critical load, 

kgf 

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 Рк (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. 

 

 
 

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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Олександренко В.П., Єфименко В.В.. Калмикова Н.Г., Єфіменко О.В., Будяк Р.В. , 

Нелюбін Ю.М. Протизносні властивості змащувальних матеріалів з  фулереновими наноприсадками  

 

Метою даної статті є дослідження можливості застосування фулеренових присадок та їх впливу на 

протизносні властивості авіаційних мінеральних та синтетичних олив. Розглянуто метод підвищення 

протизносних властивостей мінеральної МК-8п та синтетичної Mobil Jet Oil 254 олив для турбореактивних 

авіаційних двигунів шляхом добавки фулеренової присадки  С60. Показано, що протизносні властивості 

синтетичної Mobil Jet Oil 254 оливи для турбореактивних авіаційних двигунів перевищують понад 10 % 

мінеральну оливу МК-8п. Збільшення концентрації фулеренової присадки в оливах підвищує 

зносостійкість спряжених поверхонь. Встановлено, що зростання концентрації фулеренової присадки в 

оливах зміщує критичне навантаження в область більш високих значень як для мінеральної, так і для 

синтетичної оливи.  Інтенсивність цього зростання в мінеральній оливі спостерігається в більшій мірі, ніж 

у синтетичній оливі. 

Запропоновано використання фулеренів в якості протизносної присадки до олив для 

турбореактивних двигунів, що поліпшує антифрикційні властивості та зменшує знос деталей машин і 

механізмів. Науковий прогрес визначається в основному експериментальними дослідженнями, 

проведення яких в даному напрямку є досить актуальними. 

 

Kлючові слова: фулеренові присадки, мінеральна олива, синтетична олива, чотирьохкулькова 

машина тертя, показник зносу, критичне навантаження.  
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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 
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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 × 50 × 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. 

 
 

 
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 (QH) and melting (QП) of the scanning zone. The amount 

of heat absorbed in this way (taken by the calorimeter) was calculated by the formula: 

 

𝑄𝑘 = 𝑄𝐻 + 𝑄П = 𝜌 ⋅ 𝑉 ⋅ 𝑐 ⋅ 𝛥𝑡,    (1) 

 

where ρ is the density of water; V is the volume of water consumed in the fusion process; c is the specific 

heat capacity of water; Δt 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: 

 

η = Qk/Q,       (2) 

 

where Q = I ∙ U ∙ τ is the total amount of heat released during time τ. 

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 (Qk = QH + QП), as well as the 

effect on the thermal efficiency of the process η (Fig. 3) were studied. The arc voltage was of secondary 

importance. 
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a b 

Fig. 3. Dependence of the absorbed amount of heat Qk (a) and thermal efficiency. η (b) as a function of arc 

scanning speed and current strength: 1 - I = 100 A; 2 - I = 200 A (U = 14 V) 

 

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. (η = 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 η, affecting the values of l 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. 

 

  
a b 

Fig. 4. Influence of current strength and scanning speed of electric arc on the width l (a) and depth h (b) of melting: 

1 - I = 100 A; 2 - I = 200 A 

 

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 × 10 × 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) Vt = 1.6 m/s, and the test time 2 hours. The wear intensity 

was calculated according to the formula: 

 

𝑍 =
𝛥𝑚

𝜌⋅𝐴⋅𝐿
,       (3) 

 

where Δm is sample mass loss; ρ 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, Vt = 1.6 m/s): 1 - I =100 A; 2 - I =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 (Pd) on the acting force (Fn) were investigated. At the same time the following were determined: 

microhardness HV0,05, 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 WH 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 μm) on the cross-sectional thin sections of the melting areas were 

investigated in comparison with the initial (without melting) state. 

 

 
a 

 
b 

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 (HV0,05), 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. 

 

  

  
a b 

Fig. 7. Effect of arc scanning speed on the micromechanical properties of hardened surfaces at I = 100 A (a) and I = 

200 A (b): HV0,05 – microhardness; Е – Young's modulus of elasticity; S – contact rigidity;  R1 and R2 – relaxation 

capacity in the first and second cycles; WH – hysteresis loop area 

 

Table 1 

Comparison of micromechanical parameters (Vs = 800 mm/min) 
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s, HV0,05 

Modulus of 

elasticity 

Е, GPa 

Relaxation capacity 

Hysteresis loop area 

WH ∙10-3, pJ  
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S
, 

m
N

/n
m

  

R1, % R2, % 

Initial 140 155 4,5 55 4 3,1 

Hardened at 

I = 100 A 
580 205 23 87 11 1,4 

Hardened at 

I = 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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Соколан Ю., Романішина О., Соколан К., Майдан П., Каразей В. Особливості підвищення 

зносостійкості деталей машин шляхом обробки концентрованим тепловим потоком 

 

В статті розглядається можливість використання поверхневої обробки деталей концентрованим 

тепловим потоком з метою підвищення зносостійкості деталей. Цей метод забезпечує умови швидкої 

кристалізації структури металу після зонального поверхневого оплавлення електродуговою плазмою 

поверхні зразків. Встановлено, що зносостійкість сталі значно зростає зі збільшенням швидкості 

сканування та зі зменшенням сили струму. Досліджувались приповерхневі шари на шліфах поперечного 

перерізу областей оплавлення порівняно з вихідним (без оплавлення) станом на основі діаграм метода 

безперервного занурення індентора. Отриманi значення ряду мікромеханічних показників, що 

характеризують опір мікропластичнiй деформації та пружнов’язкі властивості сталі після зміцнювальної 

теплової обробки. Слiд зауважити, що при чотирикратному підвищенні твердості, зносостійкість сталі 

збільшилась майже у 10 разів. Це свідчить про те, що опір зношуванню металів при терті визначається не 

тільки макроскопічною міцністю та твердістю, але й здатністю до релаксації локальних пікових напружень 

в умовах динамічної контактної взаємодії. 

Ключові слова: метод GTAW, поверхневе зміцнення, зносостійкість сталі, електродугова обробка, 

концентрований тепловий потік. 
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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 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 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 

http://creativecommons.org/licenses/by/3.0/
http://tribology.khnu.km.ua/index.php/ProbTrib
https://doi.org/10.31891/2079-1372-2023-108-2-44-43
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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. 

In work [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 Wi, (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, Wb, is determined by the formula given in the work [10]; 

-  speed of dissipation in the tribosystem WТR, 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 Кf, is 

determined by the formula given in the work [11];  

- given value of the coefficient of thermal conductivity of triboelement materials аred, is 

determined by the formula given in the work [11];  

- rheological properties of the structure of composite materials in the tribosystem RSТS, 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: 
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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: 
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where fst – the value of the friction coefficient of the tribosystem after running-in (stationary mode) is 

determined by the expression given in the work [12]; 

K0 and  K2 – gain coefficients are calculated according to the formulas given in the works [9, 13]; 

λ – exponent, which takes into account the change in the constant Т3, 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; 

dI and df - 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]; 

 TI and Tf - 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]; 

υI and υf - 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]; 

AI and Af  - 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 Кf, 1/m; 

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

- rheological properties of the structure of combined materials in the tribosystem RSТS, 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 К1 in 3.91 ... 4.6 times. 

Sources of cluster signal generation К4 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 Fmin. 

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. 

 
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 1×10-3 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 ISO 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 ISO 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 Kf of the 

tribosystem changes. The shape coefficient of the tribosystem was changed due to the friction area Ffr stationary 

triboelement. Tribosystem "steel 40X+Br.AZH 9-4", lubricating medium - engine oil М-10G2к (Еu= 3,6·1014J/m3). 

Roughness of friction surfaces Rа = 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: Ffr= 0,00006 m2, (Кf=5 m-1); Ffr= 0,00015 

m2, (Кf=12,5 m-1); Ffr= 0,00024 m2, (Кf=20 m-1). The area of the movable triboelement, steel 40X, in all three 

designs was Fmax =0,0003 m2. Load N = 1500 N; sliding speed vsl = 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. 

 

 
Fig. 2. Dependences of changes in the volume rate of wear during the running-in of tribosystems with different 

shape factors Кf: 1 – Кf=5 m-1; 2 – Кf=12,5 m-1; 3 – Кf=20 m-1 
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Fig. 3. Dependencies of the change in the friction coefficient during the running-in of tribosystems with different 

form factors Кf: 1 – Кf=5 m-1; 2 – Кf=12,5 m-1; 3 – Кf=20 m-1 

 

Comparison of estimated values of the Cochrane criterion Ge and table values Gt, 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 е = 7,7%, 

The second constructive factor characterizing the tribosystem is the tribological properties of the 

lubricating medium, Еu. In fig. 4 and fig. 5 shows the theoretical and experimental dependences of lubrication of 

tribosystems over time with different lubricating media: hydraulic oil МG–15V (Еu= 2,43·1014 J/m3); motor oil 

М–10G2к (Еu= 3,6·1014 J/m3); transmission oil ТSp-15к (Еu= 4,18·1014 J/m3). 

Conditions of the experiment. Combined materials in the tribosystem: steel 40X+Br.AZH 9-4. Roughness 

of friction surfaces Rа = 0,2 micron; Sm = 0,4 mm. Kinematic scheme of the "ring-ring" tribosystem, shape factor 

of the tribosystem Кf = 12,5 m-1; load N = 1500 N; sliding speed vsl = 0,5 m/s. 

Comparison of estimated values of the Cochrane criterion Ge and table values Gt, 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 е = 8,9%, 

 

 
Fig. 4. Dependencies of changes in the volumetric rate of wear during the running-in of tribosystems with 

different lubricating media Еu: 1 - hydraulic oil МG–15V (Еu= 2,43·1014 J/m3); 2 - motor oil М – 10G2к (Еu= 3,6·1014 

J/m3); 3 - transmission oil ТSp-15к (Еu= 4,18·1014 J/m3) 
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Fig. 5. Dependencies of the change in the friction coefficient during the run-in of tribosystems with different 

lubricating media Еu: 1 - hydraulic oil МG–15V (Еu= 2,43·1014 J/m3); 2 - motor oil М – 10G2к (Еu= 3,6·1014 J/m3); 3 - 

transmission oil ТSp-15к (Еu= 4,18·1014 J/m3) 

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, (RSТS=249,9 m-1); steel 40X + VCh 70, (RSТS=309 m-1); steel 40X + Br.AZH 9-4, (RSТS=332,5 

m-1). For all designs, the moving triboelement was made of steel 40X (HRC 52-54).  

 
Fig. 6. Dependencies of the change in the volumetric rate of wear during the running-in of tribosystems with 

different composite materials RSТS: 1 – steel 40X + steel 40X, (RSТS=249,9 m-1); 2 - steel 40X + VCh 70, (RSТS=309 m-

1); 3 - steel 40X + Br.AZH 9-4, (RSТС=332,5 m-1) 

 
Fig. 7. Dependencies of the change in the friction coefficient during the running-in of tribosystems with 

different combined materials RSТS: 1 – steel 40X + steel 40X, (RSТS=249,9 m-1); 2 - steel 40X + VCh 70, (RSТS=309 m-

1); 3 - steel 40X + Br.AZH 9-4, (RSТS=332,5 m-1) 
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Conditions of the experiment. The lubricating medium is motor oil М-10G2к. (Еu= 3,6·1014J/m3). 

Roughness of friction surfaces Rа = 0,2 micron; Sm = 0,4 mm. Kinematic diagram of "ring-ring" tribosystems, 

tribosystem form factor Кf = 12,5 m-1; load N = 1500 N; sliding speed vsl = 0,5 m/s. 

Comparison of estimated values of the Cochrane criterion Ge and table values Gt, 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 RSТS increases break-in time and increases 

volumetric wear rate and friction coefficient. Conversely, an increase in size RSТS 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 RSТS, shows that the 

coefficient of variation is v = 18,4%, and the modeling error does not exceed е = 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 Кf = 12,5 m-1; load N = 1500 N; sliding speed vsl = 

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 Ge and table values Gt, for the given conditions 

of the experiment, allows us to assert that the obtained experimental results are homogeneous and reproducible.  

 

 
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 

micron 

 

 
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 е = 12,5%. Operating factors that affect the nature of tribosystems running-in are expressed through 

parameters: load and sliding speed. 

 

 
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 

 

 
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 vsl. 

 
Fig. 12. Dependencies of the change in the volumetric rate of wear during tribosystem running-in for 

different values of the sliding speed vsl: 1 – vsl = 0,2 m/s; 2 – vsl = 0,5 m/s; 3 – vsl = 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 Кf = 12,5 m-1. Lubricating medium - motor oil М – 

10G2к (Еu= 3,6·1014 J/m3).  

 

 
Fig. 13. Dependencies of the change in the friction coefficient during tribosystem running-in for different 

sliding speed values vsl : 1 – vsl = 0,2 m/s; 2 – vsl = 0,5 m/s; 3 – vsl = 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 vsl = 0,2; 0,5; 0,8 m/s. 

Comparison of estimated values of the Cochrane criterion Ge and table values Gt, 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 е = 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 е = 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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Войтов А.В. Математична модель припрацювання трибосистем в умовах граничного мащення. 

Частина 2. Результати моделювання 

В роботі наведено результати математичного моделювання процесів припрацювання 

трибосистем при зміні різних факторів: конструктивних параметрів трибосистем, які враховуються 

коефіцієнтом форми; трибологичних властивостей змащувального середовища; реологічних властивостей 

сполучених матеріалів в трибосистемі; шорсткість поверхонь тертя; навантаження та швидкість ковзання. 

Порівнюючи теоретично отримані результати, шляхом моделювання за розробленими моделями, з 

експериментальними даними, встановлено, що математична модель адекватно відображає процеси 

припрацювання з урахуванням зміни конструктивних, технологічних та експлуатаційних факторів. 

Застосовуючи критерій Кохрена встановлено, що отримані експериментальні результати однорідні і 

відтворювані. Максимальне значення коефіцієнта варіації значень об’ємної швидкості зношування та 

коефіцієнта тертя знаходиться в межах v = 12,3 - 26,5%. Значення похибки моделювання знаходиться в 

межах v = 7,7 - 12,9%. 

Отримано рейтинг факторів, які максимально впливають на процеси припрацювання трибосистем 

в умовах граничного мащення. На першому місті – шорсткість поверхонь тертя, коефіцієнт варіації v = 

26,5%. На другому місті – навантаження на трибосистему під час припрацювання, коефіцієнт варіації v = 

20,8%. На третьому місті – величина швидкості ковзання під час припрацювання, коефіцієнт варіації v = 

18,6%. Зроблений висновок необхідно враховувати при розробці раціональної програми припрацювання 

трибосистем в умовах граничного мащення. 

Представлено методичний підхід застосування метода акустичної емісії при дослідженні процесів 

припрацювання трибосистем. В роботі доведено, що для визначення об`ємної швидкості зношування під 

час припрацювання трибосистем, необхідно реєструвати та аналізувати четвертий кластер з загального 

сигналу акустичної емісії. Джерелами генерації сигналу четвертого кластеру є мікрорізання і пластична 

деформація виступів шорсткості поверхні тертя, яке характерне для перших етапів припрацювання. 

Keywords: трибосистема; припрацювання; математична модель припрацювання; граничне 

мащення; коефіцієнт форми; трибологічні властивості змащувального середовища; реологічні властивості 

сполучених матеріалів; швидкість зношування; коефіцієнт тертя 
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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. 

http://creativecommons.org/licenses/by/3.0/
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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 μm 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; 

ρ0 – initial municipal solid waste density, kg/m3; 

w0 – initial relative humidity of solid waste, %; 

n – nominal auger rotation frequency, rpm; 

u – auger wear, m; 

aug – 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: 

 

H0,23160,1158

1


  [mg/h],  (3) 



Problems of Tribology 59 

 

 

where γ – wear rate, mg/h; H – coating microhardness, Gpa. 

Table 1 

Effect of coating microhardness on wear rate [3] 

 

Coating 12Х18Н10Т Cr Cr-UDD ZrN TiN TiN/ZrN 

Coating microhardness H, GPa 2,7 7,6 10,3 15,2 21,6 33,2 

Wear rate γ,  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. 

 

  
Fig. 1. Dependence of the change in the auger wear rate depending on the microhardness of the coating: actual ○, 

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 = axb 0.91600 

2 y = 1 / (a + bx) 0.95706 10 y = a + b·lg x 0.93091 

3 y = a + b / x 0.87496 11 y = a + b·ln x 0.93091 

4 y = x / (a + bx) 0.95129 12 y = a / (b + x) 0.95705 

5 y = abx 0.92861 13 y = ax / (b + x) 0.65429 

6 y = aebx 0.92861 14 y = aeb / x 0.78573 

7 y = a ·10bx 0.92861 15 y = a ·10b / x 0.78573 

8 y = 1 / (a + be-x) 0.46369 16 y = a + bxn 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 GPa to 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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Березюк О.В., Савуляк В.І. , Харжевський В.О.,  Віштак І.В. Залежнiсть швидкостi зношування вiд 

мiкротвердостi покриття шнека зневоднення у сміттєвозі твердих побутових відходів  

 

Стаття присвячена дослідженню впливу мiкротвердостi покриття шнека на його зносостійкість під 

час зневоднення твердих побутових відходів у сміттєвозі. Використання математичного апарату та 

відповідних програм регресійного аналізу дозволило визначити закономірність зміни швидкості 

зношування шнека залежно від мiкротвердостi покриття. Побудована графічна залежність зміни швидкості 

зношування шнека залежно від мiкротвердостi покриття, яка підтвердила достатню збіжність отриманої 

закономірності. Графіки впливу мiкротвердостi покриття шнека на швидкість його зношування 

демонструє доцільність її підвищення. Встановлено, що після експлуатації та зношування на шляху s = 

56850 м під час зневоднення ТПВ у сміттєвозі збільшення мiкротвердостi покриття шнека з 2,7 ГПа до 33,2 

ГПа призводить до зниження енергоємності на 19 кВт·год/т або 12% та до здешевлення процесу 

зневоднення ТПВ у сміттєвозі. Встановлена доцільність проведення додаткових досліджень з визначення 

подальших шляхів підвищення зносостійкості шнека. 

 

Ключові слова: знос, зносостійкість, швидкостi зношування, мікротвердість покриття, шнековий 

прес, сміттєвоз, зневоднення, тверді побутові відходи, регресійний аналіз. 
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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. 

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://tribology.khnu.km.ua/index.php/ProbTrib
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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. 

 

 
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 ISO 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. 

 

 
 

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). 

 

 
 

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 yields 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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Диха О., Гетьман М., Старий А., Калачинський Т. Огляд аспектів переробки і застосування 

відпрацьованих кулінарних олив як ефективних мастильних матеріалів 

 

У зв'язку із забрудненням навколишнього середовища та виснаженням запасів нафти мастила на 

біологічній основі викликають великий інтерес як заміна мастилам на основі мінеральних масел. 

Біомастила мають низку переваг перед мінеральними мастильними матеріалами, включаючи високу 

здатність до біологічного розкладання, низьку токсичність, змащувальні властивості та мінімальний вплив 

на навколишнє середовище. У представленому огляді описано основні характеристики та властивості 

біологічних мастил, різноманітних рослинних олій, які використовуються як сировина для виробництва 

біомастильних матеріалів. Проаналізовано фізико-хімічні властивості біологічних мастил з точки зору 

поліпшення. Визначено технологічні процеси хімічної модифікації рослинних олій, що забезпечують 

змащувальні та протизносні властивості отриманих біомастильних матеріалів. Також рекомендуються 

різні добавки, що використовуються для поліпшення властивостей біомастильних матеріалів. Цей 

оглядовий матеріал надасть дослідникам і практикам додаткову інформацію про практику використання 

біомастильних матеріалів. 

 

Ключові слова: рослинні олії, відходи харчової промисловості, екологічність, хімічна модифікація, 

фізична обробка, змащення, зносостійкість. 
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