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Abstract

The paper presents experimental studies of the tribological characteristics of liquid lubricants of various
viscosity classes and various groups of operation when using fullerene compositions. Tribological characteristics
were evaluated on a four-ball friction machine according to GOST 9490.

The use of fullerene compositions in the form of a finely dispersed fullerene powder, pre-dispersed (dis-
solved) in vegetable high oleic oils, for example, rapeseed, with the subsequent addition of the resulting compo-
sition to technical oils of various viscosity classes and various groups of operation, leads to the following posi-
tive effect. The anti-wear properties of oils, which are assessed by the wear indicator, increase by 20,0...30,7 %,
and the critical load on 18,8...25,0%. These indicators significantly exceed similar indicators when using fuller-
ene fine powders without preliminary dispersion in vegetable oils, where the effect is on the border 11,1...15 %.

Fullerene additives do not affect the extreme pressure properties of base oils, which are assessed by the
scuffing load. This result makes it possible to state that the way to improve the tribological properties of lubri-
cants by introducing a fine powder of fullerenes into base technical oils is ineffective.

The experimental results obtained confirm the hypothesis about the possibility of the micelle formation
mechanism in the lubricant under the action of the electrostatic field of the friction surface. The presence of a
surfactant solvent (vegetable oil) allows you to "start" the micelle formation process at lower fullerene concen-
trations and to obtain the effect of increasing anti-wear properties.

Key words: fullerenes; vegetable oils; four-ball friction machine; tribological characteristics; critical
load; welding load; bully index; technical oils.

Introduction

Today, the use of fullerenes is of great interest of Cgp, as additives to liquid lubricants. In recent years, a
number of scientific articles have appeared, where the results of studies of the effect of fullerene additives to lub-
ricants on the processes of friction and wear of metals have been presented and a conclusion has been made
about the prospects of using such additives.

An interesting and important feature of fullerene additives is that fullerenes are readily soluble in a wide
class of organic and inorganic solvents. At the same time, poor solubility of fullerenes in technical oils was noted
(mineral, semi-synthetic and synthetic). To date, the solubility of Cg in a large number of liquids has been de-
termined and analyzed. It is shown that the solubility of fullerenes decreases with increasing polarity of the sol-
vent. A number of unusual properties of fullerene solutions have been revealed, so for some solvents the effect
of an anomalous dependence of the solubility of fullerene on temperature was found. At a temperature of about
280 °K maximum solubility is observed in these systems Cg, after which it starts to decrease.

Another interesting phenomenon observed in fullerene solutions Cg, are the processes of formation and
growth of clusters, which indicate the proximity of many solutions Cg to the class of colloidal systems. The de-
fining moment of this phenomenon is the fact that the size of the fullerene lies on the border of the definition
concept of a colloidal particle (according to colloidal chemistry, colloidal particles range in size from one na-
nometer to several micrometers). The polarity of the solvent also has a great influence on this process.

@m_ Copyright © 2020 A.G. Kravtsov. This is an open access article distributed under the Creative Commons Attribution License, which
3 permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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The use of fullerene additives for technical liquid lubricants raises a number of questions about their ef-
fectiveness, i.e. influence on anti-wear and extreme pressure properties. Interest in this phenomenon is of both
fundamental and applied nature, which will allow the development of concepts for their application.

Literature review

The authors of the work [1] provide an overview of the literature on lubricants with added nanoparticles.
The effect of nanoparticles on the tribotechnical characteristics of oils has been analyzed. The paper notes that
the use of nanoadditives to lubricants leads to an increase in the viscosity of the base medium, a high bearing ca-
pacity of the interface, a decrease in the friction coefficient, and an increase in wear resistance. Work [2] con-
tains conclusions that the characteristics of a lubricant can be improved by using nanoadditives. Adding nanopar-
ticles to conventional base oils is a promising direction. The work is devoted to an informative review of the ap-
plication of nanoadditives to liquid lubricants and the prospects for its use in the production of oils. Similar con-
clusions about the prospects of using nanomaterials in liquid lubricants have been made by the authors of the
work. [3].

Works [4-6] are devoted to fullerenes as additives to lubricants. The authors note that the use of fullerenes
reduces the coefficient of friction and increases the wear resistance of mates. In work [6] it is noted that the con-
centration of the fullerene additive should be within 0,5...2,0% masses. In work [7] the result of using fullerene
is given Cgo. The authors note a positive effect, however, they conclude that the mechanism of the senergism of
fullerenes with base oil is unclear and requires further research. At the same time, it was noted in the work that a
decrease in the friction coefficient with the addition of fullerenes to oils can reach 90% compared to the base oil.

Analysis of works devoted to the use of fullerenes as additives to lubricants allows us to conclude that
fullerenes are not dispersed (dissolved) in all technical oils [8-10]. This conclusion has been confirmed by the
author of the work [11]. The introduction of fullerene additives in the form of a finely dispersed powder into
technical oils of various viscosity classes and various groups of operation improves the anti-wear properties of
oils, which are estimated by the wear indicator (increase by 11,1...15 %) and critical load (increase by
11,8...17,4%). Fullerene additives do not affect the extreme pressure properties of base oils, which are assessed
by the scuffing load. This result makes it possible to state that the way to improve the tribological properties of
lubricants by introducing a fine powder of fullerenes into base technical oils is ineffective. As follows from the
above analysis of scientific works, such an insignificant effect is typical due to the intense clustering of fullerene
molecules in the environment of industrial oils containing surfactants. Technical oils act as a highly polar sol-
vent.

The experimental results presented allow us to conclude that it is necessary to develop other, more tech-
nological techniques and methods for introducing fullerene additives into technical lubricants, the theoretical jus-
tification of which has been developed in the works [12, 13]. In the presented works, a mathematical model of
the interaction of electrically active heterogeneous fine-dispersed systems at the interface friction surface - lubri-
cant has been developed. From the analysis of the solution of the differential equation, which describes the pro-
cess of interaction of electric fields, it has been found that the introduction of fullerenes into the base lubricant
does not bring a large effect.

It has been theoretically established that the use of fullerene "solvents"”, which can be high oleic vegetable
oils, you can "start" the process of micelle formation, where the nucleus of the micelle is a fullerene molecule
surrounded by molecules, for example, oleic or stearic acid. In work [12] theoretical studies that have shown,
that the number of micelles is 50 times higher than the number of clusters in the base lubricating medium at the
same concentration of fullerenes, and the dipole moment of micelles is an order of magnitude higher than the di-
pole moment of clusters. At the same time, micelles are more effective, where a single fullerene molecule acts as
a nucleus, rather than a cluster of fullerene molecules, which affects the size of the formed micelles. The role of
the friction surface on the formation of clusters and micelles in the lubricant film at the friction surface is estab-
lished. It is shown that under the action of the stress-strain state of the surface layers, the friction surface acts as
"Generator of electrostatic force field", which affects the formation of an electric field in the volume of the oil
film. Expressions are obtained for calculating the value of the total electric field strength of the system "friction
surface + lubricant".

In works [12, 13] it has been theoretically established that the electrostatic field of the friction surface is
the driving force for the formation of an electrostatic field in the volume of the oil film, which is adsorbed on the
friction surface. It shows that the process of cluster formation from fullerene molecules and micelles from fuller-
ene molecules and fullerene solvent molecules affects the magnitude of the electrostatic field in the volume of
liquid. Based on the review of publications and the performed modeling, it has been found that high oleic vege-
table oil can act as a "strong solvent" of fullerenes.

Purpose
The purpose of this work is to carry out experimental studies of the tribological characteristics of liquid

lubricants in the presence of fullerene compositions in their composition, which contain a fine powder of fuller-
enes, previously dispersed (dissolved) in vegetable high oleic rapeseed oil in various concentrations.
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Methods

The tribological characteristics were assessed on a four-ball friction machine according to the method de-
scribed in GOST 9490.
1. Fullerene compositions were prepared in the following mass concentrations. Base oils free from fuller-
ene compositions.
2. Fullerene supplement 50 g/kg. It contains 0,5 g of fullerenes and 49,5 g of vegetable rapeseed oleic oil.
Mass addition 50 g is introduced in 1000 g of base oil.
3. Fullerene supplement 100 g/kg. It contains 0,75 g of fullerenes and 99,25 g of vegetable rapeseed oleic
oil. Mass addition 100 g is introduced in 1000 g of base oil.
4. Fullerene supplement 150 g/kg. It contains 1,0 g of fullerenes and 149,0 g of vegetable rapeseed oleic
oil. Mass addition 150 g is introduced in 1000 g of base oil.
5. Fullerene supplement 200 g/kg. It contains 1,5 g of fullerenes and 198,5 g of vegetable rapeseed oleic
oil. Mass addition 200 g is introduced in 1000 g of base oil.
6. Fullerene supplement 250 g/kg. It contains 2,0 g of fullerenes and 248,0 g of vegetable rapeseed oleic
oil. Mass addition 250 g is introduced in 1000 g of base oil.
Experimental studies included the determination of tribological characteristics on a four-ball machine of
liquid lubricants of the following operation groups:
o hydraulic mineral oil, by classification 1SO corresponds to NM, viscosity class 10, trade mark
MGP-10;
e engine oil, according to SAE 30 classification, APl CC operation group, trade mark M-10Gy;
e gear oil, SAE 75W90 classification, APl GL-5 service group, trade mark VALVOLINE.
Fullerenes in the form of fine powder of various concentrations F=0,5...2,0 grams “dissolved” in high
oleic rapeseed oil and added to the above-listed technical base oils in the form of a fullerene composition (FK).

Results

In the process of experimental studies, the following tribological characteristics have been determined:

- Wear rate, Dy, mm;

- critical load, P, N;

- welding load, Pyeiq, N;

- bully index, Iy, N.

Experimental results for hydraulic oil MGP-10 are presented in the table 1, for engine oil M-10G, in the
table 2, for transmission oil VALVOLINE GL-5 in the table 3.

The experimental results were checked for reproducibility by Cochran's criterion according to the formu-
las (1), (2):

2
g o S "
P™ <N g2 °
Zi:]_s 1
where S%,.- maximum value of variance for Dy, Per, Pueld, Iy in accordance;
S;%- the value of the variance of the i - th experiment for Dy, Per, Puelg, I in accordance.
The hypothesis was tested:

where Gy, — tabular value of the Cochren's criterion, with a given confidence interval q = 0,90.

During the statistical processing of the experimental results, the number of repetitions of the same type
was determined, which make it possible to ensure the experimental error at the level of confidence equal to
q = 0,90.

The obtained experimental values allow us to conclude that tests on a four-ball machine of liquid lubri-
cants for various purposes with different concentrations of fullerene compositions are reproducible and reliable
under the condition of three repeats of the same type.

In tables 1 - 3 the arithmetic mean values of three repetitions of tribological characteristics are given.

Analysis of the data given in the tables 1 — 3 allows us to draw the following conclusions.

Wear indicator D,, increases by 20,0...30,7 %, at the same time, the larger value refers to the MGP-10
hydraulic oil, and the lower value refers to the transmission oil VALVOLINE GL-5. It follows from the tables
that improvements in anti-wear properties for all oils are characteristic up to a concentration 150 g/kg in the base
lubricant. If we compare with the data presented in the work [11], where a finely dispersed fullerene powder was
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used as an additive, then the wear index D, increases by 11,1...15 %, at the same time, the improvement of anti-
wear properties begins with a concentration of 0.2% masses, fullerenes in the lubricant.

Table 1

Tribological characteristics of hydraulic oil MGP-10 with the addition of fullerenes (F) and with fullerene

composition (FC)

Lubricant D, mm Per, N Pueia, N I, N
MGP-10, HM 0,65 784 1568 24
MGP-10 + 0,05% F 0,6 784 1568 24
MGP-10 +50 g/kg FC 0,55 823 1568 26
MGP-10 + 0,1% F 0,6 823 1568 24
MGP-10 +100 g/kg FC 0,5 921 1568 28
MGP-10 + 0,15% F 0,6 872 1568 26
MGP-10 +150 g/kg FC 0,45 980 1568 30
MGP-10 + 0,2% F 0,55 921 1568 27
MGP-10 +200 g/kg FC 0,45 980 1568 30
MGP-10 + 0,3% F 0,55 921 1568 27
MGP-10 +250 g/kg FC 0,45 980 1568 30
Table 2

Tribological characteristics of M-10G,,, API1 CC engine oil with the addition of fullerenes (F) and with full-

erene composition (FC)

Lubricant Dy, mm Pcry N I:’weldy N |b1 N
M-10Gy, API CC 0,45 1235 2450 28
M-10G, + 0,05% F 0,45 1235 2450 28
M-10G, + 50 g/kg FC 0,40 1235 2450 30
M-10G, + 0,1% F 0,45 1235 2450 29
M-10G, + 100 g/kg FC 0,35 1303 2450 32
M-10G, + 0,15% F 0,45 1235 2450 30
M-10G, + 150 g/kg FC 0,34 1381 2450 34
M-10G, + 0,2% F 0,4 1303 2450 31
M-10G, + 200 g/kg FC 0,33 1381 2450 34
M-10G, + 0,3% F 0,4 1381 2450 31
M-10G, + 250 g/kg FC 0,33 1381 2450 34
Table 3

Tribological characteristics of VALVOLINE GL-5 gear oil with the addition of fullerenes (F) and with full-

erene composition (FC)

Lubricant Dy, mm Per, N Pueld, N Iy, N

GL-5 0,45 1960 4900 76
GL-5+ 0,05% F 0,45 1960 4900 76
GL-5 + 50 g/kg FC 0,40 2067 4900 82
GL-5+0,1% F 0,45 1960 4900 78
GL-5 + 100 g/kg FC 0,38 2195 4900 84
GL-5+0,15% F 0,45 2067 4900 80
GL-5 + 150 g/kg FC 0,36 2323 4900 88
GL-5+0,2% F 0,4 2195 4900 82
GL-5 + 200 g/kg FC 0,36 2323 4900 88
GL-5+0,3% F 0,4 2195 4900 82
GL-5 + 250 g/kg FC 0,36 2323 4900 88
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The results obtained allow us to conclude that the concentration limit for the fullerene composition in in-
dustrial oils can be 100...150 g/kg. A further increase in concentration does not bring a positive effect.

The positive effect is also characteristic of the indicator — critical load P, which characterizes the range
of performance of anti-wear additives. The critical load is increased by 18,8...25,0%, the larger value refers to
the hydraulic oil and the lower value refers to the transmission oil. At the same time, an increase in the critical
load for all oils is characteristic up to a concentration 150 g/kg, in the base lubricant. If we compare with the data
presented in the work [11], where a finely dispersed powder of fullerenes was used as an additive, then the criti-
cal load increases by 11,8...17,4%.

Changes in the value of the welding load P,eq during the experiments were not recorded, this allows us to
conclude that the fullerene composition obtained by dissolving a fine powder of fullerenes in vegetable high ole-
ic rapeseed oil does not improve the extreme pressure properties of liquid lubricants, but is only an antiwear ad-
ditive.

Bully index Iy, which characterizes the integral tribological characteristic of the lubricant increases by
15,7...25,0%, the larger value refers to the hydraulic oil and the lower value refers to the transmission oil. In
work [11], where a finely dispersed fullerene powder was used as an additive, it was noted that the bully index I,
increases by 7,8...12,5%.

The obtained experimental results confirm the [12, 13] hypothesis about the possibility of the mechanism
of micelle formation in the lubricant under the action of the electrostatic field of the friction surface. The pres-
ence of a surfactant solvent (vegetable oil) allows «start» process of micelle formation at lower concentrations of
fullerenes and to obtain the effect of increasing anti-wear properties on 20,0...30,7 %, while the dissolution of
fullerenes in the base oil without the use of a solvent has the effect of increasing the anti-wear properties on
11,1...15%.

The obtained values of the improvement of antiwear properties coincide with the values obtained by other
researchers, whose work is reviewed above.

Conclusions

The use of fullerene compositions in the form of a finely dispersed powder of fullerenes, previously dis-
persed (dissolved) in vegetable high oleic oils, for example, rapeseed, with the subsequent addition of the result-
ing composition to technical oils of different viscosity classes and different groups of operation, leads to the fol-
lowing positive effect. The anti-wear properties of oils, which are assessed by the wear indicator, increase by
20,0...30,7 %, and the critical load on 18,8...25,0%. These indicators significantly exceed similar indicators
when using fullerene fine powders without preliminary dispersion in vegetable oils, where the effect is on the
border 11,1...15 %.

Fullerene additives do not affect the extreme pressure properties of base oils, which are assessed by the
bully load. This result makes it possible to state that the way to improve the tribological properties of lubricants
by introducing a finely dispersed powder of fullerenes into base technical oils is ineffective. As follows from the
above analysis of scientific works such an insignificant effect is typical due to the intense clustering of fullerene
malecules in the environment of industrial oils containing surfactants. Technical oils act as a highly polar sol-
vent.

The obtained experimental results confirm the [12, 13] hypothesis about the possibility of the mechanism
of micelle formation in the lubricant under the action of the electrostatic field of the friction surface. The pres-
ence of a surfactant solvent (vegetable oil) allows you to «start» the micelle formation process at lower fullerene
concentrations and to obtain the effect of increasing anti-wear properties.
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KpaBuo A.T'. Ouinka TpuOOJOTIYHUX XapaKTEPUCTUK TEXHIYHMX ONHMB 3 (YJICpEHOBUMH KOMIIO-
3ULISMH

B poboTi npencraBieHi eKCriepuMeHTalIbHI TOCHTIHKEHHS! TPUOOIOTIYHUX XapaKTEPUCTUK PiJKHX MacTH-
JBHMAX MaTepiajliB pi3HOro Kiacy B'SI3KOCTI 1 PI3HUX I'PYIl eKCIUTyaTalil Ipyu BUKOPUCTaHHI (YIJIEPeHOBUX KOM-
no3utii. TpuOOIOriuHi XapaKTEpUCTUKK OLIHIOBAINCS HA YETHPbOXKYJIbKOBIH MammHi Tepts 3rizHo [OCT
9490.

Bukopucranss QynepeHOBUX KOMIO3HINH Y BUMIISIAL APiIOHOIUCIIEPCHOTO TOPOIIKY (hyJIepeHiB, monepe-
JHBO JTUCTIEPTHPOBAHOrO (PO3YHHEHOI'0) B POCIMHHUX BHCOKOOJICIHOBHX OJisIX, HAIIPUKIIA[, PillaKoBOi, 3 TO/1a-
JIBIIAM JTOJIABAaHHSAM OTPUMAHOI KOMITO3HINIi B TEXHIYHI OJMBH Pi3HUX KIACIB B'S3KOCTI 1 Pi3HHUX IPYI CKCILTya-
Tallii, TPU3BOMUTH 1O HACTYITHOI'O NMO3UTUBHOrO edekTy. [IpOTH3HOCHI BIaCTHBOCTI OJIMB, SIKi OLIHIOIOTHCS TIO-
Ka3HHUKOM 3HOCY, 30utbmyroThes Ha 20,0 ... 30,7%, a kpuTuuHe HaBaHTaKeHHS Ha 18,8 ... 25,0%. JlaHi noka3Hu-
K{ 3HAYHO MEPEBUIYIOTh aHAJIOTTYHI MOKA3HUKH IIPH 3aCTOCYBaHHI (heNlepeHOBHX JPiOHOIUCIIEPCHUX TOPOILIKiB
0e3 MmornepeHpOro TUCIICPTYBAaHHS B POCIMHHUX OJisIX, Ie eheKT 3HaxomuTbes Ha Mexi 11,1 ... 15%.

Ha npoTtu3anupHi BracTUBOCTI 0a30BMX TEXHIYHUX OJIMB, SIKi OLIHIOIOTHCSI HABAHTAXXCHHSM 3BapIOBaHHS,
(ynepeHoBi KOMITO3MIIIT HE BIUITMBAIOTh. TaKHid pe3ysbTaT J03BOJISIE KOHCTATYBATH, IO IUISX MOJIMIIEHHS TP U-
OOJIOTIYHHMX XapaKTepPUCTUK MACTHILHUX MaTepiajliB IUITXOM BBE/IeHHsT (pyJepeHOBHX KOMITO3UIIiil B 6a30Bi Te-
XHIYHI OJIMBH € MaJOCQECKTHUBHUM.

OtpuMaHi eKcriepuMeHTaIbHI Pe3yJIbTaTH MiATBEPKYIOTh TiNOTE3y MPO MOXKIHUBICTE MEXaHI3MY Mille-
JIOYTBOPEHHS B 3MallyBAJILHOMY MaTepialli MiJ €0 eIeKTPOCTATUYHOTO MOJIs TOBEPXHi TepTsa. HasBHICTH TO-
BEPXHEBO-aKTUBHOI'O PO3YMHHMKA (POCIMHHA OJisl) JIO3BOJISIE «3AIYCTUTH» IPOIEC MIlEeJIOyTBOPEHHS IpH
OiJIbIII HU3BKUX KOHIIEHTpAMLisAX (ynepeHiB i oTpumMaTy epekT miJBHIIEHHS MPOTU3HOCHHUX BIaCTHBOCTEH.

KurouoBi ciioBa: ¢ynepeHu; pociuHHI 071i1; YOTHPHOXKYJIBKOBA MAIlIMHA TEPTS; TPUOOJIOTIUHI XapaKTe-
PHUCTHKH; KDUTHYHE HABAHTA)KCHHSI, HABAHTKECHHSI 3BAPIOBAHHSL; 1HAEKC 3a/IMpa; TEXHIYHI OJIUBU.
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Abstract

It has been found that during frictional contact in separate local areas of a thin surface layer of parts under
significant loads and deformations and high contact temperatures, the material of the tribocontact zone of parts
transforms into a special activating unstable state of magma-plasma or triboplasma. General issues in which the
nature of the processes of friction and wear of mating parts is clarified are considered at a higher fundamental
level with the involvement of nanotribology.

A number of processes that accompany interactions of triboconjugations of parts are analyzed:
mechanoemission, mechanochemical, gas-discharge, etc., tribochemical reactions, fluxes of high-energy
particles: excited molecules, atoms, ions, fast electrons, phonons (sound quanta and quanta of electromagnetic
radiation).

Regularities of additivity of elastic and magnetic aftereffect in the volumetric parts and surface layers of
tribo-interface parts made of ferromagnetic materials and alloys have been revealed. Also, the regularity of the
additivity of the diffusion aftereffect in their surface layers has been established. A tribophysical model of self-
organization is built on the basis of a carbon-nitrogen cycle of tribochemical reactions that have the content of
thermonuclear fusion reactions and which can be considered at the nanoscale. In these reactions, the carbon atom
plays the role of a catalyst for the process of fusion of protons with subsequent transformation into a radioactive
isotope, which decays into ordinary carbon and helium. It has been established that the mechanism of nuclear
fusion reactions in the surface layers of triboconjugation parts is due to the directional movement of dislocations
in the crystal structures of materials with the implementation of the proton cycle and the conversion of hydrogen
into helium.

It has been shown that this makes it possible to change the idea of the mechanocaloric effect, the process
of friction and wear, and to substantiate a number of effects and processes from the physical positions of
nanotribology. This will allow the creation of competitive tribotechnologies in various industries.

Key words: mating parts, friction criteria, wear resistance, reliability of systems and units
Introduction

The interaction in the movable interfaces of parts of systems and machine assemblies causes, first of all,
the occurrence of processes of friction and wear, as well as the failure caused by them, amounting to about 90%.
Losses from the processes of friction and wear in developed countries reach 5...6% of the national income. To
overcome frictional resistance in machines and mechanisms, 20...25% of the energy generated per year is spent
all over the world.

An increase in the economic and environmentally sound reliability of systems and assemblies of
machines, technological equipment and tools is directly related to an increase in the wear resistance of resource-
determining mates of parts. The solution to this urgent problem is possible only on the basis of deep
scientifically grounded fundamental knowledge, the processes occurring in the surface layers of parts, and have a
tribophysical nature and which can be substantiated at the levels: nano-, micro-, meso- and macrolevels.

Management of friction processes, the correct choice of materials for mating parts according to the
criteria of friction and wear resistance, their rational design, as well as optimization of operating conditions can
significantly provide a high level of operational reliability of machines and increase the efficiency of their use,

Copyright © 2020 V.V. Aulin, S.V. Lysenko, A.V. Hrynkiv, A.E. Chernai, I.V. Zhylova. This is an open access article distributed
@m_ under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
[ provided the original work is properly cited.
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reduce harmful environmental impacts with a slight increase in cost [1].

Academicians V.I. Kolesnikov, Yu.M. Luzhny, A.V. Chichinadze believed that the complex of studies in
the field of macro-, meso-, micro- and nanotribology of triboconjugation of parts of systems and aggregates of
transport machines in general refers to the main and topical areas of their operational reliability [2].

Literature review

I.V. Kragelsky, M.N. Dobychin, V.S. Kombalov [3], analyzing the critical points characterizing the
conditions for the transition from one type of frictional interaction to another, argued that in some local areas of
a thin surface layer of parts, significant stress and strain and high contact temperatures develop. In this case, the
material of the contact zone of the parts passes into a special activating unstable state. This position of the
material P.A. Thyssen is called magma-plasma or triboplasm [4]. Substances in the state of "triboplasma™ are
capable of reacting with materials of mating parts and the external environment. It is typical that a reaction is
observed even with neutral substances, neutral gases.

A new interpretation of the mechanisms of thermoplastic deformation during the phase transformation of
the materials of parts under nonequilibrium conditions and a significant temperature gradient is given in [5]. It is
shown that in the friction zone the processes and states of materials self-organize. Positive self-organization in
tribotechnical systems increases the efficiency of their functioning [6]. A physical approach to the
mesomechanics of wear of the working surfaces of parts of tribocouplings [7,8] is considered and a scale-level
approach to the analysis of the characteristics and properties of surface layers of parts and a lubricating medium
is proposed [9]. It is noted that mesomechanics is a modern approach to the theory of wear [10]. The
tribophysical material science approach is informative about the processes and states of materials, and the
assessment of their resources [11]. From a physical point of view, the processes of friction and wear in the
contact zone of the triboharness of parts of motor transport and agricultural machinery have been analyzed [12].
From the standpoint of fullerenes, their influence on the physical and mechanical properties of the friction
surface of tribocouplings of parts has been clarified [13]. The physics of the formation of a stress-strain state
makes it possible to clarify the formation of local areas of compression and tension deformations [14]. The
electrochemical and mechanical loads on the tribocouplings of parts with the implementation of a whole range of
phenomena and the improvement of tribocharacteristics are also of interest [15]. The essence of a new approach
is to identify the physical nature of friction processes [16] with the construction of a physical model of
tribological processes [17] and analysis of the processes of changing the states of materials in the tribosystem
[18].

Analyzing the solution of general issues concerning nanotribology, Yu.l. Golovin [19] notes that the
desire to identify and understand the nature of nanocontact processes of friction and wear of mating parts at a
higher fundamental level is quite natural. The first step in this direction is the level approach of considering the
characteristics and properties of individual micro- and nanocontacts of the friction zone, and then, by integrating
or averaging over the surface, proceed to investigations at the meso- and macrolevels. This approach has become
available only in recent years in connection with the development of nanoidentification and nanoscraping
techniques.

Purpose

The aim of this work is to elucidate the physical nature of the processes occurring in the surface layers of
the friction zone of mating parts of systems and aggregates of transport machines based on the data of their
tribophysical essence and a set of chemical reactions occurring at the nano- and microlevel, representing the
mechanisms of processes.

Results

An important step towards the creation of a physical theory of friction and wear of mating parts of
systems and machine assemblies is the transition to research at the nanoscale. Such studies have become possible
thanks to the improvement of scanning probe microscopes, in particular, atomic force microscopes operating in
the lateral mode (friction for semicroscopy — FFM). On the basis of this information, various processes in the
materials of dynamic tribocontacts have been modeled, new approaches to identifying regularities have been
elucidated, and the mechanism of their development has been refined.

This indicates that the study of the processes of friction and wear in this direction goes to a higher quality
level. At the same time, a whole series of new questions arise that need to be clarified, identified and resolved.
The main ones are the issues of determining the characteristics and properties of the friction zone and the
relationship between them on the macroscopic, mesoscopic, microscopic, nanoscopic. It needs an explanation
and the result of their forecasting in the process of development and operation, as well as the identification of
sets of processes that correspond to them. The state of triboconjugations in the surface layers of materials, which
are formed in the process of self-organization, are also of interest and synergistic foundations of the "green™
tribology of systems and machine assemblies are being created. When solving these issues, it is advisable to
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proceed from fundamental knowledge of the properties of interacting atoms and the topology of the working
surfaces of mating parts.

It is also necessary to solve the issues of controlling external and internal friction in tribo-couplings of
parts of systems and machine units on the basis of this knowledge. This will make it possible to create new and
improved existing tribosystems (tribosystems of parts) with high friction and energy dissipation. For example,
for tribo-couplings of parts of braking and friction systems, clutches or, conversely, for tribo couplings of parts
with low friction (sliding bearings, for guide parts of systems and assemblies: valve bush, brake calipers, car
suspensions, etc.).

In this case, it is desirable to identify conditions in which friction is practically zero, that is, the
phenomenon of wear-free or positive selforganization is realized. There are no fundamental obstacles to this, and
in a sense, such regimes have already been found.

Interaction in mobile interfaces of machine parts (fig. 1) is accompanied by a complex of different
processes: mechanoemission, mechanochemical, gasdischarge, etc., as well as the course of tribochemical
reactions, the synthesis of some compounds - the emergence of high-energy particle flows: excited molecules,
atoms, ions, fast electrons, phonons (sound quanta), photons (quanta of electromagnetic radiation).

Fig. 1. Schematic representation of the triboplasma model in conjugation of details:

1 —the original structure of the material of the part; 2 — molten structure of the contact zone; 3 — plasma state of matter in the
contact zone; 4 — triboemission electrons; 5 — flows of atoms, photons, phonons, ions, excited molecules, fast electrons; 6 -
area of the reactor compartment of cold synthesis; 7 — heat flow; 8 — helium flow; 9 — fluxes of radiation of various types of

energy; acoustic waves, triboluminescence, triboemission, exoelectron emission, photoelectron emission, photoelectric effect

The regularity of the additivity of the elastic aftereffect in the volumetric parts and surface layers of the
parts of tribocouplings [20] has been revealed, which consists in the fact that in their elastic and plastic regions,
in the zone of frictional contact, there is a summation (additivity) of elastic and plastic aftereffects caused by
changes in frictional bonds, physical and mechanical characteristics of the material and the spatial position of the
tribocouplings of parts. This is due to the directed movement of dislocations in the elastic and plastic regions of
the surface layers of the material of the parts.

The regularity of the additivity of the magnetic aftereffect in the volumetric parts of the ferromagnetic
material of the details of tribo-couplings and their surface layers has been also established [21]. The effect is that
the summation (additivity) of magnetic aftereffects occurs in the elastic and plastic regions of the frictional
contact zone. This aftereffect determines the behavior of hydrogen atoms in triboconjugation materials: intense
diffusion is observed, a high degree of energy pumping in the surface layers, molization and interaction with
atoms of other chemical elements dissolved in the main material of the parts. This is due to the directional
movement of dislocations in the materials of parts, which capture hydrogen atoms and transport them to the zone
of frictional contact with elastic and plastic local regions of the surface layers of materials of parts and affect
their structure, as well as the mobility of the domain walls in them.

One of them is realized in tribocoupling of parts with helium wear [19]. The use of such tribosystems will
make it possible to control friction due to superfluidity and the presence of helium parts in materials.

In this direction, a positive point is the established regularity of the additivity of the diffusion magnetic
aftereffect in the volumetric parts and surface layers of tribocouplings of parts made of ferromagnetic materials
and alloys [3]. Its essence lies in the fact that in the elastic and plastic regions of the material of the parts, in the
zone of their frictional contact, the summation (additivity) of diffuse magnetic aftereffects occurs. In this case,
the effect is accompanied by elastic and plastic aftereffects and determines the behavior, first of all, of the carbon
and nitrogen atoms embedded in the material of parts. In the process of friction of the mates of parts, a directed
movement of dislocations is observed, which transport the carbon and nitrogen atoms present in the materials of
the parts into the zone of frictional contact with the elastic and plastic regions and their influence on the structure
and mobility of the domain walls of the material.

It should be noted that the carbon C and nitrogen N atoms, which work by the interstitial mechanism,
create the so-called carbon-nitrogen cycle, which is responsible for the synthesis of helium in the friction zone
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[22]. The revealed conditions under which friction in the mating of parts is practically absent and the
phenomenon of super-sliding is realized [7,23], similar to the phenomena of superconductivity or superfluidity.

A tribophysical model of such a selforganization phenomenon can be built on the basis of the carbon-
nitrogen cycle of a number of the following chemical reactions:

PCHH-PN+y; 1)
BNoPCHB ()
BCHH-MN+y; ®)
“N+HH-"0—+y; 4
POEN +p7+y; (5)
BN +'H—"C+*He. (6)

In these tribochemical reactions, the carbon atom plays the role of a catalyst for the process of proton
fusion. A proton, colliding with a carbon nucleus *2C (1), turns into a radioactive isotope **N, and a y-quantum
(photon) is also emitted. The **N isotope, undergoing A+ decay with the emission of a positron and neutrino (2),
turns into an ordinary nitrogen nucleus N (3). In this reaction, a y-quantum is also emitted. Further, the *N
nitrogen nucleus collides with the *H (4) proton, after which a radioactive oxygen isotope *°O and a y-quantum
are formed. Then this isotope is converted by #* decay into the nitrogen isotope °N (5). Finally, the last *°N
isotope, having attached a proton during the collision, decays into ordinary carbon *2C and helium *He (6).

The entire chain of nuclear reactions observed are the sequential weighting of the carbon nucleus by the
addition of protons, followed by g* decay. The last link in this chain is the restoration of the original carbon
nucleus and the formation of a new helium nucleus at the expense of four protons, which at different times, one
after another, joined to *2C and to the isotopes that were formed from it.

In recent years, numerous experimental realizations of details of local nuclear reactions at low energies,
that is, realizations of local nuclear reactions in condensed media, have been obtained in tribological conjugation
materials. This is the so-called cold nuclear fusion (CNF). On the basis of CNF, it is proposed to replace the
nuclear processes induced by the crystal lattice of the material. These processes are anomalous in terms of
vacuum nuclear collisions. First of all, this fusion of nuclei with the release of neutrons that exist in non-
equilibrium solid materials of parts during friction is stimulated by the transformation of elastic energy in the
crystal lattice during phase transitions, mechanical influences, sorption or desorption of hydrogen (deuterium).
CNF has been reliably recorded in a number of physical and physicochemical processes involving deuterium.
Many of them with the participation of natural hydrogen take place in natural processes. These include: the
phenomenon of sorption-desorption of hydrogen in metals, redox effect on the compound of hydrogen,
mechanical damage and crushing of hydrogen containing rocks.

Note that a satisfactory quantitative and even qualitative theory of CNF has not been created yet, which is
of fundamental importance both for fundamental science and for practical use. At the same time, original
theoretical and physical models of the CNF mechanism in the crystal structures of the surface layers of
tribointerface parts made of ferromagnetic materials and alloys have been developed. An unknown regularity of
the additivity of the hydrogen magnetic aftereffect in the bulk parts and surface layers of these materials has
been established [22]. It consists in the fact that in elastic and plastic regions, in the zone of their frictional
contact, there is a summation (additivity) of hydrogen magnetic aftereffects. Accompaniment by elastic and
plastic aftereffects cause directional displacement of dislocations carrying hydrogen to the contact zone. As a
result, a number of chemical reactions occur in the tribocontact zone:

'HH'H-?D+B*+v; (7
2D+'H—>Hety; (8)
*He+*He—"He+2'H. 9)

On the basis of this, it is possible to formulate the CNF mechanism, which arises in the surface layers of
triboconjugation parts, which determines the directional dislocation movement in the crystal structures of the
surface layers of materials with the implementation of the proton cycle. As a result, hydrogen is converted to
helium.

It should be noted that academician B.V. Deryagin and his co-workers in 1985 discovered the
phenomenon of neutron mechanoemission in crystalline materials containing deuterium. In his publications, he
interpreted this phenomenon as a manifestation of CNF reactions. It was hypothesized that in substances with
hydrogen bonds, one of the bonds may contain two nuclei of hydrogen atoms with a distance between them less
than one angstrom. It was found that tunneling of deuterons through a narrow barrier can occur with a high
probability even at relatively low temperatures.

Note that according to modern concepts of nuclear physics, a proton and a neutron have two states of one
particle — a nucleon. A proton becomes a neutron, attaching an electron, and a neutron - a proton, giving an
electron to another proton, which, in turn, turns into a neutron.
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On the basis of what has been considered, the idea of the known mechanocaloric effect [7, 8] is changing
and it is possible to substantiate a number of effects and processes that arise in materials in the friction zone from
a purely physical position of nanotribology. This can be used to create competitive technologies in the field of
hydrogen energy, cryogenic and space technology. By taking into account an additional trend in the output
parameters due to the additivity of the elastic magnetic and hydrogen-magnetic aftereffect in the volumetric parts
and surface layers of the materials of the parts of tribocouplings of systems and machine units, it is possible to
control the processes of friction and wear in them.

Conclusions

1. Considering that the contact zones of the materials of parts interacting in microelectromechanical and
nanoelectromechanical systems, such as miniature telework, microsatellites, microdevices, nanocomputers,
microsensor devices, chemical and biochemical microreactors, and others, are very small, and the specific loads
on nanocontacts are large, then tribological processes are largely determined by the atomic-molecular interaction
of contacting surfaces and are manifested primarily at the nano- and micro-level of the hierarchy of the totality
of tribological processes.

2. It is urgent to create materials for mating parts with helium wear with the possibility of quenching it
based on the implementation of a carbon-nitrogen cycle (effect) in the friction zone, as well as ensuring friction
control due to the superfluidity of helium in micro- and nanotribosystems.

3. Creation of nanotechnologies and a new class of devices for microelectromechanical and
nanoelectromechanical systems will give new competitive results, in particular, through the creation and use of
tribosystems with helium wear, which will provide updated diagnostic information about the local states of
materials and the identification of new processes in the friction zone.

4. The study of nuclear processes induced by the crystal lattice in micro- and nanotribology is of interest
both from the point of view of fundamental research on the creation of a generalized theory of friction and wear,
the creation of effective tribotechnologies of running-in and recovery, and for applied purposes.

5. The use of hydrogen as a fuel in a car engine, as well as the development of hydrogen energy can
actualize the creation of materials for triboconjugation of parts with helium wear with the possibility of its
extinguishing based on the implementation of a carbon-nitrogen cycle (effect) in the friction zone, as a result of
which hydrogen is converted into helium.

6. The essence of the acoustic wave, tribological effects, triboelectronic, photoelectronic and
triboemissions arising from the interaction of hanocontacts in tribosystems can be purposefully used not only in
the study of cold nuclear fusion, but also for obtaining in the future an inexhaustible source of ecologically clean
energy based on the synthesis of helium from more light hydrogen.
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Ayain B.B., JIucenko C.B., I'punbkiB A.B., A.€. Yepnaii, 1.B. ’Knsnosa Hosuii minxizx no 3'scyBaHHS
(13M4HOI TPUPOAN MPOIIECIB, 110 BiAOYBAIOTHCS B 30HI TEPTSI CIIPSHKEHB JIeTae MainH

3'sicoBaHO, 10 NpU (PUKIIHHOMY KOHTaKTi B OKPEMHX JIOKAJIbHUX IUJITHKAX TOHKOTO ITOBEPXHEBOTO
mapy JAeTajieid py 3HaYHUX HANpPYKEHHAX 1 AeopMallisixX Ta BUCOKMX KOHTAKTHHX TeMIIepaTyp MaTepiaj 30HH
TPUOOKOHTAKTY JdeTajied NepeXOAWTb B OCOOJIMBHN aKTHBI3yIOUMil HECTIHKMHA CTaH MarMu-TuiasMu abo
TpuOomIa3Mu. 3aranbHi MUTAHHS, B SKUX 3'ICOBYETHCS MPHUPOJAA TMPOLECIB TEPTS Ta 3HOIIYBAHHS CIPSDKEHD
JieTalield, po3IIISIHYTO Ha OiIbII BUCOKOMY (hyHIaMEHTAILHOMY PIBHI i3 3aJIy4eHHSIM HaHOTPUOOJIOT].

[IpoananizoBaHo psA TPOLECIB, SIKUMH CYIPOBOMKYIOTBCS B3a€EMOJii TPHOOCTIPSHKEHb JeTaiei.:
MeXaHOEMICiifHI, MeXaHOXIMi4Hi, Ta30pO3psAaHI Ta iH., TPHOOXIMiYHI peakiii, MOTOKM YAaCTHHOK 3 BEIHKOIO
€Hepriero: 30yHKEeHUX MOJIEKYJI, aTOMIB, 10HIB, MIBUAKHUX €JIEKTPOHIB, ()OHOHIB (3BYKOBMX KBAHTIB Ta KBAaHTIB
€JIEKTPOMArHiTHOI'O BUITPOMiIHIOBaHHS ).

BusiBieHO 3aKOHOMIPHOCTI aJMTHBHOCTI TPY)KHOI Ta MarHiTHOI MiCHAii B 00'€eMHHMX YacTHHAX 1
TIOBEPXHEBUX Iapax Jeraneil TpuOocHpsukeHb 3 (epoMarHiTHUX MaTepialiB i craBiB. Takoxk BCTaHOBIIEHA
3aKOHOMIPHICTh aJUTUBHOCTI AnQy3idHOI micisanii B ix moBepxHeBux Imapax. IloOymoBaHo TpubodizudnHy
MOJIeIb CaMOOpTraHi3allii Ha OCHOBI BYTJICIIEBO-a30THOTO LIUKITY peastizaiiii TpHOOXIMIiYHMX peakiii, sKi MaloTh
3MICT TEpMOSAEPHUX PEaKIii CHHTE3Y 1 SIKI MOXKJIMBO PO3TIISIaTH HA HAaHOPIBHI. B IUX peaxiisix aToM ByTJIEIo
BiJIirpae poJib KaTajizaTopa NpoIECy 3JIUTTS MPOTOHIB 3 MOJANBIINM MEPETBOPEHHSIM B PaiOaKTUBHHUIA 130TOII,
SIKMA PO3MAJa€ThCsl Ha 3BHYANHMN BYIJIENb 1 Tefidd. 3'ACOBaHO, IO MEXaHi3M peakiiid sAAepPHOro CHHTE3Y B
TIOBEPXHEBUX Iapax JeTajied TpUOOCHpshKeHb, OOYMOBJICHHH CIPSIMOBAaHMM NEPEMIllICHHSIM [HCIOKaIiil B
KPHUCTAJIIYHUX CTPYKTYpax MaTepialiiB 3 peanizalicro MPOTOHHOTO UKy Ta IEPETBOPEHHSM BOHIO B T'ellild.

ITokazaHo, 110 3a3HAYCHE Ja€ MOXJIMBICTh 3MIHHTH YSIBJICHHS MMPO MEXaHOKAJIIOPUUHUI e(eKT, mporec
TepTs 1 3HOIIYBAHHS Ta OOIPYHTYBaTH psiji eeKTiB 1 mpoueciB 3 Gi3MuHKUX NO3uULiKd HaHOTpUOOJOrii. e nacrth
MOXKJIMBICTh CTBOPUTH KOHKYPEHTOCIIPOMOXKHI TPHOOTEXHOJIOTIT B PI3HUX raiy3sX.

KuiouoBi ciioBa: cripsbkeHHs ietaneit, Kpurepil TepTsi, 3HOCOCTIHKICTh, HaIIHHICTh CHCTEM 1 arperariB.
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Abstract

The definition of the quality factor of the tribosystem has been further developed, which, unlike the
known one, takes into account not only the geometric dimensions of the tribosystem, thermal diffusivity of
triboelement materials, lubricating medium and deformation propagation rate in the surface layers of the
material, but also the function of changing the rheological properties of the surface layers of materials during
running-in and their increase during running-in. Theoretical studies have established that three parameters have
the maximum effect on the quality factor: sliding speed, roughness of friction surfaces and lubricating medium.

Experimental studies have established the relationship between the value of the quality factor, wear rate
and coefficient of friction during steady-state operation of tribosystems. It has been shown that an increase in the
figure of quality factor reduces the above parameters, and the criterion itself Qnay is @ measure of the potential of
the tribosystem adapt to the operating conditions.

Keywords: tribosystem, modeling, wear rate, coefficient of friction, material compatibility, quality factor
of tribosystem, the criterion quality factor of tribosystem, internal friction of material structure

Introduction

The concept of the quality factor of a tribosystem was introduced by the authors of the work [1] and is
defined as the ability of mating materials in the tribosystem (lubricating medium and rheological properties of
the structure of materials of moving and stationary triboelements) convert the work of friction forces into
thermal energy, thereby preventing energy reserves in the surface and subsurface layers of triboelements, which
can be estimated by the deformable volume.

The greater part of the friction work will be converted into heat and less material will be involved in
deformation, then there is a greater quality factor of the tribosystem.

The concept of the quality factor of a tribosystem complements the concept of material compatibility in a
tribosystem, which is understood as the ability of contacting materials to adapt to each other and to changing
friction conditions, taking into account the interaction of materials with the lubricant and the environment,
ensuring the specified durability and stable operation over the entire range of operation.

As follows from the above definition, the quality factor of the tribosystem is influenced by the processes
of formation of surface layers during friction, tribological properties of the lubricating medium, as well as the
design of the tribosystem, rheological properties of the structure of conjugated materials and the nature of the
applied load to the tribosystem.

For predicting the wear resistance of tribosystems, as well as for calculating the wear rate and friction
losses, it is necessary to have a quantitative parameter for assessing the quality factor of the tribosystem, which
is a multi-parameter function of processes, flowing in the surface and subsurface layers of materials and depends
on the nature of the applied load.

Literature review

The problem of material compatibility in the tribosystem belongs to the works [2-4] which define the
concept of material compatibility, which consists in the ability of contacting materials to adapt to each other and
to changing friction conditions, taking into account the interaction of materials with the lubricant and the
environment, ensuring the specified durability of the tribosystem and its stable operation without lubrication or

@m_ Copyright © 2020 V.A. Vojtov, A.V. Voitov. This is an open access article distributed under the Creative Commons Attribution
=3 License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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in the mode of violation of the integrity of the lubricant. In later work [5], the concept of compatibility was
clarified - as the ability of a tribosystem to provide an optimal state in a given range of operating conditions for
the selected parameters.

Considering that friction is a dynamic and dissipative process, internal friction can serve as a quantitative
characteristic of the relaxation properties of the surface layers of materials [6, 7]. Internal friction characterizes
the ability of a material structure to dissipate vibration energy, related to the density, concentration and mobility
of dislocations and point defects.

In works [8-10], it is shown that relaxation processes exhibit a higher structural sensitivity to changes in
the stress-strain state of the material under dynamic loading compared with physical and mechanical properties.
The main conclusion of the above works is that the rheological properties of the frictional contact can be
represented in the form of four levels, in which the processes of contact interaction are concentrated.

Based on the performed analysis of the work we can conclude, that the relaxation properties of the
structure of the materials from which the tribosystem is made affect the compatibility of materials, and are a
function of wear resistance and running-in, which is proven in work [11]. In this work, a parameter is given - the
attenuation coefficient of ultrasonic vibrations in the structure of the material, which characterizes the amount of
internal friction and the method of its measurement.

Analyzing the presented material, we can conclude, that the development of a criterion that would more
fully take into account the above factors is an urgent task.

Purpose

The aim of this work is to develop a criterion for assessing the quality factor of a tribosystem and assess
its functional relationship with the wear rate, friction coefficient and running-in time.

Methods

According to work [1] the quality factor of the tribosystem can be estimated by the expression:
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A parameter that takes into account the geometric dimensions of the tribosystem, the form factor Kf,
according to work [12] is calculated by the formula:
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where Fp, — friction area of a fixed triboelement, m?;

Vimoy — Volume of material under the friction area of a movable triboelement, m®;

Viix — volume of material under the frictional area of a fixed triboelement, m*;

Fmax — friction area of the movable triboelement, m?.

Significant parameters are also: thermal diffusivity of materials of triboelements a, m?/s and the strain
rate in these materials ¢, 1/s on actual contact spots. Considering that a movable and a fixed triboelement
simultaneously participate in the tribosystem, we use the concepts of reduced values.

The reduced coefficient of thermal diffusivity of the tribosystem materials is determined by the
expression:
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where ane, and asyx — thermal diffusivity coefficients of materials of movable and fixed triboelements,
reference value, m?/s.

Tribological properties of the lubricating medium, according to work [13], can be taken into account
using the parameter E,, J/m*® — specific work of wear per unit volume of test material (balls of steel ShH-15) in
the tested lubricating medium. Formula for calculating values E, based on the results of an experiment on a four-
ball machine, is presented in work [13].
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The reduced strain rate in the surface layers of the tribosystem materials is determined by the expression:
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where € nov € fix — deformation rate of materials of moving and fixed triboelements, 1/s. Based on work
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where umov and usx — Poisson's ratios of materials of movable and fixed triboelements, reference value;

0acp — Stress at the actual contact patch, calculated by the formula presented in the work [14], Pa;

v — sliding speed, m/s;

Enov and Esx modulus of elasticity of materials of moving and fixed triboelements, reference value, Pa;

dacp — diameter of the actual contact patch, m?, calculated by the formula presented in the work [14], Pa.

The structure of conjugated materials in the tribosystem, according to the formula (1), is taken into
account by values ooy and Jsy — damping coefficients of ultrasonic vibrations in the structure of the material of
the moving and stationary triboelements, dimensionless and constant values. These coefficients are directly
proportional to the internal friction of the original structure of conjugated materials and do not change during
running-in.

However, according to the conclusions of the work [15], the rheological properties of the structure of
conjugated materials are not constant, but change (increase) during the running-in time for 30,7...33,9%. When
studying transient processes in tribosystems and substantiating effective programs for their running-in [16], it is
necessary to take into account the function of changing the rheological properties of tribosystem materials in
time - RSzs(t;).

To assess the rheological properties of the structure of conjugated materials in the tribosystem during
running-in, when t; varies from zero to t,, let's use the expression:
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where RSzs(t;) - values of rheological properties of connected materials in the tribosystem, as a function of
running time, dimension 1/m;

Jdmov(ti) - the value of the logarithmic decrement of the attenuation of ultrasonic vibrations in the structure
of the material of the movable triboelement, as a function of the running time, the dimension dB/m, is calculated
by the expression given in the work [15];

onx(ti) — the value of the logarithmic decrement of the attenuation of ultrasonic vibrations in the structure
of the material of the fixed triboelement, as a function of the running time, the dimension dB/m, is calculated by
the expression given in the work [15].

The basis of the methodological approach when supplementing the criterion of quality factor of the
tribosystem instead of constant values that take into account the initial structure of materials in the tribosystem is
the formula (1), we use the function of changing the rheological properties of tribosystem materials in time -
RSys(ti). Using the analysis of the dimensions of physical quantities, we write expressions for determining the
quality factor during the transient process:
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The given expressions for evaluating the quality factor of the tribosystem during running-in, the formula
(8) and after the completion of the running-in (at steady state), the formula (9), unlike the well-known (1), take
into account not only the geometric dimensions of the tribosystem, the thermal diffusivity of the materials of the
triboelements, lubricating medium and the rate of propagation of deformation in the surface layers of the
material, but also the function of changing the rheological properties of the surface layers of materials during
running-in and their increase during running-in.

The listed differences will improve the accuracy of modeling the wear rate and coefficient of friction
during transient processes and at steady-state modes of tribosystem operation.

Results

As follows from the above expressions (8) and (9) the quality factor of the tribosystem is a quantitative
parameter that characterizes the design of the tribosystem - the parameter K3, thermal diffusivity of triboelement
materials aeq, tribological properties of the lubricating medium E,, strain rate in the surface layers of

triboelements (€ mov, € fix), Which depends on the roughness of the friction surfaces and the elastic modulus of
the materials of the triboelements (En. and Esy ), as well as the function of changing the rheological properties
of the surface layers of materials during running-in RSss(t)) and their increase during the running-in time
RSTS(max)-

Dependences of the change in the value of the figure of merit on the change in the coefficient of the
form of the tribosystem K, rheological properties of the structure of conjugated materials RSzsmay) their thermal
diffusivity ar and tribological properties of the lubricating medium E,, are shown in fig. 1. These are
parameters, an increase in which directly affects the figure of the quality factor, with the exception of the
tribological properties of the lubricating medium. E, and the reduced coefficient of thermal conductivity of the
materials of triboelements.
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Fig. 1. Dependences of the change in the figure of the quality factor of tribosystems on the change in the shape factor,
the rheological properties of the materials of the triboelements, their thermal diffusivity and the tribological
properties of the lubricating medium

As follows from the analysis of the curves, the greatest influence on the figure of the quality factor is
exerted by the tribological properties of the lubricating medium E,, further, in decreasing order, the form factor,
which characterizes the structure of the tribosystem, rheological properties of the structure of materials and
thermal diffusivity of materials of triboelements.

The value of the reduced strain rate in the surface layers of materials of triboelements &4 , formula (4),

is inversely proportional to the figure of the quality factor, the formula (8), (9). The parameters that are included
in the expressions for the deformation rate of the materials of the fixed and movable triboelements are
determined by the expressions (5) and (6), the influence of which is shown in fig. 2.

The analysis of the obtained dependences allows us to conclude that the greatest influence on the quality
factor of the tribosystem is exerted by the value of the sliding speed, and then, in decreasing order, the roughness
of the friction surfaces and the load.

The conducted theoretical studies allow us to evaluate the influence of the above parameters on the
quality factor of tribosystems. At the same time, the range of parameter variation is selected within the limits of
tribosystem functioning in normal wear modes, i.e. without damage. The ratio of the maximum value of the
figure of the quality factor to the minimum value, when one of the parameters changes, makes it possible to
determine how many times the figure of the quality factor indicator changes within the given modeling limits.
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Two parameters have the maximum influence on the quality factor: sliding speed and surface roughness.
In this case, sliding speed comes first — 11,2 times, and the surface roughness is the second — 6,5 times.

In the third place is the tribological properties of the lubricating medium - 4,7 times, the form factor — 3,0
times, rheological properties of materials and thermal diffusivity of materials of triboelements — 2,55 times.

Based on the performed rating, it is possible to justify the parameters that affect the quality factor, and
consequently, the tribological properties of tribosystems. These are the sliding speed, the roughness of the
friction surfaces and the lubricating medium.
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Fig. 2. Dependences of the change in the value of the figure of the quality factor of tribosystems on the change in the
roughness of the friction surfaces, load and sliding speed

The form factor of the tribosystem does not change during the running-in process. This is a value that is
determined during design and is a constant during the running-in and operation of the tribosystem.

The value of roughness is also formed in the process of manufacturing tribosystems, however, in the
process of running-in and operation, it changes and comes to an equilibrium value. The tribological properties of
the lubricating medium also do not change during the running-in process, however, they change during
operation. Based on the foregoing, we can conclude that the running-in process can be controlled by changing

éred , formulas (5) and (6), in the direction of decreasing. To do this, it is necessary to reduce the sliding speed

vy and load N. Analysis of the dependencies shown in fig.2 allows us to state that the change in load N
insignificantly affects the figure of the quality factor, and the sliding speed vy, is an effective parameter,
changing which you can control the running-in process.
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Fig. 3. Dependence of the change in the volumetric wear rate and the coefficient of friction in the steady-state mode of
operation on the value of the quality factor of the tribosystems
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In the fig.3 experimental values and curve fitting (solid lines) changes in volumetric wear rate | and
coefficient of friction fy in the steady-state operating mode of tribosystems with different quality factors are
presented. Analysis of the obtained dependences allows us to conclude that an increase in the quality factor of
the tribosystem by 4 times reduces the rate of volumetric wear by 9 times and the coefficient of friction by 2,4
times.

The obtained experimental results allow us to conclude that there is a functional relationship between the
volumetric wear rate, friction loss and the quality factor of tribosystems. The presented experimental studies
allow us to conclude that the quality factor of tribosystems Qmax Can act as a measure of the potential of the
tribosystem adapt to the operating conditions providing the maximum resource.

Conclusions

1. The definition of the quality factor of a tribosystem was further developed, which, unlike the known
one, takes into account not only the geometric dimensions of the tribosystem, thermal diffusivity of triboelement
materials, lubricant medium and the rate of propagation of deformation in the surface layers of the material, but
also the function of changing the rheological properties of the surface layers of materials during running-in and
their increase during running-in. Theoretical studies have established that three parameters have the maximum
effect on the quality factor: sliding speed, roughness of friction surfaces and lubricating medium.

2. Experimental studies have established the relationship between the value of the figure of the quality
factor, wear rate and coefficient of friction during steady-state operation of tribosystems. It is shown that an
increase in the figure of the quality factor reduces the above parameters, and the criterion itself Qmax iS @ measure
of the potential of the tribosystem adapt to the operating conditions.
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BoiitoB B.A., BoiitoB A.B. Ominka nobporHocti TpubocucteM 1 1i 3B'I30K 3 TPHOOIOTIYHUMHU
XapaKTepPUCTUKAMH

OtpuMano nmomajblIMii PO3BUTOK BU3HAYEHHS JOOPOTHOCTI TPUOOCHUCTEMH, SIK 3/IaTHICTH CIIONy4EHUX
MaTepiagiB B TpuOocuCTeMi (MacTWJIBHE CEpellOBHINE Ta PEOJIOTiYHI BIACTHBOCTI CTPYKTYpH MaTepiajiB
PYXOMOTO 1 HEpYXOMOTr0o TPHOOEIEMEHTIB), TIEPETBOPIOBATH POOOTY CHJI TEPTS B TEIIOBY €HEPIil0, THM CaMUM
TIEPEIKOKATH 3a1acaM eHeprii B IOBEPXHEBUX 1 MiAMOBEPXHEBUX IIapax TPUOOEIEMEHTIB, SIKi MOXKHA OL[IHUTH
00’emoM 110 neopmyerhes. [IpencTaBineHo Bupas uisi po3paxyHKy KibKiCHOI BETUUYUHM JOOPOTHOCTI, SIKHI Ha
BiIMiHY BiJl BIJOMHX BpaxOBYe HE TIJIbKH T'€OMETPHYHI PO3MIpH TPUOOCHCTEMH, TEMIIEPaTypOIpPOBiIHICTH
MaTepiajiB TpHOOENeMEeHTIB, MAaCTWIIFHE CEpEeIOBHINE 1 HIBHIKICTh MOIMMpEHHs naedopMaiii B ITOBEpXHEBUX
mapax MaTepially, a TaKoK (YHKLII0 3MiHM PEOJOTIYHHMX BJACTUBOCTEH ITOBEPXHEBUX IIapiB Mg dYac
TIPUTPAIIOBaHHA 1 X 30UIBIIEHHS 3a IMepioj] NPHUIIPALIOBAHHS. TeOpeTHYHUMHU JOCIIIPKEHHSIMH BCTAHOBJICHO,
10 MaKCHUMaJbHHH BIUIMB Ha JOOPOTHICTh HANAlOTh TPU MapaMeTpU: IIBUIKICTH KOB3aHHS, HIOPCTKICTh
TIOBEPXOHb TEPTS 1 MACTHIIbHE CEPEIOBHIIIE.

[IpencraBneHi excriepuMeHTallbHI 3HAYEHHs 3MiHM O0'€MHOI IMIBHAKOCTI 3HONIYBaHHS 1 KoedilieHTa
TEPTA HA CTAJIOMY PEXHMMiI POOOTH TPHOOCHUCTEM 3 PI3HOK JOOPOTHICTIO. AHAI3 OTPUMAaHHUX 3aJICKHOCTEH
MATBEPKYE, M0 301UTbIIEHHST JOOPOTHOCTI TPUOOCHCTEMHU B 4 pa3u 3HIKYE BEMYUHM IIBUAKOCTI 00'€MHOr0
3HOUTYBaHHS B 9 pa3iB i koedinieHTa Tepts B 2,4 pazu. OTpuMaHi pe3ysibTaTH T03BOJISIOTH CTBEPDKYBATH, IO
301IbIIEHHsT TOOPOTHOCTI MOKpallye TPUOOJOTiYHI XapaKTEPUCTUKU TPHOOCHCTEM, a caM KpUTepi Qmax €
MIpOIO MOTEHIIHOT MOXKIIMBOCTI TPHOOCHUCTEMH TIPHUCTOCOBYBATHUCS (@alTyBaTUCS) 10 YMOB EKCILTyaTallii.

OtpuMaHi TEOpPETHYHI Ta EKCIIEPUMEHTANIbHI pe3yNbTaTH AOBOAATH MPO HAsIBHICTh (PYHKIIIOHAJIBHOT'O
3B"SI3KY M)XK 00'€MHOIO IIBU/IKICTIO 3HOLTYBAaHHS, BTpaTaMH Ha T€PTS 1 BEIUYNHOIO JOOPOTHOCTI TPHOOCHCTEM.

KurouoBi ciioBa: Tpubocrcrema, MOJIEITIOBaHHS, IIBUJIKICTh 3HOLTYBaHHsI, KOe(IiLliEHT TePTsl, CYMICHICTb
MarepiaiiB, JOOPOTHICTh TPUOOCHCTEMH, KPUTEPi JOOPOTHOCTI TPUOOCHCTEMH, BHYTPILIHE TEPTS CTPYKTYPH
MaTepialiiB
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Abstract

Superstructural thermoplastic polymers, including polyetheretherketone, are now widely used in many
industries. However, its rather high coefficient of friction and insufficient wear resistance limits its use in friction
units of machines and mechanisms. This article covers the influence of T700 Toray carbon fiber on the
tribotechnical characteristics of Victrex150G aromatic polyetheretherketone. As a result of the researches it has
been found out that the developed carbon plastics exceed the base polymer in friction coefficient and wear 1.2-
1.54 and 1.7-8.8 times, respectively, due to the formation of a stable "transfer film" on the steel counterbody (so-
called antifriction layer): finely dispersed particles of the polymer matrix and crushed products of wear of carbon
fiber penetrate into the microcavities of the counterbody. This is confirmed by the fact that the roughness of
carbon plastics has decreased by 50 % in cpomparison with the base polymer. The greatest improvement in
tribological properties is observed at 10 mass%, of carbon fiber content, then the properties get worse. That can
be explained by the increase in defects of the material due to the dominant loosening at the "polymer-fiber"
boundary that confirms the results of microhardness and ultrasonic control. The obtained results show that the
composite with an effective carbon fiber content (10 mass%) can be recommended for the manufacture of parts
of movable joints of machines and mechanisms operating under friction without lubrication in various industries:
agricultural, automotive and textile. etc.

Key words: aromatic polyetheretherketone, carbon fiber, wear, friction coefficient, ultrasonic control,
microhardness, friction units

Introduction

One of the important factors limiting the trouble-free and stable operation of agricultural, aviation and
automotive equipment is the wear (up to 6 mm) of the contact surfaces of the sliding friction units [1] that are
equipped with metal parts. The use of polymer composite materials (PCM) based on thermoplastic polymer
matrices allows to solve this problem and get a number of advantages. Thus, plain bearings made of PCM are
characterized by high mechanical and tribotechnical characteristics combined with low weight, chemical and
thermal resistance. In addition, a wide variety of polymer composites, which differ in their technical indicators,
allows to select an effective material for specific operating conditions. Another important advantage of PCM is
the ability to develop new and improve (in order to get strong adhesive bonds that largely determine the
technical characteristics of polymer composites) that allows to expand their use and increase their
competitiveness with other traditional materials [2].

Literature review

Carbon fiber (CF) is now one of the most common fillers for the creation of PCM based on thermoplastic
binders - carbon plastics (CP) for tribotechnical and structural purposes [3]. Thus, the use of CF as a filler allows
to obtain composites with high specific strength, high environmental friendliness, the ability to work in heavily
loaded friction units without lubrication [4], low density and almost zero coefficient of thermal linear expansion
(CTLE), lightness that allow them to compete with known serial materials (bronze, titanium, babbitt, cast iron,
etc.). CF have been widely used to fill polyetheretherketone (PEEK). However, there are disadvantages that

Copyright © 2020 O.l. Buria, A--M.V. Tomina, LI Nachovnyi. This is an open access article distributed under the Creative
@m_ Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
[ work is properly cited.
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hinder the widespread implementation of these CP: anisotropy of characteristics due to the uneven distribution of
CF in the polymer matrix, insufficient high operating temperature, high cost of manufacturing products [5].
Taking into account the above, the search for new carbon fiber based on PEEK with high performance indicators
is an urgent task.

Methods

Victrex150G polyetheretherketone (manufactured by ICI) was chosen as the polymer matrix. PEEK is
characterized by a unique set of performance characteristics: heat and fire resistance, resistance to many
aggressive environments (acetone, trichlorethylene, ethyl acetate, gasoline, etc.), high-energy rays (even
ultraviolet rays lead only to slight yellowing of the material) and radiation, low water absorption, high
temperature of long (from 233 to 533 K) and short-term operation (up to 623 K). However, polyetheretherketone
has high enough coefficient of friction (f> 0.4) and insufficient wear resistance that limits its use in the friction
units of machines and mechanisms [6]. Among other plastics, PEEK has the lowest level of emissions of harmful
gaseous substances under the influence of an open flame.

Toray T700 carbon fiber was selected as a filler (table 1).

Table 1
The main properties of Toray T700 carbon fiber

Indicator Value
Density, kg / m3 1700 — 1800
Compressive strength, MPa 230
Modulus of elasticity, GPa 4900
Number of filaments 12000

Compositions containing 5-20 mass% of discrete carbon fiber were prepared by mixing the components
in a rotating electromagnetic field in the presence of ferromagnetic particles. Processing of the mixture prepared
by this method into block products was carried out by compression pressing at a pressure of 50 MPa and an
effective pressing temperature of 628 K, hold time without pressure was 10 min., hold time under pressure was 5
min [7].

The study of tribotechnical characteristics of the base polymer and carbon plastics based on it was carried
out in the mode of friction without lubrication on machine with reciprocating motion at a load of 0.637 MPa, a
sliding speed of 1.03 m / s. The experiment time was 30 minutes. The samples were made of cylindrical shape @
=10, h = 15 mm,38H2MYUA steel was used as a counterbody (45-48 HRC, Ra = 0.16-0.32 um). The obtained
results were processed using the methods of mathematical statistics.

The depth of abrasion tracks (surface roughness, Ra, um) of the original polymer and carbon plastics
based on it was determined using a 170621profilometer using a sharp and hard needle (probe) that moved along
the test surface copying its irregularities. The study of the morphology of the friction surfaces of unfilled
polyetheretherketone and carbon plastics based on it was carried out using NEOPHOT-320optical microscope. In
the study of microhardness the characteristics of reinforced plastics were obtained in its microvolumes at the
"binder - fiber" boundary on the PMT-3M microhardness tester.

Non-destructive quality control (that allows to determine the presence of cracks and pores in the volumes
of the composite) of the original polymer and composites based on it was determined by echo-pulse method
using a universal ultrasonic UD2V-P46 flaw detector ("KROPUS", LLC "NPP Ukrintech"), in the mode of the
automatic signaling of defect (ASD), frequency was 5 MHz, the period was 2,5, PEC was 5 MHz. This device is
widely used to identify defects in materials due to its simplicity and high performance, reliability and versatility.

Results

Analysis of the results of tribological studies under friction without lubrication showed that the use of
Toray T700 carbon fiber can reduce the coefficient of friction and wear of aromatic polyetheretherketone 1,2-
1,54 (Fig. 1) and 1,7-8,8 (Fig. 2) times respectively. These results can be explained as follows. Carbon plastics
are characterized by 1.3-1.7 times higher thermal conductivity than PEEK (studied by the authors in the work [8]
that according to the fatigue theory of wear it prevents the localization of heat in the friction zone and
thermomechanical destruction of polymers).

On the other hand, in the process of friction of carbon plastics (Fig. 3) there is a process of selective
transfer [9]: finely dispersed wear products formed during friction fill the microcavities of the steel counterbody
resulting in friction on the "transfer film" that acts as a dry lubricant and is characterized by low shear strength
and high load capacity. There is a transition from the adhesive-fatigue mechanism of wear to pseudoelastic.
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Fig. 1. Influence of carbon fiber on the friction coefficient of polyetheretherketone
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Fig. 2. Influence of carbon fiber on the wear of polyetheretherketone

This is confirmed by the study of the morphology of the friction surfaces of PEEK and carbon plastics
based on it. It has been found out that with the introduction of 10 mass% of CF there is a significant smoothing
of the microrelief of the carbon fiber surface. The average surface roughness of the initial polymer during carbon
fiber reinforcement decreased by 2 times (Fig. 3). That is one of the important contributions to the overall
improvement of tribological properties, because when the roughness decreases, the specific load in the contact
areas decreases [10].

Fig. 3. The surface of the counterbody and the sample after friction of polyetheretherketone (a) and carbon fiber (b)
based on it containing 10 mass%b6 of carbon fiber
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On the other hand, the increase in the wear resistance of CP is due to the ability of materials to dissipate
energy by reducing internal friction as a result of changes in the structure of the polymer binder (it becomes
more ordered) that leads to a decrease in temperature of surface layers. As a result, adhesion zones are almost not
observed on the friction surface of the polymer composite, in contrast to non-reinforced polyetheretherketone
(Fig. 3).

The most intensive improvement of the tribotechnical characteristics of the initial polymer occurs with
the introduction of CF up to 10 mass%. After that it begins to decrease. This is due to the increase in the defect
of the material.

The appearance of defects (pores, cracks) in the volume of the material is due to poor impregnation of the
polymer matrix of carbon fiber that are formed due to excessive amounts of the latter. This is confirmed by the
study of microhardness at the " polyetheretherketone-fiber" boundary (Fig. 4). Thus, when the filler content is
15-20 mass%, the value of microhardness decreases by 10%. This indicates that at a fiber content of 5-10 mass%
the ordering process of the binder prevails over loosening, and vice versa in the case of 15-20 mass%.
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Fig. 4. Microhardness of carbon fiber at the ""polymer-fiber'* boundary
Another confirmation of this conclusion may be the data of ultrasound monitoring (Fig. 5).
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Fig. 5. Pulses of reflected ""bottom* signals

Unfilled polymers and composites are characterized by lower speeds of ultrasonic wave propagation in
the volume that allows to study samples of small thickness (3-4 mm). In this regard, the evaluation of the
reflected "bottom" pulse, the speed of wave propagation, as well as the length of the ultrasound path was carried
out on the samples made of PEEK and carbon fiber based on it [11].

The speed of propagation of the ultrasonic wave in the CP varied in the range of 2712-2838 m / s, the
amplitude of the reflected signal was in the range of 90%. As it can be seen from Fig. 5 with an increase in the
percentage of CF up to 15-20 mass% in the polymer binder the burst from the reflected pulse is absent on the
screen of the device, that is, the defect (accumulation of fiber) completely covers the ultrasonic beam [12].
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Conclusions

Analysis of the results of tribological studies of developed PCM showed that the use of Toray T700
carbon fiber as a filler for aromatic polyetheretherketone is a promising way to improve its tribological
properties: reducing the coefficient of friction and wear by 1.5 and 1.8 times, respectively. When the percentage
of carbon fiber (15-20 mass%) increases, it becomes difficult to distribute the binder on its surface evenly.
Therefore, tribotechnical characteristics are improved only until the achievement of effective (10 mass%) filling,
after which they decrease; this can be explained by the increase in defects of the material due to the dominant
loosening at the boundary that confirms the results of ultrasonic control and microhardness measurement. Based
on the obtained results, a composite with an effective carbon fiber content can be recommended for the
manufacture of plain bearings (agricultural, automotive and textile) that operate in friction conditions without
lubrication.
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Bypsn O.I, Tomina A.-M.B., HauyoBumii I.I. BrumB ByrieneBoro BojoOKHa Ha TpPHUOOTEXHIUHI
XapakTepucTuKH nomiedipedipkerony

CyIepKOHCTPYKIIiIHI TepMOIIACTHYHI MOJTIMEPH, Yy TOMY YHCHi noniedipedipkeToH, CbOroIHi aKTHBHO
BHUKOPHCTOBYIOThCS y 0araThox Tramy3six mpomucioBocti. [Ipore, mocute BHCOKMHA KOe(illieHT TepTs Ta
HEJIOCTaTHS 3HOCOCTIHKICTh OOMEXKYe HOro BHKOPUCTAaHHS y BY3JIaX TEpTs MAllWH 1 MexaHi3MiB. Y CTarTi
PO3TIISTHYTO BIUTMB ByrierieBoro BosiokHa 1o0ray T700 Ha TpuOOTEXHIYHI XapaKTEPHUCTHKH apOMaTHYHOTO
noniedipedipkerony mapku Victrex150G. V pe3ynbTaTi MpoBeACHUX JOCTIPKEHb, BCTAHOBJICHO 1[0 PO3pOOIIeHi
BYIJICIIJIACTHKH, TIEPEBEPIIYIOTH 0a30BHH MoiMep 3a KoedillieHTOM TepTsa Ta 3HococTikkicTio y 1,2-1,54 1 1,7-
8,8 BIAMOBIAHO, 1[0 OOYMOBJIEHO YTBOPEHHSIM Ha CTaJIeBOMY KOHTPTIJI CTaOlIBHOI «IUTIBKU TEpeHOoCcy» (Tak
3BaHOI0 aHTHU(PPHUKLIIHHOTO mapy): ApiOHOANCIIEPCHI YaCTKH IMOJTIMEPHOI MaTpHIli Ta TOAPIOHEHHX MPOAYKTIB
3HOUITYBAaHHS BYIJICLIEBOI'O BOJIOKHA IIPOHHMKAIOTh O MIKPOBIAJWH KOHTpTLNA. [linTBEp/PKEHHSIM CKa3aHOTo
CIIY)KHUTBH TOH (aKT, 10 MIOPCTKICTh BYIJIETUIACTHKIB Y TIOPiBHSAHHI 3 6a30BUM mojriMepoM 3MmeHmmnacs Ha 50%.
Haii6inpie mokpaiieHHs] TPHOOIOTIYHUX BJIACTUBOCTEH CIIOCTEPIra€ThCsl MPU BMICTI ByIJIeNeBOro BosokHa 10
Mac.%, MiClsi YOoro BOHM TOTIpPIIYIOTHCS, IIO MOXKHA MOSCHUTH 3pPOCTaHHAM Je(eKTHBHOCTI Marepiany 3a
PaxyHOK JIOMiHYIOHOI'O PO3MYLIEHHs Ha MEXI MOIUTY «IOJIMEP-BOJIOKHO», IO 1 IiATBEP/UKYIOTh PE3YJIbTaTH
BHMIpPIOBaHHSI MIKPOTBEPJOCTI Ta YJIbTPa3BYKOBOro KOHTpONt0. OTpuMaHi pe3ynbTaTd JOCIIKEeHb, CBiT4aTh
[0 KOMITO3UT, i3 €(EKTUBHUM BMICTOM ByrJelnieBoro BojiokHa (10 mac.%) Moxxe OyTH peKOMEHIOBaHA s
BUTOTOBJICHHS JIeTalled PyXOMHX 3’€JHaHb MalliH 1 MEXaHi3MiB, 10 IPAIIOIOTh B YMOBAaxX TepTs 0€3 3MalleHHs
y pi3HUX cepax MPOMHCIOBOCTI: CUITLCHKOTOCHOAAPCHKiH, aBTOMOOIIBHIHN Ta TEKCTHIIBHIH TOMIO.

Key words: nomiedipedipkeToH, Byrieiese BOIOKHO, 3HONIYBAHHS, KOCDIIliEHT TepTs, yIbTPa3BYKOBHIA
KOHTPOJIb
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Abstract

Microgeometric parameters of the effect of discrete electrospark coatings on their stress-strain state have
been evaluated for the case of using a combined technology of modification of duralumin D16, which includes
the technique of electrospark alloying with subsequent surface plastic deformation of coatings formed.
According to the profilograms of discrete electrical coatings, the curves of the bearing surface (Abbott curves)
were constructed and the parameters that drastically affect tribological characteristics of the coatings were
determined. It was shown that modification of duralumin D16 with a combined electrospark coating VK-8 + Cu
reduces the arithmetic mean height of peaks in the top portion of the profile by 4.4 and 3.2 times, doubles the
arithmetic mean depth of the profile core irregularities, increases the arithmetic mean depth of profile valleys by
1.8 and 1.1 times, in comparison with electrospark coatings from hard alloy VK-8 and copper, respectively.
These parameters help to reduce the period of running-in of the contact surfaces strengthened by the combined
electrospark coating VK-8 + Cu, increase their bearing capacity, contact durability and specific oil consumption.
On the basis of the finite element analysis method of the Nastran software complex, a model of the stress-strain
state of a discrete coating/base was designed and distribution of the main normal stresses was determined for a
coating compactness of 60% under a normal load of 600 N. The performed modeling revealed advantages of a
combined technology for formation of wear-resistant electrospark coatings, which consists in turning residual
tensile stresses into compressive ones. When modifying the duralumin D16 with a VK-8 + Cu coating, on the
coating surface and in the base material, compressive stresses (-93 MPa and -20 MPa, respectively) are formed,
which provides a decrease in wear of the modified surface by two times compared to unmodified duralumin
D16.

The practical importance of the work consists in improving the wear resistance of aluminum alloy
through its surface modification with functional coatings using energy saving technologies.

Key words: elektrospark alloying, discrete coating, Abbott curve, stress-strain state.

Introduction

The widespread use of aluminum and aluminum-based alloys in transport engineering is determined by
high specific strength, increased corrosion resistance, as well as the ability to damp vibrations and high energy
absorption. When choosing a structural material for tribocoupling, the main requirements are the ability to
provide high antifriction and mechanical properties during operation. An efficient way to improve the
mechanical characteristics of aluminum alloys is their surface hardening. A promising trend for modifying a
surface layer is the use of the method of electrospark alloying (ESA), which has a unique set of advantages that
meet modern requirements: low energy consumption, environmental safety, simplicity of technology (no special
working medium and no preliminary surface preparation are needed) and high adhesion strength to the base.
Electrospark processing provides the formation of a layer on the workpiece surface which has a structure and
properties different from those in the initial state, depending on the parameters of the spark discharge,
composition of the electrode material, workpiece material and other factors. The use of ESA to increase the
microhardness of near-surface layers and the wear resistance of aluminum alloys is a topical trend in the current
applied science.

Copyright © 2020 V.V. Tokaruk, 0.0. Mikosianchyk, R.G. Mnatsakanov, N.O. Rohozhyna. This is an open access article distributed
@m_ under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
[ provided the original work is properly cited.
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The solution to the problem of hardening the surface layer of aluminum alloys will provide an increase in
wear resistance and fatigue strength, change in the magnitude and sign of residual stresses, etc. Despite the
obvious advantages of the ESA method, it has some disadvantages, which include both an increase in the
roughness of the modified layer and limitation for the applied coating depth. The main reasons for the latter are
the occurrence of residual tensile stresses, including those due to the formation of new phases in the alloyed
layer with different thermal expansion coefficients, which increases the likelihood of cracking in the applied
coating [1].

Taking into account the disadvantages of continuous electrospark coatings (ESC), consisting in cohesive
cracking and adhesive delamination, a technology of hardening and restoration by applying coatings of a discrete
structure has been developed at H.S. Pisarenko Institute for Problems of Strength of NAS of Ukraine. The main
advantage of discrete coatings is the ability to create conditions for regulating the temperature regime, achieving
the lowest coefficient of friction and wear, to control and minimize the stress-strain state (SSS) of the surface via
changing the continuity and dimensions of discrete areas on the base surface, as well as via selecting a set of
materials with required physical and mechanical characteristics [2].

To reduce the initial roughness of electrospark coatings and to change the magnitude and sign of residual
stresses, it is advisable to use ESA technology combined with surface plastic deformation (SPD), which makes it
possible to form a surface layer with high hardness, wear resistance, low roughness and increased fatigue
strength [3, 4].

It has been shown [5] that during ESA residual tensile stresses arise in the surface layer down to 0.2 mm
deep. As a result of the subsequent hardening of the formed electrospark coatings thanks to SPD by rolling with
a ball, the deformation curves change markedly: compressive stresses up to 520 MPa at a depth of to 0.9 mm are
formed in the surface layer. Similar qualitative results were obtained in [6], where it was experimentally
established that during plastic deformation of electrospark coatings, residual tensile stresses (43...59 MPa) turn
into residual compressive stresses (—34... —-80 MPa) down to a coating depth of 79-210 um. This phenomenon
occurred due to strain hardening caused by structural changes (in particular, by increase in the density of
dislocations).

The performance characteristics of machine parts and mechanisms to a great extent depend on the
parameters of the working surface quality, among which such microgeometrical characteristics as waviness,
roughness, central height of microirregularities et al. should be mentioned first of all alongside with physical and
mechanical properties (thickness, structure and phase composition of the hardened layer) [7]. The parameters of
the surface layer quality directly determine tribological characteristics of triboelements. An increase in the
coefficient of friction with increasing height of roughness parameters and its decrease along with wear, an
increase in contact vitality with increasing the bearing curve of the profile have been established in the work [8].

The roughness of the surface layer directly affects the service life of friction pairs since
microirregularities act as concentrators of stresses and may lead to a decrease in fatigue resistance. Practical
operation of machines and mechanisms has shown that the wear intensity of the contact surfaces is dependent on
the duration of running-in period, oil consumption, area of actual contact and other parameters determined by the
curve of the bearing surface (Abbott curve) [9].

Thus, study of the features of modified layer formation on the surfaces of workpieces under a combined
technology of ESA and PPD, the establishment of relationship between the substructure parameters, SSS of the
modified layer and its tribological characteristics is an urgent task in terms of developing technological
recommendations for strengthening parts in order to increase the overhaul life of units and assemblies.

Purpose

The purpose of the work was to evaluate microgeometric parameters of discrete electrospark coatings and
their SSS using a combined technology for modifying duralumin D16.

Methods

Model annular samples of friction pair were made of steel 30KhGSA and duralumin D16, on the surface
of which test alloys were deposited by the electrospark method using a standard industrial installation "Elitron
22A" in air at a specific duration of surface processing 1 min/cm2. The electric pulse duration was 200 ps.

As coating materials, hard alloy VK8 and copper, the physical-mechanical properties of which are
listed in Table 1, were used.
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Physicomechanical properties of duralumin D16, alloy VK8, and Cu

Properties D16 VK8 Cu
Density, kg/m® 2800 14600 8940
Linear expansion coefficient, -10°, k! 23 45 16.7
Coefficient of thermal conductivity, Wt/(m-K) 170 54 401
Specific heat, J/(kg-K) 1000 150 385
Young's Module, -10"" Pa 0.71 6.0 1.15
Shear Module, -10™ Pa 0.27 2.5 4.24
Poisson's ratio 0.3 0.196 0.33

Parameters of surface microrelief profile were determined according to the international standard DIN

4776 [10].

Results

On the basis of ESC profilograms, Abbott curves were constructed and the main parameters of the

surface profile were analyzed (Fig. 1, Table 2).
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curve: (1) VK-8; (2) Cu; (3) VK-8 + Cu.

1. Profilograms of the ESC surfaces and functional parameters for the roughness profile from the Abbott
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Table 2.
Functional parameters of the profile of surface microrelief roughness
Parameters of profile of surface roughness Type of electrospark coating
VK-8 Cu VK-8 + Cu

Rk, arithmetic mean height of the profile top peaks, pm 12.15 6.92 2.75
Ry, arithmetic mean core depth of profile microirregularities, pum 20.83 19.32 10.64
Ry, arithmetic mean depth of profile valleys, um 7.42 12.23 13.45
R,, arithmetic mean deviation of profile, um 6.29 6.53 4.2
Mrl, material ratio that determines the upper limit of core 8 10 7
roughness, %
Mr2, material ratio that determines the lower limit of core 89 83 81
roughness, %
Central part of mean relative bearing profile length, % 36 33 56
Q, specific surface oil consumption, mm*/cm’ 0.041 | 0.104 0.128

An important stage in the initial operation of machine parts is the duration of running-in period. It is in
this stage that the primary condition for contacting triboelements is growth of the actual contact area. It is
possible to reduce the running-in period by minimizing the profilogram portion that corresponds to the peaks in
the upper part of the profile. According to Table 2, for the combined coating VK-8 + Cu parameter Ry is 2.75
um, which indicates the most effective ability of this coating type to shorten the running-in period.

The parameter Ry allows one to predict the operational properties of the surface and directly affects the
service life of triboelements, since this zone in the core of the profile microirregularities determines the bearing
capacity and load distribution in the contact. As the combined coating VK-8 + Cu is characterized by a decrease
in this parameter on average twice compared to the other ESC studied, it is possible to predict its high efficiency
after the formation of microrelief upon using the combined technology of ESA and PPD. The level of
coincidence of the region of maximum increase in material ratio of the surface microrelief profile on the Abbott
curve and the reference line of the surface roughness profile for VK-8, Cu, VK-8+Cu coatings is 36; 33; 56 %,
respectively (Fig. 1). According to the method of evaluation of this parameter by the DIN 4776 standard, its
recommended values are around 40%. Only for the VK-8 + Cu coating, increase in this parameter by 1.4 times in
comparison with the normalized value was established. The obtained results indicate that the combined coating
VK-8 + Cu in the initial state is characterized by the maximum material increase in the core zone of the surface
profile, which is decisive in predicting the service life of the contact surface.

An important Abbott curve parameter is the arithmetic mean depth of the profile valleys, which
determines the oil consumption by the tribological surface. The specific oil consumption of the surface was
calculated by the formula [9]:

Ry, M
= k(g Trzy 1
Q 20 ( 100%) @

where R, is the arithmetic mean depth of the profile valleys and M., is the material ratio that

corresponds to the lower limit of core roughness, %.

According to Table 2, the calculated data on specific oil consumption for the combined ESC VK-8+Cu
are 3.12 and 1.23 times higher than the similar parameters for VK-8 and Cu coatings, respectively. The
parameter Q directly affects antifriction characteristics of the coatings studied: for VK-8, Cu, VK-8 + Cu the
coefficient of friction in the contact is 0.17; 0.13; 0.11, respectively. Therefore, the VK-8 + Cu coating in terms
of the surface microrelief profile f,; will be characterized by high lubrication and antifriction properties, which
is a necessary condition for increasing the durability of tribocoupling under operation conditions in a lubricating
medium.

The paper indicates reasonability of using the combined technology for duralumin D16 modification,
which includes ESA with subsequent treatment of the formed coatings by SPD. The method of finite element
analysis, which is implemented in the Nastran software package, was used to model the electrospark coating
density and evaluate its SSS. The studied ESCs were applied onto duralumin D16 with a compactness of 60%.
When modeling the SSS of discrete coatings, the residual tensile stresses on the surface of a unit coating were
revealed, which were 99, 17 and 57 MPa for coatings VK-8, Cu and VK-8 + Cu, respectively. Since such
stresses can reduce wear resistance of the contact surfaces, SPD was performed after ESA by technique of static
embossing with a maximum load of 190 MPa (c,”" for D16). The combined technology was used in order to
increase the tribological ESC properties through turning the residual tensile stresses in the formed ESCs into
residual compressive stresses after SPD (Table 3, Fig. 2).
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Table 3

Distribution of the main normal stresses in the electrospark coating/base after electrospark alloying
(ESA) and subsequent processing of the formed coatings by surface plastic deformation (SPD)

] ) Distribution of main normal stresses, 7., MPa
Coating material On ESC surface At ESC/base (D16) In the base (D16)
boundary at 150 um depth

ESA ESA+SPD ESA ESA+SPD ESA ESA+SPD
VK-8 99 -20 47 37 2 -2
Cu 17 -97 5 -4 -2 -7
VK-8 + Cu 57 -93 27 17 2 -20
VK -8+ Cu
B :&!j X 2

Fig. 2. Distribution of the main normal stresses in ESC/base upon using a combined technology for
modification of duralumin D16.

The performed simulation of SSS of a discrete ESC/base has revealed the following advantages of using
the combined technology for forming wear-resistant ESCs: on the coating peaks the magnitude and sign of
residual stresses change, that is, after ESC tensile stresses turn into compressive ones; when hard alloy VK-8 +
copper are used as a coating, the localization of the main normal stresses is observed in the coating formed, in
contrast to the coating from copper alone; in the base material from duralumin D16 modified with a coating VK-
8 + Cu, compression stresses are formed. These factors increase the wear resistance of contact surfaces: when
rubbing in sliding conditions (tests were conducted on a friction machine 2070 SMT-1 for 240 min in the mode
of maximum lubrication with an oil consumption of 1.2 I/h; one sample D16 + coating rotated with a frequency
of 400 min-1, and the other one (stationary, steel 30HGSA) was installed coaxially, their end faces were pressed
together with an axial load of 600 N; as a lubricating medium, motor oil M10G2K (GOST-8581-78) was used),
it was established that wear of the contact surface D16 + VK-8 increased by 4.6 times, while modification of the
base with Cu coating or combined coating VK-8 + Cu provided wear reduction by 5 and 2 times, respectively,
compared to unmodified (with a coating) base D16.

Conclusions

According to the microgeometric parameters of the microrelief profile of discrete electrospark coatings,
Abbott curves have been constructed and the parameters that influence coating wear resistance most of all have
been determined. In particular, reduction of the arithmetic mean height of the peaks in the upper part of the
profile shortens the running-in period for the contact surfaces; growth of the arithmetic mean depth of the core of
the profile micro-irregularities provides an increase in load-bearing capacity and determines the load distribution
in the contact; increase in the arithmetic mean depth of the profile valleys is the main prerequisite for increasing
the specific oil consumption of the surface and ensuring high lubrication and antifriction properties of the
tribocontact. The application of the developed combined technology to forming discrete wear-resistant coatings
on duralumin D16 is proposed, which includes electrospark alloying followed by surface plastic deformation,
which provides the formation of residual compressive stresses and localization of the main normal stresses in the
coating formed.
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Toxkapyk B.B., Mikocanunk O.0., MuanakanoB P.JI., Poroxmna H.O. Mikporeomerpuysi
XapaKTEPUCTUKH EIEKTPOiCKPOBUX ITOKPUTTIB B BUXiHOMY CTaHi

[IpoBenena omiHka MiKpOr€OMETPHYHHX HapaMeTpiB JUCKPETHHX EIEKTPOICKPOBUX ITOKPUTTIB Ha IX
HalpyXeHO-IepOpMOBaHOTO CTaHy TIIpM BHUKOPHCTaHHI KOMOIHOBaHOI  TeXHOJOril MoanQiKyBaHHS
mropantoMigiro J[16, sika BKIIIOYae METOJ| EKTPOICKPOBOTO JIETYBaHHS 3 HACTYITHOIO TIOBEPXHEBO IUIACTUYHOIO
nedopmaniero copMOBaHHX TOKPUTTIB. 3a mpodijorpaMaMu JUCKPETHUX €NEKTPOiCKPOBHX MOKPUTTIB
1oOyIoBaHi KpUBi OMOpHOI MoBepxHi (KpuBi A0OOTa) Ta BU3HAUECHI MApaMETpPH, SIKi HAMOIbIIE BIUIMBAIOTh Ha
TpUOOTEXHIYHI XapaKTEPUCTUKH TOKPUTTIB. BmusHaueHo, mio wmoamdikyBaHHs mropamtoMinito (16
KOMOIHOBaHUM €NeKTpoickpoBUM IMOKpUTTsIM BK-8+Cu 3abe3medye 3MeHIIEHHS cepefHboi apu(hMETHIHOT
BHCOTH BHUCTYIIIB BEpXHBOI YacTuHU npodimto B 4,4 i 3,2 pa3u, 3pocTaHHs cepeiHbOi apuPMETHIHOI MIMOUHH
CEpIICBUHH MIKPOHEPIiBHOCTEH Tpodimto B 2 pa3u, 30UIBIICHHS CEpeIHBOI apu()PMETHYHOI TIIHOWHH BIIAIUH
npodimro B 1,8 i 1,1 pa3u, B MOpiBHIHHI 3 €NEKTPOICKPOBUMH HOKPUTTSMHU TBepaoro cruaBy BK-8 ta mini
BianoBinHO. [laHi mapaMeTpu CHPUSIOTH CKOPOUYCHHIO IIEpiofy IPUIpAIfOBaHHS KOHTaKTHUX IOBEPXOHb,
3MIIHEHMX KOMOIHOBaHMM eNeKTPOiCKpoBUM NOKpUTTSM BK-8+Cu, migBuiyroTe iX Hecydy 37aTHICTb,
KOHTaKTHY JOBTOBIUHICTb, TATOMY MAaCJIOEMHICTh TIOBEPXHi.

Ha ocHOBiI Meromy CKiHYEHHO-EIEMEHTHOrO aHalli3y MpOrpaMHOro KomIuiekcy Nastran NpoBeIeHO
MOJICTTFOBaHHsI HaNpyXeHO-/1e(hOPMOBAHOIO CTaHy JIUCKPETHOI'O TMOKPHUTTS - OCHOBH Ta BH3HAYEHO DPO3IIOILNT
TOJIOBHUX HOPMaJIbHUX HAlPY)KEHb MPH IIIIBHOCTI HAHECEHHS MOKPHUTTS 60% Ta HOPMalbHOMY HAaBaHTAXKEHHI
600 H. IIpoBenene MojentoBaHHsI BCTAHOBMIIO NIEpEBary 3aCTOCYBaHHS KOMOIHOBaHOI TexHOIOT1] (hopMyBaHHS
3HOCOCTIMKHX EJIEKTPOICKPOBHX IOKPUTTIB, SIKI MONSATAIOTH B 3MiHI 3QIMIIKOBHX HAINPYKEHb PO3TATY Ha
HanpyxeHHs cTucky. [Ipu mogudikyBanHi mopamtominito /116 nokpurtsm BK-8 + Cu Ha nmoBepxHi HOKpUTTS Ta
B Matepiasii ocHOBU (popmyroThesi HamnpyxkeHHs ctucky (-93 Mlla ta -20 MIla BigmoBinHo), mo 3abe3nedye
3HW)KEHHS 3HOCY MOJIM(]iKOBaHOT MOBEPXHi B 2 pa3H, B MOPiBHAHHI HeMoAH(DikOBaHUM Jropanominiem J116.

[TpakTH4yHa 3HAYUMICTH POOOTH MOJISTA€E B IMiJABHIIEHHI 3HOCOCTIMKOCTI aIFOMiHIEBOTO CIUIABY IIISXOM
HOro IOBEPXHEBOro 3MIIHEHHs (YHKIIOHAJHbHUMH MOKPUTTSIMH 3 3aCTOCYBaHHAM e€Heprozoepiraroumx
TEXHOJIOTIH.

KirouoBi ciioBa: enekTpoiCKpoBe JIeTYBaHHS, AMCKPETHI IOKPUTTS, KpuBa AOOOTa, HampyXKeHO-
nedopMoBaHMil CTaH.
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Investigation of tool wear resistance when smoothing parts
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Abstract

The article discusses the method of surface plastic deformation of steel parts by smoothing. The positive
influence of this method on the wear resistance of the tool has been established under conditions of intense wear
and with abundant lubrication.
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Introduction

The smoothening method is ideally suited to the hardening treatment of surfaces of revolution, using a
diamond indenter-smoother with a spherical working surface. Despite the unique properties of diamond as a tool
material (high hardness, increased wear resistance and compressive strength), its use is limited by an increased
tendency to chemical interaction with structural materials, for example, with low-carbon steels, titanium and its
alloys, etc. Lack of lubricating coolants in the burnishing zone only exacerbates this disadvantage of diamond
tools [1-3].

The peculiarity of diamond burnishing as a method of sequential local action of a moving indenter on the
workpiece surface being processed in the conditions of their mass production is considered as a disadvantage due
to low processing productivity [4].

The technological advantages of the burnishing process are obvious, therefore, in this work they are used,
but in a technical design with a significantly higher processing performance [5].

Research methodology

As the main criterion for choosing rational conditions for wide burnishing, the roughness of the machined
surface of the parts was used, which is provided during the tool life. The durability of the ironing tool has been
classified as the time of continuous operation during which it becomes functionally unusable. This condition can
be identified as irreversible changes in the topography of the tool working surface through the wear area [6, 7].

To determine the wear area of the spent smoother, a special technique was proposed, which is based on
digital processing of surfaces with different reflectivity characteristic of the initial and worn conditions.

The technique for quantifying the area of the worn surface of the tool includes the following steps:

1. Digital photographing of the working surface of the tool on a special stand.

2. Processing the bitmap image of the working surface of the tool in the graphics editor Adobe Photoshop
in order to increase the contrast and prepare a digital photograph of the working surface of the smoother to
determine the actual wear contact spot in the IZNOSOMER program.

Research results
The burnishing process was carried out on samples made of materials: steel 40 and high-strength cast iron

VCh 75-50-03. The samples were pretreated by grinding. The initial roughness of the samples from steel 40 R, =
0.5 pum, from cast iron R, = 0.85 pm.

Copyright © 2020 D.D. Marchenko, K.S. Matvyeyeva. This is an open access article distributed under the Creative Commons
@m_ Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
[ properly cited.
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When burnishing samples of steel 40 and high-strength cast iron VCh 75-50-03 for all 3 studied
burnishing cycles, an extreme relationship between the roughness of the treated surface and the force on the
smoother is observed [8].

It has been established by experiments that the minimum values of the roughness of the processed
surface in terms of Ra occur at P = 210 N/mm for steel 40 and at P = 410 N/mm for VCh 75-50-03 cast iron,
regardless of the number of burnishing cycles. This pattern suggests that the formation of the roughness of the
treated surface is influenced by the processing time and pressure on the surface to be smoothed, therefore, the
reason lies in the mechanism of plastic deformation [9].

In Fig. 1, a shows the obtained experimental dependence of the surface roughness of a part made of
steel 45 on the length of the path traveled by the tool for tool materials: composite 05IT, leucosapphire, niborite,
and in Fig. 1, b - dependence of the surface roughness of a part made of VCh 65-50-03 cast iron on the length of
the path traveled by the tool made of composite 05.
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Fig. 1. Dependence of the roughness of the sample during smoothing on the length of the path traveled by the tool
made of various materials

As a result of the studies, it was found that the superhard material niborite (tomal 10) has the greatest
resistance when processing steel 45, its resistance is 6.3 km. Resistance for other materials when processing steel
45 is 2.3 km for leucosapphire, and 4.4 km for composite 05IT.

The choice of a specific tool material must be made for economic reasons for each material of the
workpiece.

Experiments have also shown that the performance of the smoother is increased when using a hard alloy
with a reduced dispersion of the carbide phase [10]. The application of wear-resistant coatings, performed in this
work, did not give a tangible increase in the durability of carbide tools.

A two-factor experiment was carried out in production conditions, which simulated the joint and
interrelated influence of the burnishing force and the number of loading cycles on the quality of processing of
the gland journals of crankshafts made of ductile iron. The results turned out to be adequate to the patterns
established in the laboratory.

Comparison of the results of experimental studies and calculations using the energy model of wear. A
comparative assessment of the data on the sizes of the wear areas of the working surfaces of smoothers made of
various tool materials was performed, which were obtained experimentally and by calculation using the energy
wear model.

In Fig. 2 shows the dependence of the area of wear on the distance traveled by the tool during processing.
Curves 1 and 3 were obtained experimentally according. The critical value of the wear area Scritich was
determined as the state of the tool that was not able to provide the required roughness during machining (with the
required R, = 0.4 um, Sgitical = 2.5 mm?).

Curve 2 was obtained by a theoretical method when solving the energy model presented in the second
chapter, while the empirical coefficient of resistance K resistance = 0.375 - 107).

Curve 3 was obtained theoretically using the energy model for a new group of tool materials H10F after
introducing the necessary empirical coefficients into it when plotting curve 2. It can be seen from the graphs that
the error between the experimental and calculated wear areas is not large (less than 20%), while the curves wear
corresponds to the classical, and consist of three main stages: running-in, normal operation, catastrophic wear
[11].
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Fig. 2. Curves of the dependence of the area of wear on the traveled path of the tool in the process of wide burnishing

According to the results of a comparative assessment of the data obtained by calculation and experiment,
one can recognize their agreement as good. For example, if we compare the sizes of the wear areas of the
working surface of smoothers made of various tool materials, calculated according to the energy model of wear
and obtained by measuring in real conditions of smoothing, then the difference between them does not exceed
25%, averaging 9.3% according to the results of measurements in 5 different smoothing modes.

Technological features of smoothing of ductile iron with spheroidal graphite. The technological features
of the process of wide burnishing of high-strength cast iron with spheroidal graphite (for example, VCh 75-50-
03 cast iron), which is characterized by low plasticity, increased hardness and a narrow range of deformation
stresses from elastic deformation to its destruction, are revealed [12, 13].

In fig. 3 shows photomicrographs of the machined surface of a ductile iron crankshaft after wide
burnishing and polishing with an abrasive belt. From the point of view of the microgeometry of the surface and
the need for its running-in at the initial stage of wear, smoothing treatment turned out to be more preferable than
polishing.

a
Fig. 3. Surface after smoothing (a) and polishing (b) x300

Under the selected burnishing conditions, the surface layer of parts made of high-strength cast iron has a
slight hardening - in terms of the degree of work-hardening, an increase of up to 10% at a work-hardening depth
of4 ... 6 um.

Investigation of the wide burnishing process on specimens of hardened case-hardened steel 18KhGT. It
was found that for smoothing parts made of case hardened 18KhGT steel, it is advisable to use smoothers with a
working part made of polycrystalline plates of composite 05 with a radius of 2 mm, which, under optimal
loading conditions, provides a roughness of the processed surface to R, = 0.05 pm without signs of over-
hardening. In the case when the initial surface roughness increases before smoothing, it is necessary to increase
the pressure on the tool.

Conclusions

The criterion of tool durability is determined by its functional purpose of smoothing as a method of
predominantly improving the roughness of the workpiece surface being processed. If the specified requirements



Problems of Tribology 43

for the height of microroughnesses on the machined surface (for example, the value of the R, parameter) are not
met, the smoothing tool is recognized as unsuitable for further work.

The process of tool wear in the work is considered as a transformation of the microgeometric topography
of its working surface as a result of the adhesive interaction of two metal bodies under conditions of dry sliding
friction using the application effect. The essence of this effect lies in the imposition of the microrelief of the
working surface of the smoother when rolling on the workpiece surface with the accompanying process of
plastic flow of the surface layer, which allows predicting the tool life.

Comparative evaluation of the data on the sizes of wear areas of the working surfaces of smoothers made
of various tool materials, which were obtained experimentally and by calculation using the energy wear model,
showed good coincidences of the wear area of the smoother: the maximum difference is 25% with an average
error of 9.3%.

Revealing the thermal pattern of wide burnishing allows you to develop technological restrictions on the
processing process in terms of two factors. First, to prevent possible negative structural and phase
transformations in the surface layer of the burnished part with a subsequent decrease in its quality and
operational reliability. And, secondly, to reduce the intensity of tool wear, especially in the absence of a
beneficial effect of lubricating cooling process fluids.
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Mapuenxo JI.1., MaTseeBa K.C. VccnenoBanre H3HOCOCTOMKOCTH HHCTPYMEHTA NPH BBITIA)KMBAHUT
JeTanen.

B crathe paccMOTpeH MeTOZ MOBEPXHOCTHOTO IUIACTUYECKOro ae(hOpPMHUPOBAHUS CTAJBLHBIX JleTaneit
BBITJIA)KUBAHUEM. Y CTAHOBJICHO MOJIOKUTENIBHOE BIUSHHE 3TOrO0 METOJAa HAa M3HOCOCTOMKOCTh MCHTPYMEHTA B
YCIIOBUSIX MHTEHCHBHOTO M3HAIINBAHMS M TIPU OOMIIBHOM CMa3Ke.

KuaroueBble ciioBa: HU3HOC, CTOﬁKOCTB, HUHCTPYMCHT, IOBCPXHOCTHAA TINIACTUYCCKAA }le(i)opMam/m, rnapa
TPEHUA, BbITJIAXKUBAHUC.
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Abstract

The article deals with the issues of reducing the content of harmful substances when surfacing alloyed
wear-resistant alloys. Studies have been carried out to determine the possibility of reducing the formation of
oxides during surfacing of high-alloy wear-resistant alloys of the sormite type using a closed filter-ventilation
system, which ensures minimal losses of alloying elements during the formation of the deposited layer. The loss
of alloying elements during surfacing is influenced by a number of metallurgical and technological factors,
including the share of the base metal in the deposited, surfacing modes, oxidation processes during melting of
the electrode material and in the melt of the weld pool when interacting with the surrounding gas environment.

To reduce the oxygen content in the gas-air mixture formed during the surfacing process, special
absorbent substances are used in a closed filtering and ventilation system, which reduce the course of oxidative
processes with the formation of oxides of alloying elements. At the same time, the gas-air mixture is taken from
the zone of arc burning and the weld pool, filtered through a system of special filters, in which solid and gaseous
components of the welding aerosol are removed, after which the purified gas mixture is used as gas protection
during surfacing.

We used powder tapes containing a mechanical mixture of powder components and a complex-alloyed
alloy in the core. A complex-alloyed alloy, an alloy previously melted in an induction furnace, containing the
necessary alloying elements. Particles of the required sizes were obtained by hydrogranulation, which were then
introduced into the core of a flux-cored tape. The indicated flux-cored strips provided the same chemical
composition of one alloying system in the deposited layer. After surfacing, the chemical composition of the
deposited metal was determined for the content of carbon, manganese, silicon, nickel. The use of a closed
filtering and ventilation system makes it possible to reduce the formation of oxides of alloying elements, which
requires the determination of specific parameters for each surfacing process. Creation and use of closed fil'tro
vent system (CFVS), serve of the filtered air in area of surfacing and providing safe labour in the workplace of
welder. It corresponds the international standard of 1SO and norms of European Union. Therefore, to execute a
requirement to impermissibility of hit of harmful questions in an atmosphere concordantly Kiotskomuo and to
Parisian protocols.

Key words: electrode materials, surfacing, alloying elements, welding aerosols, oxidation processes,
closed filter ventilation system, deposited metal.

Introduction

Development of technological process of deposition of wearproof alloys with providing of decline of
formation of oxides and losses of alloying elements in a deposition metal. Exposition of basic material. Creation
and use of closed fil'tro vent system (CFVS), serve of the filtered air in area of surfacing and providing safe
labour in the workplace of welder. It corresponds the international standard of 1SO and norms of European
Union. Therefore, to execute a requirement to impermissibility of hit of harmful questions in an atmosphere
concordantly Kiotskomuo and to Parisian protocols.

Literature review

@m_ Copyright © 2020 V. Chigarev, Yu. Logvinov. This is an open access article distributed under the Creative Commons Attribution
=3 License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Substantive provisions on the rational alloying of metal and forming of wearproof phase are in-process
[2] Safronov in fundamentals of rational alloying of alloys presented. Substantive provisions are in-process
Livshits [3] expounded on alloying of deposition metal, intended for work under various conditions of shock,
abrasive wear, and also influence of alloying elements on formation of carbidic phase and matrix - basic
constituents of alloy.

Purpose of the article

Development of technological process of deposition of wearproof alloys with providing of decline of
formation of oxides and losses of alloying elements in a deposition metal. Exposition of basic material to apply
CFVS.

Main materials

For surfacing apply different deposition materials, different welding-technological properties,
composition and alloying elements, providing the receipt of the required composition and properties in a
deposittd layer.

As a result of melting of electrode metal and flowing of metallurgical processes in the area of burning of
arc and welding bath, there is a selection in the atmosphere of different gases with formation of welding aerosols
(SA). Formative SA consist of hard constituents of welding aerosol (HCWA) and gaseous constituents of
welding aerosol (GCWA ). Welding aerosols, contain harmful matters as a dust and gases, different oxides: CO,
MNO, SiO,, Cr,03, NO, N,0Os, So2, render negative influence on sanitary-hygienic terms in a working area [3-
4].

The amount of harmful excretions depends on the modes of cladding, type of electrode material and its
composition. For mechanized electric arc deposition powder-like band electrode materials are widely used. At
deposition with the use of powder-like ribbon the content ofmaintenance of chemical elements in a deposited
metal goes down due to formation of oxides of alloying elements as a result of their co-operating with oxygen of
atmospheric air, that has influence on properties weld layer.

For diminishing the contet of oxygen in air-gas mixture, appearing in the process of deposition, the
special absorbents in ZFVS, which reduce flowing of oxidizing processes with formation of oxides of alloying
elements, are used. Thus air-gas mixture is taken from the area of burning of arc and welding bath, passes
filtration through the system of the special filters TSSA and GSSA delete in which, whereupon cleared gas
mixture is used as gas defence at deposition [5].

Researches were conducted with the use of powder-like ribbons which had different mandrels, but
provided identical chemical compositions of the deposition metal. Powder-like ribbons, containing mechanical
mixture of powdery components and complex-alloyed alloy in a rodmandrel, were used. The complex-alloyed
alloy (ligature) is the alloy containing the necessary alloyed elements preliminary smelted in an induction stove.

The receipt of particles of the required sizes was produced by gidrogranulyacii, which was after entered in
the complement of mandrel of powder-like ribbon. The indicated powder-like ribbons provided identical
chemical composition of one system of alloying in a weld layer. Making of powder-like ribbons of necessary
sizes was produced on machine-tools which provide the receipt of the One Articulata construction of furnace.

Cladding was conducted on the permanent modes: welding current 700-750 And, tension of arc 28-32 In,
cladding 36 mcode/hour. After cladding n surfacing determined chemical composition of deposwited vtnal was
was denermined threw on maintenance of carbon, manganese, silicon, nickel. For the receipt of reliable results
of estimation produced for 10 measurings for every experiment. In the process of deposition from the area of
burning of arc produced the selection of gas environment with the use of ZFVS.

During work of ZFVS different sorbents and filter elements were probed. General information about
matters, recommended as a sorbent able to absorb oxygen is presented in table 1 [5].

Table 1
General information about the used sorbents

Name of sorbent The biggest aesorbed Kinetic diameter A
molecules

Yugavaralit C,H, 3,6...3,9
Zeolite (C4Hyg)3N 8,1
Zeolite of W SO, 3,6
Zeolite of R- W NO 3,6
Zeolite of L (C4Hg)3N, (C4F9)sN; 8,1
Fozhazit (CaFs): N 8,0
Stil'bit H,0, NH, 2,6
Mordenit shirokoporistiy NHy 2,6
Natrolite (C4Fg)sN 10
Zhismondin N,; O, 3,6
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The results of researches with the use of ZFVS (with the special sorbents) and different types of alloying
charge in composition the rods of powder-like ribbon are smown in a table 2. Application of ZFVS allowed to
delete from an air-gas environment, formed in a proces of cladding of TSSA and GSSA, to reduce the content of
oxygen with the special sorbents.

Maintenance of alloying elements in aweld metal with the use of ZFVS

Table 2

Type of mandrel of Type of surfacing composition of alloying deposition
powder-rod ribbon Type of deposition elements is in the metal of guy-sutures, %

C Mn Si Cr Ni
Mechanical mixture Without the use of ZFVS | 2,55 1,44 2,4 20,6 2,8
of components With the use of ZFVS 2,8 1,8 2,99 21,6 2,92
Complex-alloyed Without the use of ZFVS | 2,70 1,4 2,04 20,4 2,66
ligatures With the use of ZFVS 2,9 2,12 3,06 24,2 3.80

In 1 and 2 presented is chemical composition of weld metal, got at surfacing with the use of powder-like ribbons

cored from mechanical mixture of components and complex-alloyed alloy with the use of ZFVS.
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The results of experiments testify to the reduction decline of oxidization of alloying elements in the
process of deposition. At deposition of wear proof alloys it is possible to decrease oxidizing processes, but it is
necessary to conduct the choice of sorbents which can maximally absorb harmful excretions, table.2.

Conclusions

1. The use of ZFVS in the area of burning of arc reduces of oxygen and formation of oxides, at the use of
the proper sorbent, that is instrumental for preservation alloying elements in a weld metal.

2.Alloying elements in a deposited weld metal will allow to improve process of work-hardening of
metallurgical machines, it is the real solution of task of wear of metallurgical machines and are the area of
tribologoicheskikh researches.

3.For reduction of flowing of oxidizing processes at surfacing of high wearproof alloys of type of sormayt
with the use of ZFVS as a sorbent it is recommended to use zhismondi.

4. Creation and use of closed fil'tro vent system (CFVS), serve of the filtered air in area of surfacing and
providing safe labour in the workplace of welder. It corresponds the international standard of SO and norms of
European Union. Therefore, to execute a requirement to impermissibility of hit of harmful questions in an
atmosphere concordantly Kiotskomuo and to Parisian protocols.
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Yirapsos B.B., Jlorsinos F0.B. 3HmkeHHs1 yTBOPEHHS OKCHAIB NPU HAHECEHHI ITOBEPXHEBO-aKTUBHUX
PEYOBHH i3 3HOCOCTIMKHX CIUIABIB.

VY craTTi po3riIsANaloThC MMTAHHS 3MEHIIEHHS BMICTY IIKIJIMBUX PEYOBHH IIPH HAIIaBJICHH] JIETOBAHMX
3HOCOCTIMKMX crutaBiB. [IpoBeneHi JOCHIKEHHS 3 METOI0 BU3HAYEHHS! MOXKJIMBOCTI 3MEHIIEHHS YTBOPEHHS
OKCHIB TpW HAaIIaBJICHHI BHCOKOJIETOBAaHMX 3HOCOCTIHKMX CIUIaBIB COPMITHOTO THITYy i3 3aCTOCYBaHHSM
3aKpUTOI (DUTHTPYBATHHO-BEHTHIIAIIITHOI CUCTEMH, IO 3a0e3Ieuye MiHIMaIbHI BTPATH JICTYIOYHX CJIEMCHTIB ITiJT
Yac YTBOPEHHS OC3/DKEHHX InapiB. Ha BTpaTy neryloumx eNeMeHTIB IiJ] Yac HaIUIaBJICHHS BIUIMBAE PsiA
METaJTypTiiHUX 1 TEXHOJOrYHUX (PaKTOpiB, BKIIIOYAIOYM YaCTKy OCHOBHOTO METajy B HAIUIaBJICHOMY IHapi,
PSKUMHU HAIUIaBJICHHS, TPOLECH OKUCICHHS NpH IUIABJICHHI EJIEKTPOJHOrO Marepially Ta B pO3IUIaBi
3BapIOBAJILHOrO OAceiHy MpH B3a€MO/Ii1 3 HABKOJIMIIIHIM Ta30BHUM CEPEOBUILIEM.

JUist 3MEHIIEHHST BMICTY KHCHIO B Ta30MOBITPSHIM CyMIilll, [0 YTBOPIOETHCS B MPOIIEC] HAIUIABIICHHS, B
3aKpUTiH (iNBTPYIOUid Ta BEHTWISALINHHIA CHCTEMi 3aCTOCOBYIOTHCS CrellianbHI abcopOyroui pedoBWHH, SIKi
3MEHIIYIOTh XiJl OKUCHUX IPOIECIB 3 YTBOPEHHSM OKCHIB JIETYIOUHMX elleMeHTiB. [Ipu 1boMy ra3omnoBiTpsiHa
cyMim OepeThCsl i3 30HM JYrOBOTO TOPIHHSA 1 3BaprOBAIbHOrO OaceiiHy, (iNBTPYEThCA dYEpe3 CUCTEMY
cneuianbHUX (IIBTPIB, B SIKMX BHAAISIIOTHCS TBEPII Ta ra3onoAiOHi KOMIOHEHTH 3BaplOBaJbHOTO aepo30ilio,
ITiCJISt YOTO OYUIIEHA Ta30Ba CyMilll BUKOPHCTOBYETHCS SIK 3aXHCT BiJl Ta3y ITiJ] Yac HarIaBJICHHS.

M#u BUKOPHCTOBYBAJIM MOPOIIKOBI CTPIYKH, 10 MICTSATh MEXaHIYHY CYMIIl ITOPOIIKOBHX KOMIIOHEHTIB i
CKJIaJIHWH JIeroBaHuii cruiaB B cepueBrHi. CIIaBHO-JIErOBaHU CIUIAaB - CIUIAB, MONEPENHbO PO3ILUIABICHUNA B
IHIYKIIHHIA 1medi, Mo MICTHTh HEOOXIJHI JISTyroUi eleMeHTH. YacTHHKH HEeOOXiTHHX PO3MIipiB OTPUMYBAIH
T1IpOrpaHyIsIi€lo, sKi MOTIM BBOJMIIM B CEpPIIEBHHY MOPOIIKOMOMIOHOI CTpiuKH. 3a3HaueHi MOPOIIKOOAIOH]
cMyru 3a0e3nedyBasid OJIHAKOBWH XIMIUYHMH CKJall OAHI€I JieTyrouoi cucrteMu y HaHeceHoMmy mapi. Ilicis
HAIUTaBJICHHs] BU3HAYal M XIMIYHUH CKJIaJ] HAIUTABJICHOTO METajy 3a BMICTOM BYIVIEI0, MapraHillo, KpeMHito,
HiKeJto0. 3aCTOCYBaHHS 3aKpUTOI cUcTeMH (iIbTpalii Ta BEHTWIALIT Jae 3MOry 3MEHIIUTH YTBOPEHHSI OKCHJIIB
JIETYIOUHX €JIEMEHTIB, 110 BUMAarae BH3HAYEHHs KOHKPETHHUX MapameTpiB Ul KOYKHOI'O TPOLECY HaIIaBIeHHS.
CTBOpeHHs Ta BUKOPHUCTaHHs 3akputol ¢inbTpyBanbHoi cuctemu (inbrpa (CFVS), mo nomae dinsrpoBane
TIOBITPSl B 30HY HAIUIaBJICHHs Ta 3a0e3nedye Oe3nevHy Mpaio Ha poOOYOMY Miclli 3BapHMKa. BiH BimmoBinae
MikHapoaHoMy craHiaapty ISO Ta Hopmam €Bpomneiicbkkoro Coro3y. OTxe, BHUKOHATH BHUMOTY IIpO
HETIPUITYCTUMICTh TOTPAIUISIHHS MIKIIMBUX IUTaHb B atMocdepy BianosigHo Kiotchkoro ta Ilapusbkoro
IPOTOKOJIAM.

KarwouoBi cioBa: enexkTpojHi Martepiand, HAIUIABJICHHS, JICTYIOYl €JIEMEHTH, 3BaplOBajibHI aepo3oii,
MIPOLIECH OKUCIICHHSI, BEeHTHJISLIIHA CHCTEeMa 13 3aKpUTUM (DiNbTPOM, HATUIABICHUN METaJL.



Problems of Tribology, V. 25 No 4/98-2020, 50-58

/—\T Problems of Tribology
P Website: http://tribology.khnu.km.ua/index.php/ProbTrib

E-mail: tribosenator@gmail.com

DOI: https://doi.org/10.31891/2079-1372-2020-98-4-50-58

Investigation of slippage and wear in rolling bearings of machines

A. Dykha, V. Dytyniuk, M. Dykha

{Khmelnitskyi National University. Ukraine
*E-mail: tribosenator@email.com

Abstract

The purpose of this work was to study the processes of slipping and wear in the sliding bearings of
machines. It is determined that slippage in bearings is the main cause of bearing parts failure according to the
criterion of wear. Analytical relations for determining the amount of slip and sliding path in the bearing are
presented. For experimental research of sliding in rolling bearings the test installation is designed. Experimental
tests on the effect on load slip, sliding speed and lubrication conditions in the bearing were performed. The
model of wear of rings of the sliding bearing on the basis of a solution of a wear contact problem is offered. The
formulas for calculating wear and parameters of the wear model are obtained. The obtained results are
recommended to evaluate the influence of design and technological factors on the durability of rolling bearings
by the criterion of wear.

Key words: rolling bearings, slip, experimental installation, lubrication conditions, wear model, wear
contact problem

Introduction

The main bearing unit of the machines are rolling bearings. The main causes of bearing failure are:
fatigue spalling of raceways; wear of raceways; plastic deformation and creep of raceways. At present, the
process of contact fatigue failure of bearings is well studied. Methods for calculating contact strength based on
the solution of the contact problem according to Hertz have been developed. Test methods and definitions of
damage accumulation models have been developed.

At the same time, many bearings fail due to wear rather than fatigue. This primarily applies to bearings in
abrasive and high temperature conditions. There are practically no methods for calculating and testing bearings
for wear, which complicates their design.

Methodology for calculations and tests for wear and reliability of bearings are the following stages.

I. The features of the design and technology of the friction unit are studied. The loads on the rolling
elements are determined.

2. The contact pressures between the body and the raceway are determined.

3. The sliding path of the ball or roller along the raceway is determined.

4. Selection of a wear model and experimental determination of its parameters.

5. Solving wear-contact problems for bearing parts.

6. Calculations for bearing wear reliability using Gaussian normal distribution.

Thus, one of the main values for calculating and analyzing the process of wear of rolling friction units is
the sliding friction path between the contacting bodies.

Literature review

The roller bearing model in [1] was developed to evaluate cage slip, roller slip, film thickness and cage
forces for a given bearing geometry and operating conditions. The model takes into account the friction of the
cage guide surface, the friction of the roller pocket, and the cage unbalance. Skewed and skewed rollers were not
considered. The description of the lubricating film thickness, adhesion forces and pressure is based on the
solution of the isothermal problem of elastohydrodynamics.

Copyright © 2020 A, Dykha, V. Dytyniuk, M. Dykha. This is an open access article distributed under the Creative Commons
rw- Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
\ - properly cited.
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The article [2] proposes a numerical method for determining the sliding of a cage in high-speed ball
bearings with an axial load. The model agrees well with the experimental results for sliding ball bearings. The
model is recommended for studying the causes of sliding in loaded ball bearings.

The influence of operating parameters on the slip of the cage in cylindrical roller bearings is considered in
paper [3]. The cylindrical roller bearing test bench is designed to measure the movement of bearing elements
under various operating conditions, The influence of operating parameters, namely, shaft rotation speed, radial
load, lubricating oil viscosity, number of rollers and bearing temperature, on the cage sliding is obtained
experimentally.

The slip of the cage and balls of ball bearings used in paper [4] for the main shafts of jet engines is
evaluated. A new method has been developed for assessing slip, taking into account the increase in oil
temperature caused by slip in the contacts between the ball and the raceway. The analytical results of the study
were compared with experimental data.

In [5] the influence of different models of a radially loaded cylindrical roller bearing is investigated using
a dynamic model of a bearing assembly. The cage rotation speed, depending on the force between the roller and
the raceways, is designed for a wide range of speeds and loads. Comparison of the simulation results with the
results of experimental measurements shows that the model is able to predict the operation of the rolling
elements under various operating conditions.

Further modeling of sliding in rolling bearings from various points of view was also considered in papers
[6-11].

Slip in ball bearings

It is known from experiments that the length of the path of a ball of a ball during rolling is not equal to
the length of a circle made up of points of contact. This means that rolling occurs with slippage. In this paper,
slippage is necessary to determine the sliding friction path for wear calculations. Determination of the sliding
path in rolling with slip in most of the known studies was done by theoretical methods. Determination of
slippage by theoretical methods leads to complex mathematical problems, the solution of which again requires
simplifications and approximations. Most often, it is difficult to assess the accuracy of these solutions.

It is more rational to experimentally determine the value of the slip coefficient of bearings, taking into
account various factors and apply them to other types of bearings.

Consider the basic relations for the rolling of a ball on a plane with slippage.

The rolling friction force is related to the normal load, ball radius and rolling friction coefficient by the
ratio:

F.=p

il (h
P'R'

When the ball is rotated through an angle 27 or a full turn in the absence of slippage, the length of the
contact line on the plane will be equal to the circumference of the ball:

[=27R. 2)
In the presence of slippage, the rolling friction path will differ from the circumference by an amount A/.
Attitude:
L Al
§ ==, (3)
[

called the slip coefficient. Experimental determination of the slip for a single ball is not difficult.

Let us assume that rolling resistance occurs due to the slipping of the ball along the plane at the points of
contact. Thus, the rolling resistance due to surface deformations is neglected.

Slip resistance frictional force:

F.=pN. (4)

B3

We assume that the work of rolling friction forces on the rolling path is equal to the work of sliding
friction forces on the sliding path A/ :

W, =W, (5)
or

Fl=FAl. (6)
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Substituting (1) and (4) into (6), we obtain:

N
b, = NAL (7

Or, taking into account (3), we obtain:
N e idt (8)

Therefore, the coefficient of rolling slip is equal to the coefficient of rolling friction divided by the
coefficient of sliding friction.

An example of a ball rolling d =12.3 mm on hardened steel (Fig.1).

e
gy T
BN
=+
gi\l N " '

Fig. 1. Dimensional drawing of plain ball bearing

The rolling friction coefficient is assumed tobe L = 0.0l mm. Sliding friction coefficient of steel on

steel without lubrication [l = 0.1..0.3.

Then:

& e B o 0.01
° WR (0.1..03)-6.15
With a cage diameter in the bearing of dc =51 mm, the sliding friction path for the balls along the

raceway per revolution is DS = Sch!c = (0.016...0‘005)7?51 =2.56...0.80 mm.

=0.016...0.005.

The basis of the experimental method

The mechanics of the motion of balls in rolling bearings of machines with a slip is a complex problem in
contact mechanics. The complexity is explained by the variety of ball movements: around the rotor axis; rotation
around its own axis; spinning; gyroscopic motion; slippage in all contact zones.

Slip mechanics are complicated by the proximity of the ball radii and the radius of the ring track. At the
same time, the calculation of rolling bearings for wear requires an accurate assessment of the sliding friction path
in contact between the ball and the raceways.

A computational and experimental method is proposed for determining the amount of slip in ball
bearings. The basis of the approach is as follows. From the kinematics of the bearings, precise relationships are
obtained for the movements of the balls and rings without slipping. On the other hand, experimentally, you can
simply measure the number of revolutions of the separator. The difference between the calculated and actual
numbers of revolutions of the cage allows you to determine the average value of the ball sliding along the
raceway.

The kinematics of rings and a ball in a bearing is considered under the following conditions: the inner
ring rotates; the outer ring is stationary; the ball rolls over the rings without slipping. Kinematics are considered
to determine the sliding friction path of a ball along the raceways.

For a bearing with a fixed outer ring, the geometric ratio is adopted:

Kzéz, )
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where V_, V| is the linear speeds of movement of points of the separator and the inner ring V.

The linear speed of the ring is expressed in terms of the number of revolutions by the ratio:

_mdn
60

7

| (10)

Similarly for the linear speed of the separator:

d
V, == (d, +d,)—=, (11)
60 60

where dc is the cage average diameter;

dl is the diameter of the inner ring;

1, is the the number of revolutions of the inner ring;
n_ is the the number of revolutions of the separator;

do is the ball diameter.

After mutual substitutions and transformations, we get:

n,

w (12)
2(1+d,/d,)

e

The experimental speed of the separator 11 differs from the theoretical speed 71, . The difference

between experimental and theoretical rpm is explained by the slippage of the balls along the raceways.
With this in mind, the coefficient of slip in the rolling bearing is determined by the relationship:

. n—n n
S =—=—==1--=. (13)
nc ”C‘

Installatio, test procedure and results

An installation for testing rolling bearings for slip is shown in Fig. 2.

7 ’ Z

-
S

k.

Fig. 2. Installation test machine for rolling bearings
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Carrier | transmits rotation with frequency n through pins 3 to the upper disk 4 of the working head. The
load Q on the bearing assembly is transmitted through ball 2. Ball 3 is fixed in a cylindrical cage 11. A radial
bearing 5 is needed to center the upper disc and the lower head housing 9. A thrust ball bearing is tested,
consisting of an upper ring 6, a lower ring 8 and a cage 7. The working head is attached to the table of the test
bench with a nut 10. During wear tests, the test specimen is installed in place of the lower ring of the thrust

bearing. When testing for slippage when the upper ring rotates at a speed 2, , the separator 7 is simultaneously

rotated at a speed 71, .

The number of revolutions of the ring and cage was measured using a DT2234B electronic digital
tachometer. Foil pieces 5 x 10 mm in size were attached to the upper ring and to the separator. The beam from
the tachometer periodically hits the foil and records the number of revolutions per minute accurate to the first
decimal place. The measurement results are shown in Tables | and 2.

Slip tests were carried out at loads Q = 100; 250; 500 N for bearing 8204. The revolutions of the upper
ring were set in steps: #; = 250; 500; 1350 rpm.

The theoretical speed of rotation of the separator was calculated by the formula (9), the amount of
slippage was determined by the formula (12). Slip tests were carried out under two lubrication modes: in the
absence of lubrication and lubrication with Fiol-3 grease. The results of measurements and calculations are
shown in Tables | and 2.

Table 1
Test results without lubrication
S O.N
eed, rpm Hg, TpM
P P 100 S 250 S 500 5, o P
n; 250.2 250.9 2504
. 1791 0.0312 1796 0.0322 1292 0.0309 250
ny 497.4 496.6 495.9
s 3562 0.0293 3563 0.0312 356.0 0.0315 500
n; 1350 1349 1348
# 597 4 0.0321 5968 0.0320 596.1 0.0317 1,350
Table 2
Test results with Fiol-3 grease
— O.N
eed, rpm Hg, TPM
3 ; 100 S, 250 S, 500 A L&
2 2510 0.0331 2503 0.0342 2308 0.0350 250
. 1298 | 1297 | 1299 | >
n; 4994 498.5 497.9
2, 3580 0.0323 358 1 0.0343 2576 0.0335 500
- ol 0.0352 s 0.0343 124 0.0362 1,350
n, 700.1 ' 698.5 ' 699.8 ' T

Analysis of the results obtained shows that the slip coefficient is practically independent of the load and
rotation speed. Slip fluctuations due to these factors are rather random. Average value of the slip coefticient for

bearing 8204 without lubrication Sﬂ =0,0313, and when lubricated with Fiol-3 grease S“ =0,0342. Thus,

the use of lubricant increases slip by 8%.
Modeling rolling bearing wear

The calculation of wear is based on the mechanics of the contact interaction of a ball and a plane with
wear. The sliding of a ball on aring (Fig. 3) under a load Q is considered.
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7 A

Fig. 3. Scheme of wear tests
The ring is stationary, the surface of the ring wears out. During the wear process, a groove with a width of
2b is formed, which increases with wear. We assume that the ball does not wear out.
Ring wear model in differential form:

U, [ o )'"(UR)
=k, — (14)
ds HB v

or in the form:

dU

h

"=k, 0", II=(HB)" [E} _.
Vv

where ¢ is the contact pressure;

Kw, m are the parameters of the wear model,

Uw 1s wear,

s is the friction path for ring.

HB is Brinell ring material hardness unemo,

v is the relative sliding speed,

R is the radius of the ball;

v kinematic viscosity of the lubricant.

In the process of wear, a platform is formed with dimensions: 2a along the friction path and 2b across the
friction path. We assume that the contact pressure is evenly distributed over the contact area:

Q

g =—, (15)
nab

The depth of the wear groove Uw is related to the width of the groove and the radius of the ball in the

ratio:
b*(s
W= J (16)
2R
The friction path s for ring points is related to the size of the contact area in the sliding direction by the
ratio:

s =2azntS,, (17)
where z is the number of balls passing through the contact area, per revolution;
n is the number of revolutions per minute;;
t is the duration of the bearing;

Sec is the slip value.

The size a of the contact area can be determined by the Hertz formula:

a=1,09: [gj . (18)
E
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where E is the modulus of elasticity of the ring material.

The main assumption is that the size of the contact area in the direction of motion of the ball is taken to
be equal to the initial size a according to (18).

Differentiating equation (16) and substituting in (14) after transformations, we obtain the differential
equation of the problem:

mab ITk R ds )m

The solution of the differential equation (20) with a zero initial area b = 0 gives an expression for
determining the size of the wear area of the bearing ring b (s):

m mel
b= (m—i—Z(g) Ik, RS | . (20)

preed

The inverse problem consists in determining the parameters of the bearing ring wear model Kw and m
for the function b (s) known from the experiment. Based on the test results, this function can be represented as a
power-law approximation:

b(s)=cs®. @1

Then equation (20) can be represented in the form:

m-i-zsﬂm-:-Zﬁ m ]
£ "Ll ITk RS. (22)
(m + 2) a

From the condition that this equation is satisfied, we obtain:

Bm+2p=1. (23)

or

m=—; (24)

Taking into account (23), from (22) it follows:

Cm+2 TEGI M
L LAY
" (m+2)( 0 J &)

Thus, a generalized solution of the contact problem of the interaction of a ball and a bearing ring during
ring wear is proposed. At the same time, an approximate solution of the problem of ring wear by a ball is carried
out under the assumption of a slight change in the size of the contact area in the direction of the ball movement.

Conclusions

I. The main bearing unit of modern machines is rolling bearings. There are practically no methods for
calculating and testing bearings for wear, which complicates their design.

2. A computational and experimental method for determining the amount of slippage in ball bearings is
proposed. From the kinematics of bearings, relations for the movements of balls and rings without slipping are
known; on the other hand, the number of revolutions of the separator can be measured experimentally. The
difference between the calculated and actual numbers of revolutions of the separator allows you to determine the
amount of slip.

3. Analysis of the results obtained shows that the slip coefficient does not depend on the load and rotation
speed. Slip fluctuations due to these factors are random. The use of lubricant increases slip by 8%.
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4. The solution of the wear contact problem for the ball and bearing ring in case of wear of the ring has
been carried out. An approximate solution of the problem of ring wear by a ball is carried out under the
assumption that the contact area remains unchanged in the direction of the ball movement.
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Jaxa O. B., Taraawk B.O., JTaxa M.O. JocniJKeHHs NPOKOB3YBAHHA Ta 3HOMYBAHHA B OIOpax
KOUeHHA MallluH

Mertow pobori 6yno gocaimxeHH: NPOIECIE NPOKOB3YBAHHS | 3HOMIYBAHHA B NIJIIHIHHHKAX KOB3aHHA
MamuH. BH3HaueHo, 0 NPOKOB2YBAHHA B NIAMIHIHHKAX € MOJOBHOK NPHYHHOK BHXOAY HeTanei NiqUIMIHHKA
3 jagy 3a KpuTepieM 3HOCY. IIpe[qCcTaBlleHO AHANITHUHI CHIBBIOHOIIEHHS [ BH3HAYEHHA BeIMUHHH
IPOKOB3YBAHHA Ta IIIAXY KOB3aHHA B HIUIMNHHKY. [[JI eKCIepHMEHTANBHOrO JOCHIAKeHHA IPOKOB3YBaHH B
NIOIIMOHEAKAX KOUEHHS  CIOPOeKTOBaHAa BunpoOyBalnbHAa  ycTaHOBKA. [IpoBefeHI  eKCHepHMeHTAIBHI
BHIOPOOYBAHHA 110 BIIIHBY HAa NPOKOB3YBAHHHS HABAHTAKEHHA, NBHIKOCTI KOB3aHHA TAa YMOB 3MAl[yBaHHA Y
NIAIMOHEKKY. 3alpONOHOBAHA MONENb 3HOMIYBAHHA Kijlelp MIJUIHIHHKA KOB3aHHA HA OCHOBI pO3B A3KY
3HOCOKOHAKTHOI 3amaul. Orpumani dopMyM i po3paxyHKY 3HOCY Ta IapaMeTpiB MOJeii 3HONIYBaHHA.
OTprMaHi pe3yabTATH PEKOMEHOBAHI A OIIHKH BIJHBY KOHCTPYKTHBHIX | TeXHOJOriuHHX (akTopie Ha
JOBTOBIUHICTE NIAIIHIHUKIB KOUEHHS 3a KPHTEPIEM 3HOCY.

Kawouosi caoa: l]i,E[H.II{l'IH]H(P[ KOuUeHHA, NPOKOB3YBAHHA, EKCIEepHMeHTalbHa YCTAaHOBKAa, YMOBH
SMAallyBaHHA, MOOEIb 3HOMYBAHHA, 3HOCOKOHTAKTHA 3aJavua



