DOI: 10.31891/2079-1372

THE INTERNATIONAL SCIENTIFIC JOURNAL

PROBLEMS
OF
TRIBOLOGY

Volume 27 No 4/106-2022

MI>XHAPOAHUN HAYKOBUI XXYPHAI

NMPOBJIEMU TPUBOJIOIII



PROBLEMS OF TRIBOLOGY

INTERNATIONAL SCIENTIFIC JOURNAL

Published since 1996,  four time a year

Volume 27 No 4/106-2022

Establishers:
Khmelnitskiy National University (Ukraine)
Lublin University of Technology (Poland)

Associated establisher:
Vytautas Magnus University (Lithuania)

Editors:
O. Dykha (Ukraine, Khmelnitskiy), M. Pashechko (Poland, Lublin), J. Padgurskas (Lithuania, Kaunas)

Editorial board:

V. Aulin (Ukraine, Kropivnitskiy), O. Mikosianchyk (Ukraine, Kiev),

P. Blau (USA, Oak Ridge), R. Mnatsakanov (Ukraine, Kiev),

B. Bhushan (USA, Ohio), J. Musial (Poland, Bydgoszcz),

V. Voitov (Ukraine, Kharkiv), V. Oleksandrenko (Ukraine, Khmelnitskiy),
Hong Liang (USA, Texas), M. Opielak (Poland, Lublin),

E. Ciulli (Italy, Pisa), G. Purcek (Turkey, Karadeniz),

V. Dvoruk (Ukraine, Kiev), V. Popov (Germany, Berlin),

M. Dzimko (Slovakia, Zilina), V. Savulyak (Ukraine, Vinnitsa),

M. Dmitrichenko (Ukraine, Kiev), A. Segall (USA, Vancouver),

L. Dobzhansky (Poland, Gliwice), T. Skoblo (Ukraine, Kharkiv),

G. Kalda (Ukraine, Khmelnitskiy), M. Stechyshyn (Ukraine, Khmelnitskiy),
T. Kalaczynski (Poland, Bydgoszcz) M. Chernets (Poland, Lublin),

M. Kindrachuk (Ukraine, Kiev), V. Shevelya (Ukraine, Khmelnitskiy).
Jeng-Haur Horng ( Taiwan), Zhang Hao (Chine, Pekin),

L. Klimenko (Ukraine, Mykolaiv), M. Sniadkowski (Poland, Lublin),

K. Lenik (Poland, Lublin), D. Wajcicka- Migasiuk (Poland, Lublin)

Executive secretary: O. Dytynuk
Editorial board address:
International scientific journal “Problems of Tribology”,
Khmelnitsky National University,
Institutskaia str. 11, Khmelnitsky, 29016, Ukraine
phone +380975546925
Indexed: CrossRef, DOAJ, Ulrichsweb, Google Scholar, Index Copernicus

E-mail: tribosenator@gmail.com

Internet: http://tribology.khnu.km.ua


https://en.wikipedia.org/wiki/Lithuania

MPOBJIEMUA TPUBOJIOI'I

MIKHAPOJHWI HAYKOBUM )KYPHAJI

Buoaemuca 3 1996 p. Buxooumbs 4 pazu na pix

Tom 27 Ne 4/106-2022

CniB3aCHOBHUKH:
XMeNbHUIIbKUIA HaIllOHAIbHUH yHiBepcuTeT (YKpaina)
VYuiBepcuret Jlro6minceka [lomitexnika (ITonpia)

AcouiiioBaHu#i CIiB3aCHOBHHK:
VYuiBepcuret BiroBra Benukoro (JIutsa)
Penakropu:

O. uxa (XmenpHUIBKUH, YKpaina), M. [lameuko (JIro6min, [Tonbmia),
1O. IManrypckac (Kaynac, JIutsa)

PenakuiitHa KoJieriq:

B. Ayain (Ykpaina, KponuBHUIBKHIL),
I1. Baay (CHIA, Oyk-Punx),

B. Bxyman (CIIA, Oraiio),

B. BoiitoB (Ykpaina, XapkiB),

Xownr JIsan (CIIA, Texac),

E. Yiyaai (Itanis, [Tiza),

B. IBopyk (Yxpaina, Kuis),

M. Jd3umxo (Cnosaxis, XKuina)

M. Imutpuyenko (Ykpaina, Kuis),
JI. Jooxancbkmii (ITonbmia, [iBine),
I'. Kannga (Ykpaina, XMensHALBKAT),
T. Kanauuncwku (ITonbiia, buaromr),
M. Kingpauyk (Yxpaina, Kuis),
Jxenr-Xayp Xopsr (TaiiBans),

JI. Knumenko (Ykpaina, Muxo:mais),
K. Jlenik (Tlospiua, JTro6min),

O. Muxocsinunk (Ykpaina, Kuis),

P. Muanakanos (Ykpaina, Kui),

S1. Myusia (ITospia, buaroumr),

B. Onexcanapenko (Ykpaina, XMeIbHUIBKAH),
M. Oneask (ITombima, JIro6min),

I'. Mapcex (Typuis, Kapanenis),

B. Ilonog (I'epmanis, bepiin),

B. CaByask (Ykpaina, Binauns),

A. Ciraxa (CILA, Basukysep),

T. Cko6.10 (Ykpaina, XapkiB),

M. CreunumH (Ykpaina, XMeIbHUIBKAN),
M. Yepnens ([Tonbia, JTro6min),

B. eBens (Ykpaina, XMeTbHUIIBKAN)

Yskan Xao (Kuraii, [Texun),

M. IIusakoscskuii (TTospiua, JTo6min),

. Boiinuubka-Miraciok (ITonba, JTro6imH),

Binnosigaasnmii cekperap: O.I1. Jlutuniok
Anpeca pegakuii:

VYxpaina, 29016, M. XMensHULBKHH, By1. [HCTHTYTCBKA 11, K. 4-401
XMeNpHALBKUI HAlllOHATBHUH YHIBEPCUTET, peaakis xypHany “TIpobnemu tpubomnorii”
Tes1. +380975546925, E-mail: tribosenator@gmail.com
Internet: http://tribology.khnu.km.ua

3apeectpoBaHO MiHICTEpCTBOM IOCTHIIT YKpaiHH
Caimourso 1po aepxpeectparito apykosarnoro 3MI: Cepis KB Ne 1917 Big 14.03. 1996 p.
(mepepeectpartis Ne 24271-14111T1P Bix 22.10.2019 poky)

BxoauTs 10 mepeniky HayKoBUX (paxoBHX BUAAHb YKpaiHH
( Haka3 MiHnicrepctBa ocBiTH i Hayku Ykpainu Ne 612/07.05.19. Kareropis B.)

Inoexcyemvcs 6 MHB: CrossRef, DOAJ, Ulrichsweb, Google Scholar, Index Copernicus

PexomenioBaHo 110 ApyKy pimeHHsM BueHoi paau XHY, nporokon Ne 6 Bix 29.11.2022 p.

© Pepakuis xypHaiy “IIpo6nemu tpudosorii (Problems of Tribology)”, 2022



Problems of Tribology

Problems of Tribology, V. 27, No 4/106-2022

4
/\ Problems of Tribology
\/ Website: http://tribology.khnu.km.ua/index.php/ProbTrib

E-mail: tribosenator@gmail.com

CONTENTS
N.M. Fialko, V.V. Shchepetov, S.D. Kharchenko, S.I. Kovtun, YaN. Hladkyi,
S.S. Bys. Nanostructural glasscomposite self-lubricant coatings ..............ccoooviiiiiiiiiiiiininn, 6
E.K. Solovykh, 1.V. Shepelenko, A.E. Solovuch, S.E. Katerynych. Features of ion
nitriding technology multicriteria optimization ..o, 13

V. Kukhar, Kh. Malii, O. Spichak. Influence of emulsols type on energy-power
consumption and surface contamination at DCO1 steel cold rolling on the continuous four-stand

111 | PP 19
0. Dykha, A. Staryi, M. Getman, V. Fasolia. Theory and experiment of tribological test

MBENOOS .. e e 27
0. Yeromenko, A.-M. Tomina, |. Rula. Effect of discrete basalt fiber on operational

properties of polytetrafluoroethylene ......... ... 39

I.M. Kartun, O.A. Remez, O.0. Haidai, O.A. Spaska, O.B. Yanchenko, V.S.
Pyliavsky, Ye.V. Polunkin. Effect of fullerene-like nanoparticles on the tribological properties of
industrial lubricants for steel rolling ... 45

O.V. Bereziuk, V.I. Savulyak, V.O. Kharzhevskyi. The influence of alloying with
manganese and chromium of steel hardened and tempered auger on its relative wear resistance

during dehydration in a municipal solid waste truck ..., 51
K. Holenko, Y. Voichyshyn, O. Horbai, M. Burian, V. Popovych, O. Makovkin.

Thermal comfort formation of the bus interior depending on the power unit layout ................... 58
V. Aulin, S. Lysenko, A. Hrynkiv, O. Liashuk, A. Hupka, O. Livitskyi. Parameters of

the lubrication process during operational wear of the crankshaft bearings of automobile engines ... 69

Rules of the publication ......... ... e e 82


http://tribology.khnu.km.ua/index.php/ProbTrib

Problems of Tribology

Problems of Tribology, V. 27, No 4/106-2022

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

E-mail: tribosenator@gmail.com

3MICT

®iaako H.M., llleneros B.B., Xapuenko C.[., Kosryn LI., l'naakuii SI.M. , bucs C.C.
HaHoCTpyKTypHI CKIIOKOMIO3UTHI CAMO3MAIIYBATBHI TIOKPHTTS .. eeoevetennetenenenennenenenenniieenane
CoaoBux E.K., Illememenxo I.B., CosoBux A.E., Karepunmu C.E. OcobmuBocrti
0araToKpUTepiaJIbHOT ONTUMI3aMii TEXHOJIOTIT IOHHOTO @30TYBAHH ... eueueteneneneteneneneanenenenenen
Kyxap B.B., Mauiii X.B., Cnivak O.}O. BB Tumy emyJsibCoiiB Ha €HEProBUTPAaTH Ta
3a0pyAHEHHS TIOBEpXHI TIpH XOJOOHIA mpokatmi cram DCOl  Ha  OesmepepBHOMY
YOTUPBOXKIITBOBOMY CTAHL ...t ettueetteten it e e e et et et e et et et et et e e et e e et et e e et et e e e eaeeenas
Hduxa O.B., Crapmii A.JL., I'erbman M.M., ®@acoust B.O. Teopis Ta eKCIIEpUMEHT METO/IIB
y8) % (070N (I Lz 02070 QB:37 000101 0) - I 1
€psomenko O.B., Tomina A.-M.B., Pyaa I.B. Brutue nuckperHoro 6a3asTOBOTO BOJOKHA
Ha eKCIUTyaTaIidHI BIACTHBOCTI MOMITETPAPTOPETHIICHY ... vuvenrertnreneenennenrenernsennenennensenisnns
ILM. Kapryn, O.A. Peme3, 0.0. TIaiigaii, O.A Cnacbka, O.b. fnuenko, B.C.
MunsiBebkmii, €.B. Ioaynkin. Brmiue ¢ynepeHonoiOHMX HAHOYACTUHOK Ha TPHOONOTiYHI
BJIACTHBOCTI TEXHOJOTTUHUX MACTHI TS IIPOKAUYBAHHS CTAIL. . .vuvsevsensiseenseneeeneenneaneenneaneanans
Bepeswok O.B., CaByask B.l., Xap:xeBchbkuii B.O. BruB neryBaHHs MapraHiem Ta
XPOMOM CTaJICBOTO 3arapTOBaHOTO 3 BIAMYCKOM IIIHEKa Ha HOTO BiIHOCHY 3HOCOCTIMKICTH MiJ| Yac
3HEBOAHEHHS ¥ CMITTEBO31 TTIB ...
I'onenko K.E., Boiiyummun FIO.B., I'opbaii O.3., Byp’su M.B., IlomoBuu B.B.,
MaxoBkin O.M. ®opmyBaHHS TemIoBoro KoM(opTy cajoHy aBToOyca B 3alie)KHOCTI BiJ
KOMITOHOBKH CHITOBOTO ATPETATA ... eueeeneeneeneneeneeteaeene e tea e ete e aeaeeae e e et et e e et e e e ea et eneaaeneenens
AyJin B.B., JIucenko C.B., I'punbkiB A.B., JIsmyk O.JL., I'ynka A.b., JiBiubkuii O.M.
[TapameTpn MacTWIIBHOTO TPOIECY NPU  CSKCIUTyaTaIlifHOMY 3HOIITYBAaHHI  IiAIIMITHUKIB
KOJIIHYACTOTO BATY ABTOMOOUTBEHIX JIBUTYHIB ... ututesententttntentiteneeneasanseneasenseneensasenennans

BUMOIH 0 IYOTIKRALII .......ooivviiiiiiiiicie ettt e nane e e

13

19

27

39

45

51

58

69


http://tribology.khnu.km.ua/index.php/ProbTrib

Problems of Tribology, V. 27, No 4/106-2022,6-12

/-\ Problems of Tribology
PT Website: http://tribology.khnu.km.ua/index.php/ProbTrib

E-mail: tribosenator@gmail.com

DOI: https://doi.org/10.31891/2079-1372-2022-106-4-6-12

Nanostructural glasscomposite self-lubricant coatings

N.M. Fialko %, V.V. Shchepetov 2, S.D. Kharchenko 2, S.I. Kovtun 2, Ya.N. Hladkyi 3, S.S. Bys

Institute of Technical Thermophysics of the National Academy of Sciences of Ukraine, Ukraine, Kyiv
2 Institute of General Energy of the National Academy of Sciences of Ukraine, Ukraine, Kyiv
8 Khmelnitsky National University, Ukraine, Khmelnitsky
*E-mail: serhiibys@gmail.com

Received: 30 July 2022: Revised:31 August 2022: Accept:28 September 2022

Abstract

The results of the study of glass-composite nanostructured self-lubricating coatings are presented. The
structural components of these coatings significantly affect the graphitization process and provide an antifriction
surface layer of a-graphite. The formation of this layer makes it possible to significantly minimize the contact
parameters in the friction region.

A significant effect of aluminoborosilicate in the form of a glass phase on the tribological properties of
coatings is noted. An increase in adhesive strength is achieved by forming a surface layer of glassy sodium
silicate. The presence of near-surface particles in the graphite layer does not affect the tribotechnical
characteristics of the coatings. The developed glass-composite nanostructured self-lubricating coatings have high
antifriction characteristics throughout the entire load-speed range.

Key words: nanostructured coatings, wear intensity, glass composite, glass phase, graphitization.
Introduction

Preservation of operational characteristics limited by friction and wear, both of individual units and
technical systems as a whole, can be ensured by modern surface engineering tools that implement the basic
principle of minimum costs with maximum results. Structural engineering methods that use modification through
the use of solid lubricants have taken a leading position in recent years in providing anti-friction contact
interfaces. Coatings containing solid lubricants are among the innovative and most promising antifriction
materials, the high quality of which is especially noticeable in conditions where traditional liquid lubricants are
ineffective [1, 2]. They are used in various fields of technology from lubrication of precision aircraft
mechanisms to preventing jamming of threaded joints [3,4].

The development of antifriction nanostructured glass-composite self-lubricating coatings meets the
modern priorities of tribotechnical materials science aimed at increasing the wear resistance of friction-loaded
movable interfaces and, on their basis, the development of scientific and applied solutions in the interests of
improving the efficiency of using high-quality production technologies [5,6].

Objective

Ensuring high quality antifriction properties of nanostructured glass-composite self-lubricating coatings
with increased adhesive strength due to the presence of aluminoborosilicate and structurally free magnesium
carbide in the composition of the glass phase, as well as the selection of structural components that promote
graphitization.

Materials and methods of research

As is known from the comparative characteristics of gas-thermal coatings, which are similar in their
structural-phase composition, detonation-gas coatings have maximum operational properties [7]. On this basis,
for the deposition of the coatings under study, the detonation method was used using nanostructured powders
obtained by the mechanochemical method, the composition of SiC-Ni-Cu-Al-Si-Cwith a uniform distribution of

Copyright © 2022 N.M. Fialko , V.V. Shchepetov, S.D. Kharchenko, S.I. Kovtun, Ya.N .Hladkyi, S.S. Bys. This is an open access
@m_ article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction
= in any medium, provided the original work is properly cited.
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the aluminoborosilicate glass phase (SiO2-Al,03-B,03). According to the developed technology, structurally free
magnesium nanocarbide (MgC,) was added to the resulting nanoglass composition, after which it was mixed,
ensuring its uniform distribution in the powder mixture ready for spraying. All powder materials used in the
work are obtained from the mineral resource base of the country.

The antifriction properties of the coatings were evaluated during friction of the ring samples along the end
scheme under conditions of distributed contact in the continuous sliding mode at a load of 10.0 MPa. The
influence of the environment, speed, load, implemented during the tests, were selected taking into account the
maximum approximation of the processes of physicochemical friction mechanics to the real conditions of
contact interaction, in addition, the program for studying nanostructured glass-composite coatings provided for a
comparative analysis of their antifriction characteristics with similar values obtained during tests of tungsten-
containing coatings of the VK15 type and coatings sprayed with alloyed nichrome powder.

The study of contact interfaces, in which activation processes occur during friction, which determine the
intensity of surface reactions and tribophysical phenomena, was carried out using modern methods of physical
analysis, involving metallography (an optical microscope of the typeNeofot-32 with an attachment), an X-ray
electronic microanalyzer of the Camscan 4 DW type with a program for the distribution of chemical elements.
The determination of the phase composition of the surface layers was carried out on a general-purpose X-ray
diffractometer of the DRON-3 type with monochromatic CuKa radiation.

Increasing the adhesive strength, as a criterion for the performance of glass composite coatings, was
carried out by preliminary deposition on the working surface of a sublayer of glassy sodium silicate
Na,O(SiOz)2. The exclusion of unproductive losses and adherence to the measurement technology using the
conical pin method determined the correctness of the obtained results of the adhesion strength, which amounted
to 145-150 MPa[8].

Research results

The contact interaction of surfaces is a complex sequence of cooperative influence of both external
factors and internal transformations, the qualitative agreement of which reflects the commonality of quantitative
patterns and determines their ordered causal relationship. According to the results of interactions of coatings
under friction loading, Fig. 1 shows experimental values representing the averaged functional dependences of the
wear intensity and friction coefficients, which change with time and stabilize after running in, in the field of
sliding velocities at a constant load of 10.0 MPa. As can be seen from the graph, in the entire range of tests with
a monotonically increasing sliding speed, the minimum values of wear rates and the corresponding friction
coefficients correspond to nanostructured glass-composite coatings (curves 1 and 1"). The structure of nanoglass
composites, which determines their properties, practically consists of a finely dispersed mixture representing
both solid solutions and, mainly, intermetallic compounds with a significant presence of a glass phase. The
invariance of the chemical composition and the constancy of the parameters of technological deposition
determine the stability of the coating structure, the relative density of which was up to 99%. The cross section of
the nanocomposite coating is shown in Fig.2. Metallographic analysis has established that the deposited layer
has a quasi-ordered lamella-like appearance, which closely adheres to the base material, completely copying the
surface topography, while accumulations of component oxides, as well as slag contamination, are practically
absent, and defects in the form of pores and cracks are not detected.

[, MM/ (kM*CM?)

0,1 0,4 0,8 1,2 1,6 2,0 2,4 2,8 3.2 V,wmc

Fig.1. Dependence of wear intensity (1,2,3) and friction coefficient (1',2',3") on sliding speed of coatings SiC-Ni-Cu-Al-
Si-C+glass phase+MgC2 (1,1'), WC-Co (2.2") and Ni-Cr-Al-B (3,3") on sliding speed (P=10.0 MPa).
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a) b)
Fig.2. Coating structure: a) x120; b) x5000

The synthesis and study of solid solutions based on refractory compounds, in particular silicon carbide,
are being carried out quite intensively, but the capabilities of the latter and its complex of tribological properties
are far from the expected results.

The developed glass composite is an antifriction material with an ultrafine structure. It is generally
accepted that elastoplastic deformation is the main factor determining the development of the process of external
friction, and in addition, in our opinion, the formation of a gradient structure is a derivative of it. It can be said
that the evolution of the structure during contact interactions has pronounced scale levels, and the processes
occurring at different scale levels are interdependent. The layer-by-layer picture of plastic deformation obtained
by the diffraction method reveals the main regularities of the formation of a scale structure and makes it possible
to establish uniform transitions from a dispersed polycrystalline fragmented structure on the surface through
intermediate textured layers to the original crystalline, inherent in deep material. As can be seen from Fig. 3, in
the coating under study, as it approaches the friction surface and the contact pressure increases, and the intensity
of deformation, the structure is gradually replaced by an ultrafine one. In this case, high contact compressive and
shear stresses create conditions for the implementation of significant plastic deformations in the near-surface
layer of the coating material, which cause the formation of ultrafine structures.

a) b) <

Fig.3. Changes in the structure of the nanoglass-composite coating with increasing distance from the friction surface
in a layer ~6 pm thick: a) near-surface zone; b) intermediate layer; c) undeformed structure.

This gives grounds to single out in a structure subjected to tribotechnical loads a near-surface zone, in
which deformation processes that develop inhomogeneously in microvolumes form a specific layer at the near-
surface level, in which structural-thermal activation causes a complex of physico-chemical interactions that
determine the concomitant and leading type of wear. The surface zone is a structurally heterogeneous finely
dispersed composition.

As evidenced by the results of X-ray microanalysis (MRSA) performed on the "Camebax SX", the basis
of the nanoglass composition is silicon carbide of non-stoichiometric composition, along the grain boundaries of
which silicate compounds are located, among which inclusions corresponding to the composition of silicon
dioxide predominate, also in the carbide structure the role of dispersion-strengthened components is performed
by Al,O3 oxides distributed along the boundariesand intermetallic inclusions in the form of spherical
nanograins.However, the high thermomechanical properties of SiC carbide are discredited by significant
brittleness.We noted that the substitutional solid solution that forms Al and SiC causes a slight distortion of the
crystal lattice of the carbide, since the differences in the masses of Al atoms and Si are extremely small, as a
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result of which the microhardness does not change, while plasticity increases. A similar effect on the
composition of SiC, forming substitutional solid solutions by replacing Si atoms, is exerted by Cu and Ni. The
formation of phases in the coating, as tests have shown, is determined not only by the ratio of components,
temperature, dispersion, but also depends on their defectiveness and external conditions. Undoubtedly, as an
axiom, tribochemical interaction takes place when the molecules receive the necessary activation energy.
Endothermic reactions generally do not proceed without activation. The interaction of SiC with Mg, which is
formed during the thermal decomposition of structurally free magnesium carbide under running-in conditions
and depends on the process temperature, is accompanied by the formation of magnesium silicide and
acetylenidemagnesium, the latter, under the influence of thermomechanical action, promotes the formation of
graphite through the intermediate dimagnesium tricarbide (2SiC + 5Mg — 2Mg> Si + MgC,, MgC, — Mg, Cz —
Mg+ C). It should be noted that, under thermodynamic action, the presence of a catalyst in the form of Al
promotes the decomposition of magnesium carbide. The basis of physical phenomena that initiate the
mechanism of decomposition of carbide graphite are structural transformations in the solid phase, caused by
thermal effects. The factors that determine the qualitative level of thermomechanical carbide graphitization
include both the degree of dispersion of structural components, specific pressure, operating temperature, and
temperature in the contact zone, the presence of elements that initiate decomposition processes, as well as the
influence of the environment (in vacuum, the probability of the amount of graphite increases), in addition,
internal factors associated with the composition of the material, its structure, the presence of defects, etc. Figure
4 shows the topography of the friction surface obtained at sliding velocities equal to 0.8 m/s and 0.15 m/s. The
antifriction layer of graphite, as can be seen, covers almost the working surface, providing an increase in the
actual contact area, contributing to a decrease in the specific load due to an increase in the support length due to
filling and leveling of microroughnesses and fixing graphite microparticles in microcavities. The contact zone
constituting the near-surface layer (initial scale level) separating the coating material from the antifriction film
consisting of polydisperse graphite particles is a deformed zone, which, according to the results of X-ray
microanalysis performed on MAR-3 (probe diameter 1 pum), represents finely dispersed heterogeneous structural
-phase compounds of the components that make up the coating. Among which, the presence of Ni, as a structural
component, is due to its distinctive properties, so, on actual contact spots, when a temperature of about 450-500 °
C is reached, depending on the dispersion and external influences in a local high-temperature field, Ni interacts
with SiC, forming nickel silicides with a predominance of metal-enriched Ni;Si. As a result, carbon is reduced,
which is transformed in the form of a solid phase of elementary polydisperse graphite colonies combined into
surface structures.

a) b)
Fig.4. Topography of the friction surface during the formation of a graphite film: a — V=0.8 m/s; b — V=1.5 m/s.

However, magnesium carbide remains the main component of the antifriction surface layer, consisting of
a carbonaceous product - graphite. The value of the specific wear work characteristic of the initial running-in
moment, as shown by calculations, is up to 10 kJ/mm?, which is both a necessary and sufficient condition for
initiating the thermal decomposition of MgCa, which causes the formation of carbon in the form of a solid phase.

Using the natural ability of chemical elements to graphitize through the formation of carbide graphite, a
high-quality, thickened anti-friction layer was obtained, which determines the operational properties of coatings.

In the structural-phase study of glass composite coatings, the presence of intermetallic compounds based
on Al and Ni such as NiAl and Ni; Al; was noted, while monoaluminide, being a high-temperature phase, has a
significant hardness, as shown by measurements, most likely about 3.8 GPa. The presence of an ordered solid
solution based on nickel monoaluminide with a reduced Al content (~20-25 wt %) was also found, which leads
to increased ductility. According to the results of elemental and X-ray phase analyzes, the presence of a solid
solution of Ni in Cu was noted, but their compounds were not found. Solid solutions of Ni in Si and Si in Ni, as
well as their intermetallic compounds Ni Si, Nis Siz, and NiSi, have been revealed. In addition, the presence of
small amounts of colonies of solid solutions of Si in Cu was established, and the formation of their chemical
compounds such as copper silicates is also likely, since the microhardness increases significantly. However, it
was difficult to identify them accurately.

Powders of aluminoborosilicate glasses, the dispersion of which was 25-30 pum, in the process of
mechanochemical treatment and thermomechanical action, being products of inorganic synthesis, caused, along
with the preservation of the original components, the formation of new stable compounds, as was found, from
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solid solutions of Al, Oz and SiO; obtained rhombic syngony, close to the structure of sillamanite, most likely it
is the lowest mullite obtained by reaction as a result of the interaction of the oxidation products of the original
components. From the point of view of glass-ceramic technologies, the greatest interest, in our opinion, is the
presence of components that form refractory metal oxides, primarily Al and Si oxides. The presence of B, O3 was
also established, which, as a result of partial oxidation, formed a solid solution of Al, O3- B2 Os.

From the point of view of condensed matter physics, the addition of a glassy component affects the
quality of the coating material through the structural state and, as practice shows, interest in these technical
products is steadily increasing. When studying glass composites, their optimal composition was established
experimentally, in which the rational use of glass structures contributes to an increase in heat resistance and
chemical resistance, in addition, the manifestation of high cohesive strength, an increase in the density of
nanocomponents, crack resistance with significant corrosion resistance and ensures high adhesion (more than
127 MPa) with materials different chemical nature, in addition, the formation of a silicate barrier layer prevents
the mutual diffusion of structure-forming particles of the coating and substrate.

The surface zone directly adjacent to the friction surface and separating the coating material from the
antifriction layer consisting of polydisperse graphite particles is the thinnest film several micrometers thick.
Studies have shown that the pressure in it is uneven, and the areas of tensile and compressive stresses, which are
inevitable under the conditions of deformation of heterogeneous phases, are close in structure to a conglomerate
of finely dispersed (quasi-amorphous) structures, having dimensions in the range of 5-15 nm, and representing
mechanical mixtures, oxygen-free and oxide compounds of structure-forming components. The influence of
plastic deformation is associated not only with the dispersion of the surface zone, but also with the accumulation
of defects that change its physicochemical properties, including reactivity, and affect the intensity of chemical
reactions in the solid phase.

At the same time, the thermal conductivity of a finely dispersed conglomerate having an increased
porosity and forming a near-surface zone is lower than that of a solid material, therefore, the heating temperature
of the finely dispersed fragments of the zone is higher than the temperature of the surface areas.

The temperature factor stimulates physicochemical processes, in particular, the reactive diffusion of
structure-forming particles at the atomic-molecular level, which contributes to the introduction of kinetically
active components of the dispersed zone through the weakening of the bond between the polyarene planes into
the interlayer space of graphite and thus the formation of intercalated graphite.

Using X-ray phase analysis, it was established that the intercalating elements in the subsurface zone-
graphite system at the initial stage of the process were Mg?*, AI**, Cu?* ions, which randomly intruded into the
interlayer space of the graphite matrix. At sliding speeds of more than 3.0 m/s, intercalates of binary molecular
compounds of these elements with oxygen were found in the layered system of graphite. Their intercalation is
accompanied by a sequence of repetitive stages, which are reversible with a change in tribological parameters
and are characterized by a specific transformation of the structure and, above all, by an increase in the distance
between layers due to the influence of various types of interlayer defects and the introduction of intercalants.
Note that today there is no general intercalation model that explains the electrochemical mechanism of the
synthesis of layered systems. From the energy point of view, the intercalation process, which represents
reversible topo-taxial chemical reactions, can be considered as an adequate way of self-organization of surface
layers in the process of structural adaptability of the friction system.

We have found that quantitative changes during the intercalation of the graphite layer, which causes a
high level of antifriction, does not affect the expected degree on the qualitative values of tribological parameters
during testing for related characteristics associated with the electromagnetic properties of intercalated graphite,
judging by the analysis of literature data, it has a significant effect.

The developed antifriction nanostructured glass-ceramic self-lubricating coatings containing magnesium
carbide and structural components that promote surface graphitization do not contain expensive and scarce
components, meet environmental safety requirements, and have high performance characteristics. The most
effective use of nanostructured glass-ceramic self-lubricating coatings is to improve the operational reliability of
friction units during their hardening and restoration of moving parts of control mechanisms, sliding bearings,
lever parts, high-speed and thermally loaded interfaces, in which the use of traditional lubricants is not desirable.

The development of nanostructured glass-ceramic self-lubricating anti-friction coatings, the substantiation
of their structural components, the results of applied tests and the ability to work in production conditions can
significantly expand the arsenal of achievements of modern tribotechnics.

It should be noted that the developed nanostructured glass-composite powder can be used for
strengthening and restoring worn parts by any technological methods used in powder materials.

The presented work continues the cycle of research on the creation of promising nanomaterials designed
to reduce the coefficient of friction and increase the wear resistance of friction units of machine and equipment
parts.

Conclusions

1. By means of theoretical prerequisites and experimental studies, the optimal structural-phase
composition of nanostructured glass-composite coatings of the SiC-Ni-Cu-Al-Si-Csystem containing a glass
phase of the SiO,-Al,03-B,Ostypeand structurally free magnesium carbide was realized. To improve the
adhesion strength, a sublayer of glassy sodium silicate was applied to the substrate. The role of the glass phase in
the formation of glass composites is disclosed, which contributes to an increase in the cohesive component,
continuity and strength of the nanostructure, and an increase in the anticorrosion properties and chemical
resistance of coatings.
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2. It is noted that the assessment of the quality of the coatings under study is inextricably linked with the
problem of the reproducibility of their technological process. By controlling the deposition of nanostructured
glass-composite powders, it turned out to be possible to provide not only the desired chemical composition, but
also to obtain a given nanostructure as a result, optimizing a set of properties that contribute to the stable
manifestation of minimization of tribotechnical characteristics.

3. The physical mechanism and the main factors that determine the level of thermomechanical
graphitization are considered, the nature and chemical interactions of the structural components of the friction
system are noted, in ensuring high anti-friction properties of glass-composite coatings.

4. The synthesis of layered graphite compounds as a result of topo-taxial reactions has been studied. The
nature of intercalants in a graphite matrix is established and it is noted that reversible topo-taxial chemical
reactions in the solid phase represent one of the mechanisms of self-organization of the surface layers of a
friction system under conditions of structural adaptability.

5. Fundamental ideas about the formation and structure of antifriction surface structures based on
polydisperse carbide graphite were supplemented, which made it possible to expand the arsenal of achievements
of modern tribotechnics.

6. Structural engineering, driven by the analysis and innovative provision of the functional properties of
the developed materials, opens up promising opportunities associated with the modernization of friction
surfaces.
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®ianxko H.M., Illeneror B.B., Xapuenko C.J., Kosryn LI, I'magkmii .M. , Buce C.C.
HanocTpyKTYpHI CKIOKOMITO3UTHI CaMO3MaITyBaJ bHI MOKPUTTS

Jlocni/pkeHO ~ XapakTepUCTHUKH  TepTst Ta  3HOIIYBaHHS  PO3pOOJIEHMX  HAHOCTPYKTYPHHUX
CKJIOKOMITO3ULIHHUX CaMO3MalllyBaJbHUX IOKPUTTIB, CTPYKTYPHI CKJIQJOBI SIKUX MAlOTh SIKICHUH BIUIMB Ha
nporiec rpadituzarnii Ta 3a06e3MeUYIOTH OTPUMAHHS TOBEPXHEBOTO MIapy o-Tpadiry, MO MiHIMI3ye KOHTaKTHi
napamMeTpu.

BcraHOBI€HO MO3UTHBHY pOJbh CKIOGA3d Yy BHUIVLIAI allOMOOOPOCHIIIKATY, IO BIUIMBAaE Ha
TPUOOTEXHIYHI BIACTUBOCTI MOKPHUTTIB. Bim3HaueHo, m0 MiABHINEHHS anre3ifHOI MIIHOCTI JOCSTaeThCSA 3a
paxyHOK (opMyBaHHS NpU HaNWIIOBAaHHI IOBEPXHEBOIO MIapy 31 CKIOMOAIOHOTO CHIIIKATy HATpilo.
KoncraroBaHo, 1110 iHTEpKaIIAList rpadiTOBOrO Mapy YaCTUHKAMU ITiJIIOBEPXHEBOT 30HU CYTTEBO HE BIUIMBAE Ha
TPUOOTEXHIYHI XapaKTepUCTUKU. Po3poliieHi HaHOCTPYKTYPHICKIOKOMIO3HUIIIHHI MOKPHUTTS MOKa3ajll BHCOKI
AHTU(PUKIIHHI XapaKTepUCTHKU Y BCbOMY HaBaHTa)KyBaJIbHO-IIBUIKICHOMY Jlialla30Hi BUIPOOYBaHb.

Kawu4oBi cioBa: HaHOCTPYKTYpHI MOKPHTTS, IHTCGHCUBHICTH 3HOIIYBaHHS, CKJIOKOMIIO3UT, CKJIo(asa,
rpadiTu3aris
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Abstract

In this work, the technology of 30HGSA steel ion nitriding was optimized in terms of tribotechnical
characteristics — wear intensity and friction coefficient. When choosing controlled factors, the influence of all existing
groups of factors that can affect the process of ion nitriding is taken into account: structural, technological and
operational. Friction and wear tests were carried out under conditions that are as close as possible to the actual
operating conditions of aircraft parts made of 30HGSA steel. As a result of experiments on friction and wear,
tribotechnical characteristics of coatings were obtained depending on structural, technological and operational factors,
respectively, to the matrix. The conducted studies showed the presence of three clearly defined zones in the
dependences of wear intensity and friction coefficient on specific load at different sliding speeds and
technological parameters of ion nitriding: run-in zones, uniform and catastrophic wear. The nature of samples
dependences hardened by ion nitriding and heat-treated samples is similar and coincides with modern views on
the laws of friction and wear processes. Analysis of tribotechnical characteristics showed the effectiveness of ion
nitriding technology in comparison with traditional heat treatment. The optimal processing modes for the studied
steel and triboconjugation have been established.

Key words: ion nitriding, optimization, wear intensity, friction coefficient, processing modes, operational
factors.

Introduction

In the world mechanical engineering, a priority direction has developed — the technology of surface
hardening and the application of multifunctional coatings. The possibility of creating products with a unique
combination of the base material properties and the surface layer causes the growing interest of engineering
enterprises and other industries in the wider use of this potential. The use of multifunctional hardening coatings
makes it possible to repeatedly increase the durability of machines, operating temperatures and speeds, while
reducing fuel consumption and providing the possibility of intensifying many production processes [1, 2].

In the theory and practice of the use of hardening coatings, the need to optimize the technology for such
an important characteristic as the reproducibility of properties is noted [3]. The development of any
technological process (TP) is inevitably associated with the solution of optimization problems, and in the field of
creating functional coatings, optimization issues occupy a key place. This is because a large number of
application methods, combined with an extensive nomenclature of materials from which the coating is formed,
as well as many influencing factors, provide technologists with a wide range of alternative options.

Today in world practice there are more than 200 surface hardening technologies. Most of them are
alternatives. The acceptance of optimal decisions on the choice of alternative technologies at the stage of
designing new equipment, manufacturing, operation and repair should be carried out according to the criteria of
the maximum strength and durability of the hardened part achieved with minimal energy and other material
costs, as well as with minimal environmental damage [1-3].

Glow discharge chemical-thermal treatment is the most progressive and energy-saving in a wide range of
alternative technologies. lon nitriding (IN), which is traditionally used to improve wear resistance, corrosion
resistance, and endurance limit, has received the widest industrial application and rapid development [3]. The

Copyright © 2022 E.K. Solovykh, 1.V. Shepelenko, A.E. Solovuch, S.E. Katerynych. This is an open access article distributed under
@m_ 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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great technological possibilities of IN technology pose the need to solve optimization problems, taking into
account structural, technological and operational factors.

Literature review

Compared to traditional gas saturation, glow discharge treatment provides reduction in energy
consumption by an order of magnitude, and also reduces the duration of the technological cycle by an order of
magnitude. The advantages are also controllability, stability and predictability of processing results. When
hardening steels and cast irons, there are no changes in the size and shape of parts, as well as changes in surface
roughness. Nitriding in a glow discharge is the finishing operation. This eliminates the need for final mechanical
processing. All these characteristics confidently place IN technology as an alternative to classical carburizing
followed by hardening [4].

In world practice, IN uses ammonia as a working gas. This creates environmental problems as well as
explosive problems. However, the main disadvantage regarding the use of hydrogen-containing media is
hydrogen embrittlement of applied coatings and substrates. V.G. Kaplun and his collaborators developed the
technology and equipment for IN in hydrogen-free media [5]. This technology preserves the bulk initial strength
of the products, the process becomes absolutely environmentally friendly, the consumption of working gas is
reduced, and the design of the equipment is simplified by eliminating dissociators that are very difficult to
operate. At the same time, the surface layer has greater plasticity, which is especially important for gear parts
and parts operating under shock loads.

During the period of reconstruction and renewal of equipment technological park for applying protective
coatings, it is the IN technology that is in especially high demand. In the practice of aircraft engine building,
traditional carburizing and nitrocarburizing have been switched to IN of gear wheels. This process reduces the
complexity of manufacturing by 1.5-2 times, because parts are processed at a low hardness of the material and
are sent for hardening in the finished form. IN technology is mainly used to improve wear resistance. This also
increases the corrosion resistance and endurance limit [6].

In this regard, it is extremely important to search for optimal conditions for the implementation of IN
technology for individual indicators that can affect the process: structural, technological and operational.

Purpose

The aim of the work is to search for optimal solutions and establishing a connection between the
technological regimes of IN and the tribotechnical characteristics of the studied material.

Research Methodology

When choosing material for research, we proceeded from the following considerations. An analysis of
statistical data shows that of all parts of the airframe and power plant rejected during the overhaul of the aircraft,
approximately 45% are products made of steels of various grades. Of this amount, the largest percentage of
rejection falls on parts made of 30HGSA steel — 30%, and about 50% of them cannot be restored [3]. That is why
the optimization of the IN technology was carried out on steel 30HGSA, the chemical composition of which is
presented in Table 1.

Table 1
The chemical composition of steel 30HGSA, % [7]
C Si Mn Ni Cr S P Cu
028-034 | 09-0.12 08-11 <03 08-11 <0.025 <0.025 <03

Using peer review methods and a series of screening experiments, we obtained an average a priori ranked
number of factors that affect the IN technology (Fig. 1).

Thus, a planning matrix was compiled, which included the first six technological factors (Fig. 1), as well
as operational factors: sliding speed and specific load in triboconjugations. As optimization criteria, the main
tribotechnical characteristics are taken — the wear intensity 7, and the friction coefficient .

Friction and wear tests were carried out under conditions that are as close as possible to the actual
operating conditions of aircraft parts made of 30HGSA steel: lubricant — CIATIM-201, specific load —
2.5...25 MPa; sliding speed — 0.4...1.3 m/s. The samples were subjected to heat treatment (quenching from
1143 K in oil, tempering at 823 K), as well as IN (reactive gas composition: 95% N»+5% CsHs; saturation
temperature t = 873 K; reactive gas pressure P = 100 Pa; diffusion saturation time z = 2.5 hours).

Standard tests were carried out according to the scheme: disc — block. The disc-counterbody is made of
the same steel, hardened at 1143...1163 K in oil, tempered at 783...543 K, hardness — 37...38 HRC. The surface
roughness of the block, depending on the processing modes, corresponded to Ra = 0.29...0.41 pum, and the disc-
counterbody — Ra = 0.53 pum.
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Results

As a result of carrying out experiments on friction and wear, the tribotechnical characteristics of coatings

were obtained depending on structural, technological and operational factors (Fig. 2, a-f).
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The study of the obtained dependences (Fig. 2-4) showed the leading role of preliminary heat treatment
(HT) of samples according to the mode — quenching from 1143...1163 K in oil — tempering at 783...843 K.

The analysis of the obtained results (Fig. 2-4) revealed the presence of three clearly defined zones, in the
dependences of | and x on the specific load at different sliding speeds and technological parameters of the IN:
running-in zones, uniform and catastrophic wear. The nature of the dependences of hardened by IN samples
(with and without preliminary HT) and heat-treated samples (without IN hardening) is similar. This type of
dependencies coincides with the modern, generally accepted views on the laws of friction and wear processes.

However, the dependences of | and x on the specific load P for heat-treated and hardened by IN samples
have significant differences (Fig. 5). Increased wear is observed in heat-treated samples starting at P values of
13...14 MPa order, while hardened by IN begin to wear out intensively —at 18...19 MPa.
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Fig. 5. Dependence of wear intensity I (a) and friction coefficient x4 (b) on sliding speed V at specific load P = 20
MPa and following treatment: 1 — HT; 2 IN; 3— HT+IN

Thus, there is an increase in the zone of uniform wear, which, of course, provides an extension of parts
normal operation range at increased specific loads. With the same values of specific loads P and sliding speeds,
the wear intensity | of hardened by IN samples is 1.7...2.1 in absolute values, and the friction coefficient x is 1.9
times less than heat-treated samples. This implies the effectiveness of IN in comparison with traditional heat
treatment.

Studies of the dependences of I and x on the sliding speed V established (Fig. 3) that with an increase in V
from 0.4 m/s, they gradually decrease, reaching a minimum at 0.7 m/s. With a further increase in V, these

characteristics increase. Thus, the optimal sliding speed for the studied steel in this triboconjugation is V =
0.7 m/s.

Conclusions
The conducted studies allowed us to draw the following conclusions:

1. The proposed approach to optimizing the IN technology made it possible to improve the tribotechnical
characteristics of the material, namely:
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- reduce wear by 1.7...2.1 times, reduce friction coefficient by 1.9 times at a load increased by 1.4...1.5
times and the recommended sliding speed of 0.7 m/s for steel substrates hardened by ion nitriding, compared to
surfaces that are heat treated in a classical way;

- expand the range of parts normal operation by increasing the zone of uniform wear.

2. The following optimized parameters of coating formation are recommended for use: process duration t
= 140...190 min; reactive gas pressure p = 100...115 MPa; composition of the reaction mixture N2 = 80...90% +
Ar =5...15%; saturation temperature 7'= 843...873 K.

3. The effectiveness of IN application in comparison with traditional heat treatment has been proven.
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Coaosux E.K., Illenenenko I.B., Cosoux A.E., Katepunuu C.E. OcobnuBocTi 6araTokpurepiaabHOi
OTITHMI3aIlil TEXHOJIOTIi I0HHOTO a30TyBaHHS

B po6oTi BEKOHaHO ONTHMI3amito TexXHOJOTil ioHHOTO a30TyBaHH: cTani 30XT'CA 3a TprOOTEeXHIYHUMHU
XapaKTepUCTHKAMU — IHTCHCHUBHICTIO 3HOITYBaHHS Ta KoedimieHToM TepTs. Ilpm BuOOpi kKepoBaHHX (hakTOpiB
BPaxOBaHO BIUIMB YCiX iCHYIOUHX TPYII, IKi MOXYTh BIUIMBATH HA MPOIEC IOHHOTO a30TyBaHHA. BunpoOyBaHHA
Ha TepTs Ta 3HOC MPOBEJICHI B YMOBaX, sSIKi MAKCUMaJIbHO HAaOJMKEH] IO peallbHUX eKCIUTyaTalliiHUX PEeXHMIB
Jetayieil aBialiiiHOi TexHikM. B pe3ynpraTi NpoBeJeHHsS EKCIIEPUMEHTIB Ha TepPTs Ta 3HOC OTPHMaHi
TPUOOTEXHIYHI XapaKTEPUCTUKU MOKPUTTIB 3aJIEKHO BiJl KOHCTPYKIIHHUX, TEXHOJIOTTYHUX Ta €KCIUTyaTalliiHUX
(baxTOpiB BiAMOBIHO 10 MaTpuLi. [IpoBeneHi JOCIiKEHHS T0Ka3al0 HassBHICTh TPHOX, YiTKO BUPaXXEHUX 30H Y
3aJIeKHOCTSIX IHTEHCUBHOCTI 3HOIIYBaHHS Ta KoedillieHTa TepTsl BiJ MUTOMOTO HaBaHTXXEHHS NPH Pi3HUX
MIBUAKOCTSAX KOB3aHHS Ta TEXHOJOTIYHUX IapaMeTpax IOHHOTO a30TyBaHHS: 30HM IPHUIPAIFOBAHHS,
pIBHOMIpHOTO Ta KaTacTpo(igHOTO 3HONIYBaHHS. XapakTep 3aJeKHOCTEH 3pa3KiB 3MIIHEHUX 10HHUM
a30TyBaHHAM Ta TEPMOOOPOONeHUX 3pa3kiB MOMiOHWI Ta 30iraeThCs i3 Cy4acHHMH TMOTIIOAMH Ha
3aKOHOMIPHOCTI TOIECIB TEPTS Ta 3HOIIYBaHHA. AHAN3 TPUOOTEXHIYHMX XapaKTEPHCTHK II0KA3ajIo
e(eKTHBHICTh TEXHOJOTii 10HHOTO a30TyBaHHS IOPIBHAHO i3 TpPaAWIiHHOIO TepMooOpoOKoro. BcranoeneHo
ONTUMAJBHI PEXUMH 00POOKH IS JOCTIKYBAaHUX CTaNi Ta TPHOOCIONYICHHSI.

KoatouoBi ciioBa: ioHHe a30TyBaHHS, ONTUMi3allisi, IHTEHCHBHICTh 3HOIIYBaHHS, KOE(DILIEHT TepTs,
pexuMu 00poOKH, eKCIUTyaTaliitHi (haKTopH.
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Abstract

The article presents the results of experimental and industrial tests of physical and chemical parameters of
the experimental emulsol "Quakerol”. According to the physicochemical parameters the experimental emulsol
"Quakerol" differs from the used emulsol "Universal-1TS" by higher lubricating properties. Operating modes of
stand and coiler electric motors of tandem mill at rolling of melts from experimental emulsol "Quakerol™
lubricated with emulsol "Quakerol™ and serial emulsol "Universal-1TC" lubricated with conservation oil "OK-2"
at LPTs were analyzed. The results of analysis of loads at rolling of strips with 0.68x1000 mm cross-section
from pre-rolled sheet with thickness of 3.0 mm showed that the values of average total loads on stand motors and
coiler of four-stand mill 1680 were higher when using experimental emulsol "Quakerol". The comparative
analysis of experimentally obtained data on influence of technological conditions of cold-rolled coils production
at four-stand continuous tandem mill 1680 with using emulsols "Quakerol" and "Universal-1TS" on rolling
power parameters, power consumption and contamination of DCO1 flat carbon steel surface is presented.
Multiple regression equations were obtained to describe power consumption during rolling using different
emulsions, the values of cross-sectional area were taken as a varying factor. Specific power consumption and
average total load on stands and coiler motors during rolling with the use of emulsion prepared from
experimental emulsion "Quakerol" and emulsion prepared from standard emulsion "Universal-1TS" were
estimated. The reasons of higher specific power consumption during LCL operation with the experimental
emulsion were analyzed. A quantitative assessment of contamination of the surface of steel samples using the
experimental emulsion "Quakerol", oil "OK-2" and standard emulsion "Universal-1TS" is given. The necessity
of further tests to determine the optimal concentration of emulsion from "Quakerol” to ensure the reduction of
energy costs per ton of cold rolled steel has been substantiated.

The practical significance of the work lies in the development of methods for analysis of lubricants with
regard to the prospects of using "Quakerol™ emulsion instead of "Universal-1TS" emulsion in order to improve
the quality and increase the productivity of the cold-rolling shop.

Key words: cold rolling, 1680 continuous mill, emulsol, energy consumption, specific consumption of
electricity, surface contamination

Introduction

Today, four-high mills are the most common rolling equipment for the production of cold rolled flat (& coiled)
steel. Such equipment is quite powerful and energy-consuming. Four-high mills are used for production of cold-rolled
sheets and strips 0.6-2.5 mm thick and 1300-1800 mm wide as finished products from 3-8 mm thick hot-rolled steel in
coils weighing 25-50 tons. High energy consumption in such mills is due to the presence of a barrel 1500-2000 mm
with a diameter of working rolls 500-550 mm and reserve 1300-1500 mm for the transfer of torque [1]. Rolling speed -
at least 5-12 m/s, productivity - from 0.6-0.8 million tons per year [2]. The wide use of mills with 4-high stands of the
tandem type in the composition of four and five stands for the production of strips, and five and six stands for the
production of tinplate [3, 4] should be noted from the modern foreign experience in the field of cold rolling mills. The
use of modern emulsions leads to improved quality indicators and increased production of the cold rolling shop
(CRS) [5, 6]. The application of the "Quakerol" as a new emulsol instead of "Universal-1TS" requires
establishing the effect of this lubricating and cooling liquid (LCL) on not only the indicators of quality and
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manufacturability, but also on the rolling power parameters. Thus, of scientific interest is the study of the effect
of technological conditions for the production of cold rolled coils on a four-stand continuous tandem mill 1680
with the use of emulsions "Quakerol" and "Universal-1TS" on the power parameters of rolling, energy
consumption and surface contamination at the cold rolled coils manufacturing in the CRS. On the metal strip
after cold rolling there is always some amount of contamination particles, which are the wear products of rolls
and strips and products of thermal transformation of technological lubricants. Therefore, when rolling cold-rolled
sheets and strips, the issue of ensuring the quality of the surface arises. Determinations of contamination
indicators of the metal surface contribute to the prevention of defects such as "sooty deposits", "emulsion spots,
oil spots" and "spots of contamination”.

Literature review

In this paper [7], considerable attention is paid to increasing the energy efficiency of rolling on tandem
mills 1700 (in relation to the conditions of PJSC “Iron and Steel Works of Mariupol”). Through industrial rolling
mills, it has been shown that the use of lubricants has an effect on the synchronization of the stands and on the
power modes of rolling mills, which reduces the consumption of electricity during mill rolling by 1-6%. In
tandem rolling mills, the modes of operation of electric motors of the stands must be synchronized [7] taking
into account deformation phenomena (different hoods on the stands, heating-cooling during rolling, etc.), which
affects quality indicators and electricity consumption. The conditions of the power load on the electric motor of
the 1680 reversible mill of cold rolling are considered in this paper [8]. The importance of ensuring the reliability
and stability of the operating modes of electrical equipment and automation in order to achieve high quality and
the absence of defects in the rolling of thin cold-rolled coils has been revealed. Moreover, the necessity of
carrying out rolling with emulsions of the type “Universal-1TS” and “Cold Roller” in order to achieve softening
of the conditions of operation of electric motors of the rolling mill is especially emphasized. Studies [6, 9] are
devoted to identifying the influence of the characteristics and physical and chemical properties of various emulsions,
which has an effect on the friction coefficient, on the energy consumption of continuous cold rolling mills. They
determined that the use of emulsol with a higher kinematic viscosity allows in some cases to reduce the specific
consumption of electricity. Friction and lubrication conditions, as a rule, significantly affect the energy-force modes of
deformation [10]. The coefficient of deformation friction is determined in various ways, among which the most
common is the compression of samples with different conditions at the tool-workpiece contact [11]. In this paper [12]
it was noted that for reversible one- and two-stand cold rolling mills, both by changing the contact conditions and by
varying the tension, it is possible to set up energy-saving rolling modes of a coil with a thickness of 0.15-0.8 mm. The
authors [13] established the regularities of the effect of lubricant composition on the wear of work rolls and energy
consumption of cold rolling mills, and it is recommended to introduce Ti into the lubricating liquid. The paper [14]
presents the test results of three rolling emulsions: “Gerolub 30227, “Gerolub CTS 87-1 and “Gerolub 6528”. It was
determined that the use of these rolling emulsols allows to increase the rolling speed while maintaining the quality of
the product surface and reducing the energy parameters of rolling compared to the parameters previously obtained
when using “Quakerol 683” and “Quakerol NLM 4.0” lubricants. At the same time, researchers [15] note that during
their one-time evaluations, a more effective emulsol than “Quakerol 671 was not found for the conditions of 1700
CRS of OJSC “AMT”. Electricity consumption during rolling depends not only on the type of emulsion used, but also
on many factors: on the setting of inter-stand tension [1, 16], the realized stress-strain state of the material [16, 17],
rheological properties of steels [18], efficiency of intermediate recrystallization annealing [19] and other methods of
processing rolled steel [20], structural features of the rolling stock and its working and conductive elements [21],
technological state and obsolescence of electrical equipment designs [22]. Indicators of power quality [23], which
depends on the efficiency and stability of workshop converters and transformers [24], have a significant influence on
the stability of the electrical equipment of heavy-loaded machines, and, as a rule, the controllability of rolling mills.
However, when research is carried out on one piece of equipment under equal influence of all these conditions, it
becomes obvious that the effect on electricity consumption depends only on the factor that changes, that is, the emulsol
used.

Purpose of the work

The purpose of the study was to evaluate the loading of electric motors, power consumption and the value
of contamination of the metal surface in conditions of continuous cold rolling, taking into account the prospects
of using emulsion "Quakerol" instead of emulsion "Universal-1TS".

Research methodology, materials and equipment

For experimental and industrial tests 11 m® (~9900 kg) of experimental emulsol “Quakerol” was delivered.
Emulsol samples were taken to determine the actual physical and chemical parameters. Physicochemical
parameters of the experimental emulsol “Quakerol” in comparison with “Universal-1TS” emulsol currently used for
cold rolling of carbon steel in the CRS-1 (PJSC “Zaporizhstal”) delivered with an actual saponification value of
38.57 mgKOH/g, as well as previously tested by “Quakerol” emulsol are presented in Table 1.
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Table 1

Results of laboratory tests for “Quakerol” emulsol in comparison with “Quakerol ZAP 3.0” emulsols
manufactured by Quaker, and Universal-1TS manufactured by LLC “METINVEST - Mariupol Repair
and Mechanical Plant”

Physical and « ’ “Quakerol “Universal-
No chemical Quakerol ZAP 3.0” 1TS”
indicators Actual batch ng]lty Actual sample Actual batch Techp!cal
certificate conditions
1 Appearance homogeneous clear dark clear dark amber responds homogeneous
brown liquid amber liquid liquid oily liquid
2 Scent responds characteristic specific not responds specific not
weak smell annoying annoying
3 | Densityat20°C, 927 929 930 934 920-960
kg/m
Kinematic not
4 viscosity at 40.58 . 42.92 34.07 <35.0
o 5 standardized
50 °C, mm?/s
5 | Kinematic 60.97 60.60 61.90 - -
viscosity
Acid value, mg
6 KOHIg 11.60 11.70 11.90 11.23 >125
7 | Saponification 164.44 163.0 174.31 38.57 >13.5
value, mgKOH/g
Water content, not
8 % 0.09 standardized 0.06 0.28 <0.5
9 3?2;3;3/ during withstands not normal withstands withstands withstands
10 | Ash content, % 0.06 Not stand- 0.031 - <0.04
ardized
. minus 5 (at
11 Tgﬁl{rﬁecz'”g 0°C — lost 0 minus 3 - -
point, mobility)
12 Flash point, °C 170 >150 - - -
3% emulsion
Stability of the withstands (the
emulsion allocation of
prepared on hard withstands, withstands, 3.0% . o traces of
13 water 4.6 mg- 1.5% drain not normal drain withstands 0% "draining™ and
eq/dm? during 6 oily secretions is
hours, % of oil allowed)
Corrosive attack
14 on gray cast iron can't stand not . can't stand stands stands
by water standardized
emulsion
Hydrogen index
pH of 3%
15 | ddueous 3.8 not. 40 9.18 8.2-9.2
emulsion (on standardized
hard water 4.6
mEg/dm?®)
Tendency to
16 foaming at 0 points not normal 2 points - > 40
(20+5) °C, em®

Taking into account the fact that hot-rolled pickled rolls can be in an open space for no more than 48

hours before rolling, and the test campaign of the experimental emulsion “Quakerol” lasted about a month, the
distribution of the experimental melt for the comparative rolling of part of the rolls on the serial emulsol
“Universal-1TS” did not perform. For comparison, we used the data obtained earlier on the rolls rolled on
emulsion from the “Universal-1TS” emulsol of earlier deliveries. The incoming control of compliance of the
characteristics of the emulsol with the requirements of the technical conditions of the enterprise was carried out.
It was established that the tested sample of experimental emulsol “Quakerol” meets the requirements of the
quality passport. According to its physicochemical parameters, the experimental emulsol “Quakerol” differs
from the used emulsol “Universal-1TS” in that it has higher lubricating properties (the saponification value is

164.44 mgKOH/g, against 38.57 mgKOH/g in the emulsol “Universal-1TS”).
The continuous four-standmill 1680 (see Fig. 1) is the main rolling mill of the CRS-1 (PJSC
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“Zaporizhstal”). It consists of 4 consecutively arranged quarto stands, which include two supporting and two
working rolls, as well as auxiliary equipment (under-receiving device, rotary bed, unwinder, drum-type winder,
etc.). The characteristics of the roller drive are given in Table 2. The drive of the working rolls from electric
motors is carried out through intermediate shafts with a toothed clutch, gear stands and spindle connections. The
rolls’ characteristics are given in Table 3.

1 ( 2 3 4 5
—_ ;v ; \ ; ;/ / — O @ @ O
GOO® Y'Y Y
Fig. 1. Schemes of rolling on a four-stand continuous tandem mill 1680:
1 — unwinder, 2 — tensiometr, 3 — gauge of thickness, 4 — strip, 5 —winder
Table 2
Characteristics of the rolls’ drives
Stand Engine power, kW Armature rotation number, Rolling speed, m/s
No. rpm
1 3300 110/200 2.75-5.0
2 3300 160/280 40-7.0
3 3300/2800 220/280 5.8-95
4 2 x 1650 200/450 2.6-10
Table 3
Characteristics of the continuous mill rolls
Kind of rolls Roll diameter, mm Roll length, mm Roll mass, t Bearing’s type
Working 510 1680 3.12 roller
Support 1300 1680 23.6 liquid friction

Notched working rolls are used to improve the grip of the first stand. In the fourth stand, working rolls
with a notched surface are also used to make it impossible to weld the turns of the rolls during subsequent heat
treatment. For each grade of steel, as well as the final section of cold-rolled strips, crimping modes have been
developed. The mill is equipped with a technological lubricant supply system (emulsion with an emulsol
concentration of 2—4%), anti-bending systems of work rolls, control and measuring equipment, which was used
to control the energy parameters of rolling and energy consumption. No comments (fluctuations in loads, tension
instability) were noted by the technological personnel of the continuous four-standmill 1680 during the testing
period.

Analysis of rolling energy parameters

The modes of operation of the electric motors of the stand and the winder of tandem mill were analyzed
during the rolling of melts on the LCL from the experimental emulsol “Quakerol”, lubricated with the emulsol
“Quakerol” and the serial emulsol “Universal-1TS”, lubricated with preservation oil “OK-2”. The results of the
loads analysis when rolling strips with the 0.68x1000 mm cross-section from a 3.0 mm thick pre-roll plate are
summarized in the Table 4.

Table 4

Average total loads on engines during rolling

Average total load on the electric motors of the stand and the winder when
rolling one coil of experimental melt, kVA

Steel grade Size
Rolling on emulsion from Rolling on emulsion from
experimental emulsol “Quakerol” emulsol “Universal-1TS”
DCO1 3.0/1.0x1265 mm 10.965 10.505

As it can be seen from the table 4, the average total load on the stand motors and the winder of the four-
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standmill 1680 in the established rolling mode when using the emulsion from the experimental emulsol
“Quakerol” on the metal oiled with the emulsol “Quakerol” is 4.19% higher than during rolling of the same
assortment, oiled in continuous pickling unit (CPU-4) with “OK-2" oil and rolled on emulsion with “Universal-
1TS”.

Consumed electricity analysis

The electricity consumption during rolling of the same assortment of DCO1 carbon steels during rolling of
melts on LCL from experimental emulsion “Quakerol” Iubricated with emulsion “Quakerol” and serial emulsion
“Universal-1TS” lubricated with preservation oil “OK-2” was analyzed. Data on consumed electricity are
presented in the Table 5.

Table 5
Power consumption during rolling on tandem mill
Strip cross- Emulsion . Specific -
section, mm Number concentration Electr|CI_ty Coils mass, electricity Total elgctrlcny
of coils, pcs during rolling, COI’]SPlé{'IA’]/F;]tIOH, t consumption, CO?;H?APUOKQ/SEL'“Q
% KWhit 9
X1 X2 X3 - X4 Y -
“Quakerol”
0.5x1000 10 15 9063.9 98 92.49
1.5x1250 4 1.8 1746.9 53.06 32.92
0.5x1000 13 1.9 12852 143.16 89.77
1.5x1250 9 1.8 4236.3 117.23 36.14 504
0.5x1000 6 1.7 5595.3 68.13 82.13
1.5x1250 9 2 3919.5 113.76 34.45
0.5x1000 5 2.4 5344.2 56.89 93.94
1.5x1250 10 2 4609.8 109.75 42.00
Average value of the emulsion 19
concentration '
"Universal-1TS"
0.5x1000 4 31 3800.7 44.21 85.97
1.5x1250 4 2.6 1693.8 54.74 30.94
0.5x1000 7 3.8 6930.9 78.58 88.20
1.5x1250 8 3 36315 93.95 38.65 490
0.5x1000 9 2.7 8404.2 101.23 83.02
1.5x1250 11 3.3 4701.6 147.54 31.87
0.5x1000 9 2.2 9208.8 96.94 94.99
1.5x1250 6 3 2781.9 76.58 36.33
Average value of the emulsion 30
concentration '

As a result of data processing from Table 5 obtained multiple regression equations, taking into account
that instead of multiplying the linear dimensions of 0.5x1000 mm and 1.5%1250 mm, the cross-sectional area
values of 500 mm? and 1875 mm? were used as the X1 factor. The measurement units of factors X2...X4
correspond to those indicated in the Table 4. Dependencies of specific electricity consumption (Y) on factors
X1...X4 (see Table 5) for experimental emulsols:

* “Quakerol” (R?=0.994):

Y =81.096— 0.035X1 +4.946X2 + 11.146X3 — 0.403X4; (D)
» “Universal-1TS” (R?=0.995):
Y=96.275— 0.034X1 +7.373X2 + 0.483X3 - 0.577X4. 2)

As it can be seen from the Table 5, the total specific consumption of electricity during rolling on an
emulsion prepared from the experimental emulsol “Quakerol” is slightly higher (by 2.7%) than the
consumption during rolling on an emulsion prepared from the serial emulsol “Universal-1TS”. At the same
time, the average concentration of emulsion when rolling on “Quakerol” emulsol was 1.9% against 3.0% on
rolls rolled on LCL prepared from “Universal-1TS” serial emulsol. A higher specific consumption of electricity
during the operation of the LCL from the experimental emulsol, which has a higher saponification number,
may be the reason for an incorrectly selected and underestimated concentration of the emulsion in order to
reduce the consumption of emulsol for rolling.
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Contamination of rolled steel after rolling

In addition, the indicators of contamination after rolling were investigated. The results of the
determination are given in Table 6.

Table 6
Surface contamination of the test metal after cold rolling
Contamination, mg/m? Average value, mg/m? Average total
Steel grade, size Coil Fat Mechanical Fat Mechanical contr?]rg/l:qz;tlon
Experimental coils rolled on emulsion of emulsol "Quakerol" oiled by "Quakerol"
585 500
1 458 579 470 522 992
DCo01, 367 486
2.3/0.65x1000 mm 400 560
2 470 520 360 649 1009
210 867
Averagefontamlna}ltlo_n of the:'rolled sur‘face on the LCL with 415 586 1001
emulsol "Quakerol" oiled by "Quakerol
Coils rolled on emulsion from serial emulsol "Universal-1TS" oiled by "OK-2"* 950

* — data obtained from other studies.

As can be seen from Table 6, the average value of surface contamination of metal samples oiled and
rolled with the use of experimental emulsion "Quakerol" is 51 mg/m? or 5% higher than that of samples oiled
with emulsion "OK-2" and rolled on serial emulsion "Universal-1TS" and is 1001 mg/m? against 950 mg/m2.

Conclusions

1. The method with the use of emulsions has been developed and tested to estimate the energy-power
parameters during cold rolling. The influence of rolling process conditions on energy-power parameters of
rolling with the use of emulsol "Quakerol” is described for a four-roller mill.

2. The average total load on the stands’ motors and the winder of the 1680 four-standmill in the stable
rolling mode was found when using the “Quakerol” emulsion is 4.19% higher than when rolling the same
assortment rolled on the emulsion from “Universal-1TS”.

3. The level of energy consumption during rolling in the four-standmill using “Quakerol” and
“Universal-1TS” emulsols was established. It is shown that the total specific consumption of electricity
when rolling on an emulsion prepared from the experimental emulsol “Quakerol” is 2.7% more than when
rolling on an emulsion prepared from the serial emulsol “Universal-1TS”. The higher specific energy
consumption during the operation of the LCL from the experimental emulsol, which has a higher
saponification number, may be the reason for the incorrectly chosen and underestimated concentration of
emulsion in order to reduce the emulsol for rolling consumption.

4. The average concentration of the emulsion on the analyzed coils rolled on LCL from the
experimental emulsol “Quakerol” was 1.9% versus 3.0% on the coils rolled on LCL from emulsol
“Universal-1TC”.

5. The assessment of contamination of the metal surface after rolling is given. It was found that the
use of the investigated emulsol "Quakerol" increases the average value of surface contamination.

References

1. Vasilev Y.D., Samokish D.N., Bondarenko O.A., Mospan N.V. (2022) Determination of particular
relative reduction in cold rolling of thin and extra thin strips to implement the process with the least force.
Science and Innovation, 18 (3), 49-57.

2. Buchmayr B., Degner M., Palkowski H. (2018) Future challenges in the steel industry and
consequences for rolling plant technologies. Berg Huettenmaenn Monatsh, 163, 76-83.

3. Pittner J., Simaan M.A. (2008) Optimal control of continuous tandem cold metal rolling. American
Control Conference. Seattle, Washington, USA, 2834-2839.

4. Asghar M.T., Jungers M., Morarescu |.-C., Khelassi A., Francken J. (2016) Tandem cold rolling mill
modeling for multi-variable control synthesis. 17th IFAC Symposium on Control, Optimization and Automation
in Mining, Mineral and Metal Processing, Vienna, Austria, hal-01393445.

5. Tahir M., Stéhlberg U. (2002) Environmental improvement by using a water-based synthetic lubricant
in steel-strip rolling. Iron and Steel Society/AIME, 44th Mechanical Working and Steel, Orlando, USA, 40,
291-302.



Problems of Tribology 25

6. Mazur V.L., Timoshenko V.I., Prikhod’ko 1.Y. (2019) Stability loss and defects in coils of cold-rolled
strip. Steel in Translation, 49, (1), 58-65.

7. Kurpe O., Kukhar V., Puzyr R., Balalayeva E., Klimov E. (2020) Electric motors power modes at
synchronization of roughing rolling stands of hot strip mill. 25th IEEE Int. Conf. on Problems of Automated
Electric Drive. Theory and Practice (PAEP’ 2020), Kremenchuk, 510-513.

8. Kukhar V., Korenko M., St’opin V., Karmazina I., Elchaninov A., Hurkovska S., Prysiazhnyi A.,
Zubrytskyi V. (2019) Operation modes of electric motors of reversing cold rolling mill 1680 while rolling with
emulsions. 2019 IEEE Int. Conf. on Modern Electrical and Energy Systems (MEES), Kremenchuk, 46-49.

9. Vasilev Y.D., Dementienko A.V. (2002) Model of friction stresses during thin sheet rolling. Izvestiya
Ferrous Metallurgy, 1, 29-33.

10. Kukhar V., Artiukh V., Aleksandrovskiy M., Dykha A. (2020) Contact-deformation mechanism of
boundary friction. E3S Web of Conferences, 164, 14004.

11. Kukhar V., Balalayeva E., Nesterov O. (2017) Calculation method and simulation of work of the ring
elastic compensator for sheet-forming. MATEC Web of Conferences, 129, 01041.

12. H. Li. (2008) A study on wear and surface roughness of work roll in cold rolling. University of
Wollongong.

13. H.C. Li, Z.Y. Jiang, , A.K. Tieu, W.H. Sun, D.B. Wei (2011) Experimental study on wear and friction
of work roll material with 4% Cr and added Ti in cold rolling. Wear, 271 (9-10), 2500-2511.

14. Dolmatov A.P., Morozov A.V., Usachev M.A., Shipilov V.D., Chelyadinov A.A. (2015) Testing of
rolling oils made by the Henkel company on a continuous five-stand 2030 mill. Metallurgist, 58 (9—10), 788—795.

15. Naizabekov A., Samsonov D., Krivtsova O., Lezhnev S., Talmazan V., Arbuz A. (2013) Comparative
evaluation of technologic lubricants”. 22nd Int. Conf. on Metallurgy and Materials (METAL 2013), Brno,
403-407.

16. Kukhar V. V., Vasylevskyi O. V. (2014) Experimental research of distribution of strains and stresses
in work-piece at different modes of stretch-forging with rotation in combined dies. Metallurgical and Mining
Industry, 3, 71-78.

17. Santos R.M., Rodrigues D.G., Santos M.L.D., Santos D.B. (2022) Martensite reversion and strain
hardening of a 2304 lean duplex stainless steel subjected to cold rolling and isochronous annealing at low
temperatures. Journal of Materials Research and Technology, 16, 168—186.

18. W. Li, J. Gu, Y. Deng, W. Mu, J. Li. (2022) New comprehension on the microstructure, texture and
deformation behaviors of UNS S32101 duplex stainless steel fabricated by direct cold rolling process. Materials
Science and Engineering: A, 845, 143150.

19. Q. Ye, G. Han, J. Xu, Z. Cao, L. Qiao, Y. Yan. (2022) Effect of a two-step annealing process on
deformation-induced transformation mechanisms in cold-rolled medium manganese steel. Materials Science and
Engineering: A, 831, 142244,

20. Lemarquis L., Giroux P. F., Maskrot H., Barkia B., Hercher O., Castany P. (2021) Cold-rolling effects
on the microstructure properties of 316L stainless steel parts produced by Laser Powder Bed Fusion (LPBF).
Journal of Materials Research and Technology, 15, 4725-4736.

21. Haikova T., Puzyr R., Savelov D., Dragobetsky V., Argat R., Sivak R. (2020) The research of the
morphology and mechanical characteristics of electric bimetallic contacts. 25th IEEE Int. Conf. on Problems of
Automated Electric Drive. Theory and Practice (PAEP 2020), Kremenchuk, 579-582.

22. Zagirnyak M., Prus V., Somka O., Dolezel I. (2015) Models of reliability prediction of electric
machine taking inTo account the state of major structural units. Advances in Electrical and Electronic
Engineering, 13 (5), 447-452.

23. Zagirnyak M., Maliakova M., Kalinov A. (2015) Compensation of higher current harmonics at
harmonic distortions of mains supply voltage. 16th Int. Conf. on Computational Problems of Electrical
Engineering (CPEE 2015), Lviv, 245-248.

24. Reva ., Bialobrzheskyi O., Todorov O., Bezzub M., Dziuban V. (2021) Power consumption mode
investigation of a transformer with asymmetric load under the condition of active parts temperature change. 20th
IEEE Int. Conf. on Modern Electrical and Energy Systems, (MEES), Kremenchuk, 1-5.



26 Problems of Tribology

Kyxap B.B., Madjiii X.B., Cnivak O.}O. Brums tumy eMynbcoiIiB Ha €HEPTOBUTPATH Ta 3a0pyIHECHHS
MOBEPXHi TpH XonoaHi# mpokatii crani DCO1 Ha 6e3nepepBHOMY YOTHPHOXKITITHOBOMY CTaHi

VY crarTi NpencTaBiIeHo Pe3yabTaTH eKCIEPUMEHTAIBHUX 1 TPOMHCIIOBHX BUIPOOYBaHb (pi3MKO-XIMIYHHX
napaMeTpiB  eKCIEepUMEHTanbHOrO  eMmyibcoiy  "Quakerol". 3a  (i3uKO-XiMiYHUMH  MMOKa3HUKAMH
eKCIiepuMeHTaIbHIN emynbcon "Quakerol" Biapi3HseTbCsS Bi BHKOPHUCTOBYBAHOrO eMynbcony "YHiBepcai-
ITC" OimpIn BHCOKMMH 3MAIlyBaJbHUMH BIIACTHBOCTSAMH. bynmm mpoaHami3oBaHi pexuMu poOOTH
eIEKTPOABUTYHIB KJITI Ta MOTAJIKH «TaHAEMHOTO» CTaHy Mg 4wac mnpokatku Ha JIIIL[ posmnaBiB 3
eKCIIepUMEHTAIEHOTO eMyJbcony "Quakerol", smamenoro emymbconom "Quakerol", Ta cepiitHoro emysbcory
"VuiBepcan-1TC", 3mamenoro xonceppamiitHoto oimBoio "OK-2". Pesymeratn anamnily HaBaHTaXXEHb IIiJl 4ac
MPOKATKH 1oJioc nepepizom 0,68x1000 MM i3 HonepeHBO MPOKATAaHOTO JIMCTA TOBLUIMHOWO 3,0 MM IOKa3aJH, 1110
3HAYEHHS Cepe/IHIX CyMapHHUX HaBaHTa)XEHb Ha JBUI'YHH KJIITI Ta MOTAJIKH YOTUPUKIITHOBOTO cTaHy 1680 Bumi
32 YMOBHM BHKOPHCTAHHS eKCIIEPUMEHTAIbHOrO emynbcony "Quakerol". JlaHo mMOpIBHSJIBHHN —aHAMi3
EKCIIEPUMEHTAIHO OTPHUMaHHUX JaHWX II0JI0 BIUIMBY TEXHOJIOTIYHMX YMOB BHPOOHHUIITBA XOJOJHOKATaHUX
PYJOHIB Ha YOTHPHOXKIIITROBOMY O€3mepepBHOMY TaHAEMHOMY cTaHi 1680 3 BHUKOPHCTAaHHSIM EMYIIBCOJIIB
"Quakerol" 1 "VuiBepcan-1TC" Ha CHIOBi TapaMeTpH TPOKATKH, BHTpATy €JEKTPOEHEPTrii Ta 3a0pyaHEHHST
moBepxHi Iutockoi ByriemeBoi crami DCOL. [ns ommcy BHTpaT eNeKTPOCHEPTii MiJg dac TPOKATKHA 3
BUKOPUCTAHHSIM Di3HHX €MYJbCIi OTPHMAaHO PIBHSAHHS MHOKHHHOI perpecii, sk BapifioBaHUI (axTop y35TO
3HAYeHHs IUION HomepeyHoro mepepizy. OLIHEHO NMUTOMY BHUTpATy €JIEKTPOCHEprii Ta cepenHe CyMmapHe
HaBaHTAXXCHHs Ha KIITI i IBUTYHU MOTAJIOK ITijl Yac MPOKATKH 3 BUKOPUCTAHHSM E€MYJIbCOJY, IIPUTOTOBAHOTO 3
eKcriepuMeHTanbHO1 emysbcii "Quakerol", i eMybcoiy, MPUTOTOBAHOTO 31 CTAHAAPTHOI eMyIibCil "YHiBepcan-
ITC". IlpoaHayii3oBaHO NPUYMHK OUIBII BHUCOKOI MHUTOMOI BHUTpPaTH eleKTpoeHeprii mpu poboti JIKJI 3
EKCIICPUMCHTAIBHOI0 eMYIIbCiero. JlaHO KUNBKICHY OIIIHKY 3a0pyAHEHHS IMOBEpXHI CTaJlCBHUX 3pas3KiB MiJ dac
BUKOPHCTAHHsI eKcriepuMeHTansHoi emynbcii "Quakerol”, omuBu"OK-2" i cranmaptHOi emynbcii "VYHiBepcan-
ITC". OOGrpyHTOBaHO HEOOXiTHICTH MPOBEACHHS IONANBIINX BUMPOOYBaHbP 3 BHU3HAYCHHS ONTHMAIBHOI
KoHIeHTpawii emynbeii 3 "Quakerol" s 3a0e3nedeHHs 3HIKEHHSI CHEPrOBUTPAT HA TOHHY XOJIOJHOKATaHOTO
MpOKary.

[TpakTHyHa 3HAYUMICTH POOOTH TOJISATaE B PO3POOII METOJAMKM aHai3y MacTWIBHHX MaTepiaiiB 3
ypaxyBaHHSM MEPCICKTHB BUKOpPHCTaHHs emyinbcii "Quakerol" samicts emysbcii "Yuisepcan-1TC", 3 meroro
MOJIIIICHHS SIKICHUX TTOKA3HUKIB 1 3017IbLICHHS MIPOITYKTUBHOCTI LIEXY XOJOAHOT NPOKATKH.

Karouosi ci1oBa: xomonHa mpokaTka, OesnepepBHuii ctad 1680, eMyIbcoll, eHeproCcIOKUBaHHS, TUTOMI
BUTPATH CJICKTPOCHEPTii, 3a0pyIHECHHS MOBEPXHI
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Abstract

Based on the analysis of the current state of test methods for wear of friction pairs and the need for
methods with certain operating conditions, the problem of developing a theory of test methods for wear of
friction pairs according to the ball-cylinder scheme was solved, which makes it possible to determine the
parameters of wear models and the general characteristics of the wear resistance of materials. It is shown that the
type of wear within the range of properties of the friction pair parameters ensures compliance with the basic
conditions in contact: materials, lubrication, pressure, speed, temperature, type of movement, and other less
significant factors. It has been established that one of the fundamental issues in the development and conduct of
wear tests is to take into account the influence of the stationarity of the wear mode at a point. Test methods in
steady and unsteady modes (transient mode) are different. The test method should be based on the solution of the
contact problem for a friction pair sample-counter-sample. Based on the solution of wear-contact problem for the
"ball-cylinder” scheme, a theory has been developed for identifying the parameters of the wear pattern. To solve
the inverse problem, a method of approximating function is proposed and implemented. The power
approximation of the experimental function after substitution into the resolving equation gives simple
expressions for calculating the model parameters. The results obtained make it possible to predict the intensity of
wear of tribocouples under given initial operating conditions: according to loads, sliding speed, characteristics of
lubricants and structural materials.

Keywords: wear, friction pairs, tribological tests, contact task

1. Modern approaches to the technique of tribological tests. Experiment, theory, methods,
equipment.

A review of research on modern highly cited periodicals in the field of friction and wear regarding the
problems of tribological testing is proposed.

The article [1] presents the development, manufacture and testing of an experimental bench for assessing
the fretting fatigue of conductor materials in power lines. The friction machine has three independent drives that
allow testing under a controlled load. This makes it possible to study the influence of relevant parameters on the
fretting fatigue process (such as normal, tangential and body forces, wear level and wear surface morphology).

In [2], the technological problem of testing jet engine parts under conditions close to operational ones is
solved. A bench for testing blade friction is proposed to study the occurring phenomena and the behavior of rotor
blades during contact interactions between the blades and the engine housing. A feature of the presented
installation is the possibility of increasing the number of working elements of the chamber, which makes it
possible to produce more than one contact per revolution. This article discusses the test setup and its
components, the experimental procedure, and examples of results.

In [3], laser microscopy was used to quantify wear mechanisms. The results showed that for some
mechanisms it is possible to obtain quantitative data for the classification of wear and tear in accordance with
ASTM G98. Some suggestions for modification and improvement of the standard are offered.

In work[4]. The study of the brake pad for friction and wear is carried out on an inertial brake
dynamometer at various temperatures (200°C, 250°C and 300°C). The actual field tests are carried out on four

Copyright © 2022 O. Dykha, A. Staryi, M. Getman, V. Fasolia. 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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different trucks, namely a city bus (CB), a high speed bus (HSB), a highway truck (HWT) and a dump truck
(TL). This study will be useful for developing the composition of the friction material and predicting the actual
life of the brake pad for various trucks.

The article [5] presents experimental setups for conducting research on real machine components and
obtaining more realistic results than conventional tribological test benches. Slope pad plain bearings, as well as
gears and complete gearboxes for advanced industrial applications, can be tested using the benches described in
the article. A double disc machine and a closed loop gear test bench are used to investigate the various wear
mechanisms that occur in gears.

The authors of the study [6] study the problem of reducing friction and wear in metal-metal systems, as
well as in some mechanical components. This paper presents a computational study based on Archard's linear
wear law and Finite Element Method (FEM) modeling for dry sliding wear analysis in pin-on-disk testing. The
Archard wear model was implemented in a FORTRAN user routine (UMESHMOTION) to describe sliding
wear. The modeling of wear particle formation mechanisms was taken into account using the overall wear factor
obtained from experimental measurements. In such an implementation, a step-by-step calculation of surface wear
based on nodal displacements is considered using adaptive mesh tools that rebuild local nodal positions.
Numerical and experimental results were compared in terms of wear rate and friction coefficient. In addition,
during numerical simulation, the distribution of the stress field and the change in the surface profile across the
worn track of the disk were analyzed.

In the study[7], based on the classical theory of adhesive wear by Archard, a three-dimensional finite
element model was created to simulate the process of destruction of self-lubricating spherical plain bearings
under conditions of oscillatory wear. The results show that self-lubricating spherical plain bearings go through
two different stages in the wear process, namely an initial wear stage and a stable wear stage. The moment of
friction at the initial stage of wear is somewhat less than the moment of friction at the stage of stable wear;
however, the wear rate in the initial wear stage is high. The developed finite element model can be used to
analyze bearing wear mechanisms and predict bearing life.

The article [8] experimentally and theoretically investigates the effect of lubrication on stresses at high
temperature. A statistical formula has been developed to predict the Striebeck curves given the interaction of
asperities with lubricant on the contact surface. It has been found that increasing the temperature at the interface
can significantly change the performance of the lubricant due to the influence of the lubricant additive and that
the conventional assumption of a constant coefficient of friction for a rough contact is not practical. As the
temperature increased, the boundary layer formed by the lubricant molecules dissolved, and a soft solid layer
was formed by lubricant additives at the contact boundary. It was also found that in the boundary lubrication
regime, friction depends on the sliding speed due to the formation-destruction cycle of a soft hard layer,

It is noted in [9] that the characteristics and service life of structural materials at high temperatures are
largely affected by the degradation of the material during wear and corrosion. To evaluate material performance
at high temperature, it is necessary to understand the processes and their interactions to select and develop new
advanced materials. In the present study, an experimental setup for testing and high-temperature abrasion is
presented, taking into account the oxidation process.

In [10], the change in temperature over time in a deep groove ball bearing in an oil bath lubrication
system was experimentally and analytically studied. The test device is a radially loaded ball bearing equipped
with instruments to measure the friction torque as well as the transition temperature of the outer ring, oil and
housing. The developed mathematical model provides a comprehensive thermal analysis of a ball bearing, taking
into account frictional heat release, heat transfer processes and thermal expansion of the bearing components.
Experiments are carried out for various speeds and loads to test the model. It has been established that the
predicted temperatures at various loads and speeds agree well with those measured experimentally.

The article [11] discusses the optimization of the tribological characteristics of lubricating oils used in the
processing industry. Optimum lube oil performance is determined by multivariate optimization of viscosity,
temperature and oil film thickness. Experimental test results are shown for the oil used in the real plant and the
new oil obtained from the simulation.

Reference [12] presents a methodology for deriving pressure-dependent friction laws from experimental
tribometric testing of rubber-to-metal contacts. Tribometric tests are simulated to analyze the contact area and
obtain an approximation of the contact pressure distribution. The proposed methodology is recommended for
evaluating the experimental results of tribometric tests carried out according to the "flat surface™ and "cylinder
surface" schemes. Planar and cylindrical materials have been fabricated with very similar surface morphology
and therefore theoretically the same pressure dependence of the law of friction.

Article [13] contains a description of the test bench and the first experimental data concerning the
mechanical and thermal characteristics of a rotor supported by air-lubricated bearings under external pressure.
The stand allows you to load the rotor radially and axially in both static and dynamic modes, as well as measure
the orbits on the supports. Rotating unbalance response at various speeds has been measured up to 60,000 rpm.
The rotor is stable and has no vortex instability.

The authors of this work analyzed the methods for identifying the parameters of wear patterns for various
wear models and test schemes [14-17].
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The above review of the literature confirms the versatility of tribological testing methods in terms of
techniques, test conditions, materials, design of benches and samples, modeling procedures and processing of
experimental results.

2. Basic principles of tribological testing
2.1 Duration of tribological tests

Wear reduction is carried out mainly in three directions: 1) the creation of wear-resistant surfaces based
on the laws of tribomaterials science; 2) creation of lubricants, lubricating additives and lubricating systems; 3)
creation of methods for reliable prediction of wear of components based on theoretical tribology.

With regard to friction units, the stages of a rational test cycle are formulated as follows: 1) selection of
combinations of materials based on a priori information; 2) identification of the boundaries of compatibility of a
friction pair in terms of the determining parameter; 3) modeling on samples of the operating conditions of
tribocouplings; 4) full-scale simulation on the stand, taking into account the main operational parameters of the
tribocouplings; 5) full-scale modeling, taking into account the typical operating conditions of the friction unit in
the machine during operation.

If wear tests of a friction pair are carried out strictly under the operating conditions of the unit, taking into
account the statistical nature of wear, then the duration of the testing process for a statistically representative
number of samples can last for months and even years. There are various methods for forcing tests in order to
speed up the process. It is shown that without building reliable mathematical models of nonlinear wear
processes, the use of accelerated wear testing methods can lead to errors. Based on the considered models, the
following methods of accelerated forced tests are proposed: 1) extrapolation in time; 2) extrapolation by load; 3)
the principle of requests; 4) interpolation on intervals; 5) extrapolation on intervals; 6) double consecutive
extrapolation; 7) double parallel extrapolation, etc.

The analysis of the methods shows that the main success in the application of various accelerated
methods is determined by the reliability of the mathematical model underlying the process. The friction unit of
any machine, regardless of the designer, technologist or operator, goes through at least two stages during
operation: the running-in stage and the stage of steady wear. When developing methods for accelerated wear
testing of materials, it is necessary to take into account the presence of transient processes and running-in at the
initial stages.

2.2. Test schemes and conditions in contact

The decisive role in the validity of the laboratory test method is played by the geometry of the contacting
elements. Geometric schemes are systematized or simply given in many reference books and articles. In most of
the frequently used test schemes, for example, ball-plane, etc., none of the publications provides formulas for
calculating contact pressures, the main parameter of test conditions. This is in most cases one of the main causes
of scatter and non-reproducibility of test results. On the other hand, the lack of information about the change in
pressure conditions during the test devalues the results, making them estimates, as in the case of tests on a four-
ball.

Can be offereda list of factors affecting the difference between the rated contact voltages and those
calculated under standard conditions. Consideration of this list gives an idea of the reasons for the dispersion of
wear test results according to different test schemes: 1) subsurface stress concentrators: grain boundaries, twins
and other concentrators; 2) the nature of the surface: topography, texture, residual stresses; surface energy level;
microstructure, pollution; 3) surface defects: inclusions and particles of the secondary phase; dents and scratches;
grooves and risks; corrosion, rust; traces of etching; fretting traces; slip marks; 4) discontinuities in contact
geometry: ends of line contacts; wear particles in the contact area; 5) load distribution inside the bearing: elastic
deformations; distortion of parts; clearance in contact; 6) elastic-hydrodynamic lubrication; 7) tangential forces:
no slip; sliding rolling.

The first three main factors that determine wear are: pressure - P, sliding speed -V and contact
temperature T . Accounting for these three factors requires a three-factor experiment. The planning of such tests
can be carried out according to the well-known mathematical theory of experiment planning.

The environment in which the friction unit operates has a decisive influence on the scheme and test
method. When testing friction pairs in the presence of lubricants, their ball circuit is used. The criterion for the
quality of the lubricant here is the bulk temperature at which the contact oil layer is destroyed, which is fixed by
a sharp increase in the friction coefficient. However, this method, in terms of physical meaning, is the furthest
(in comparison with other methods) from reproducing the actual pattern that occurs in contact during friction. It
is proposed to give preference to a flat contact as the most specific and corresponding to real nodes.

Obviously, to a large extent, negative conclusions about the four-ball scheme are explained by the lack of
methods for estimating contact pressures and neglecting wear. Improvements in the accuracy of determining the
anti-wear properties on a four-ball machine can be obtained using the pre-print method.
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It is experimentally shown on a four-ball machine that the volumetric wear of a spherical sample is a
single-valued linear function of the work of the friction forces. A linear dependence of wear on pressure was also
obtained. Obviously, the results obtained are of a particular nature and are valid for specific test conditions.

BThe large discrepancy in determining the results of wear tests by various methods in the absence of
lubrication and abrasive effects, according to studies performed in the USA, is due to factors:

1) heterogeneity and instability of surface morphology and wear marks;

2) the presence of particles on the sliding surface as a third body;

3) dynamic rigidity of the installation, as a factor leading to load fluctuations;

4) the shape of the sample or test design leads to different coefficients of variation of the results.

2.3. Wear measurements, testing machines

The wear measurement method is an integral part of the wear test method. The literature describes in
detail the methods of artificial bases: the method of imprints, the method of punched imprints, the method of cut
holes, and the concept of the method of radioactive isotopes is given. All methods are divided into periodic or
discrete and continuous without stopping the machine. Among discrete methods, methods are distinguished: 1)
micrometric measurements; 2) weighing; 3) profiling; 4) artificial bases. Continuous methods: 1) according to
the content of wear products in used oil; 2) radioactive isotopes; 3) pneumatic micrometering; 4) according to the
flow rate of the working medium through the slots between the rubbing surfaces; 5) lever devices and indicators;
6) mesdoses; 7) inductive sensors: 8) strain gauge micrometering.

Any testing machine can be considered as a system consisting of two main parts: 1) testing unit: sample,
counter-sample and their fastening; 2) everything else: drive, gears, electrical part, loading, etc.

The study of the parameters of wear particles provides such information about the nature and intensity
that it is difficult to overestimate. Obviously, this branch of tribology is still waiting for its intensive
development. Photographs of the surfaces of wear particles show that their structure and geometry practically
repeat the surface layers of the bodies. By the type of particles, one can judge the stage of wear. Information
about particle morphology can be obtained using a bichromatic microscope. The shape of the wear products
themselves corresponds to the implemented friction mechanisms. For normal wear, the particles are lamellar; for
abrasive - the form of microchips; Fatigue fracture mechanisms correspond to particles of rounded geometry or
even spherical ones.

At present, wear particle analysis is widely used to monitor the condition and predict the failure of
lubricated components in machines. The parameters of the wear particles reflect both the nature and degree of
wear of the rubbing surfaces. Methods and devices for diagnosing the state of machines based on wear particles
distinguish between external and built-in. An analysis of patents and publications points to the intensive
development of built-in ferrodiagnostics devices. In this case, a variety of principles are used: spectral analysis,
ferrography, light scattering, in-line ultramicroscopy, activation methods.

2.4. Wear contact tasks

Contact pressures are one of the first three main factors (pressures o ,temperature T , sliding speed V'),
determining the intensity of surface wear for given materials and lubricants.

The role of pressure here is close to the role of the stress state in the problem of ensuring strength. In
problems of contact strength, contact pressures are also defined as the first stage in solving a strength problem.
At the second stage, the stress state is determined, at the third stage, using the criteria of strength, ductility or
fatigue, the question is decided whether the structure will fail or not. The logic of assessing the state of the
friction unit in terms of wear is somewhat different. At the first stage, for a given pair of friction and lubrication,

the dependence of wear is studied u , or wear rate du,, /dS from the main factor - pressures and friction paths,

the parameters of this dependence are determined.

At the second stage, the contact problem is solved taking into account the wear for the considered friction
unit, for example, for a plain bearing, and the dependence of the wear of this unit on the load dimensions and the
found model parameters is determined.

At the third stage, this dependence, taking into account the parameters of the model, calculates the wear
of the assembly and compares it with the allowable wear. This stage can be performed in a deterministic setting
based on average values or in a probabilistic setting with an estimate of the reliability of the node.

In the general case, the statement of the contact problem for two bodies, taking into account wear,
consists of the following equations and conditions. The first basic basic relation is the condition of continuity in
contact in algebraic form:

u.(x,y,s)+u,(x,y,s)=u(x,y),
where u(x, y,S) -full elastic normal contact displacements of both bodies; x, y -coordinates, S -friction
path.
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The second basic equation in the formulation of the problem is the equation of equilibrium of contacting
bodies:

Q = jG(X! Y, S)dF )

where Q -the total load acting on the bodies (the projection of the load on the vertical axis); o(x, y,S) -

projection of contact pressures on the same axis; F -contact surface area.
The third basic relation of the contact problem with wear is the equation of the wear model in differential
form:
du
—2 =F(o,9)
ds

or in integral form:
S
u,(s)=[F(o,s)ds.
0

The complexity of the final equation and the success of solving the problem as a whole largely depend on
the degree of complexity of the wear model.

The development of methods for solving contact problems with wear taken into account has gone from
the simplest problems to the refinement of models and the complexity of solutions. The wear model is a
differential (or integral) relationship between wear and the main factors. In this paper, of these factors, only the
influence of pressure is studied.

The test method should be based on the solution of the contact problem for a friction pair sample-counter-
sample. Rigorous solutions of this problem with allowance for compliance are complex. It is promising to use a
calculation scheme in which the contacting bodies are rigid. With sufficiently large wear, neglect of elasticity is
permissible.

Based on the analysis of the current state of test methods for wear of friction pairs and the need for
methods with uniquely defined operating conditions for contact pressures, the following task was set and solved
in this work: development of a theory of a test method for wear of friction pairs according to the ball-cylinder
scheme, which makes it possible to uniquely determine the parameters wear patterns and general characteristics
of the wear resistance of materials.

2.4. Wear models

Models (law) of wear processes are dependences of the intensity of wear (or wear) on the determining
factors of the process, which are used in the design of friction nodes, forecasting their wear and to optimize
structural, technological and other parameters. The pattern of wear can be applied in practice, if the algorithm for
determining the parameters of this pattern is known. It is the quantitative parameters that make it possible to
assess the influence of determining factors (pressure, temperature speed). The parameters can be set only based
on the results of experimental tests, which makes the model close to the real operating conditions of the friction
unit.

The theory of determining the parameters of wear models is developed on the basis of the solution of
inverse wear-contact problems (that is, when the dependences for the calculation of parameters are determined
according to the accepted mathematical form of the law of wear, geometric ratios (conditions of continuity in
contact), equilibrium conditions.

The more determining factors in the model, the more difficult the solution. So already two parameters (for
example, pressure and speed) significantly complicate the task and require certain assumptions.

In this work, a conceptual methodology is considered, one of the main tasks of which is the development
of the theory of test methods for the identification of wear parameters.

It is proposed as the most appropriate test schemes to use schemes when during the tests the contact
pressure changes due to a change in the contact area, which makes it possible to have results for the pressure
range based on the results of the tests of one sample. Such test schemes include: four-ball scheme, sphere - ring,
cone - ring cross cylinders, cylinder - plane, sphere - plane and others.

For the tests, the scheme is adopted, which, according to geometric and technological features, most
closely corresponds to the real tribo-coupling. Thus, the wear models obtained by the four-ball scheme should be
used to evaluate the wear resistance of connections in which contact is made along a line or at points (gears, cam
mechanisms) with small contact area sizes. For connections in which the dimensions of the contact area are
commensurate with the dimensions of the contacting bodies (sliding bearings, ball bearings), other test schemes
should be used: "cone-ring", "sphere-ring", which more adequately correspond to real contact.

At the initial stages of solving this problem, the theoretical foundations of test methods were considered
only for the contact pressure factor. In this work, methods of the theory of tests for a larger number of
determining factors for the above-mentioned test schemes with a variable contact area are developed. This made
it possible to evaluate the influence of speed and temperature factors on the wear process.
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Having a developed theoretical apparatus, tests of the friction unit are carried out in conditions close to
real ones (in terms of materials, lubrication, temperature, etc.) and the parameters of the wear model are
quantitatively calculated.

Based on the obtained wear model, you can:

- calculate (predict) the wear of the unit under different conditions based on contact pressure and sliding
speed, for example, at the stage of the design calculation of the friction unit;

- to optimize the structural and technological parameters of the friction unit according to the wear
criterion.

The proposed calculation-experimental approach does not give one hundred percent compliance with the
real flow of the process, but it is a necessary way to create calculation engineering methods for predicting the
wear resistance of friction nodes of technical tribostems.

3. Implementation of the method of tribological testing of structural and lubricant materials
according to the ""ball-cylinder' scheme

To simulate the wear of a spherical indenter along a cylinder, a wear regularity (model) is proposed in the
form of a dimensionless complex of determining factors (contact pressure and sliding speed):

du,, s V' (VR
2w feo | | 2R
ds CW(HB) { v j ’ @

where uw is the ball wear;

S is the friction path;

f is the coefficient of friction in the ball-cylinder pair;
o is the normal contact pressure;

HB is the hardness of the ball material;

V is the sliding speed;

R* is the reduced radius of the sphere and cylinder;

v is the kinematic viscosity of the oil;

Cw, n, p are the wear resistance parameters.

Let us take the form of the worn surface of the ball in the form of a circular sector with a profile
radius a (Fig. 1).

Uw

| _ s

Fig. 1. Scheme of contact "cylinder-ball": Q isload; n is the speed of rotation; & is the half-width of the
contact; R, I are the radius of the cylinder and balls

We also assume that the contact pressure under the wearing ball on the non-wearing surface of the cone is
uniformly distributed:

c=—>. 2

In the case of ball-plane contact, the maximum wear of the ball is determined by the expression:
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uW =4 (3)

where r is the radius of the ball.

In the case of ball friction not along a plane, but along a cylindrical rotating surface, the dependence of
wear on the contact radius will to some extent differ from that accepted for a plane. Let us estimate the
magnitude of this deviation.

For friction on the cylinder, the contact area on the ball is curved and is performed along the radius of the
cylinder R. In this case, with the same (with a plane) contact area, the wear value (3) is added to the wear value:

a2
Uy =——, 4
W = oR (4)

where R is the radius of the cylinder.
The relative error in determining wear from not taking into account the curvature of the cylinder, taking
into account (3) and (4), is determined by the ratio:

Uy

le

i (5)
L

It follows that an error of 1% is provided for a ratio of radii of 1/100. Yes, at r = 6.35 mm the radius of

the cylinder should be R = 635 mm, which does not seem correct for the design of the test facility.

It follows from the obtained estimate that the use of the formula for calculations when testing a ball-
cylinder pair can lead to errors. Therefore, it is necessary to take into account in the calculations of the
parameters of wear models the total wear over the entire contact area:

2 2 2

« a a 2r+R a
Uy =—+—-= —.
2r, 2R 2Rr R
where
. Rr
R\=— 6
R+r ©

Thus, when testing for wear according to the ball-cylinder scheme, the dependencies for the ball-plane
scheme can be used, if the ball radius is replaced by the reduced radius according to formula (6).

Let us represent the experimental dependence of the radius of a truncated sphere as a power
approximating function;

a(S)=cs’, )

where C and 3 — approximation parameters, which are determined by the results of wear tests.
Integrating the wear pattern (1), we obtain the integral form of the ball wear model:

- fcwj("(s)j [ ] ds. ©

2
a
Substituting the expression for wear into the left side of the obtained dependence U,, = F , and to the

right - the expression for the contact pressure (2), we get:

] { <s>jH18 nﬂvs*]pds' ©

or, taking into account (7), after integrating along the friction path, we obtain:
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202 n *\P  o1-2pn
c S* - fc, 2Q1 VR S | 10)
2R c°‘ntHB v ) 1-2Bn
From the condition of satisfiability of equation (10) for all values of S it follows:
2B =1-2pn, (11)
where:
n=1=28 12)
2p

To define a parameter P tests are carried out at two values of the sliding speed V1 and V2, from which
we obtain two groups of experimental data with approximating functions:

q = ClsB;
a, =c,S". &

Here we consider the problem of determining wear parameters based on the results of testing specimens
with a changing contact area during wear. A change in the wear area causes a change in the values of the contact
pressures. Exponent N expression (1) characterizes the rate of change of contact pressures during wear and is

related to the index [3 experimental dependence (7), which characterizes the rate of change of the contact area
during wear. Connection nand 3 in the accepted wear pattern (1) is uniquely described by relation (12). Since in

the relations under consideration the sliding speedV does not depend on friction path S , then it does not affect
the parameters nand 3 in the process of testing. In this case, changing the sliding speed V only affects the scale

factor C,, in expression (1). The above reasoning is confirmed by the test results.
Substituting expressions (13) into (10) we obtain the system of equations:

B _ Q Y(vRY.
R _fCW(CIZnHB]( v j ’

) (14)
2 n *
&P _ e, (_Q | [VR)
R ¢, nHB \Y

Dividing the first equation by the second, after transformations we get:

(C1/02)2n+2 = (\/1 /Vz)p- (15)
Where:

p :(2n+2)M (16)

gV, /V,)

To determine the coefficient K, we use one of the equations (14):

e (aHBY (v )
Cw = R Q J(VR )" an

Thus, formulas (12), (16) and (17) make it possible to determine the parameters of the wear pattern in the
accepted form (1).

Methodology of experimental studies.
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The tests of the bronze-steel pair were carried out according to the scheme of a spherical sample - a
cylindrical counter-sample. A spherical surface with a radius of R = 6.35 mm was made at the end of a
cylindrical specimen made of bronze with a diameter of 10 mm. The counterbody disk 96 mm in diameter and
12 mm thick was made of 40X steel, hardened and polished. The setup diagram is shown in fig. 2. The spherical
sample 9, fixed in the body 8, is pressed against the counter-sample - disk 10 with the help of weights 7. The
disk is lubricated by dipping in an oil bath 13. The disk is fixed on the shaft 4, which rotates in bearings 6 with
the help of an electric motor 1 through a pulley 2 and a belt transmission 3.

% %
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NN NN
Ny TR
NN
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Fig. 2. Scheme of the ball-cylinder test setup: (1-motor, 2-pulley, 3-belt transmission, 4-shaft, 5-
case, 6-bearing, 7-weights, 8-sample holder, 9-spherical sample , 10-counterbody (disk), 11-tension beam,
12-lever, 13-oil bath, 14-balance weight

The motor speed is adjustable from 0 to 1500 rpm. The load can be set up to 1 kg=10 N per sample. The
installation provides for measuring the friction force using a strain gauge beam and lever 12.

The tests were carried out with the following initial data: the radius of the ball (sphere) of bronze -
Ir = 6,35 mm; radius of counterbody, rotating disk R = 48 mm; sample load: Q = 1H; the material of the ball
is bronze, the disk is hardened steel; lubrication by dipping a rotating disk in a liquid lubricant; disk rotation

speed 200 rpm, basic friction path of the ball surface 12 km = 12-10° mm. Lubrication was carried out with
Magnum 15W-40 oil (TNK, Ukraine) with a viscosity of v=40 mm2/s; friction coefficient f=0.08. Bronze
hardness BrOF10-1 HB=90 MPa.

Reduced radius according to formula (6):

_Rr_ 48635 .

R+r 48+6.35
When tested after a certain number of cycles, using a microscope, the diameter of the ball contact area is
measured with an accuracy of microns. The test results are presented in table 1.

Table 1
Test results of a bronze sample during friction against a steel counterbody
No. S, km a(v =0.2m/s), mm a(v =0.4m/s), mm

1 0.2 0.115 0.135
2 0.4 0.135 0.16
3 1.0 0.175 0.2

4 2.0 0.21 0.235
5 6.0 0.29 0.32
6 12.0 0.335 0.38
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Fig. 2. Graphical interpretation of the test results and power-law approximation of the dependences of
wear on the friction path a(S)/

On fig. 2, based on the test results, the dependence curves of the wear area dimensions on the friction path
for two values of the sliding speed are plotted. The Excel program allows you to carry out a power-law
approximation of the test results in the form (13) with a numerical determination of the parameters of this
approximation, shown on the graphs in the form of equations of the trend line (9 approximating curves). The
results of determining the parameters of these dependencies are shown in Table 2.

Table 2.
The results of the determination of the approximation parameters (13)
Options V=0.2m/s V=0.4m/s
C 0.0202 0.0231
B 0.1611 0.1611

In accordance with the procedure shown above, the parameter n can then be determined from formula
(12):
1-2 1-2-0.1611
n= B = =21

2B 2-0.1611
According to formula (16), the parameter p is calculated:

o= (2n12) 196 C) _ 5 5, 5 10(0:0202/0.0231)

1.19.
lg(V, /V,) 9(0.2/0.4)

To calculate the coefficient C,, we use formula (17):

2n+2 n P 22.142 21 119
c, b (nHBM v ] _ 0.1611.0.0202 (3.14 90} ( 40 j  0.001402

fR” Q VR’ 0.08-5.6 1 0.2-5.6

Thus, we have the following -calculated values of the parameters in the wear pattern
(1):n=2.1;p=1.19;C, =0.001402, which identify this dependence and make it possible to predict the
wear intensity of tribocouples under given initial operating conditions: by loads, sliding speed, characteristics of

lubricants and structural materials.

Conclusions

1. Based on the analysis of the current state of test methods for wear of friction pairs and the need for
methods with certain operating conditions, the problem of developing a theory of test methods for wear of
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friction pairs according to the ball-cylinder scheme was solved, which makes it possible to determine the
parameters of wear models and the general characteristics of the wear resistance of materials.

2. Models (law) of wear processes are dependences of the intensity of wear (or wear) on the determining
factors of the process, which are used in the design of friction nodes, forecasting their wear and to optimize
structural, technological and other parameters.

3. Based on the solution of wear-contact problem for the "ball-cylinder" scheme, a theory has been
developed for identifying the parameters of the wear pattern. To solve the inverse problem, a method of
approximating function is proposed and implemented.

4. The theory of determining the parameters of wear models is developed on the basis of the solution of
inverse wear-contact problems (that is, when the dependences for the calculation of parameters are determined
according to the accepted mathematical form of the law of wear, geometric ratios (conditions of continuity in
contact), equilibrium conditions.

5. Having a developed theoretical apparatus, tests of the friction unit are carried out in conditions close to
real ones (in terms of materials, lubrication, temperature, etc.) and the parameters of the wear model are
quantitatively calculated.
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Muxa O.B., Crapmii A.JL, T'erbman M.M., ®acoasi B.O. Teopis Ta eKCHEpUMEHT METOIB
TpPHOOJIOTIYHUX BUIIPOOYBaHb

Ha ocHOBI aHasi3y cyuacHOro cTaHy METOJIB BUIPOOYBaHb Ha 3HOC Map TepTs Ta MOTPeOH B METO/aX 3
MEBHUMH YMOBaMHU poOOTH BUPIIIYBaIOCs 3aBJlaHHS PO3POOKH Teopii METO/iB BUIPOOYBaHb Ha 3HOC Iap TepTs
32 CXEMOI0 MIap-LMJIIHIpP, [0 MJ03BOJSIOTH BHM3HAUaTH NapaMeTpy MoJeleld 3HOIIYBaHHS Ta 3arajbHy
XapaKTepUCTUKY 3HOCOCTIHKOCTI MarepianiB. [loka3aHo, 0 BHJ 3HOLIYBaHHS B MEXaX PO3KHUIY BIACTUBOCTEU
napaMeTpiB mapu TepTst 3abesneuye NOTPUMaHHsS OCHOBHMX YMOB KOHTaKTy: MaTepiaji, MacTWIO, THCK,
MIBHJIKICTh, TEMIIEpaTypa, BUA PyXy Ta iHIII MEHII iCTOTHI (akropu. BcTaHOBIECHO, IO OMHUM i3 BaXKIMBHUX
MUTaHb TPH po3poOIli Ta TPOBEJCHHI BHUMPOOYBaHP Ha 3HOC € OOJIK BIUIMBY CTaiOHAPHOCTI pPEXUMY
3HOIYBAaHHS Y TOYI. MeTOAWKH BUIIPOOYBaHb B PeXKUMax (PEKUM IMEPEXiTHUX MPOIECiB), [0 BCTAHOBUBCH i
HEBCTaHOBJICHNH, pi3Hi. B OCHOBI MeTony BHIpOOYBaHb Ma€ JIEXKATH BUPIMICHHS KOHTAKTHOTO 3aBAAHHS JUIS
mapu TepTs 3pa30K-KOHTP3pa3oK. Ha OCHOBI pillleHHS 3BOPOTHOI 3HOCOKOHTAKTHOI 3a7adi JJIsl CXEMH «KyJIs-
IIITIHAPY» po3po0JeHa Teopis ineHTedikamii mapMeTpiB 3aKOHOMIPHOCTI 3HOWIyBaHHSA. Jlns BHpimIeHHS
3BOPOTHOTO 3aBJaHHS 3alpoOTOHOBAaHO Ta pealli3oBaHO crocid ampokcumyrouoi (ynkmii. CryneHesa
AIPOKCHUMAITiSl eKCIIEPUMEHTANBHOT (QYHKIIIT MiCHIs MiICTAHOBKU B BUpIIIAIIbHE PIBHAHHS A€ MPOCTi BUPa3H AL
pO3paxyHKy mapamerpiB moxeni. OTpuMaHi pe3ynbTaTH Jal0Th MOXIIHMBICTh NMPOTHO3YBAHHS IHTEHCHBHOCTI
3HOIIYBaHHS TPUOOCHONYYeHb 3a 3a/laHMX BUXIJHUX YMOB €KCIUTyaTallii: 3a HaBaHTAKECHHSMH, IIBUIKICTIO
KOB3aHHSI, XapaKTePUCTUKaMH MACTHIBHIX 1 KOHCTPYKIIHHNX MaTepiais.

KaiouboBi ci10Ba: 3H0C, mapu TepTsi, TpUOOJIOTIUHI BUIIPOOYBaHHS, KOHTAKTHA 3a/1a4a
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Abstract

The article examines the effect of discrete basalt fibers on the tribotechnical characteristics of DF-101
polytetrafluoroethylene according to the “disk-pad” scheme under conditions of friction without lubrication. It
was established that the introduction of filler leads to decrease in the intensity of wear and the coefficient of
friction of the base polymer 1,7 and 360 times, respectively. The improvement of these properties occurs because
“anti-friction layer” that is more stable compared to unfilled polytetrafluoroethylene is formed in the process of
friction of basalt plastics. As a result, friction occurs according to the “polymer-polymer” scheme. This is
confirmed by a profound change in the morphology of the friction surface. For example, deep ploughing furrows
and traces of adhesion with the counterbody are observed for polytetrafluoroethylene, while basalt plastics are
more resistant to deformations, which, in turn, leads to a reduction of ploughing furrows. A sharp decrease in
wear resistance 1,35-3,3 times is observed for basalt plastics containing 30-40 mass.% of fiber. It is probably a
consequence of the growth of defects in the volume of the material due to the uneven location of the fiber in the
polymer matrix. The confirmation of the presence of defects in the volume of basalt plastics is confirmed by a
comparison of the calculated and experimental (hydrostatic) density. It was found that polytetrafluoroethylene
loses 10% of its mass at a temperature of 823K, while the temperature of losing 10% of mass increases by 10
degrees for basalt plastic. It was determined that the effective content of the filler in the polymer matrix is
20 mass.%. The obtained basalt plastic (20 mass.% fiber) is recommended in manufacturing rolling and sliding
bearings (as anti-friction protection) for tribological units of modern technology operating under the influence of
high temperatures, aggressive environments and friction conditions without lubrication.

Key words: polytetrafluoroethylene, basalt fiber, wear intensity, coefficient of friction, friction unit
Introduction

Reliable and failsafe operation of friction units of systems and aggregates of mining, metallurgical and
agricultural [1] machinery directly depends on their wear. It is known [2] that in operation process, the working
bodies of friction units made of traditional metals undergo catastrophic wear manifested in the destruction of
their surfaces, violation of the initial geometric shapes and weight. All the above leads to the loss of efficiency of
the friction units, resulting in increased operating costs and a decrease in their efficiency.

Using fluoropolymer composite materials (FPCM) allows us to solve this problem and obtain a number of
advantages. Thus, sliding [3] and rolling bearings (like anti-friction protection) [4], as well as piston and seal
rings [5] made of FPCM, made it possible to increase the service life of the friction units of KINZE-7600
seeding-machine and sintering pallet cars, piston compressors of SO-7B and 4GM 2,5 U-3,4/2,8-251 2,5 times
on average. The effectiveness of using these FPCM consists in the complete rejection of lubricants, increased
wear resistance, reduced coefficients of friction and linear expansion, the number of planned preventive
maintenances and equipment downtime.

Copyright © 2022 O. Yeromenko, A.-M. Tomina, I. Rula. 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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Effective fillers for creating wear-resistant FPCM are fibers of various natures such as carbon, organic,
glass, etc. However, these composites are characterized by insufficient heat resistance and alkali resistance [5,
6], high hygroscopicity (this indicator is 10-20% for glass fibers).

As the analysis of literary sources [7] showed, basalt fibers (BF) are one of the promising fillers for
creating wear-resistant polymer composites. The unique multi-component composition of basalt (except for
oxides, it contains almost all the elements of Mendeleev's table) provides the fiber with a successful combination
of high technical characteristics [8] which are not inferior to organic, carbon and glass fibers. Thus, basalt
plastics (BP) 3 times surpass steel in strength. High damping properties, resistance to aging, corrosion and many
natural factors characterize them. Environmental and economic aspects are not the last argument in favor of
using BF. BF is a more ecological product compared to glass, carbon, and organic fibers, since the raw material
from which it is made is igneous rock (basalt). In addition, the technological process of manufacturing BF has
an energy-efficient production technology. Only basalt crushed stone only is used for fiber production, without
using acids, dyes and solvents. Given the above, looking for a new BP based on a fluoropolymer matrix with
high functional characteristics is an urgent task.

Technique for researching the properties of composites

DF-101 polytetrafluoroethylene (PTFE) (manufactured by Shandong Dongyue Polymer Material Co.,
Ltd, China) was chosen as the polymer matrix for creating basalt plastics. This polymer is characterized by a
unique complex of functional properties (see Table 1) in combination with increased resistance to thermal
degradation, erosion, as well as the effect of organic and aqueous environments.

Table 1
Main properties of DF-101 polytetrafluoroethylene
Indicator Value
Density, g/cm?® 2,13-2,16
Tensile strength, MPa 27,0
Elongation at rupture, g/L 500 £ 100
Moisture content, % 0,04
Operating temperature, K 4-533

The disadvantages of PTFE are a high coefficient of thermal expansion, the ability to undergo irreversible
deformation under the influence of mechanical loads at room temperature, a tendency to residual deformation
and low resistance to abrasion, which is why it is recommended to use fillers.

Discrete BF (Research Institute of Fiberglass and Fibers PJSC (NDISV in Ukrainian), Ukraine) was
chosen as filler for PTFE. BF was produced using compression moulding according to the method given in the
paper [3].

The tribotechnical characteristics of polytetrafluoroethylene and basalt plastics based on it were studied
using the “disk-pad” scheme on SMC-2 friction machine, under conditions of friction without lubrication, at a
load of 1,0 MPa, and a sliding speed of 1,0 m/s. Steel 45 (45-48 HRC, R,=0,32 pm) was used as a counterbody.
The density of PTFE and BP based on it was determined using hydrostatic weighing method.

The study of the friction surfaces of the unfilled polymer and BP based on it was carried out using a
BIOLAM-M optical microscope.

The thermal stability of polytetrafluoroethylene and BF based on it was carried out using the method of
thermogravimetric analysis using MOM Q-1500D derivatograph of the Paulik-Paulik-Erdey system (Hungary).
The temperature range of the research was 273-900 K, the rate of temperature rising was 10 K/min, the weight of
the test sample was 100 mg.

Results

According to the results of tribotechnical characteristics research (Table 2), it was established that the
introduction of BF leads to a decrease in the coefficient of friction and the intensity of linear wear of PTFE 1,7
and 360 times, respectively, reaching the minimum values of the latter at a fiber content of 20 mass.%. The
improvement of these properties occurs because finely dispersed products of frictional transfer of BP fill in the
microdepressions of the steel counterbody and form a more stable, compared to pure PTFE, an “anti-friction
layer” [9]; as a result, friction occurs not according to the “metal-polymer” scheme, but according to the
“polymer-polymer” scheme [10].
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Table 2
Tribotechnical characteristics of basalt plastics based on polytetrafluoroethylene
Indicat Basalt fiber content, C, mass.%
ndicator 0 [ 10 [ 20 | 30 | 40
Coefficient of friction, f 0,35 | 0,33 | 0,32 | 0,20 0,20
Intensity of linear wear, 1,x107° 1120 | 5,31 | 3,12 | 4,30 10,40

The study of friction surfaces of PTFE and BP showed a deep change in the surface morphology. It can
be seen from the microstructure of the friction surface of PTFE that there are traces of adhesion and deep
furrows of ploughing of the surface layer on its surface (Fig. 1, a). The introduction of BF leads to the reduction
of ploughing furrows (Fig. 1 b and c); it can be explained by the fact that the fibers give stiffness to the soft
polymer, and as a result, BP resists deformations.

A sharp decrease in wear resistance 1,35-3,3 times is observed for basalt plastics containing 30-
40 mass.% of the filler, which is probably a consequence of the growth of defects in the volume of the material
(the formation of microcracks and pores) due to the uneven location of the fiber in the polymer matrixes.
Pronounced friction tracks, which are formed due to the dominance of the process of mechanical destruction of
the surface, and those formed as a result of the transfer of spent particles to the friction area are observed on the
friction surface of basalt plastic containing 40 mass.% of the fiber (see Fig. 1, d).

Fig. 1. Microstructures (x150) of friction surfaces of polytetrafluoroethylene (a) and basalt plastics based on it,
containing: 10 (b); 20 (c), 40 (d) mass.%o of basalt fiber

The confirmation of the presence of defects in the volume of BP is confirmed by the comparison of the
calculated and experimental density. It can be seen from fig. 2 that experimental BF density is higher than the
calculated one at a BF content of 10-20 mass.%. According to this, we conclude that the supramolecular
structure of the obtained materials is more ordered due to strong intercomponent interaction at the “polymer-
fiber” interface. With a further increase in BF content, the opposite dependence is observed, which can be
explained by the fact that it becomes more challenging to achieve a uniform distribution of
polytetrafluoroethylene on its surface; as a result, during the formation of the surface layer, the packing of
macromolecules in it becomes looser, therefore, the material contains pores.
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Fig. 2. Dependence of calculated and experimental density (p, g/cm®) of polytetrafluoroethylene on basalt fiber content
(C, mass.%)

Another important property that ensures the stable operation of friction units is the thermal stability of the

composite. It was established that the introduction of BF (Fig. 3) leads to an increase in the thermal stability of
PTFE.
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Fig. 3. Dependence of mass loss (M, %) on temperature (T, K) of polytetrafluoroethylene (1) and basalt plastics based
on it containing: 10 (2); 20 (3), 30 (4), 40 (5) mass.% of basalt fiber

There is no mass loss observed up to 423 K on the thermogravimetric curves of PTFE and basalt plastics
based on it; that is, the materials are hydrophobic [7]. It is interesting to note that PTFE loses 10% of its mass
(T10) at a temperature of 823 K, while for BP the temperature of losing 10% of mass increases by 10 degrees,
which is due to a decrease in the mobility of molecular chains of PTFE when reinforcing its BF. It, in turn, leads

to an increase in its thermal oxidation resistance. There is a significant mass loss after 823 K due to intensive
thermal destruction of both PTFE and BP based on it.

Fig. 4. Sintering cars of Zaporizhstal PJSC
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The positive results of laboratory studies allowed us to proceed to production ones. Basalt plastic with an
effective (20 mass.%) filler content was used as an anti-friction protection for sliding bearings (No. 315) of
sintering cars of Zaporizhstal PJSC (Fig. 4).The friction units of the cars work in dusty conditions and under
high temperatures (about 573 K). The bearings with the developed BP worked without failure for 11 months,
which made it possible to recommend bringing them into serial production

Conclusions

According to the results of tribological studies using the “disk-pad” scheme, it was established that the
introduction of discrete basalt fiber leads to a decrease in the coefficient of friction and the intensity of linear
wear of DF-101 polytetrafluoroethylene 1,7 and 360 times, respectively. At the same time, the thermal stability
of basalt plastics increases. Based of the obtained results, BP with an effective fiber content (20 mass.%) is
recommended for manufacturing friction units of machines and mechanisms of modern technology that operate
under the influence of high temperatures and friction conditions without lubrication.
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€pvromenko O.B., Tomina A.-M.B., Pyaa L.B. BmmmB nuckperHoro 0a3aibTOBOTO BOJIOKHA Ha
eKCITyaTalliiiHi BJACTHBOCTI MOJITeTpadTOPETUIICHY

VY cTarTi pO3TIAHYTO BIUIMB TUCKPETHOTO 0a3ajJbTOBOTO BOJIOKHA HA TPHUOOTCXHIUHI XapaKTEPUCTHKH
nomniterpadroperuneny mapku DF-101 3a cXeMor0 «IHCK-KOJOIKa» B yMOBax TepTs O3 3MalleHHS.
BcraHoBneHo, 110 BBEJCHHS HAlOBHIOBAaYa IPHU3BOAUTH JO 3MEHIICHHS IHTEHCHBHOCTI 3HOLIYBaHHS Ta
KoeimienTy Teptsa 6asoBoro momimepy y 1,7 Ta 360 paziB BigmoBigHo. IlokpalieHHs JaHUX BIACTUBOCTEH
00yMOBJIEHO THM, IO B Tpoleci TepTs 0a3aJbTOIUIACTHKIB YTBOPIOETHCS OUIbII CTaOUIBHHH, MOPIBHSHO 3
HEHAIIOBHEHUM IOJITETPa(TOPETHIICHOM, «aHTH(OPUKLIAHAN IIap», BHACTIJOK 4YOro TEpTs BigOyBaeThCs 3a
CXeMOI0 «roJiiMep—toniMmepy. [liATBEpIKEHHSIM OO CIYXHUTh ITMOOKa 3MiHA MOPQOJIOTii MOBEPXHI TEPT.
Tak, ns nosiTeTpadTOPETHIICHY CIIOCTEPIraloThesl IIIMOO0KI OOPO3HM HMPOOPIOBAHHS W CIIJU CXOILUTIOBAHHS 3
KOHTPTUJIOM, B TOH dac sK 0a3ajlbTOIUIAaCTHKH YHHATH OUMBIIUI omip Ao medopmarmiif, o B CBOIO dYepry
MPU3BOJNUTH 10 3MCHIIEHHsS 00pO3H mpooproBaHHsA. st Oa3zansTomIacTukis, mo MicTats 30-40 mac.% BoloKHa
CIOCTEpIraeThcs pi3Ke 3MEHIIEHHS 3HococTidkocTi y 1,35-3,3 pasm, mo iMOBipHO, € HACHiIKOM 3pOCTaHHSI
nedekTiB B 00’emi MaTepianmy depe3 HEpiBHOMIpHE pO3TANIyBaHHS BOJIOKHA B IIOJNIMEpPHIA MaTpHIIi.
[linTBepmKeHHS HAsIBHOCTI Ae(eKTiB B 00’ eMi 0a3aTbTOIUIACTHKIB MiATBEPIKY€E TOPIBHSAHHS PO3PaXyHKOBOI Ta
eKCTIepUMEHTANBHOI (TiApocTaTHYHOI) TycTHHU. BeranosneHo, mo momiterpadToperniceH Brpadae 10% macu
npu Temneparypi 823 K, B Toii yac sk At 6a3anpToINIacTUKY TeMreparypa Brpatd 10% macu 30U1bIyeThest Ha
10 rpanyciB. BusHadeHo, mo e(peKTHBHHMI BMICT HAallOBHIOBaua B IOJIIMEpHiH MaTpuui ckianae 20 mac.%.
Otpumanuii 6a3anpromiacTuk (20 Mac.% BOJIOKHA), PEKOMEH/IOBAHO IPH BUTOTOBJICHHI IiIIIUITHUKIB KOUEHHS
Ta KOB3aHHS (SIK aHTU(QPHUKUIHHUNA 3aXKUCT) Uil TPHOOJIOTIYHUX 3 €IHAHb CyYacHOI TEXHIKH, IO MPALIOIOTh ITiJ|
BIUIMBOM BHCOKHX TEMIIEpATyp, arPECUBHUX CEPEIOBHUIIL T yMOBaX TePTs 0€3 3MallleHHSI.

Karouosi cioBa: momiterpadropeTiiieH, 6a3adpToOBE BOJIOKHO, iIHTCHCHBHICTh 3HOITYBAaHHS, KOSQIIiEHT
TEepTs, BY30JI TePTA
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Abstract

The paper shows the results of studying the possibility of using fullerene-like nanoparticles as a
lubricating additive in the composition of technological lubricant MT-216 M. The lubricity properties were
evaluated on a laboratory rolling mill DUO-180 during cold rolling of strips of steel 08kp. The rolling force, the
coefficient of friction in the deformation zone were measured, the values of the elongation coefficient and the
parameter reflecting the costs of the rolling force per unit deformation of the metal were calculated.

Keywords: technological lubrication, cold rolling of steel, lubricating properties, fullerene-like
nanoparticles

Introduction

Lubricating-cooling technological agents (LUTA), used in the processing of metals by pressure, are called
technological lubricants (TL). The right choice of process lubricant helps to increase the productivity of rolling
equipment, improve the quality of products. The technology of using the TL is also of great importance - i.e. a
method of supplying lubricant to rolls and metal, determining the optimal lubricant consumption and improving
lubrication systems.

Technological lubricants must meet a number of technical, economic and sanitary-hygienic requirements.
Depending on the production conditions, the type of metalworking, the nature of the metal being processed, the
parameters of the technological process, the list of requirements for lubrication may vary [1].

However, based on the fact that the performance properties of lubricants depend on many factors, taking
into account the effect of lubricants on the quality of rolled products, as well as the variety of rolled products and
the characteristics of rolling mills, it is possible to determine the main requirements for the TL for cold thin sheet
steel rolling on modern high-speed mills:

« the ability to provide the lowest friction coefficient acceptable for this type of metalworking;
+ ability to provide high adhesion to a metal surface;

* high cohesion in the film and its resistance to high pressure and shear resistance;

+ ability to form polymolecular layers and provide a strong film;

* maximum resistance to temperature, improved adhesion and increased strength of the lubricating layers with
increasing temperature;

* high viscosity index;

« stability of composition and properties;

* high lubricating properties;

* do not stick to the metal, do not degrade the quality of the surface;

* convenience of giving on rolls and metal,;

* no harmful effects on metal and equipment (corrosion, contamination, etc.);

* non-toxicity, absence of an unpleasant smell.

Copyright © 2022 1.M. Kartun, O.A. Remez, O.O. Haidai, O.A. Spaska, O.B. Yanchenko, V.S. Pyliavsky, Ye.V. Polunkin.. This is an
@m_ open access article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and
[ reproduction in any medium, provided the original work is properly cited.
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Compliance of the TL with the above listed requirements is ensured by the component composition of the
TL. The most important for the TL are lubricating properties. The technological environment used in the cold
rolling of steel plays an important role in reducing the energy and power parameters of rolling, affects the
productivity of the process, the consumption of rolls and bearings, the geometry and surface quality of the rolled
strips [2].

Literature review

Studies show that the lubricating properties of TL are due to the complex effect of their component
composition on the formation of boundary layers - surface protective films. Depending on the nature of the TL
components, the chemical composition, structure, and properties of boundary surface layers can change
significantly.

Currently, new carbon-based spatial nanostructures are considered as promising antiwear additives for
lubricants. According to the recommendation of the International Union of Pure and Applied Chemistry
(IUPAC), single- and multilayer closed spherical polyhedra consisting of carbon pentagonal and hexagonal faces
(resembling a soccer ball in structure) are classified as fullerenes (or fullerene-like nanoparticles (FLN) [3].

The mechanism of action of FLN on the tribological characteristics of lubricants is explained by the
deposition of fullerenes from the liquid phase on the contact surfaces during friction. It is assumed that a layer of
ball-like fullerene nanoparticles formed on the friction surfaces transforms sliding friction into rolling friction
with a decrease in the friction coefficient and minimization of wear [4, 5].

In accordance with such ideas, it should be expected that the positive effect of these additives on the
tribological characteristics should increase as the contact surfaces are filled with fullerene particles. In turn, the
precipitation of fullerenes accelerates with an increase in their concentration in the solution.

In V.P. Kukhar Institute of Bioorganic Chemistry and Pertochemistry of the National Academy of
Sciences of Ukraine were developed methods for obtaining fullerene-like carbon nanoparticles (CNOs) by the
plasma-chemical method and alkaline pyrolysis of vegetable carbohydrates (lignin, wood waste cellulose). The
methods of atomic force and transmission electron microscopy, infrared and Raman spectroscopy were used to
study the structural and dimensional features of thle sylr;}hesized carbon nanoparticles.
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Fig. 1. Evaluation by atomic force microscopy of the size of fullerene-like nanoparticles obtained by carbonization of
wood waste

Fig. 2. Transmlssmn electron mlcroscopy image of fullerene- Ilke nanoparticles obtained by carbonization of wood
waste
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Figure 1 shows images of the synthesized FLN obtained by atomic force, and in Figure 2 - transmission
electron microscopy. The average size of individual synthesized nanoparticles is in the range of 15-25 nm.

Purpose

The authors studied the possibility of using spherical carbon nanoparticles obtained by carbonization of
bio-raw materials as a lubricant additive in the composition of TL. The object of the study was a Ukrainian-made
technological lubricant MT - 216 M produced by "Chemical Investment Company LTD".

Results

Technological lubricant MT-216 M is a balanced composition of synthetic esters of fatty acids and
polyhydric alcohols, vegetable oils, emulsifiers, corrosion inhibitors and other multifunctional additives that give
it a set of necessary performance properties. TL MT-216 M is designed for use in high-speed cold rolling of
carbon and alloy steels, pipe rolling and drawing, wire drawing, stamping and cutting of carbon and alloy steels.
Physical and chemical requirements for technological lubricant MT-216 M are given in Table 1.

Table 1
Physical and chemical requirements for TL MT-216M

Norm according to
Ne The name of indicators Specifications 20.5- Test Methods
32734997-003:2016
A. Concentrate
1 Appearance and color ;—Iomogeneous oily liquid GOST 6243
rom yellow-red to brown
2 | Density at 20°C, kg/m?® within 920-1000 ASTM D 1298
3 Kinematic viscosity at 50°C, mm?/s (cSt), within 30-70 ASTM D 2196
4 Flash point in an open crucible, °C, min 180 ASTM D 92
5 Pour point, °C, max minus 5 ASTM D 97
6 Acid number, mg KOH/g, max 20 ASTM D 664
7 Saponification number, mg KOH/g, min 210 g’f;ig 17362 or GOST
8 Mass fraction of water, %, max 0,5 ASTM D 6304
9 Storage stability Withstands GOST 6243
10 | Ash content, %, max 0,05 GOST 1461
11 | Mass fraction of mechanical impurities, %, max 0,03 '56‘284TM D189 or ASTM D
12 | Corrosive effect on metals: steel 10 Withstands ASTM D 130
13 pH value, within 6,0 -8,0 GOST 6243
14 Emulsion stability: oil release is allowed within 1 20 GOST 6243
hour,%, max !
B. 5% emulsion prepared according to GOST 6243
16 | pH value, within 6,0 -8,0 GOST 6243
17 Emulsion stability: oil release is allowed within 1 20 GOST 6243
hour,%, max !
18 Corrosive effect on metals: steel 10 Withstands GOST 6243

Experimental study of the effectiveness of the lubricating properties of fullerene-like nanoparticles
in the composition of technological lubricants during cold strip rolling

An alcoholic solution of fullerene-like nanoparticles was prepared by extracting a dry CNOs-Br powder
with absolute ethanol with a content of nanoparticles of 0.4862 g/l of the solution.

Fullerene-like nanoparticles were introduced into the TL MT-216 M in the form of an alcohol solution in
an amount of 0.01% wt; 0.10% wt; 1.00% wt. Experimental studies were carried out on the basis of the A.P.
Chekmarev Department of Metal Forming of the Ukrainian State University of Science and Technology
(National Metallurgical Academy of Ukraine) (DMF USUST (NMetAU).

Studies of antifriction efficiency were carried out during cold rolling of thin strips 0.5 mm thick (I/hay >
3-5), which, according to A.P. Grudev [6], is the most favorable condition for such experiments. The samples
were a strip in a roll of 08kp steel in the annealed state (Ginit. =260 N/mm?) with a width b=200.5 mm and an
initial thickness ho=0.5 mm. The study was carried out for 15 samples with a length of 1,=540 mm, based on 3
pcs. for each sample of the investigated lubricant, and 3 pcs. for rolling without lubrication.

TL studies were carried out on a laboratory two-roll mill "duo"-180 of the Department of DMF USUST
(NMetAU). The mill is equipped with rolls with a diameter of 180 mm, the rotation speed of which is 0.264 m/s.
A general view of the rolling stand is shown in fig. 3.




48 Problems of Tribology

Fig. 3. General view of the stand of the laboratory mill 180-""duo’* of the Department of DMF USUST
(NMetAU)

Before rolling, the prepared strips were cleaned and degreased with “Kalosha” gasoline-solvent (Nefras
S2-80/120). Also, the rolls and the receiving table of the mill stand were subjected to cleaning and degreasing.

The degree of compression of steel samples was preliminarily chosen, the value of which is equal to 12%
of the initial height of the sample. At the first stage of experimental studies, 3 samples were rolled without
lubrication, which will later serve as a standard for comparing the power parameters of rolling samples with
lubrication. Lubricants were generously applied with a brush to the surface of each strip along the entire length.
Before rolling each strip, the rolls and the receiving table of the mill stands were degreased with the solvent
indicated above. Fig. 4 shows a sample of the indicated length with lubrication applied.

Fig. 4. Initial sample with applied lubricant (top view)

After rolling, changes in their geometric parameters were measured on the test samples: thickness h; (10
measurements were made along the length of the strip on each strip, the average value is indicated in the table),
width and length of the samples by, l:. The elongation ratio, which is an indirect method for determining the
lubricity properties of TL during rolling, was calculated from the ratio of the sample cross section before and
after rolling.

5= o _ oo )
R hb

were
Fo is the sample cross section before rolling,
F1 is the cross section of the sample after rolling,
ho is the sample thickness before rolling,
h: is the sample thickness after rolling,
bo is the sample width before rolling,
by is the width of the sample after rolling.

During the rolling of the specimens, the rolling force was measured using pressure gauges installed under
the pressure screws. Mesdoses were previously calibrated. The value of the rolling force (the previously used
expression "pressure of the metal on the rolls") was taken from the molds, and with the help of an ADC device
(analogue-to-digital converter) was transmitted to a computer. The research data on the effect of TL on the
rolling force are presented in Table 2. The obtained data on the rolling force of steel specimens indicate the
effect of technological lubricants on the rolling force. The most effective lubricant in this case is MT-216M +
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1.00% fullerene-like nanoparticles (FLN), the other lubricant samples showed approximately the same result of
force measurements.

Table 2
Comparison of rolling force
Lubricant cz(;)rt%er:to:‘tﬁ:ensl,:lr?;) Average force at steady Minimum-rolling force
state (Pc), kN (Pmin), kN
(Pg), kN
Without lubrication 26,8 25,5 24,0
MT-216 M 27,4 24,5 22,6
MT-216M + 0,01 % FLN 24,5 24,5 22,6
MT-216M + 0,10 % FLN 26,8 245 19,6
MT-216 M+1,00 % FLN 29,4 22,6 20,6

The second criterion for evaluating the lubricating properties of lubricants is the determination of the
average coefficient of friction in the deformation zone (f). The calculated dependence for determining the
coefficient of friction during cold strip rolling, proposed by A.P. Grudev [7]:

1 0.1¥2
f=k 140.25,/v5,—0.005vg, [1+(04+ )R] [U’U? N 2:1+v,.j+3v,?] @)

where k; is a coefficient that takes into account the nature of the lubricant; vso is the kinematic viscosity of
the lubricant at a temperature of 50 °C, mm?/s; ¢ is the partial relative reduction of the strip during cold rolling,
fractions of a unit; R, is the height of microroughnesses on the surface of work rolls, um; V; is the
circumferential speed of the work rolls during rolling, m/s.

According to A.P. Grudev coefficient kj is equal to: for vegetable oils — 1.0, for mineral oils — 1.4. When
rolling with emulsions from emulsols based on mineral oils, the viscosity of the corresponding mineral oils is
taken as the calculated value of vso [7].

The geometric dimensions of the samples after rolling, the values of the elongation coefficient, as well as
the calculated values of the friction coefficient are shown in Table 3. Also, as mentioned above, to indirectly
determine the lubricating properties of the TL during rolling, the values of the elongation coefficient and the
parameter K (KN/%), reflecting the cost of rolling force per unit of metal deformation were calculated.

Table 3
Geometric dimensions of specimens, elongation coefficient and coefficient of friction during rolling
of steel specimens on a laboratory mill 180 "'duo"’

Final strip Relative Strip width Medium

Lubricant ﬂ;ickness compre(z)ssion, after rolling d';ﬁ%i Roll speed m/s contactstregs coeFfrtli((::ti?r?t,f KI\]f/%
1, mm &% by, mm pm, NImm

}’V'”.‘O‘“. 046 8 2015 1079 0264 473 0229 3187

ubrication

MT-216 044 12 20,1 1131 0,264 372 0,097 2,043

MT-216 M

+ 001 % 044 12 20,1 1131 0,264 372 0,077 1,879

FLN

MT-216 M

+ 010 % 044 12 201 1131 0,264 372 0,062 2,043

FLN

MT-216

M+1,00 % 044 12 20,1 1131 0,264 342 0,058 2,043

FLN

Analysis of the data given in Table 3 showed that when rolling without lubrication, large values of the
friction coefficient are observed and the cost of force per unit of deformation of the metal K increases. The
lowest values of the friction coefficient f were obtained when rolling strips using TS MT-216 M + 1.00% wt.
FLN.

Conclusions

An analysis of the obtained data shows that the addition of fullerene-like nanoparticles to the composition
of the technological lubricant MT-216M improves the lubricating properties. The lubricating effect is manifested
at a concentration of 1.00% FLN in the composition of the lubricant, which is mainly due to the deposition of
fullerene nanoparticles on the surface and, to a lesser extent, to the effect on the structure of the liquid phase.
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In the future, to study the lubrication efficiency, it is possible to conduct experiments to determine the
advance during rolling as an indirect parameter of the TL efficiency, as well as to study the thickness of the
lubricating layer by the drop method.
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B poOoti mokasaHi pe3ydbTaTH [OCI/KEHHS MOJIHMBOCTI 3aCTOCYBaHHSA (yJUIEpeHONOAIOHIX
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mpokaTmi cMmyr 3i crami O8km. Bymm BuMipsHI cuia MpoKaTKH, KoediIieHT TepTs B ocepeaky aedopmarii,
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KoaiouoBi cioBa: TexHONOriyHe 3MallleHHS, XOJOAHA IPOKAaTKa CTali, 3MallyBaJbHI BJIACTUBOCTI,
¢ynnepeHono1ioHI HAHOYACTKH
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Abstract

The article is dedicated to the study of the influence of alloying with manganese and chromium followed
by hardening and tempering of the auger on its wear resistance during the dehydration of municipal solid waste
truck. The use of a mathematical apparatus and appropriate regression analysis programs made it possible to
determine the dependence of the wear resistance of the auger on the content of manganese and chromium in the
steel of the auger for the case of its quenching and tempering. Constructed graphical dependences of relative
wear resistance with the indicated alloying and heat treatment of the screw revealed a significant influence of the
concentration of manganese and chromium in steel, sufficient convergence of the obtained patterns was
confirmed. It was established that after operation and wear on the path s = 56850 m during the dehydration of
solid waste in a garbage truck, an increase in the manganese content in the steel of the heat-treated screw from
0.32% to 1.8% leads to a decrease in energy intensity by 10 kWh/tons, and an increase chromium content in
screw steel after similar heat treatment from 0% to 6% leads to a decrease in energy consumption by 11.5
kWh/tons and to a reduction in the cost of the solid waste dehydration process in the garbage truck. It was
determined that tempering the chromium-manganese screw steel after its hardening allows reducing energy
consumption by 1.26...2.56 kWh/tons, depending on the chromium content. The expediency of conducting
further research on determining the rational composition and structural state of the auger material and ways to
increase its wear resistance has been revealed

Key words: wear, wear resistance, manganese content, chromium content, tempering, auger press,
garbage truck, dehydration, municipal solid waste, regression analysis.

Introduction

Increasing the wear resistance and reliability of operative links of machines occupies a prominent place
among the important tasks of municipal machinebuilding [1, 2]. A promising technology for the primary
processing of municipal solid waste (MSW), aimed at reducing both the costs of transporting solid waste and the
negative impact on the environment, is their dehydration during the process of loading into a garbage truck,
which is done by accompanying processes of preliminary compaction and partial grinding.

Dehydration of MSW in the garbage truck is carried out with the help of a conical auger, the surfaces of
which are intensively worn. This is due to the presence in the waste of small metal products, glass, ceramics,
stones, bones, polymer materials that have abrasive properties. In addition, the moisture occuring in MSW in the
range of 39...92% by mass forms an aggressive corrosive environment. As a rule, alloyed iron alloys are used for
the production of screws. The use of steels and cast iron alloyed with chromium and manganese is justified [3].
Such alloys are well amenable to heat treatment and have high resistance against corrosive and abrasive wear.
Therefore, the study of the influence of the content of manganese and chromium in the steel of the auger, the
manufacturing technology of which includes quenching and tempering operations, on its relative wear resistance
during the dehydration of s municipal solid waste in a garbage truck is an urgent task.

Copyright © 2022 O.V. Bereziuk, V.I. Savulyak, V.O. Kharzhevskyi 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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Analysis of recent research and publications

The analysis of the influence of the main alloying and modifying elements on the properties of wear-
resistant steels is carried out in the article [3]. It has been established that manganese in steel after tempering at
760 °C with an increase in its content to 1.8% contributes to an increase in the degree of dispersion of pearlite,
while the amount of pre-eutectic ferrite or, accordingly, post-eutectic carbides decreases. A further increase in
the manganese content is undesirable due to a decrease in the plasticity of the steel, but the strength increases. It
is noted that chromium is the most common element that is introduced into manganese steel in order to increase
wear resistance. It stabilizes austenite and is also an active carbide former. When 1% Cr is introduced into steel,
the relative wear resistance increases significantly (from 1.0 to 1.32). But even with the addition of 3% Cr, the
impact toughness decreases. Therefore, steel with approximately 2% Cr has the most satisfactory set of
properties.

In the paper [1], a study of the influence of structure, phase composition, and properties on the abrasive
wear resistance of chromium-manganese cast irons in the cast state was carried out. It is shown that the abrasive
wear resistance of chromium-manganese cast irons is determined by the microhardness of the matrix and the
austenite-carbide eutectic based on Me7C3 carbide, is determined by the degree of alloying and the shape
parameter of the eutectic carbide, and also depends on the deformation-phase transformations that occur during
abrasive wear tests.

The materials of the article [4] show the prospects of obtaining an economically alloyed manganese and
chromium-manganese surfacing metal, which can be deposited by surfacing on low-carbon steel without
preheating, which is important for the use of developed surfacing materials in industry. It was also established
that the highest wear resistance for various types of wear is provided by the superimposed metal with
martensitic-austenitic and austenitic structures, while the presence of ferrite in the structure of the superimposed
metal reduces the wear resistance.

A mathematical model for calculating the rate of wear of triboelements in the tribosystem under
conditions of corrosive-abrasive wear was proposed by the author of the work [5]. The input factors were: active
acidity, abrasiveness, roughness, load and sliding speed. The degree of influence of the above factors on the rate
of wear has been theoretically determined: abrasiveness is the most important factor, followed by the level of
active acidity and load in descending order of influence

A new design of an auger with a sectional elastic surface to reduce the degree of damage to grain material
during its transportation is presented in the article [6]. A dynamic model was developed to determine the
influence of the structural, kinematic and technological parameters of the elastic screw on the time and path of
free movement of particles of loose material during their movement between sections, as well as to exclude the
possibility of interaction of grain material with the non-working surface of the screw working body to reduce its
damage. A theoretical calculation of the interaction of the grain with the elastic section of the screw was carried out.

The authors of the work [7] note that wear-resistant steels should have high strength, fracture toughness,
thermal conductivity, and the ability to form strong films of secondary structures during friction. In the presence
of aggressive environments, elevated temperatures, and the action of other physical and chemical factors that
reduce surface strength, wear resistance depends on the corrosion resistance of the material, its heat resistance,
and other properties

The influence of geometric parameters on the performance and design of a briquetting machine using a
pressure model based on the theory of piston flow is studied in the article [8]. An analytical model using a
pressure model was also developed based on Archard's wear law to investigate the wear of biomass briquetting
machine screws. The developed model satisfactorily predicted the wear of the screw and showed that the speed
of rotation and the choice of material have the greatest influence on it. The amount of wear increases
exponentially towards the end of the screw, where the pressure is highest. Changing the auger design to select
the optimal geometry and speed with appropriate material selection can increase auger life and biomass
briquetting machine performance.

In the paper [9], it was established that the greatest strengthening after high-temperature
thermomechanical treatment with a simultaneous significant increase in its strength limit is observed in steels
with a troostite structure, since the factor of reducing the size of austenite grains contributes to a significant
increase in the strength of steels. The strengthening of steel in this structural state reaches its maximum value
after doping with 1...2% chromium. When the chromium content is further increased to 5%, the strengthening
effect remains unchanged.

Combined treatment, consisting of a combination of methods of alloying 1...5% chromium and high-
temperature thermomechanical treatment, can be recommended for practical use as an effective means of
increasing the strength of steels, but it is not recommended to be used as a means of increasing wear resistance in
conditions of sliding friction on a monolith.

In the materials of the article [10], the wear of a double-auger extruder of rigid PVC resins was
investigated. The pressures around the cylinder during the extrusion of two rigid PVC resins in a laboratory
extruder with a diameter of 55 mm were measured and the forces acting on the screw core were determined.
Numerical modeling of the flow was carried out using power-law functions of resin viscosity.
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The main features of the process of pressing wood shavings in screw machines are studied in [11]. The
processes that take place in different sections of the screw are established, formulas are defined, the use of which
allows you to calculate the loads acting on the turns of the screw, as well as determine the pressing power.
Specific energy consumption and the degree of heating of raw materials during pressing are established.

The results of experimental studies of the solid waste dehydration process, obtained on the basis of
planning the experiment using the Box-Wilson method, are given in [12]. By means of rotatable central
composite planning, quadratic regression equations with 1st-order interaction effects were obtained for the
objective functions: moisture and density of pre-compacted and dehydrated MSW, maximum drive motor power,
energy consumption of MSW dehydration. This made it possible to determine the optimal parameters of the
dehydration equipment (rotation frequency of the auger, the ratio of the radial gap between the auger and the
body, as well as the ratio of the diameter of the auger core to the outer diameter of the auger on the last turn) for
mixed and "wet" solid waste, according to the criterion of minimizing the energy intensity of the process.

In the the article [13], an improved mathematical model of the operation of the solid waste dehydration
drive in the garbage truck is proposed, taking into account the wear of the auger, which made it possible to
determine with the help of a numerical study of the dynamics of this drive during start-up that with increasing
wear of the auger, the pressure of the working fluid at the inlet of the hydraulic motor of the drive increases, and
the angular speed and rotation frequency of the screw are significantly reduced with constant supply of working
fluid. Power-laws of changes in the nominal values of pressures at the hydraulic motor inlet, angular velocity and
rotation frequency of the auger depending on the amount of its wear were determined, the last of which describes
the deviation from the optimal rotation frequency of the auger during its wear and was used to determine the
energy intensity of solid waste dehydration taking into account the wear of the auger. It was found that the wear
of the auger by 1000 um leads to an increase in the energy intensity of solid waste dehydration by 11.6%, and,
therefore, to an increase in the cost of their dehydration in the garbage truck and acceleration of the wear
process.

By means of regression analysis, the influence of chromium alloying of the hardened steel of the auger on
its wear during the dehydration of solid waste in a garbage truck was investigated [14], and it was also
established that during the operation and wear of the auger on the path s = 56850 m during the dehydration of
solid household waste in the garbage truck, an increase in the content of chromium in the hardened material of
the auger from 0.25% to 12% allows to reduce the rate of wear and energy consumption of dehydration of
municipal solid waste from 12.2% to 3.1%, and, therefore, to reduce the cost of the process of their dehydration
in the garbage truck.

Aim of the articles

Study of the effect of manganese and chromium content in the steel of the auger after tempering on its
relative wear resistance during the dewatering of solid household waste in a garbage truck.

Methods

The determination of paired dependences of the relative wear resistance of the auger from the content of
manganese and chromium after quenching and tempering was carried out by the method of regression analysis
[15]. Regressions were determined on the basis of linearization transformations, which allow to reduce the non-
linear dependence to a linear one. The coefficients of the regression equations were determined by the method of
least squares using the developed computer program "RegAnaliz", which is protected by a certificate of
copyright registration.

To determine the energy intensity of solid waste dehydration, taking into account the wear of the auger,
the following laws were used [13]:

E =1504 -15,92w, +0,3214p, —1,069n(u) — 2061(A,,, +u)/ (D, —2u)-1947(d ;. —

-2u)/ (D,;, —2u)+9,118-10"*w,p, +0,002142w,n(u) +18,12w, (A, +u)/(D,;, —2u) -

—2,115w, (d,,;, —2u) / (D, —2u) +4,392-10 pyn(u) - 2,005p, (A,,, +U) / (D, —2u) + 1

40,3361 p, (d,;, —2u) / (D,;, —2u) +0,09031w; —7,923-10*pZ +0,008241n(u)’ +

+104172[(A,,, +U)/ (D, —2u))° +1318[(d,,, —2u) / (D, —2u)]* [kW - h/tons];
n=52,43-1,276-10"°u"° [rpm], (2)

where E is the energy intensity of solid waste dehydration, KWh/t; po — initial solid waste density, kg/m3; wq —
initial relative humidity of solid waste, %; n — nominal auger rotation frequency, rpm; u — auger wear, m; Aayg —
radial clearance between the screw and the housing, m; Dmin is the outer diameter of the screw on the last turn, m;
dmin — the diameter of the screw core on the last turn, m.
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The values of the relative wear resistance of steel after tempering for different values of the content of

alloying elements: manganese and chromium are given in the Table 1 and Table 2 [3].

Table 1
Effect of manganese content on the relative wear resistance of steel after tempering [3]

Manganese content, % 0,32 0,68 1,11 1,35 1,8
Relative wear resistance 1 1,18 1,11 1,2 1,26

Table 2

The effect of chromium content on the relative wear resistance of steel after tempering [3]

Chromium content, % 0 1 2 3 6
Relative wear resistance 1 1,32 15 1,61 1,62

As a result of the regression analysis of the data in the Table 1 and Table 2, the dependences of the
relative wear resistance of the auger depending on the content of manganese and chromium in its steel after
tempering are determined:

£= Cun ; ®)
0,08605+0,7642C,,
1

€= ’
0,6113+0,3897e =

(4)

where ¢ is relative wear resistance; Cvn — manganese content in the screw material, %; Ccr — chromium content
in the screw material, %.

Fig. 1 shows graphical dependences of the relative wear resistance of the screw depending on the content
of manganese and chromium in its steel after tempering, constructed using dependences (3, 4), which confirm
the sufficient convergence of the obtained patterns compared to the data given in Table 1.
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Fig. 1. The relative wear resistance of the screw depending on the content of alloying elements in its steel after
tempering the steel (a) — manganese, (b) — chromium: actual o, theoretical —

The results of the regression analysis are shown in Table 3, where cells with the maximum values of the
correlation coefficient R for each of the paired regressions are marked in gray.

It was established that the relative wear resistance of the auger after tempering increases according to a
hyperbolic dependence with an increase in the manganese content and an exponential dependence with an
increase in the chromium content.

In the Fig. 2 are shown the graphical dependences of the influence of the manganese and chromium
content in steel after the auger of the solid household waste dehydration device has been released on the energy
intensity of the process (when it wears out along the path s = 56850 m [14]), constructed using dependences (1-4).
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Table 3

The results of the regression analysis of the dependence of the relative wear resistance of the auger
depending on the content of manganese and chromium in its steel after tempering

No| Tvoe of rearession Correlation coefficient R No Type of Correlation coefficient R
2| TyP g £=f(Cwn) &e=f(Ccr) B regression £=f(Cn) e=f(Ccr)
1]|y=a+hx 0.84446 0.81748 9 |y=ax 0.87408 0.91249
2| y=1/(a+hx) 0.83369 0.76931 10 |y=a+blgx 0.87074 0.88508
3|ly=a+b/x 0.87157 0.88513 11 |y=a+biInx 0.87074 0.88543
4 | y=x/(a+bx) 0.99587 0.99907 12| y=al(b+x) 0.83369 0.76931
5|y=abk 0.83932 0.79422 13|y=ax/(b+x) 0.89122 0.93566
6 | y=ae™ 0.83932 0.79422 14 | y = ae’* 0.88186 0.91253
7 y=a-10™ 0.83932 0.79422 15 [y=a 10°"* 0.88186 0.91253
8ly=1/(a+he¥ 0.86049 0.99935 16 | y=a+hbx" 0.80388 0.62168
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Fig. 2. The influence of an increase in the content of alloying elements in the steel of the auger after tempering
on the energy intensity of the solid waste dehydration process after its operation and wear on the path s = 56850 m (a)
— manganese, (b) — chromium

From the Fig. 2, it can be seen that after operation and wear on the path s = 56850 m during the
dehydration of solid waste in the garbage truck, the increase in the manganese content in the auger steel after
tempering from 0.32% to 1.8% leads to a decrease in energy intensity by 10 kWh/tons or 3.8%, increasing the
chromium content in the auger steel after tempering from 0% to 6% leads to a decrease in energy intensity by
11.5 kWh/tons or 4.8% and to a reduction in the cost of the solid waste dehydration process in the garbage truck.
In addition, the comparison in Fig. 2, b of the energy capacity of the screw steel after tempering (solid line) with
the energy capacity of the hardened screw steel determined in [14] (dashed line) showed that the tempering of
the screw steel after its hardening allows reducing the energy capacity by 1.26...2.56 kWh/tons depending on the
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chromium content, which indicates the importance of determining the rational composition and structural state of
the material of the friction surfaces of the screw and ways to increase its wear resistance.

Conclusions

The dependences of the relative wear resistance of the auger from the content of manganese and
chromium in its steel after tempering have been determined. It was found that after operation and wear on the
path s = 56850 m during the dehydration of solid waste in a garbage truck, an increase in the manganese content
in the auger steel after tempering from 0.32% to 1.8% leads to a decrease in energy intensity by 10 kWh/tons or
3.8%, increasing the chromium content in the auger steel after tempering from 0% to 6% leads to a decrease in
energy consumption by 11.5 kWh/tons or 4.8% and to a reduction in the cost of the solid waste dehydration
process in the garbage truck. It was determined that the tempering of the auger steel after its hardening allows
reducing the energy consumption by 1.26...2.56 kWh/tons depending on the chromium content. Therefore, the
determination of the rational composition and structural state of the material of the friction surfaces of the auger
and ways of increasing its wear resistance require further research.
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Bepeswok O.B., Capyask B.l., XapxeBchbkuii B.O. BrumB jeryBaHHsS MapradimeM Ta XpOMOM
CTAJICBOTO 3arapTOBAaHOTO 3 BIiAMYCKOM IITHEKa Ha WOTO BiJHOCHY 3HOCOCTIMKICTH TiJ Yac 3HEBOIHEHHS Yy
cmitreBo3i TIIB.

AHoTauis

CratTs NpHUCBsYEHA IOCIIIKEHHIO BIUIMBY JIETYBAaHHS MapraHIeM Ta XpOMOM 3 HaCTYITHUM T'apTyBaHHAM
Ta BIMYCKOM IIHEKa Ha WOr0 3HOCOCTIMKICTH MiJ 4ac 3HEBOAHEHHS TBEPAUX MOOYTOBUX BIAXOMIB Y CMITTEBO3I.
BukopucTaHHs MaTeMaTHYHOTO anapaTy Ta BiJIIOBIIHUX IPOrpaM perpeciifHOro aHamizy J03BOJIHMIIO BU3HAYUTH
3aJIeXKHICTh 3HOCOCTIMKOCTI IIHEKa BiJ BMICTY MapraHiio Ta XpoMy B CTaji LIHEKa JyIsi BHIAIKy MHOTo
rapTyBaHHs 3 BiamyckoM. [1o0ynoBaHi rpadiuHi 3aJeKHOCTI BITHOCHOT 3HOCOCTIMKOCTI 13 BKa3aHUM JICTYBaHHIM
Ta TEPMOOOPOOKOIO IIIHEKA BUSBWIIM 3HAYHUI BIUIMB KOHLIEHTPAIIl MapraHilo Ta XpoMy B CTali, MiATBEPIKEHO
JOCTaTHIO 301KHICTE OTPHMaHHX 3aKOHOMipHOcTed. ['padikn BIUIMBY IeTyBaHHA MapraHIeM Ta XpOMOM
CTaJICBOTO IITHEKa 3 HAaBEIECHOI0 TePMOOOPOOKOI0 HAa EHEPrOEMHICTh 3HEBOJHEHHS TBEPAUX MOOYTOBUX BiIXOMIB
JIEMOHCTPYIOTH 11 TOUUTBHICTE. BCTaHOBIICHO, IO MICIIST eKCIUTyaTallii Ta 3HOITYBaHHS Ha NUIIXY S = 56850 M mix
yac 3HeBoAHEHHS T1IB y cMiTTE€BO31 30iIbIIEHHS BMICTY MapraHIio B cTaii TepMoodpobienoro mHeka 3 0,32%
10 1,8% mpu3BOANTE O 3HIDKEHHS eHeproeMHocTi Ha 10 kBT Tox1/T, a 301IbIIEHHS BMICTYy XpOMY B CTaJli ITHEKA
Ticist aHanoriyHoi TepMooOpoOku 3 0% 10 6% NpHU3BOANTE 10 3HWKEHHS eHeproeMHocTi Ha 11,5 kBt ro/T Ta
JI0 3/emeBeHHs npouecy 3HeBogHeHHs TIIB y cMiTreBo3i. BUsHaueHo, mo BiAMycK XpOMO-MapraHueBoi cTaji
IIHEeKa IicJis T rapTyBaHHS J03BOJISIE 3MEHIINTH €HEProeMHICTh Ha 1,26...2,56 kBT Toa/T 3aieXHO Bix BMicTy
XpoMy. BHSBICHO MOLIIBHICTH MPOBEICHHS MOIANBININX JOCTIHKCHb 3 BH3HAUCHHS PAalliOHAIBHOTO CKIAAy i
CTPYKTYPHOTO CTaHy MaTepiajiy IIHEeKa Ta IUISXIB MiABHUIICHHS HOro 3HOCOCTIHKOCTI.

KaruoBi cioBa: 3HOC, 3HOCOCTIHKICTh, BMICT MAapraHIIO, BMICT XpOMY, BIAIYCK, ITHEKOBUH IIpec,
CMITT€BO3, 3HEBOTHEHHSI, TBEPIi MOOYTOBI BiIXOIH, perpeciitHuil aHai3.
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Abstract

Energy consumption and thermal comfort are among the issues that research engineers of heating,
ventilation and air conditioning systems deal with when investigating the most feasible solutions for their
implementation. Existing methods of thermal comfort assessment are not optimized in two important and
interrelated aspects: achieving thermal comfort (a) at the lowest possible energy consumption (b). Thermal
comfort is situationally achieved when occupants perceive the ambient temperature, humidity, air movement and
thermal radiation as ideal and do not prefer warmer or colder air or a different humidity level. Thermal comfort
is defined by ASHRAE Standard 55 as a subjective concept characterized by the sum of sensations that create
physical and mental well-being in a person. That is, he/she is in a state in which he/she feels comfortable and
does not need to change one or more environmental parameters. Many studies have been conducted according to
the international standards for thermal comfort in vehicles. The presence of a large number of people in the bus
leads to a deterioration of the air quality in its interior. The loss of quality is mainly caused by gases resulting
from breathing and other organic particles. The presence of moisture, combustion products, particles can also
reduce the air quality in the interior. Air quality is affected by the design features of heating, ventilation and air
conditioning systems, which largely depend on the location of the power unit, which is the subject of the
research. The influence of the bus engine layout is analysed in the presented work: for the rear-engine layout, the
location of the engine vertically in the interior and other cases are also considered. Special fans are installed in
the engine compartment to remove heat emitted by the engine.

Key words: thermal comfort, ASHRAE Standard, EN ISO 7730, HVAC, heating, ventilation and air
conditioning systems, engine placement, power unit layout, driver interior, passenger compartment, PMV, PPD
indices.

Introduction

People spend a lot of time in public transport every day, for example, in buses, trams, trains or subways.
To make their journey comfortable, appropriate thermal conditions must be provided by HVAC (Heating,
Ventilation, Air Conditioning) systems. Thermal comfort is achieved when passengers perceive the air
temperature, humidity, air movement, and heat radiation of their surroundings as ideal and would not prefer
warmer or colder air or a different humidity level [1].

Current methods of assessing thermal comfort are not optimized following two crucial and interrelated
aspects: achieving thermal comfort (a) with the lowest possible level of energy consumption (b). Actually, the
energy consumption and thermal comfort are major concerns for research engineers in heating, ventilation and
air conditioning systems, which are more or less feasible to implement solutions.

The purpose of the work

The purpose of the work was to investigate air flow distribution from the engine compartment, to analyse
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thermal comfort assessment in bus interior according the engine location (in case of different layouts).
Thermal comfort in transport

In fact, energy consumption and thermal comfort are major concerns for research engineers, studying
solutions, which are more or less feasible to implement in heating, ventilation and air conditioning systems. For
evaluating thermal comfort in the transport environment current standards which propose methods, are EN 1SO
14505 and the American ASHRAE - 55. The first is divided into three parts. In ASHRAE 55 standard thermal
comfort is defined by as a subjective concept characterized by a sum of sensations, which produce a person's
physical and mental wellbeing, condition for which a person would not prefer a different environment. European
EN 1SO 7730 for assessing thermal comfort in buildings is used, based on the well-known theory of Fanger [2]
and on the equivalent temperature model [3, 4]. EN 1SO 7730 presents also the PMV and PPD indices proposed
by Fanger over 30 years ago, Fanger conducted a study in which subjects that had "standard" clothes performing
a “standard” activity.

In order to find an answer in terms of thermal comfort in vehicles many studies have been conducted
following the three ways of approach the EN 1SO 14505 [5] standards. Some of them take into account the
subjective methods based on results collected from questionnaire surveys, others evaluate environmental quality
based on experimental assessment of comfort parameters. In practice and in standards, in most cases, air
temperature is the most observed and discussed of these parameters. A comfort value of the temperature is
usually fixed inside the cockpit (interior) as main set point according to the outdoor air temperature.

Method to evaluate the thermal comfort as a function of air temperature is the one of the currently useds.
This method uses sensors to measure local air temperature values at head and ankles level. The main purpose of
this approach is to determine how quickly the temperature will increase or decrease in a warm or cold interior of
the vehicle. It studies the non-homogeneity between the temperature at feet and head level and to establish if the
global temperature level is situated within the limits of the accepted time. By using this method, only one of the
needed parameters that concern the thermal comfort sensation is measured and any influence of air velocity and
radiation (hot or cold) are neglected leading to wrong conclusions. This fact is a particularity of the thermal
environment in vehicles where the air conditioning system leads to high local air velocities.

One of the principal factors of thermal discomfort both indirectly and directly is solar radiation,
connected to the strong transient thermal regime. Kilic [6] recorded temperature values by 2°C higher in the case
of sensors exposed to sunlight compared to those placed in the shaded zones, while a percentage between 18% -
31% of the cooling system capacity is used to reduce the load caused by the direct contribution of the solar
radiation. The window colour is very important in this case. It can significantly reduce energy consumption for
cooling by controlling the amount of fresh air introduced in the interior [7].

A fuzzy controller was used in study [8] in order to control two parameters - the air speed at the discharge
grill and the percentage of recirculated air. By using the controller, it took less time to attain the desired interior
temperature 20°C, which could be reflected on the energy consumption. Another method of reducing the fuel
consumption of the vehicle is multi-zonal air distribution system. Conventional mono-zonal systems recorded an
unnecessary energy consumption for cooling in the unoccupied space statistics show, if the vehicle has a low
level of occupancy. Returning to the perspective of fuel consumption, authors investigated [9] the effect of the
air-conditioning system. The effects obtained by reaching more efficient cooling around the occupants. The air
distribution system was modified by installation discharge grills for rear passengers. The air being thus
introduced through the discharge heaters from the dashboard for the front passengers, and ceiling discharge grills
for the rear passengers. The PMV index was evaluated on base of computational fluid dynamics simulations
correlated with empirical relations. The experimental validation of the simulations consisted in evaluating the
performance of the air-conditioning system at various airflow rates and air temperatures. By the localized air-
conditioning system, the energy was decreased by 20.8% and 30.2%, respectively, compared to a conventional
situation [10, 11].

Another innovative air distribution system was studied [12] and concluded that in order to achieve the
comfort parameters in the shortest time, the best place to install additional ventilation diffusers is behind the rear
seat passengers. The authors found PMV index values between -0.3 and 0.2 during the warm season. Totally
different from the values (-0.1 and 1) was obtained for situation without discharge heater behind the rear
passenger’s seat. The authors noticed a non-uniformity between temperature exceeded 2°C, which measured at
chest level between the front and rear parts of the vehicles.

In many cases parameters with an influence in assessing thermal comfort, actual thermal comfort indices
solar radiation is not taken into consideration. This parameter does not only raise the indoor air temperature but
is also a local discomfort parameter.

Implementing an anti-solar foil is a proven solution to reduce the solar radiation influence. But it has a
negative influence on the driving safety during the night. Therefore, another solution is to implement local
ventilation heater to reduce the energy consumption and to ensure a better uniformity for the indoor parameters
of the interior.

The numerical calculation of airflow combined with heat exchange in a passenger coach was to carry out
in [13]. Two cases of boundary conditions were considered with ANSYS CFX 12.1 software. The first obtained
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from design calculations common for ordinary buildings and information included in standards and the second
was only based on the information included in standards. After analysing of the results, similar average air
velocity was 0.79 m/s and it was found for distribution of air velocity in a coach in both cases. However, the
distribution of air temperature was different. For case 1 the average indoor air temperature was 25.07°C and for
case 2 was 23.53°C. The method of determining the heat solar gains had an impact on the results. A further
possibility of a model improvement indicated that human models will be introduced in coaches, in order to verify
the conditions of their thermal comfort, and air recirculation.

Bus power unit layout variants research
Since we propose the use of an additional fan, which is installed on the engine compartment, we should

consider what options there are for the location of the engine in buses (possible layouts). There are shown the
examples of buses with different engine locations (layouts) on Fig. 1 [14].

Fig.1 Buses with different engine layouts: a) front with a compartment in the interior; b) front with hood layout; c)
middle horizontally under the floor; d) middle vertically; e) horizontally under the rear seats; f) rear vertically with
an offset to the left.

The front-engine configuration is typical for small buses and minibuses. The layout of this type can be of
two kinds. The first is with the location of the engine compartment in the bus interior at the front above the front
axle (Fig. 1a). The driver usually has his own separate door built in. Buses of this type can be seen on the streets
of Ukrainian cities, so-called "routes”. The second kind has a hood layout (Fig. 1b) (typically for some brands of
buses operated in the USA or some South American countries). American school bus is the most common
variant of such bus, which is still manufactured today. Front-hood buses can be found in most cities of the world
in the form of minibuses or small buses built on Mercedes Sprinter, Vario, etc. chassis.

The mid-engine layout is also not very popular today, even less popular than the front-engine one, and is
characteristic only for some manufacturers (Volvo, Van Hool, MAZ). There are two types of such engine layout:
under the floor (Fig. 1c¢) and vertically in a special section (Fig. 1d). It becomes impossible to create a 100% low
floor interior when placing the engine under the floor or when placing the engine vertically, which is installed in
areas for standing passengers. It is impossible to ensure a 100% low floor level but with such a scheme, that's
why this type of layout could be met in two- or three-section buses.

Basically, the layout with the engine in the rear part is the most popular. There can be two options, when
the engine is located under the rear seats (Fig. 1e) or when the engine is placed vertically in a special locker,
which is shifted to the left (Fig. 1f).

Temperature state analysis in the bus interior
Thermal balance general equation of the bus interior will have the form [15]:
Q=20 =Q1+Q+ Qs+ Qs+ Qs (1)

where: Qp — infiltration of solar radiation; Q. — heat losses at service stops during the exit and entry of
passengers; Qs — amount of heat coming through the surfaces of the bus body; Q4 — amount of heat entering
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through the windows in the bus body; Qs — amount of heat emitted by passengers; Q — total amount of heat is
needed to stabilize the temperature in the bus interior.

We consider heat transfer in stationary environment of constant density in the theory of thermal
conductivity of materials, therefore the differential equation of thermal conductivity will have the form [16]:

a(G+ i+ D) -2 )

Based on the heat transfer equation (2), we need to find the temperature distribution over the volumetric
body, taking into account the change in temperature t depending on the coordinates x, y, z in space and time z.

The equitation (2) could be solved as a stationary one first. It is necessary to determine the initial
conditions of the non-stationary problem in order to solve it (3):

g%t a°r  a°%r
We should consider our problem next as a flat heat conduction equitation, the general form of which will
have such look (4):

%t 8t
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Let’s reduce the final simplification of the problem (2) to the one-dimensional equitation of the thermal

conductivity (5):
8%t

Such a equitation is further reduced to the calculation of the temperature distribution along the wall of
thickness . The basic equation used in fluid and gas dynamics is the Reynolds-averaged Navier-Stokes. The
speed in this case is divided into two components (6) [17]:

u; = U; +uj, (6)
where: U; — the main component of speed; u;i* — the component of speed due to vibrations.

Instantaneous averaging over the Reynolds-averaged Navier-Stokes equation can be written as follows
(7). (8) and (9):

p iy pU; a: = + o [ ( -y u] (8)
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where: p - flux density; u - dynamic viscosity of the substance; u — flow rate; P - pressure in liquid or gas;
T - temperature of liquid or gas; t — flow time; x; — position tensor in X, y, z coordinates; c, — specific heat
capacity of substance; k — thermal conductivity; u; u; is the Reynolds stress tensor.

Since we are evaluating the heating elements efficiency, we should analyse the efficiency of the bus
heating system. Let’s evaluate the efficiency of the heating system using the exergetic efficiency (eq.10) with
some correction factors taken into account:

E.J._m+EJ.m)

Nex = K1 Ko K3 (

Exoqn+Ex,.. (10)

where: K; - coefficient that depends on the location of the engine; K, - coefficient that depends on the
season; Ks is a coefficient that depends on the mode of operation of the bus on the route; Ex;, — exergy of
incoming air flow; Ex,, — exergy of the external air flow; Ex,, — exergy of air flow in the room; Ex,, - exergy
of the ejected air flow.

The next step of our work will be dedicated to study of the heat flow dissipation in the bus interior with
different 5 variants of bus engine placement:

A - front;

B - middle vertically;

C - middle horizontally with an opposite engine;

D - rear vertically shifted to the left;

E - rear horizontally with an opposed engine.
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Basically, the temperature values on the walls that separate the engine from the passenger compartment
are approximately 30-50 °C. Knowing this, we can now set the initial parameters (Table 1) to calculate and
simulate the temperature distribution in the Ansys Fluent Flow software environment [18, 19] for those five
different bus layouts.

Table 1
Boundary conditions for air flow modelling in the bus interior

# Parameter Unit Meaning

1 Gravity m/s? -9.81

2 Velocity magnitude (inlet area) m/s 0,25

3 Temperature (inlet area) K 318

4 Temperature of internal volume and walls K 293

5 Convection for static air W/m?K 25

We will additionally use special fans, which are installed on the engine compartment regardless of its
location, and serve to transfer the heat released by the engine during its operation and disperse this heat
throughout the bus interior.

The calculation method should be explained first. We have designed 3D models of bus interior spaces
with air intake and exhaust locations to achieve our goals. Having the necessary models, FEA mesh was
generated for the appropriate models for applying of the boundary conditions. The next step was to set up the
solution and run the simulation to obtain the results of the calculations.

The vast majority of real liquid or air flows will pass in a turbulent mode [20 — 22], because they carry
out non-uniform movement in the required areas. We perform calculations on a simplified model of a city bus in
our study - that is, we have a 3D model of the bus with only those elements that we need in the calculations,
namely the elements of the internal space of the bus. Total calculation time on the equipment (2 Intel Xeon
processors 24 cores, RAM 48 Gb, NVIDIA GeForce 4Gb video) was 6 hours 17 min. Later we consider the
results of modelling temperature flows in bus interiors with different engine layouts.

Taking into account the fact that microclimatic parameters are standardized at three levels (floor, middle
and head) in many regulatory documents, we will also further consider the distribution of temperatures in these
zones as shown in fig. 2. We divided the interior of the bus into 6 zones: 3 horizontally (floor, middle and head
level) and 3 vertically (driver's interior, middle storage and rear platforms).
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Fig. 2. Zones of the bus interior
Heat flow modelling — front layout (A)

As we can see in Fig. 3a, the air flows come out of the engine compartment from the front near the
driver's workplace and then disperse throughout the bus interior. Air flows intensively at the level of the feet
with temperature fluctuations in the region of 25°C at the driver's workplace. Next, the air flow is dispersed
throughout the interior, keeping to the floor level. The air speed at floor level is approximately 0.18-0.19 m/s.
The temperature fluctuates at the level of 18-20°C (Fig. 5b and 5c¢) in this area. As you can see, the air
circulation is not very active, because the distribution of air is somewhat limited, due to the fact that a wider flow
of air is hindered by the wheel arches and the fact that the air is blown lower, closer to the floor. In principle,
there is no air circulation in the driver's interior. One plane is chosen at the level of the seats of the left row (Fig.
3b), and the second - in the middle of the interior (Fig. 3c). As it can be seen from Fig. 3 the hotter air is
expected at floor level between the front wheel arches and the temperature in this area is approximately 20-25°C.
To visualize the air stream velocity we have used 300 lines modelling (Fig. 1a) — it’s optimum meaning to show
the situation inside of interior properly: more lines will fill the space with indistinguishable flows; less meaning
will steal important information about the flow’s behavior (where and how the air flows are getting and
spreading inside). The highest speed of the air flow correspondents to the closer to red color and is observed near
the inlet and outlet channels (both are working as funnels). The same approach with 300 lines modelling is used
for all the rest calculation cases presented below.
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c) d)
Fig. 3. Velocity and temperatures distribution in the interior with a front layout: a) velocity in the interior; b)
temperature distribution along the plane at the level of the left row of seats; c) temperature distribution along the
plane at the level of the middle of the interior; d) temperature maps of the interior volume

Heat flow modelling — middle vertically layout (B)

e)

Fig. 4. Velocity and temperature distribution in the interior with a middle vertically layout: a) velocity in the
interior; b) temperature distribution along the plane at the level of the left row of seats; c) temperature distribution
along the plane at the level of the middle of the interior; d) temperature distribution on the plane at the level of the

right row of the interior; e), f) temperature maps of the interior volume
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Air flows were simulated in the middle vertically engine layout, taking into account the fact that three
additional fans are installed in the middle of the engine compartment, so there are three places for blowing warm
air. As we can see in Fig. 4a, the air flows from the places where warm air is blown into the engine compartment
in three different directions (left to the front, right to the back, and straight towards the middle door). It can be
seen that the air flows intensively disperse in places of the interior to the wheel arches at a height of
approximately 1.5 m from the floor level with a speed somewhere at the level of 0.2-0.25 m/s with a temperature
of approximately 25-27 °C (Fig. 4a). There are almost no air flows in the driver's interior. Air speed and
temperature in the driver's interior are 0.2-0.25 m/s and 18-20 °C, respectively. This happens due to the fact that
the driver's interior is separated from the interior space. Next, the air flow is dispersed throughout the interior.
The highest temperature values are reached at the storage site and are 27-28 °C. As you can see, the air
circulation is very active, since the air distribution comes from 3 points and is directed in different directions.
The average air speed in the interior is 0.2-0.25 m/s. We choose the first plane at the level of the seats of the left
row (Fig. 4b), the second in the middle of the interior (Fig. 4c) and the third - at the level of the seats of the right
row (Fig. 4d). The highest temperature values are reached at the storage site and are 27-28 °C. As it can be seen
from Fig. 4e and 4f, hotter air is assumed at the level of the seats near the engine compartment and, accordingly,
is dispersed upwards in the space of the bus interior with a temperature of 25-27 °C. Looking at the temperature
maps, it’s clear that the passenger compartment is heated better than the driver's interior.

Heat flow modelling — middle horizontally with an opposite engine layout (C)
Air flows were simulated, taking into account that two additional fans are installed on the left and right

walls on the floor (opposite engine compartment). It turns out that there will be two places for blowing in the
middle of the bus interior.

>
c) d)
Fig. 5. Velocity and temperature distribution in the interior for middle horizontally with an opposite engine layout: a)
velocity in the interior; b) temperature distribution along the plane at the level of the left row of seats; c) temperature
distribution along the plane at the level of the middle of the interior; d) temperature maps of the interior volume

As we can see in Fig. 5a, the air flows from the warm air outlets on the engine compartment, which in our
case is also the part of the floor, in two different directions (left up and right up) and disperse at the ceiling level.
Air circulation occurs at a speed of approximately 0.2-0.25 m/s at head level. It can also be seen that the air
flows are intensively dispersed in the front part of the bus and also enter the driver's interior, where the air speed
is at the level of 0.2 m/s. As you can see, air circulation is very active in the driver's interior and the front part of
the bus interior. In the rear part of the bus, air flows circulate in smaller quantities than in the front part.

We choose the first plane at the level of the seats of the left row (Fig. 5b) and the second - in the middle
of the interior (Fig. 5¢). The temperature fluctuates almost uniformly throughout the bus interior in the region of
14-16 °C, which is a fairly comfortable microclimate. Hotter air is expected in places along the flow of hot air
from the fans and dissipates accordingly upwards (Fig. 5C). The temperature is around 20 °C at head level in
such locations.

Heat flow modelling — rear vertically shifted to the left layout (D)
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Air flows were modelled taking into account that the additional fan is located on the wall of the engine
compartment above the last two seats in the left row of bus seats.

d)
Fig. 6. Velocity and temperature distribution in the interior with rear vertically shifted to the left layout: a) velocity in
the interior; b) temperature distribution along the plane at the level of the left row of seats; ¢), d) temperature maps of
the interior volume

Air flows from the warm air outlet on the engine compartment above the seats in the rear part of the bus
interior (Fig. 6a). It is clearly visible that the air flows intensively disperse above the bus interior with an air
speed of Fig. 6a, approximately at the level of the standing passenger’s head, and also enter the driver’s place
due to the fact it is not tightly separated from the interior. The speed of air flow in this area is 0.15-0.22 m/s. We
choose the plane at the level of the seats of the left row (Fig. 6b). The temperature fluctuates in the area in most
of the interior is around 18-20 °C, only in the rear part in the area of the thermal air outlet it reaches 22-24 °C.

Heat flow modelling — rear horizontally with an opposed engine layout (E)

An additional fan is located on the wall of the engine compartment below at the level of the feet for the
presented case. Air flows come from the warm air outlet on the wall of the engine compartment under the seats
in the back of the bus interior (Fig. 7a) and intensively dispersed around the interior by turbulent flows at a speed
of 0.18-0.2 m/s, and also enter the driver’s interior with the low speed 0.17-0.18 m/s due to the fact that that the
driver's place is not tightly separated from the rest of the interior volume.

The plane is chosen at the level of the seats left row (Fig. 7b) and at the level of the middle of the interior
(Fig. 7c). The highest temperature values are in the rare part of the bus at the level of the legs and waist are 24-
28 0C. Further, the temperature drops in the interior, it will reach 18-22 °C in the middle of the bus and 18-20 °C
in the driver's interior.

After analysing the obtained results, we will compile data in tables with temperatures and air velocities
for the researched 5 layouts different of the bus (Table 2, 3). It must be admitted that the air dispersity depends
much of the convection for static air inside of the interior: either the conditioning system is activated and blows
actively or the windows are opened which could be possible during the warm season of the bus exploitation.
Being said the research experiments presented in the current publication were based on 25 W/m2K (Table 1).
Minimal convection of the static air could be 5 W/m?K (typical) for the real-life buildings, etc, but the presence
of a large number of people in the bus leads to a deterioration of the air quality in its interior. The loss of quality
is mainly caused by gases resulting from breathing and other organic particles, so the convection should be
raised however to 25 W/m?K to achieve the necessary refreshing of the air volume. On another hand stays the fan
speed, which is variable (was set 0.25 m/s in our boundary conditions) and could be increased by necessity.
Should it help for the circulation and comfort? Well, it depends on the bus layout: for example, the increasing
the fan speed for rear vertically shifted to the left layout (D) won’t be efficient — the air stream will just pass
faster near the passenger’s heads, but less its portion will be renewed on the middle and especially floor level!
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d)
Fig. 7. Velocity and temperature distribution in the interior for rear horizontally with an opposed engine layout: a)
velocity in the interior; b) temperature distribution along the plane at the level of the left row of seats; c) temperature
distribution along the plane at the level of the middle; d) temperature maps of the interior volume

Table 2
Temperature parameters in the bus’s interior depending on the power unit layout

# Power unit layout Interior level Driver's interior, m/s Middle area, m/s Rear area, m/s
1. floor 25 18-20 18-20

2. A) middle 19-20 18-20 14-20

3. head 18-20 18-20 14-20

4, floor 18-20 25-27 18-20

5. B) middle 18-20 27-28 18-20

6. head 18-20 27-28 20-21

7. floor 14-16 14-16 14-16

8. Q) middle 14-16 14-16 14-20

9. head 14-16 18-20 14-20

10. floor 18-19 19-20 14-16

11. D) middle 18-19 19-20 16-18

12. head 19-20 20-22 22-24

13. floor 18-20 19-22 26-28

14. E) middle 18-20 19-22 24-25

15. head 18-20 19-22 20-22

Table 3
Air velocity in the bus’s interior depending on the power unit layout

# Power unit layout Interior level Driver's interior, m/s Middle area, m/s Rear area, m/s
1. floor 0,2 0,18-0,19 0,1-0,15

2. A) middle 0,05 0,18-0,19 0,1

3. head 0,02 0,05 0,05

4, floor 0,2 0,2-0,25 0,2-0,25

5. B) middle 0,2-0,25 0,2-0,25 0,2-0,25

6. head 0,2-0,25 0,2-0,25 0,2-0,25

7. floor 0,2 0,2-0,25 0,2

8. (@) middle 0,2 0,2-0,25 0,2

9. head 0,2 0,2-0,25 0,2

10. floor 0,18-0,19 0,15 0,2-0,25
11. D) middle 0,18-0,19 0,15 0,2-0,25
12. head 0,18-0,19 0,15 0,2-0,25
13. floor 0,17-0,18 0,18-0,2 0,2-0,25
14. E) middle 0,17-0,18 0,18-0,2 0,2-0,25
15. head 0,17-0,18 0,18-0,2 0,2
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Conclusions

FEA computer modelling in engineering or scientific development is very important nowadays, because
we can get the preliminary results of our work and its shortcomings with the help of specialized software, which
will allow to eliminate problems much faster in the future without live tests. Boundary conditions and the
designed calculation approach are the keys to create maximum similar to the real-life results and environment
methodology, which will be accurate and efficient enough to imitate the bus interior air flow.

It was proposed to add an additional fan, which will be attached to the engine compartment, and the outlet
channel on the rear wall of the bus. By using computer simulation carried out in the ANSYS Fluent Flow
software environment the results of the calculation showed that the temperature with 5 different layouts of the
interior remains within the normal range of approximately 296-305 K, but differs significantly by the locations.
The best circulation of air flows occurs with the following layouts of the engine in the bus: middle vertically and
rear horizontally with an opposite engine. Such schemes are the most efficient due to the balance of temperature
vs velocity distribution and final microclimate comfort inside of interior.

References

1. Haller G. (2006). Thermal Comfort in Rail Vehicles. RTA Rail Tec Arsenal Fahrzeugversuchsanlage
GmbH, Vienna.

2. P.O. Fanger, Proposed Nordic standard for ventilation and thermal comfort, in: in Proc. Int. Conf.
On Building Energy Managment, 1980.

3. H. Nilsson, I. Holmér, M. Bohm, O. Norén, Equivalent temperature and thermal sensation -
Comparison with subjective responses, in: Comfort in the automotive industry- Recent development and
achievements, Bologna, Italy, 1997, pp. 157-162.

4. H.O. Nilsson, 1. Holmér, Definitions and Measurements of Equivalent Temperature, European
commission cost contract no smt4-ct95-2017.

5. ISO, Ergonomics of the thermal environment - Evaluation of thermal environments in vehicles:
Principles and methods for assessment of thermal stress, in: 1SO 14505-1:2007, 2007.

6. M. Kilic, S.M. Akyol, Experimental investigation of termal confrot and air qualitu in an automobile
interior during cooling period, Heat MassTransfer, 48 (2012) 1375-1384.

7. B. Torregrosa-Jaime, F. Bjurling, J.M. Corberan, F.D. Sciullo, J. Paya, Transient thermal model of a
vehicle's interior validated under variable ambient conditions, Applied Thermal Engineering, 75 (2015) 45-53.

8. S. Sepehr, M. Dehghandokht, A. Fartaj, Temperature control of a interior in an automobile using
thermal modeling and fuzzy controller, Applied Energy, (2012) 860-868.

9. M.S. Oh, J.H. Ahn, D.W. Kim, D.S. Jang, Y. Kim, Thermal comfort and energy saving in a vehicle
compartment using a localized air-conditioning system, Applied Energy, 133 (2014) 14-21.

10. P. Dancaa, A. Vartiresa, A. Dogeanu. An overview of current methods for thermal comfort
assessment in vehicle interior Energy Procedia 85 (2016) 162 — 169.

11. D.W. Lee, Impact of a three-dimensional air-conditioning system on thermal comfort: An
experimental study, Int.J Automot. Technol., 16 (2015) 411-416.

12. 1.Sarna, A.Palmowska. Modelling of the airflow in the passenger coach. Architecture Civil
Engineering Enviroment, No 4, 2019, pp.125-132

13. Saban Unal. An experimental study on a bus air conditioner to determine its conformity to design and
comfort conditions. Journal of thermal engineering, 2017, No 1, pp. 1089-1101

14. Horbai O.Z. Mitsnist ta pasyvna bezpeka avtobusnykh kuzoviv: monohrafiia / O.Z. Horbai, K.E.
Holenko, L.V. Krainyk. — Lviv: Vydavnytstvo Lvivskoi politekhniky., 2013. — 276 s.

15. O. A. Tryhub, V. V. Zahubynoha, L. A. Tarandushka. Vyznachennia produktyvnosti nahnitaiuchykh
ventyliatoriv systemy avtomatychnoi ventyliatsii kuzova avtomobilia. Visnyk Vinnytskoho politekhnichnoho
instytutu, 2018, Ned4. — S. 95-102.

16. O. Horbay, Y. Voichyshyn, E. Yakovenko. (2020). Study of the heating system of a city bus.
International symposium of education and values, 4, p. 70.

17. Ozgur Ekici and Gékhan Giiney. (2017). Experimantal and numerical investigations of heating in a
bus interior under transient state conditions. Computational methods and experimental measurements XVIII.
Transactions on engineering sciences, 118, pp. 49-59.

18. Jhan Piero Rojas, Guillermo Valencia Ochoa, Jorge Duarte Forero. CFD Analysis of Swirl Effect in a
Diesel Engine Using OpenFOAM. 10.15866/iremos.v13i1.18372, 2020, Vol 13 (1), pp- 8

19. Zhang, T., Yin, S. & Wang, S., An under-aisle air distribution system facilitating humidification of
commercial aircraft interiors. Building and Environment, 45, pp. 907-915, 2010

20. Dolinskiy A.A., Draganov B.Kh. Optimizatsiya energeticheskikh sistem na osnove teoretiko-
grafovykh postroyeniy [Optimization of energy systems based on graph-theoretic constructions]. Kiev:
Akademperiodika, 2013. 67 p.

21. Zhang, T., Li, P. & Wang, S., A personal air distribution system with air terminals embedded in chair
armrests on commercial airplanes. Building and Environment, 47(1), pp. 89-99, 2012.

22. Zhang, T. & Chen, Q., Novel air distribution systems for commercial aircraft interiors. Building and
Environment, 42, pp. 1675-1684, 2007.



68 Problems of Tribology

INonenxo K.E., Boiiunmmun 1O.B., I'op6aii O.3., byp’asan M.B., llonosuu B.B., MakoBkin O.M.
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®dopmyBaHHS TEIIOBOT0 KOM(MOPTY CaJlOHy aBTOOYCa B 3aJIC)KHOCTI BiJl KOMIOHOBKH CHJIOBOTO arperara

EHeprocroxuBaHHs Ta TEIUIOBUI KOM(OPT HaJEXKATh 0 MPOOIEMATHKH, KOO 3aiiMArOThCS iHXKEHEPH-
JOCTITHUKH CHUCTEM OTIAJCHHS, BEHTIIAIII Ta KOHIUIIIOBAHHSA MOBITPS MpPH TOIIYKY pilIeHb, HAHOUIBII
MOIIMBUX IUIA 1X peaiizamii. [CHyfodi METOIM OIIHKK TEIIOBOTO KOM(OPTY HE € ONTHMI30BaHHUMH 3a IBOMA
BaXITUBHUMH 1 B3a€MOITIOB'SI3aHIMH aCIIEKTAMH: JOCSITHEHHS TEIIOBOTO KOM(OpPTY IpH MiHIMAIBHO MOXIHBOMY
piBHI eHeprocroXKuBaHHA. TeruIoBHil KOM(OPT CHTYaTHBHO JOCATAETHCS TOMI, KOJH MACaKUPU CIPHIMAIOTH
TEeMIIepaTypy, BOJOTICTh, PyX MOBITPS Ta TEIUIOBE BUIIPOMIHIOBaHHS HABKOJIMIITHBOTO CEPEIOBHINA SIK 1€abHi 1
HEe HaJaloTh IepeBary OUIbII TEIUIOMY YM XOJOJHOMY INOBITpr0 abo iHImIOMY piBHIO Bojorocti. TeruioBuii
koMmpopT BusHauaeTbess crangapToM ASHRAE 55 sk cy0'eKTHBHE NOHSTTS, IO XapaKTePH3YETHCS CYMOIO
BIYYTTIB, SIKI CTBOPIOIOTH Yy JIIOAMHU (Di3WYHE Ta ICUXi4HEe Onarorosy4usi: BOHa repeOyBae B CTaHi, 3a SKOTO
nouyBae cede KoM(OPTHO 1 HE MOTPeOye 3MIHKM OJTHOTO YH JICKITLKOX MapaMeTPiB HABKOJIUIIHBOTO CEPEIOBUIIA.
Byno mnpoBeneHo Oarato JOCHIIPKEHb 3a MIKHAPOAHUMH CTaHAApTaMM IIOJO TEIJIOBOrO KOMQOpTy B
TPaHCHOPTHHUX 3aco0ax. [IpUCYTHICTP BEIHMKOi KUTBKOCTI JIFOAEH B aBTOOYCI IPHUBOIUTH O MOTiPIICHHS SKOCTI
MOBITPsL B Horo cayoHi. BTpaTa sfKOCTI B OCHOBHOMY BHKJIMKaHa ra3aMy, IO YTBOPIOIOTBECS B Pe3yINbTaTi
IHMXaHHSA Ta BUXOJY IHIIMX OPraHiYHUX YaCTHHOK. HasBHICTH BOJOTH, HPOAYKTIB 3rOPSIHHS, YACTHHOK TAKOX
MOJKE 3HHM3HUTH SKICTh MOBITPs B calioHi. Ha sSKicTh MOBITPs BILIMBAIOTH i KOHCTPYKTUBHI OCOOIMBOCTI CHCTEM
OTIaJICHHS, BEHTWIIALIT Ta KOHAWIIIOBAHHS TIOBITPs, SKi B 3HAYHIN Mipi 3a]eXaTh BiJl pO3TallyBaHHS CHIOBOTO
arperary, 10 1 € IpeJMeTOM MPOBEISHUX IT'SITH JIOCHTIpKeHb. [IpoaHanizoBaHO BIUIMB pO3TAlllyBaHHS JBHUTYHA
MiCbKOTO aBTOOyca cmepeny, B 0a3l Ta B 3aAHIil 4acTMHI Ha 3MiHY MOBITPOOOMiHy B cainoni. J{is
3aJHLOMOTOPHOT KOMIIOHOBKH DO3IJISHYTO TaKOX PO3TAalllyBaHHS IBHI'YHAa BEpPTHUKAJIbHO B Imadi-tym6i. s
BiZI0OPY TEIUIOTH, SIKa BUALISAETHCS IBUTYHOM Yy MOTOBIJICIKY BCTAaHOBJICHO CIIeIiajibHi BEHTUIISITOPH.

Kawuosi ciaoBa: termoBuii kompopt, ASHRAE, EN 1SO 7730, HVAC, onaneHHs, BSHTWIALIS Ta
KOHIIUITIOHYBaHHS TIOBITPs, pO3TalllyBaHHS IBUTYHa, KaOiHa BOis, macakupcebkwuii canon, PMV, PPD.
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Abstract

The article discusses the dynamics of the lubrication process during the operational wear of the crankshaft
bearings of automobile engines. All lubrication modes and wear processes are analyzed. The main attention is
paid to the steady and unsteady modes of lubrication of the crankshaft bearings. The nature of the dynamics of
changing lubrication regimes is substantiated through operational tribological parameters that characterize the
integral degree of existence of the lubricating layer. A model is proposed for the relationship of these parameters
with a number of factors, and the nature of their changes with a change in the speed of the crankshaft of the car
engine is substantiated.

The results of bench tests of diesel engines of the KamAZ series, speed and load characteristics of the
engine in terms of tribological operational parameters are presented. A graphical interpretation of the tribological
parameter in the field of the load-speed mode of KamAZ engines is given.

Key words: car engine, crankshaft bearings, lubrication mode, tribological parameter, speed and load
characteristics

Introduction

One of the movable mates that limit the life of the engine are the crankshaft bearings. They account for
about 18% of the number of failures of all elements of the power units of KamAZ vehicles, the average time
between failures is 12% of the engine life before overhaul, and the share of repair costs is over 45% [1,2].

Connecting rod and main bearings of the crankshaft of automotive internal combustion engines are fluid
friction bearings lubricated under pressure. The external load vector acting on the crankshaft bearings varies not
only in magnitude and direction, but also rotates relative to the crankshaft axis at a certain speed. The crankshaft
not only rotates, but also moves relative to the bearings, squeezing out the oil. The thickness of the oil layer
changes periodically. As the load increases, it decreases. The oil pressure in the supply line practically does not
affect the pressure in the oil layer, but to a large extent affects the amount of oil pumped and the thermal state of
the bearing [3,4].

The nature of the duration of the existence of the lubricating layer varies depending on the condition of
the plain bearing. Therefore, it is fair to assume that such an operational tribological parameter as Py, on the one
hand, is sensitive to the technical condition of the bearing, and, on the other hand, affects the intensity of its
wear [5,6].

In practice, when assessing the resource of car engines with identical and different numbers of
connecting rod and main bearings of the crankshaft, it is important to identify the effect of various tribological
parameters on the lubrication process of mating parts during operation.

Literature review

During the operation of the engine, the conditions for the operation of bearings in the liquid lubrication
mode (hydrodynamic friction) must be ensured in the entire range of operating modes for which they are
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intended. Under conditions of liquid lubrication, the rubbing surfaces of the mating parts are separated by a
continuous layer of lubricant material of considerable thickness, several times greater than the sum of the
heights of microroughnesses of the working surfaces. The process of mechanical wear is practically absent, but
the processes of fatigue wear, cavitation wear and liquid erosion take place. It is believed that the abrasive action
of particles of mechanical impurities contained in engine oil for connecting rod and main bearings is weakened.
Oil on its way to the bearings undergoes coarse and fine cleaning in oil filters, as well as in dirt traps located in
the crankshaft cavities [7,8].

The contact interaction of friction surfaces occurs during boundary lubrication, when the thickness of the
boundary lubricating layer is several molecular layers of lubricant, oriented in the direction of movement of the
mating parts, and is commensurate with the sum of the heights of the microroughnesses of the contacting
surfaces [9-11].

Boundary lubrication is determined by the properties of boundary lubricating layers arising from the
interaction of the material of the rubbing surface and the lubricant as a result of physical adsorption or
chemisorption. In this case, the bulk properties of the lubricant do not appear, and the physicochemical
interactions on the surfaces determine the nature of friction and wear. With boundary lubrication, molecular-
mechanical and corrosion-mechanical types of surface wear are realized. Wear intensity with boundary
lubrication is 7-13 orders of magnitude higher than with liquid lubrication [12-14].

Violation of the liquid lubrication occurs when the friction surfaces approach each other so much that in
the zones of the highest pressures the oil film breaks and the microroughnesses in the contact spots come into
contact. In the case when the load is simultaneously perceived by the oil film and the contact surface
irregularities, then this is the mixed lubrication mode.

In the case of the alternate appearance and disappearance of the oil film between the rubbing surfaces, a
transient lubrication process occurs. The operation of plain bearings of the crankshaft of automobile engines
under the conditions of a transient lubrication process was studied in [18-20]. The intensity of wear during the
transitional lubrication process is determined by the ratio of the duration of non-contact and contact types of
interactions. It is believed that if the duration of contact between the journal and the bearing is short (no more
than 20% of the cycle time), then these critical positions may not be dangerous [21-23].

The transient lubrication process is a general case of interaction of surfaces in lubricated tribocouplings of
machine parts. Particular cases are liquid, boundary and mixed types of lubrication, which are considered as
steady. At the same time, the dynamic process of transition from one type of lubricant to another is practically
not considered.

Steady-state lubrication mode — the work of tribocoupling of parts with constant indicators of the

lubrication process over time: minimum thickness of the lubricating layer h average temperature of the

min !

lubricating layer T,, , friction coefficient f__, dynamic oil viscosity 1. A consistent set of steady state modes

mp
is a static characteristic of the tribocoupling of parts, usually represented as a dependence of process indicators
on one of the parameters selected as an independent variable.

The main sign of an unsteady regime is a violation of the condition of constancy of the process indicators

intime 7: h, . =f(z), T, =f(z), f,, =f(z), u= f(r)etc. Unsteady modes are characterized by

cycle average values of indicators that change during the period of transition from one steady state to another.
The dynamic characteristic is a time-sequential set of unsteady modes, represented by the dependence of the
performance indicators of tribocouplings of parts that change during the transition process [24-25].

Of the variety of transient processes, the most characteristic are the following:

— processes caused by a change in the speed of the V relative movement of the surfaces of tribocouplings

of parts. The influencing parameters are the relative change o, = (v, —V,)/V,,, the period of change T, and
the nature of the change in speed v = f (7);

— processes caused by a change in the external load N on the tribocoupling of parts. The influencing

parameters are the relative change J,, = (N, —N,)/ N, , the period of the change T, and the nature of the
change N = f(7);

— processes caused by changes in the properties (eg viscosity) and supply parameters of the lubricant (eg
pressure, flow, temperature). The influencing parameters in this case are the relative change of these parameters,
the period and nature of the change.

— combined processes, accompanied by the simultaneous impact of changes in speed, load and properties
and parameters of the lubricant supply. It is not only the main one in operational conditions, but also the most
common case of transients.

The deviation of the lubrication regime from liquid lubrication has a significant effect on the
intensification of wear processes. The degree and nature of the deviation are determined by the conditions under
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which the transient lubrication process takes place, the degree of adaptation of the bearing to it. This indicates
the need to have a unified system for comparative analysis of the lubrication process indicators in various
operating conditions, the degree of their adaptation to the latter. When analyzing the quality of lubrication
processes in tribo-conjugated parts, it is advisable to use relative indicators — the ratio of the indicator during the
transition process to its value under steady-state lubrication modes.

An important indicator characterizing the transitional lubrication process is its duration 7, . This value is

calculated from the moment the lubrication mode is changed until the new mode is established. The last moment
is determined by the achievement of stable indicators of the lubrication process, corresponding to the new steady
state. In this case, the transitional lubrication process can be both incomplete and completed. The duration

parameter of the lubricating layer depends on the time 7 : Pg = f (7). If the 7, ratio has been established in
the tribo-couplings of the parts over time Pg =1, then it is considered that the transient process has ended and

the non-contact interaction mode has been established, if Pg = 0 — the contact interaction mode. If the process

has not been established, then it is characterized by average values Pg changing during the transition from one

steady friction mode to another ( 0 < Pg <1).

The types of interaction of the rubbing surfaces of the tribocoupling parts are described by the Gersey-
Striebeck diagram (Fig. 1), which is the dependence of the friction coefficient fmp on the load-speed mode
(N —radial load on the bearing, V — linear velocity of the mating surfaces) and the properties of the lubricant in
it ( & — dynamic viscosity).

H. Chihos [24] considers this diagram together with the dependence of the lifetime of the lubricating

layer Pg and defines three characteristic areas: | — the area of continuous non-contact interactions — liquid
lubrication (Pg =1); Il — area of alternating contact-non-contact interaction — transient lubrication process
(0 < B, <1); I —area of continuous contact interactions of surfaces (P, =0).
1 I /
uIN
a
Pg
1,0
Il I I
0
uVIN
b

Fig. 1. Combination of the Gersey-Striebeck diagram (a) with the characteristic scheme of parameter change Pg (b).

An analysis of the lubrication process in the crankshaft bearings of automobile engines shows that:

— bearings are designed to operate in a liquid lubrication mode, which ensures minimal wear of the
tribological interfaces of parts, however, in real operating conditions they can also operate in other lubrication
modes — mixed, boundary, transitional lubrication process, when the wear rate of rubbing surfaces increases
significantly;
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— the lubrication mode is an important means of influencing the wear processes, and the violation of the
liquid lubrication mode has a negative impact on the wear of the tribomechanical system, it is important to
determine the conditions for establishing the liquid lubrication mode in the bearing;

— it is advisable to consider the operation of bearings from the standpoint of a transient lubrication
process, which is a general case of the interaction of rubbing surfaces of mating parts.

Purpose

The purpose of the work is to substantiate the influence of tribological parameters on the lubrication
process of tribocouplings of parts (rod and main bearings of the crankshaft) of the engine.

Results

For a generalized assessment of the lubrication process in the connecting rod and main bearings of the
crankshaft, the method of equivalent electrical circuits [7] of automobile engines is used. (fig.2., fig.3) The
equivalent electrical circuit is an electrical circuit where voltage is applied to the cylinder block and crankshaft
toe, and variable electrical resistances correspond to movable mates in the crank mechanism, cylinder-piston
group and gas distribution mechanism . The variability of the resistance is determined by the changing thickness
of the lubricating layer with dielectric properties in the contact zone of the tribo-coupling of the parts, depending
on the lubrication conditions.

For the implementation of bench tests, a scheme for connecting the electric current to parts of the CPG
of diesel engines was proposed (fig. 2).

Vi Vi Vmm Viv Vv Vvi
I —4
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IH[U\$ v .\
TViff Vi L L
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Fig. 2. The scheme of connecting electric current to parts of the CPG of diesel engines: 1 — current source; 2 —
resistance for adjusting the current value; 3 — current rectifier; 4 — current collector, screwed in instead of a ratchet; 5
— engine to be run-in; 6 — ammeter; 7 — voltmeter: | — main bearings; 11 - connecting rod necks of the crankshaft and
liners; ITI — piston fingers and bushings of the upper head of the connecting rods; IV — piston fingers and piston
heads; V - cylinder liners, pistons and piston rings.

From the rectifier, electric current is supplied to the "plus" brush unit, and "minus" to the engine block.
The brush unit is installed on the side of the oil pump drive pulley, for this it is necessary to unscrew the ratchet
and screw in the copper shaft of the brush unit instead. The negative terminal is connected to the cylinder block
at the place of attachment of the fuel filter.

The scheme of current distribution through the couplings of the engine (fig. 3) is a system of parallel
chains, the first chain is the crankshaft, main bearings, cylinder block; the second chain — crankshaft, CPG,
cylinder block. The current branches from the crankshaft to the main sliding bearings (resistance Ri), and
through the connecting rods of the crankshaft to the connecting rods (resistance Ry), from the connecting rods to
the piston fingers (resistance R3), from the fingers to the piston heads (resistance Ra) and branches into two
branches: from the piston to the sleeve (resistance R7) and from the piston to the piston rings (resistance Rs) and
further from the rings to the sleeve (resistance Re).

The greatest resistance will be in the first chain (resistance R1), because when the engine is running, the
crankshaft seems to "float" in the oil medium in the main sliding bearings. The electric current will look for the
path of least resistance according to Ohm's and Kirchhoff's law, then the largest part of it will pass through the
second link - through the parts of the CPG.
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This is due to the fact that the oil film between the connecting rod neck and the connecting rod liner
when the engine is running has a much smaller thickness than that between the main neck and the main slide
bearing, that is, it has less resistance. In other elements of CPG parts, the thickness of the oil film is even
smaller, since the rings perform a reciprocating movement relative to the mirror of the cylinder liner. Thus, the
thickness of the oil film at TDC and TDC of the rings will be minimal to 0.1 um. At the same time, the mode of
marginal friction is observed. The maximum thickness of the oil film will be at the moment when the rings reach
the maximum speed and will have a thickness within 10 microns, depending on the oil density. Therefore, the
maximum part of the current will pass through the CPG parts when the piston is in the dead center position. At
this moment, the current on the parts of the CPG will be distributed almost evenly in the engine, since at the
same time the pistons will occupy different positions relative to the sleeve. The difference in the passage of
current through the parts of the CPG for one revolution of the crankshaft will be up to 10%.

The resistance between the crankshaft and main bearings is a parallel chain of resistances and is
calculated by the expression:

1 1 1 1 1

+ + :
Rl RKl RK2 RK3 RI\‘4
Similarly, the total resistance between the crankshaft and connecting rods is calculated:
1 1 1 1 1 1 1

+ + + + :
RZ RCl RC 2 RC 3 RC 4 RC 5 RC 6
Current and voltage were recorded using an ammeter and a voltmeter, and then the total resistance R

U
was calculated according to Ohm's law | = E

In modern automobile engines, there are at least 20...25 types of movable mates, and their total number
depends on the design of the engine, and is 100...150 units and more. Lubrication regimes differ significantly
from each other and depend on many factors: purpose, load-speed and thermal regimes, lubricant supply
conditions, technical condition, etc.

An analysis of equivalent electrical circuits allows us to conclude that the probability of electric current
passing between the cylinder block and the crankshaft is determined by the probability of metal contact in the
movable mates of the crankshaft. The contact of the mating of bearing parts occurs when the lubricating layer is
destroyed, the integral probability of the existence of a lubricating layer in the tribocoupling is equal to:

i=k j=m
PgZ — Pgtb ngdm chgb H Pgmp H pcep (1)
j=L

i 9.j
i=1

where F’gtb is the parameter Pg in the thrust main bearing; ngdm— parameter Pg in the group of interfaces

of parts of the gas distribution mechanism and its drive; PgCgb - parameter Pg in the group of interfaces of clutch

and gearbox parts; Pgrﬂb— parameter Pg in the i-th main bearing; ch.cjp_ parameter Pg in the j-th group of the
connecting rod bearing and the cylinder-piston group; k and m are the number of main bearings and groups of
mating parts from the connecting rod bearing and the cylinder-piston group, respectively.

The analysis of formula (1) allows us to draw a conclusion about the relationship between the parameter

sz and the parameter values Pg in each group of mating parts. Moreover, if sz =1, then this means the
conditions of non-contact interaction in all groups of triboconjugations of parts ( Pg =1),if sz =0, then at

least one of the groups has metal contact ( Pg =0).
The operating conditions of the thrust bearing show that fluid friction predominates in it, and therefore
the following condition can be assumed: F’gtb =1.

The conditions for the passage of electric current from the crankshaft to the cylinder block through the
drive of the gas distribution mechanism and the gas distribution mechanism itself make it possible to assume

that P" =1.
The parameter F’gcCP can be estimated by the formula:
[ov cb h 2 C
Pg i :1_(1_ Pg )(l_ ng )(1_ ngp) (1_ ng )1 2

where Pg°b, ngh, P,”, P/ *is the parameter P, in the connecting rod bearing, respectively, of the

tribo-couplings of the parts "piston pin-bushing of the piston head of the connecting rod", “piston pin-piston
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boss" and "piston-cylinder".
An analysis of formula (2) shows a complex dependence of the parameter PgCCp on the type of interaction

in tribo-couplings of parts. If the parameter is in one of the tribological conjugations of the parts Pg =1, then

the values of the parameter Pg in other conjugations do not have a significant effect on the value of PgCCp .

The operating conditions of the tribocouples "piston pin-piston head sleeve", "piston pin-piston boss" and
"piston-cylinder” indicate that they are dominated by boundary friction Pg =0, and therefore the following

relationship can be assumed:
b 2
Q- ch )2- ngp) @a- ngc) =1. )
Hence it follows that F’gOCp = Png. Based on the assumptions made, the sz operational friction
parameter is determined by the formula:
mb cb
H it H Poi @
The indicator is sz used for a comparative assessment of engines with identical numbers of connecting

rod and crankshaft main bearings. To evaluate engines with different numbers of bearings, an "equivalent
crankshaft bearing” model is proposed, which has a generalized assessment of the lubrication process in

connecting rod and main bearings. For quantitative assessment, the parameter is used Eg - "integral degree of
existence of the lubricating layer”, the value of which is determined by the formula:

®)

The value of the parameter Eg changes from the maximum value (Eg )max =1, Which characterizes the

steady state of liquid lubrication in all crankshaft bearings, to the minimum value (Eg)max =0, at which at
least one bearing operates in the mode of boundary lubrication or dry friction. Intermediate values of the
parameter 0 < Eg <1take place under the conditions of a transient lubrication process with successive

alternation of liquid and boundary lubrication in time.
On fig. 4 shows the dependences of tribological parameters sz and Eg on the speed of the crankshaft.
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It is determined that under operating conditions the value of the parameter Eg depends on a number of
factors:
Ey = Eq (. 0y M0, (T ) Ty N, AL ®)
The factors involved in the model (6) change according to various patterns:
— bearing length |b and bearing diameter db remain practically unchanged;
— the dynamic viscosity of the oil 4 is determined by the viscosity-temperature properties of the oil

,u(T,\,I ) according to SAE, due to the aging of the base base, dilution with fuel, and the operation of additives;

— the crankshaft speed Nand torque M vary over a wide range depending on the load and speed modes
of the engine;

— the critical thickness of the lubricating layer th depends on the roughness and other micro- and

macrogeometric parameters of the friction surfaces, is formed initially during manufacture and installation,
decreases during running-in, changes insignificantly during the period of steady (normal) wear, and increases
during accelerated wear;

— the diametrical clearance Ais formed during manufacture and installation, increases due to wear of
the journals and liners of the crankshaft, both at the running-in stage and during periods of steady (normal) and
accelerated wear;

—oil pressure is p determined by the design and characteristics of the elements of the main oil line and

the lubrication system, increases with increasing crankshaft speed, oil viscosity, and decreases with increasing
oil filter contamination, wear of the oil pump and crankshaft bearings, overheating and dilution by fuel,

— the oil temperature T,, depends on the thermal state of the engine parts, the operation of the engine

preheating system; in the starting mode during warm-up increases, while driving it depends on the load-speed
mode of the engine and on the factors of warming and cooling the engine.

Thus, the integral degree of existence of the lubricating layer Eg in the crankshaft bearings depends on

the oil temperature and the load-speed mode, and these dependencies have their own characteristics at the
stages of running-in, steady-state (normal) and accelerated wear.

During the running-in of bearings, the factors th and are variables A.

Under the same factors, the conditions of the load-speed mode of operation, the thermal state of the
engine and the properties of the engine oil, the values of the factors M , n, T,\,IP and ,u(T,vI ) in model (6) are
unchanged, which makes it possible to determine the values of the parameter Eg depending on the factors of
the technical condition of the bearings using the dependence E, = E (h,,,A).

The operational wear of bearings depends on a variable factor A. The validity of diagnosing the
crankshaft bearings is determined by the fact that under the same operating modes, the thermal state of the

engine and the properties of the engine oil, the values of the parameters M , n, T, th and ,u(I'M) in
model (6) are unchanged, and it becomes possible to determine the diametrical clearance using the established
dependence A=A(Ey).

When the engine is warming up at idle, the values of the factors Aand th , as well as the viscosity-

temperature characteristic of the oil ,u(TM)in model (6) are unchanged, and the factors n, TMH and

P depend on the time z in the start mode. This allows you to determine the parameter values Eg depending

on the values of the crankshaft speed nand oil temperature T, using the model Eg = Eg (Typ, N, 7).
When the engine is running, the factors M and n are variables. With the same thermal and technical
conditions of the engine and the properties of engine oil, the values of the parameters TMP , IU(TM ), Aand

th in model (6) are unchanged and it becomes possible to determine the value of the parameter Eg depending

on the operating mode factors (M and n) using the model E, =E4(M,n).

The basis of experimental studies of the lubrication process in the crankshaft bearings, depending on the
load-speed mode of the engine on the stand, is an enlarged model containing input (torque on the crankshaft

M, crankshaft speed at idle n) and output (indicator Eg and dependencies E, =Ey(M,n) and
W, =W, (M, n) variables.

The test object was the KamAZ-740.14-300 diesel engine, which is used on KamAZ-53212, 43353,
53229, 65115 vehicles, and is identical in design of the lubrication system and crank mechanism with engines
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of other modifications KamAZ-740.11-240, 740.13 -260 used on many vehicles. The tests were carried out in
the engine testing laboratory of the ERM department. The engine was installed on the stand of the company
"AVL" with a hydraulic brake company "SCHENCK". The test engine was run-in, and the operating time at the
time of testing was about 1200 moto-hours.

When testing the engine, coolant temperatures were maintained from 80°C to 85°C and oil from 75°C to
80°C. Steady operating modes were sequentially set at crankshaft speed n= 1000, 1400, 1800, 2200 and 2400

min -t with a stepwise change in torque M at each frequency from 100 to 1000 N-m with a step of 100 N-m.
The measurements were carried out in the forward and reverse directions. The duration of measurement
in each mode was 30 s after an exposure of 30 s.

The results of parameter measurements Eg in each operating mode were averaged. The obtained load

and speed characteristics of the engine in terms of the parameter Eg made it possible to draw the following

conclusions:

— with an increase in the load on the engine at a constant crankshaft speed, the parameter decreases,
which indicates a progressive deterioration of the liquid lubrication (fig. 5);

— with an increase in the shaft rotation frequency at a constant torque, the dependence of the parameter
has a parabolic form (fig. 6) with a maximum characterizing the best lubrication conditions in the frequency
range from 1250 to 1550 min .
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Fig. 6. Engine load characteristics by parameter Eg (M)

For further analysis of the lubrication process in KamAZ engines, the values of rotational speed and
torque were recalculated into relative values according to the formulas:
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n, =100(n, /n,,.). ()
M, =100(M /M), ®)

where Mgand n,are the relative values of torque and crankshaft speed, %: N, . =2600 min ~* and

n
M .. =1000 Nm are the maximum absolute values of the indicators.

The experimental data E4(M,n)were approximated using PC applications, and a polynomial model of
the form was obtained:

Eg =a+bny+cMg +dnf +eM{ + fngMy , )

where a, b, ¢, d, e, f — the coefficients of the model, the values of which are: a = 0.6966; b = 0.01107; ¢
=0.0004430; d = -0.0001012; e = -2.2734 10 ®; f =-9.3841 10 5.

The coefficient of determination of the model was r 2 = 0.974, the standard error was 0.0104, which

indicates a sufficient quality of the approximation.
Using model (9), the multifactorial characteristics of the engine were built according to the parameter of

the integral degree of existence of the lubricating layer Eg in the crankshaft bearings (fig. 7 and 8).
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The analysis of the multifactorial characteristics of the engine by the parameter Eg makes it possible to

determine the areas of the load-speed mode of operation, in which the lubrication mode of the crankshaft
bearings with different levels of the parameter values is provided Eg . It can be seen that the area of the load-

speed mode with a high level of parameter values E; >0,98 is: for the crankshaft speed from 40% to 65% and

torque from 10% to 50%; crankshaft speed from 45% ... 60% and torque from 50% to 80%.

Model (9) and multifactorial characteristics give an idea of the suitability of the engine to the operating
mode in terms of the parameter of the integral degree of existence of the lubricating layer Eg in the crankshaft
bearings.

Of practical interest is the assessment of the suitability of the engine to the operating mode in terms of
the integral wear resistance W, of the crankshaft bearings. The multifactor characteristic of the engine (fig. 9)

shows the distribution of parameter values W, in the areas of the load-speed mode.
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Fig. 9. Multifactorial characteristic of the engine by parameter W, in the areas of load-speed mode

The resulting graphical display shows that: high wear resistance of the crankshaft bearings is
W, >1000 provided in the region of relative speed from 45% to 60% and relative torque from 10% to 30%. As

the load-speed mode expands, the relative torque equal to 30% or more and the relative speed of 65% or more
reduce the wear resistance of bearings. The speed range of 45% to 60% corresponds to an average piston speed
in the range of 4.7 to 6.2 m/s. These values are close to the speed range of 5...7 m/s, which provide "wear-free"
speeds of the crankshaft of the engine.

Conclusions

1. A technique has been developed for the experimental study of the lubrication process in the bearings of
the crankshaft of an automobile engine during bench tests.

2. The regularities of the parameter of the integral degree of existence of the lubricating layer in the
crankshaft bearings from the load-speed mode of operation of the KamAZ-740.14-300 engine have been
established, which made it possible to find the regularities of the wear resistance index of the crankshaft bearings
also from the load-speed mode of the engine.

3. It was revealed that the maximum wear resistance of the bearings is provided in the region of the
relative value of the crankshaft speed from 45% to 60% and the relative value of the torque from 10% to 30%;
and it is on average 20...25 times higher compared to wear resistance in other modes; as the load-speed mode
expands from a relative torque of 30% and from a relative crankshaft speed of 65%, the wear resistance of the
bearings decreases sharply.

References

1. Aulin V.V., Hrynkiv A.V. (2016). Problemy i zadachi efektyvnosti systemy tekhnichnoi ekspluatatsii
mobilnoi  silskohospodarskoi ta avtotransportnoi  tekhniky [Visnyk Zhytomyrskoho derzhavnoho
tekhnolohichnoho universytetu. Seriia tekhnichni nauky. Ne2 (77)]. S.36-41.

2. Priest, M. and C.M. Taylor, 2000. Automobile engine tribology - approaching the surface. [Wear,
241(2)] 193-203.

3. Khruliev O.E., Saraiev O.V. i Saraieva l.lu. (2021). Vplyv vidtsentrovykh syl na zmashchuvannia



80 Problems of Tribology

pidshypnykiv kolinchastoho vala v avariinykh rezhymakh roboty dvyhuna avtomobilia. [Visnyk
mashynobuduvannia ta transportu. 12, 2]. S.112-121.

4. Saraieva l.lu., Khruliev, O.E. i Vorobiov, O.M. (2021). Ekspertna otsinka tekhnichnoho stanu
tsylindro-porshnevoi hrupy dvyhuna avtomobilia [Visnyk mashynobuduvannia ta transportu. 13, 1] S.133-139.

5. Aulin V.V., Dykha O.V., Lysenko S.V., Hrynkiv A.V. (2018). Vplyv ekspluatatsiinykh faktoriv na
rezhym zmashchuvannia i znosostiikist detalei dyzelnykh dvyhuniv avtomobiliv [Problems of tribology. Ne4]
S.41-53.

6. Stelmakh O., Fu H., Guo Y., Wang X., Zhang H., & Dykha, O. (2022). Adhesion-Deformation-
Hydrodynamic model of friction and wear [Problems of Tribology, 27(3/105)] S.49-54.

7. Aulin V.V. [ta in] (2016). Trybofizychni osnovy pidvyshchennia nadiinosti mobilnoi
silskohospodarskoi ta avtotransportnoi tekhniky tekhnolohiiamy trybotekhnichnoho vidnovlennia: monohrafiia
[Kropyvnytskyi : Lysenko V. F.] 303 s.

8. Kuzmenko A. H., Dykha O.V. (2005). Doslidzhennia znosokontaktnoi vzaiemodii zmashchenykh
poverkhon tertia : monohrafiia [Khmelnytskyi : KhNU] 184 s.

9. Kuzmenko A.G., Dyiha A.V. (2007). Kontakt, trenie i iznos smazannyih poverhnostey : monografiya
[Hmelnitskiy: HNU] 342 s.

10. Kuzmenko A.G., Dyiha A.V., Babak O.P. (2011). Kontaktnaya mehanika i iznosostoykost
smazannyih tribosistem: monografiya. [Hmelnitskiy: HNU] 248 s.

11. Dykha O.V., Sorokatyi R.V., Babak O.P. (2011). Rozrakhunky ta vyprobuvannia na nadiinist mashyn
i konstruktsii : navch. posib. [Khmelnytskyi: KhNU] 151 s.

12. Shayler P.J., Baylis W.S., Murphy M. (2002). Main bearing friction and thermal interaction during the
early seconds of cold engine operation [Presented at ASME 2002 internal combustion engine division fall
technical conference, New Orleans, USA].

13. Zammit, J-P., Shayler P.J., Gardiner R., Pegg I. (2012). Investigating the potential to reduce
crankshaft main bearing friction during engine warm-up by raising oil feed temperature [SAE Int J Engines
2012; 5(3) paper 2012-01-1216].

14. Hudz, H. S., Herys, M. I., Kotsiumbas, O. Y., & Ostashuk, M. M. (2022). Vplyv pokaznykiv olyvy v
avtomobilnomu dvyhuni na temperatury vkladok pidshypnykiv kolinchastoho vala. [Naukovyi visnyk NLTU
Ukrainy, 32(3)] S. 66-72.

15. Dykha O. V. (2018). Rozrakhunky trybotekhnichnoi nadiinosti pidshypnykiv kovzannia.
[Tekhnichnyi servis ahropromyslovoho, lisovoho ta transportnoho kompleksiv. Ne 13] S. 20-26.

16. Aulin V.V., Hrynkiv A.V., Holub D.V., Ahaponenko M.I. (2018). Rozrobka kryteriiu vdoskonalennia
systemy tekhnichnoi ekspluatatsii zasobiv transportu z vrakhuvanniam neobkhidnoi diahnostychnoi informatsii
[Mizhvuzivskyi zbirnyk "Naukovi notatky". — Lutsk: Lutskyi NTU Ne62] S.17-20.

17. Hrynkiv, A., Rogovskii, I., Aulin, V., Lysenko, S., Titova, L., Zagurskiy, O., Kolosok, 1. (2020).
Development of a system for determining the informativeness of the diagnosing parameters for a cylinder-piston
group in the diesel engine during operation [Eastern-European Journal of Enterprise Technologies, 3 (5-105)] pp.
19-29.

18. Podoliak 0O.S., Malinina Yu.V. (2015). Doslidzhennia znoshuvanosti dvyhuniv vnutrishnoho
zghoriannia pry ekspluatatsiinykh rezhymakh roboty [Mashynobuduvannia No16] S. 30-33.

19. Podolyak O. S., Melnichenko A. A. (2008). Issledovanie modeli izmeneniya resursa silovogo agregata
avtomobilnogo krana metodom iteratsii [V ostochno-evropeyskiy zhurnal peredovyih tehnologiy. Vyip. 6 (36)] S.
27-30.

20. Moschenok V.1., Glushkova D.B., Nesterenko E.A. (2007). Tehnologicheskie metodyi povyisheniya
rabotosposobnosti podshipnikov [Visnyk Kharkivskoho natsionalnoho avtomobilno-dorozhnoho universytetu
Ne38] S. 54-56.

21. Ronen S., Goltsberg R., Etsion I. (2017). A comparison of stick and slip contact conditions for a
coated sphere compressed by a rigid flat. [Friction 5(3)]. S. 326-338.

22. Balytskyi O. 1., Kolesnikov V. 0., Khmel Ya., Lopatkin I. O., Cherniakhov P. I. (2016).
Doslidzhennia znosostiikosti materialiv dlia detalei transportu [Problemy ta perspektyvy rozvytku
avtomobilnoho transportu : Materialy 1V-yi Mizhnarodnoi naukovotekhnichnoi internet-konferentsii. Vinnytsia]
S. 60-64.

23. Voytov V.A., Stadnichenko N.G. (2005). Tehnologii tribotehnicheskogo vosstanovleniya. Obzor i
analiz perspektiv [Problemyi tribologii N 2] S. 86 - 93.

24. Chihos H. (1982). Sistemnyiy analiz v tribonike [Per. s angl. S.A. Harlamova. — M.: Mir] 352 s.

25. Dykha O.V. (2013). Vuzly tertia mashyn. Rozrakhunky na znosostiikist: navch. posib. [Khmelnytskyi
: KhNU] 147 s.



Problems of Tribology 81

AyJin B.B., Jlucenko C.B., I'punbkiB A.B., JIamyk O.JI., I'ynka A.B., JliBiubkuii O.M. [Tapamerpu
MaCTHWJIBHOTO TIPOIIECY TPH eKCIUTyaTalliiHOMY 3HONTYBaHHI MiAITUITHUKIB KOJIHYACTOTO By aBTOMOOUTBHHX
JIBUTYHIB

Y crarTi po3TIAmaEThCS OWHAMIKA MACTHIBHOTO TIPOIECY IIPH eKCIDIyaTalifHOMY 3HOIIYBaHHI
MiIMIMIHYAKIB KOJIHYacTOro Bally aBTOMOOUIBHUX JBUTYHIB. [IpoaHamizoBaHO BCi PeXHMMH 3MallleHHS Ta
npouecH 3HouryBaHHs. OCHOBHA yBara IpuiJIeHa peXXHMaM 3MAallleHHS MiJIIUITHUKIB KOJIHYacTOro Bajy, IO
BCTAaHOBUBCSI 1 HE BCTAHOBUBCS. XapakTep OWHAMIKM 3MIHM DPEXHMIB 3MalleHHS OOIPYHTOBYETHCS depe3
eKCIUTyaTaliifHi TpUOOJIOTYHI MapaMeTpH, SIKi XapaKTepH3yIOTh IHTETPAIbHUN CTYIIHb ICHYBaHHS MaCTHIBHOTO
mrapy. 3amporOHOBAaHO MOZENb 3B'S3KYy IMX IMapaMeTpiB 3 IMUIOro psaay (akTopiB, a TaKoK OOIPYHTOBAaHO
XapakTep IX 3MiH i3 3MiHOIO 9YaCTOTH 00EePTaHHS KOJIHYACTOTO BATy ABUTYHA aBTOMOOIIS.

HaBemeno pesymeTatn cTeHmOBHX BumpoOyBanb mu3emiB  cepii KamA3, mBumkicHHX Ta
HAaBaHTaKYBaJbHUX XapaKTEPUCTHK JABUTYHa 3a TPHOOJOTIYHHUMH eKCIUTyaTalliiHMMH IapamerpaMu. [laHo
rpadiuHy IHTepmpeTalifo TpPUOOJOTiYHOrO NapaMeTpa B TIIOJIi HaBaHTA)XXyBaJbHO-LIBHIKICHOTO PEXUMY
JIBUTYHIB cepii KamA3.

KoarouoBi ciioBa: aBTOMOOUIBHMII JBUTYH, MiJIIMITHUKH KOJIIHYACTOTO Bally, PEXHM 3MalleHHS,
TpPHUOOJIOTIYHUI TapaMeTp, IIBUAKICHI Ta HAaBaHTAXXyBaJIbHI XapaKTePUCTUKA



