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Abstract

This study is focused on the development of composite plasma-sprayed coatings with a low coefficient of
friction based on copper alloys with additions of nickel-clad graphite and on the investigation of their
physicomechanical and tribological properties. Composite coatings were produced by atmospheric plasma
spraying (APS) from agglomerated powders of copper alloys with the following compositions: BrONG-30 (70
wt.% BrOF10-1 + 30 wt.% nickel-clad graphite), BrOSNG-30 (70 wt.% BrOCTS5-5-5 + 30 wt.% nickel-clad
graphite), and LNG-30 (70 wt.% L63 + 30 wt.% nickel-clad graphite). The application of graphite in a nickel shell
improves its wettability by the metallic matrix and enhances adhesion. The obtained coatings exhibit high adhesion
strength to the substrate (33—38 MPa) and density (94-97%). Tribological tests demonstrated that the LNG-30 —
steel 45 friction pair showed the best performance. The inclusion of nickel-clad graphite reduced the friction
coefficient by up to 1.5 times and increased wear resistance by up to 3.8 times. Using EDS and Auger spectroscopy,
it was established that during friction in the LNG-30 — steel 45 pair, a film consisting of graphite (16—17 nm thick)
and oxides of copper, zinc, nickel, and iron is formed on the counterbody wear track. The presence of such oxide
films indicates a predominantly oxidative mechanism of friction, with minor adhesive interaction. The proposed
coatings are promising for application in friction units, particularly under conditions where the use of liquid
lubricants is limited or impossible.

Keywords: nickel-clad graphite, copper alloy, composite coatings, thermal spray coatings, friction and
wear

Introduction

In modern mechanical engineering, friction units made of composite materials produced by powder
metallurgy and containing solid lubricants are widely used. Such materials include iron—graphite and bronze—
graphite composites. The areas of application and fabrication technologies of these materials are described in detail
in a number of studies [ 1-3]. Bronze—graphite components are generally produced from tin bronze containing 88—
92 wt.% copper and 8—11 wt.% tin with an addition of 14 wt.% graphite. These types of materials are used in
friction units operating under low loads (3—4 MPa), sliding speeds (1-2 m/s), and temperatures (60—80 °C) in the
presence of lubrication. They are widely used for the production of parts in instrument making, mechanical
engineering, automotive engineering, as well as in equipment for light industry [4]. Impregnation of porous
bronze—graphite products with lubricating oils (up to 2 %) allows the friction coefficient to be reduced to 0.03—
0.06. Research is underway on the possibility of increasing the graphite content in such composites up to 25 % by
powder metallurgy methods without decreasing their strength [5,6]. However, there are a number of engineering
tasks that require components to operate under dry sliding conditions, where the use of conventional bronze—
graphite materials is not feasible due to their low strength and inability to operate at elevated temperatures, loads,
and sliding velocities.

Copyright © 2025 O. Terentjev, O. Umanskyi ,0. Kushchev , V. Varchenko , V. Konoval, O. Bondarenko, V. Kurilovych. This is
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http://creativecommons.org/licenses/by/3.0/
http://tribology.khnu.km.ua/index.php/ProbTrib
https://doi.org/10.31891/2079-1372-2025-118-4-6-13
https://orcid.org/0000-0002-4723-9305
https://orcid.org/0000-0003-3629-7224
https://orcid.org/0009-0003-9056-0123
https://orcid.org/0009-0007-6133-6711
https://orcid.org/0000-0003-2780-9064
https://orcid.org/0009-0008-4492-3719
https://orcid.org/0009-0005-3737-1862

Problems of Tribology 7

It is known that for certain high-load and high-speed special friction units, virtually pure copper or tompac
(a copper—zinc alloy containing 10 or 20 % zinc) has been used [7,8]. Tompac is characterized by high corrosion
resistance and increased plasticity, and it can be readily processed by hot and cold deformation. However, it also
has a tendency to adhere to steel, which may lead to an undesirable adhesive wear mechanism and consequently
to rapid wear of the tribocouple. Adhesion during sliding friction can be prevented by forming a composite that
exhibits a low friction coefficient due to the presence of a solid lubricating phase. In the present work, an innovative
approach for extending the service life of friction units is proposed through the use of composite coatings with a
low coefficient of friction based on copper alloys containing nickel-clad graphite. The proposed coatings are
characterized by high run-in ability in friction against steel and by a self-lubricating effect. The use of nickel-clad
graphite as a solid lubricant is justified by the fact that graphite in its pure form is not wetted by copper and its
alloys (wetting angle ® =~ 140°) [9]. Poor adhesion of graphite to the metallic matrix in a composite coating results
in its pull-out during operation and a deterioration of the functional properties of the coating. Moreover, during
thermal spraying, unprotected graphite undergoes high-temperature oxidation and burns out in the plasma jet [10].
This leads to uncontrolled changes in the phase composition of the coating and poor stability and repeatability of
results [11]. The wettability of graphite by nickel ensures the adhesion of the nickel film during cladding, while
nickel, in turn, is well wetted by copper and its alloys [12]. As a result, graphite protected by a nickel shell does
not burn out during spraying and remains well retained in the coating, ensuring a stable and controlled phase
composition.

The aim of this work is to obtain composite plasma anti-friction coatings based on copper alloys with
additions of nickel-clad graphite and to investigate their physico-mechanical and tribological properties.

Materials and equipment

For the purposes of this study, experimental batches of composite agglomerated powders were produced at
the Institute for Problems of Materials Science of the NAS of Ukraine using industrial powders of the following
copper-based alloys:

- tin bronze BrOF10-1 (with composition 89 mas. % Cu; 10 mas % Sn; 1 mas.% P) — agglomerated powder
BrONG-30;

- tin—lead bronze BrOZS5-5-5 (with composition 85 mas. % Cu; 5 mas % Sn; 5 mas.% Zn; 5 mas. % Pb )
— agglomerated powder BrOSNG-30;

- brass L63 (with composition 63 mas. % Cu; 37 mas.% Zn) — agglomerated powder LNG-30.

Each agglomerated composite powder composition contained 30 wt.% nickel-clad graphite powder (NPG-
50). The particle size of the developed composite agglomerated powder materials for plasma spraying was in the
range of —100 +80 pm.

The composite clad powder NPG-50 (produced by “Composite Systems Ltd.”, Zaporizhzhia, Ukraine)
consisted of graphite coated with a nickel shell, the amount of nickel in the powder being 50 wt.%.

To increase adhesion, all coatings were deposited onto samples made of steel 45 (equivalents — AIST 1045,
JIS S45C, DIN C45) through a bond coat formed from the thermoreactive powder material PTUSN containing 95
wt.% Ni and 5 wt.% Al (analogue — Metco 450NS).

Prior to deposition, the surface of the samples was subjected to grit blasting with electrocorundum powder
grade 14A with particle size F22-F24 (ISO 8486-86) in order to clean, activate, and roughen the surface (Rz 63—
Rz 80). The treatment was carried out at a distance of 90—150 mm and an angle of 60°-90°, using compressed air
at a pressure of 0.5-0.7 MPa. The composite coatings of the above compositions were applied by atmospheric
plasma spraying (APS) using an UPU-3D unit in a protective chamber equipped with a 15VB manipulator and an
F4-MB plasma gun (Metco, USA). A mixture of argon and hydrogen was used as the plasma-forming gas. For
comparative assessment of the influence of graphite on the tribological characteristics of the composite coatings,
control test samples of plasma-sprayed L63 brass coatings were also prepared. The microstructure of the obtained
plasma coatings and metallographic analysis were carried out using a REM-106 scanning electron microscope.
Micro-X-ray spectral analysis (EDS) was performed on a JEOL JAMP-9500 microanalyzer.

The porosity of the coatings was determined using the intercept method (Rozival’s linear method). The
principle of this method is that the volume fraction of phases comprising the structure of the material under
examination can be determined from the relative area of the phases in the obtained microstructural images [13].
The adhesion strength of the coatings to the substrate was determined by a pin-test method as the arithmetic mean
of five measurements. Tribological tests were carried out using an M-22M friction machine (designed at the [.M.
Frantsevich Institute for Problems of Materials Science of the NAS of Ukraine) according to the “shaft — partial
bearing” scheme, at a sliding speed of 4 m/s and a specific load of 2.5 kg/cm? (0.25 MPa); the sliding distance was
3 km. The counterbody was a steel 45 roller with a diameter of 40 mm and hardness of HRC 45-48.

The tests were performed at room temperature in open air under dry sliding conditions.

Results and their discussion

To optimize the technological parameters of plasma spraying for the composite powder materials BrONG-
30, BrOSNG-30, LNG-30, as well as the reference coating from L63 brass powder, the argon flow rate, arc voltage
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(U, V) and current (I, A) were used as variable parameters, and the spraying distance was adjusted accordingly.
The powder materials employed in the study exhibit similar physico-mechanical properties, comparable
morphology, granulometric distribution and close melting temperatures; therefore, the optimum spraying
parameters obtained for each powder were found to be similar (Table 1).

Table 1
Modes of sputtering of plasma coatings
. Arc Arc Argon Hydrogen Spraying Coating Adhe- | Poro-
Coating flow : . sion, sity,
No . current, voltage, consum- distance, thickness,
material rate, . . MPa %
A \% . ption, I/min. mm mm
1/min.

1 BrONG -30 450 60 45 7 150 0,4 35 3-5
2 | BrOSNG -30 450 60 45 7 150 0,6 33 4-6
3 LNG -30 450 65 45 9 160 0,6 38 3-5
4 L63 450 65 45 9 160 0,6 40 3-4

The optimum spraying regimes were determined based on the following criteria: microstructure, density,
and adhesion to the substrate. All coatings exhibited a density of 94-97 %, and the adhesion strength to the
substrate was in the range of 33-38 MPa.

The obtained composite coatings possess a multiphase lamellar microstructure typical of plasma-sprayed
coatings. In order to increase adhesion to the substrate, the coatings were deposited through an intermediate layer
of Ni + 5 wt.% Al thermoreactive powder. All coatings adhere tightly to the substrate, and no delamination was
observed in any case (Fig. 1).

WD=10.7mm WD=13.6mm 20.00kV___x100 ___ 500um

WD=13.7mm 20.00kV 3 WD=13.8mm 20.00kV_ x100

c) d)

Fig.1. Microstructure of plasma composite coatings at 100x magnification: a — L63; b — BrONG -30; ¢ — BrOSNG-30;
d - LNG-30

The metallic matrix in all composite coatings is homogeneous and consists of Cu—Sn—P alloys (Fig. 2a,
point 2), Cu—Sn—Zn—Pb alloys (Fig. 2b, point 3), and Cu—Zn alloys (Fig. 2c, point 4). Graphite grains are uniformly
distributed within the metallic matrix (Fig. 2, point 1). During preparation of the transverse polished section of the
coating, no pull-out of graphite particles was observed, indicating a high degree of cohesion, which is attributed
to the use of nickel-clad graphite [14].
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The results of the tribological tests of the composite plasma-sprayed coatings were determined as the
arithmetic mean of five samples for each coating. Analysis of the obtained data showed that all composite coatings,
when paired with steel 45, exhibit a coefficient of friction that is 1.6—1.8 times lower than that of the steel 45 —
L63 coating friction pair (Table 2, Fig. 3).

20.00KV

‘ WD=13.7mm

WD=13.8mm

20.00kV_— x500
c
Fig. 2. Phase composition of composite plasma coatings: a — BrONG -30; b — BrOSNG -30; ¢ — LNG-30
Table 2
Results of tribotechnical tests of plasma composite coatings.
Ne Friction path, Coefticient of Linear wear of Sample
Coating material L, km. friction, f friction pair, I, temperature,
um/km T°C
1 L63 0.3 18.9 100
2 LNG-30 0.20 4.9 86
3 BrONG -30 3 0.24 7.9 92
4 BrOSNG -30 0.27 12.8 120

As can be seen, the wear resistance of the samples with composite coatings is higher than that of the sample
coated with L63. The lowest wear was observed for the LNG-30 coating, whereas the wear of the BrOSNG-30
coating was more than two times higher and the total linear wear of the friction pair reached 12.8 pm/km. Thus, it
can be concluded that the BrOSNG-30 — steel 45 friction pair showed the poorest performance among all the
composite coatings tested.

0,40

20
189
g 0,35 18 :
el % 027 | - Eis
20,30 3 Z 2.8
E 0,24 o E14
< 0,25 3 <12
£ 0,20 020 Z £ 10
20,15 8= 8
£ 0,10 A 6
8 3 - ‘é 4
S 0,05 E 5
0 0
[ Le3 B LNG-30
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Fig. 3. Results of the study of tribotechnical properties of coating samples
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The linear wear of the BrONG-30 — steel 45 friction pair amounted to 7.9 pm/km, while that of the LNG-
30 coating was 4.9 um/km. This is the best result among all the coatings tested. For comparison, the wear of the
L63 — steel 45 pair was 18.9 um/km, which is almost 4 times higher than that of the LNG-30 coating. The highest
temperature in the contact zone was observed for the BrOSNG-30 coating (120 °C), whereas the lowest was
recorded for the LNG-30 coating (86 °C), which correlates well with the friction coefficient values.

No delamination, microcracking or evidence of scuffing/adhesive seizure was observed on the working
surfaces of the composite coatings. However, pores and pits are clearly visible, caused by the pull-out of graphite
particles from the metallic matrix during friction (Fig. 4). Considering the obtained tribological results, it can be
stated that under the given test conditions, the LNG-30 composite plasma coating showed the best functional
performance when paired with steel 45. Therefore, this friction pair was selected for more detailed investigation.

In order to clarify the mechanisms of friction and determine the chemical composition of secondary
structures formed on the working surfaces of the counterbody (Fig. 5), micro-X-ray spectral analysis was carried
out on the wear tracks. The microstructure and composition of the wear track on the counterbody surface indicate
minor transfer of coating material and formation of secondary structures consisting of complex oxides due to
adhesive interaction, which is consistent with the results obtained during tribological tests (Table 2). The results
of the chemical analysis of the wear track surface before ion etching (Table 3) show that the main element covering
the entire surface is carbon. Its content at points 1 and 2 is the highest — 69.2 at.% and 53.2 at.%, respectively.

20.00kV _ x100

20.00kV

c) d)
Fig.4. Microstructure of the friction surfaces of plasma coating samples: a — L63, b — LNG-30, ¢ - BrONG-30, d —
BrOSNG-30

WD=18.0mm 20.00kV _ x100

JAMP-9500F COMPO 100KV~ X4,000 WD 21.4

a) b)

Fig. 5. Microstructure of the surface of the friction track of the counterbody (aand the places of analysis of the
chemical composition of the transfer products from the composite coating sample LNG-30 (b)
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This indicates that, during friction, graphite is transferred from the composite coating to the surface of the
counterbody, which explains the significant reduction in the coefficient of friction (Table 2, Fig. 3). The small
number of adhesive seizure areas and the presence on the surface of elements such as oxygen, copper, zinc, nickel,
and iron suggest the formation of oxide films of complex chemical composition on the counterbody surface. This
fact indicates that, in the steel 45 — LNG-30 coating friction pair, the oxidative wear mechanism prevails over the
adhesive one.

Table 3
The content of friction track elements on the surface of the counter-body before ion etching
Analysis Chemical composition, at.%
area C N 0O Fe Ni Cu Zn S
1 69.3 1.6 13.8 2.8 1.3 9.6 1.2 0.4
2 534 2.1 253 12.9 1.1 4.0 0.8 0.4

After ion etching for two minutes at a rate of 8 nm/min, the carbon content on the surface of the wear track
decreases to 2.4-3.4 at.% (zones 1 and 2, respectively) (Table 4). Thus, the thickness of the graphite film is 16—17
nm.

Table 4
The content of friction track elements on the surface of the counter-body after ion etching.
Analysis Chemical composition, at.%
area C N 0] Fe Ni Cu Zn S
1 2.4 1.5 45.8 22.5 8.7 13.8 53 0.0
2 34 0.9 1.8 933 0.2 0.2 0.2 0.0

The chemical composition of the secondary structure consists of complex oxides of copper, zinc, and nickel.
The significant increase in iron (22.5 at.%) can be explained by the background from the substrate of the steel 45
counterbody. These oxides are absent on the surface of the counterbody (zone 2, Fig. 5a, Table 4).

Conclusions

The results of this study show that the introduction of a solid lubricant into copper-based antifriction alloys
in the form of nickel-clad graphite makes it possible to obtain plasma-sprayed composite coatings with high
functional performance. The microstructure of the composite coatings consists of a metallic copper-based matrix
with uniformly distributed graphite grains. Graphite protected by a nickel shell does not oxidise or burn out in the
high-temperature plasma jet during spraying and participates in the formation of the coating. Even with a nickel-
clad graphite content of 30 wt.%, the coating exhibits a high adhesion strength to the substrate (33—38 MPa) and
a high density (94-97 %).

All three composite coating compositions (BrONG-30, BrOSNG-30 and LNG-30) demonstrated better
tribological properties in friction against steel 45 compared with the coating deposited from L63 brass powder.
The best results were observed for the LNG-30 — steel 45 friction pair. The friction coefficient in this pair was
0.20, and the linear wear was 4.9 um/km, which is 1.5 and 3.8 times lower, respectively, than in the L63 friction
pair.

XPS and Auger spectroscopy confirmed that, during friction of the LNG-30 — steel 45 pair, a film consisting
of graphite (16—17 nm thick) and oxides of copper, zinc, nickel and iron is formed on the wear track of the
counterbody. The presence of solid lubricant in the form of graphite in the contact area promotes a reduction in
the coefficient of friction and the linear wear of the friction pair. The presence of oxide films of metals originating
from both the coating and the counterbody indicates the prevalence of an oxidative wear mechanism in this friction
pair.

It was also established that there are local adhesion spots on the wear track surface of the counterbody,
where secondary structures containing oxides of copper, zinc, nickel and iron are formed. The presence of such
adhesion spots indicates that an adhesive wear mechanism is also present in this pair. However, the small number
of these areas and the significant improvement in the tribological performance of the coating allow the conclusion
that the dominant wear mechanism in the LNG-30 — steel 45 pair is oxidative.

Based on the results of the conducted research, the composite coatings BrONG-30, BrOSNG-30 and LNG-
30 can be recommended for use in friction units of various mechanisms operating under extreme conditions. One
of the possible applications of the LNG-30 composite coating is as an antifriction coating for the driving bands of
artillery shells in order to extend the service life of gun barrels.

This work was carried out with the support of the National Research Foundation of Ukraine within the
framework of project No. 2023.04/0066.
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Tepentbes O.€., Ymancoknii O.I1., Kymes A.B., Bapuenko B.T., Konosau B.II., Bonnapenko O.A.,
Koctionik P.€., KypinoBuu B./I. Po3poOka mia3sMoBHX KOMITO3HIIHHUX MOKPHTTIB CUCTEMH MiTHHHA CILIaB-
TUTAKOBAHUH TpadiT 3 MiIBUIICHHNM PiBHEM TPHOOTEXHIYHUX BIIACTHBOCTEN

JlarHa poGoTa MpUCBAYEHA PO3POOI KOMITO3UIIIIHNX ITa3MOBHX MOKPHUTTIB 3 HU3BKUM KOE(IIliEeHTOM
TEPTsI Ha OCHOBI CIIaBiB MiJli 3 JoOaBKamu rpadiTy, IIaKOBAHOTO HIiKEJIeM 1 TOCTIHKEHHS 1X (i3UKO-MeXaHIYHUX
Ta TPUOOJIOTIYHUX BIACTHBOCTEH. Bimmpaiib0BaHO TEXHOIOTI0 HAHECEHHS KOMIIO3UIIIITHUX MOKPUTHIA METOIOM
ruia3MoBoro HammieHHs! (APS) 3 KOHIJIOMepoBaHMX MOPOIIKIB Ha OCHOBI MiZIHUX CILIaBiB HACTYIHHX CKJIAMIB:
BpOHI™-30 (70 mac.% bpO®10-1 + 30 mac.% rpadiry, miakoBanoro HikereMm); BpOCHI'-30 (70 mac.% BpOLIC5-
5-5 + 30 mac.% rpadiry, mmakoBanoro Hikenem); JIHI-30 (70 mac.% J163 + 30 mac.% rpadiry, miakoBaHoro
HikeneMm). 3acTocyBaHHS rpadirTy y HikeneBi 000JOHHI BHpimIye MpoOJieMy IMiABUIIYESHHS 3MOYYBaHICTh
rpagitoBoi (a3 MeTareBOI0 MaTpPHUIE0, a TAKOX IOKpallye aaresito. OTpuMaHi MOKPUTTS MalOTh BUCOKHH
aAre3iiHu 3B'130K 3 0cHOBOIO (33 - 38 MIlIa) i Bucoky minbHICTh (94 - 97%).

B pesynpraTi mpoBeAeHHX TPUOOJIOTHYHHMX BHUIPOOYyBaHb BCTaHOBIICHO, 1Mo Halikpami pesynbraTh
cnocrepiranucs B napi tepts JIHI-30 - crans 45 mokpuTTa. BrurroueHHS 10 CKiIaay KOMITO3UIIHHUX TIOKPHUTTIB
Ha OCHOBI MiJTHHX CIUIaBiB IJTAKOBAHOTO HiKeseM rpadity, 3ade3nedye 3HIKEeHH KoedilieHTa TepTs y Tpudbomnapi
1o 1,5 pa3iB Ta miaBumIye i 3HOCOCTIHKICTE — 10 3,8 pasiB.

Metomamu MPCA Tta Oske-CeKTpOCKOMii BCTAHOBJICHO, IO Ha MOBEPXHI JOPIKKH TEPTSA KOHTPTLIA MapH
JIHT"-30 — ctans 45 y nporieci TepTst GopMyeThCs MTiBKa 3 rpadiTy (3aBTOBIIKH 16 — 17 HM) Ta OKCHIIB Miji,
MHKY, HIKeJto Ta 3aji3a. [[pUcyTHICTh OKMCHMX TUTIBOK METAIIB 31 CKJI/y MMOKPHUTTS Ta KOHTPTLIA CBITYUTH PO
MepeBaYKHO OKMCHUIM MEXaHI3M TepTs y Wil mapi TepTsi.

OTKe, 3aIpOIOHOBaHI MOKPHUTTS MOXYTh OyTH TEpCHEKTHBHHMH ISl 3aCTOCYBAaHHS y BY3JaX TEpTS
0co0JINBO B YMOBaX, /ie BUKOPHCTAHHS PiIKUX 3MallyBILHUX MaTepiaiiB € 00MeKeHUM ab0 HEMOXKIIHBUM.

KurouoBi cioBa: 1urakoBaHMd HikeleM TpadiT, MiTHUHA CIDIaB, KOMIIO3UTHI TOKPHUTTS, Ta30TECPMIdHI
MOKPHUTTS, TEPTS Ta 3HOIIYBAaHHS
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Abstract

The kinetic technique, which is developed on the basis of the kinetic three-stage model of normal mechano-
chemical wear, is considered. The values of the activation energy of wear of secondary structures of structural
steels in the medium of hydrocarbon liquids are obtained by the experimental-calculation method. The obtained
results of the assessment of the energy of activation of wear and chemical modification of structural steels in the
media of hydrocarbon liquids allow us to establish a data bank of anti-wear and modification properties of
secondary structures, which can serve as reference data on the anti-wear and modification properties of secondary
structures on structural steels in the media of hydrocarbon liquids.

Keywords: tribokinetic experiment, triboconjugation, activation energy, kinetic model, wear resistance
criterion

Introduction

Numerous units of fuel and hydraulic systems of modern technology (pumps, valves, regulators,
distributors, etc.) operate in the environment of low molecular weight hydrocarbon liquids, which are at the same
time a lubricating medium for the listed units.

Among the tribocoupals of fuel units operating under frictional conditions, the most loaded are the units of
high-performance high-pressure fuel pumps, which pump fuel to the consumable tanks of aircraft and storage tanks
of low molecular weight hydrocarbon liquids, as well as supply this fuel to the combustion chambers of turbojet
and turboprop engines. It is the wear resistance of these components that largely determines the resource and
reliability of fuel pumps. The most common are plunger and centrifugal pumps. In plunger pumps, there is a linear
contact between the parts of the components that are subjected to friction, namely, the spherical end of the plunger
and the inclined washer form a friction pair [1].

The development of scientific and technological progress is impossible without the development of new
structural and fuel-lubricants (PMM). To do this, it is necessary to conduct modeling and full-scale (industrial)
tests of such materials. These tests require the use of unified, universal, energy, i.e. invariant in known ranges of
load values, criteria for assessing the wear resistance of structural materials and anti-wear properties of fuel and
lubricants [2].

Analysis of research and publications

Recently, the number of scientific and experimental works on the use of fracture activation energy,
including surface (i.e. wear) to explain the destructive processes of structural materials, mainly steels, in the fuel
and lubricants environment has increased [3]. The use of activation energy is also present in the dissertation [4],
where its value is determined by the cohesive properties of matter.
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In the structural-energetic theory of friction and wear and the theory of structural adaptability of tricoupling
materials, the following characteristics are used: specific fracture work — 4p, energy intensity of the friction system
by thermal index — "ECTQq", critical value of friction work — 4., critical (limiting) density of internal energy — U*,
(for abrasive wear), surface energy or surface tension — y, the work of the WOE electron output, exo-electron
emission — EEE, contact potential difference — Ucpp [5, 6, 7]. At the same time, the energy characteristics of wear
resistance characterize the processes of surface failure, reasonably assess the friction conditions, the choice of
tricoupling materials, their coupling within normal wear (without damage) determine the boundaries of the
transition to damage.

Thus, the most common, best studied and experimentally tested criterion is the specific work of surface
fracture (the ratio of the work of friction force to the amount of wear) is an imaginary characteristic of wear
resistance and depends not only on the surface strength of the material, but also on the ability of the tribosystem
to dissipate energy. Use of surface energy y complicated by the lack of reliable data on the value y of pure metals,
not to mention alloys in real conditions.

The energy criterion for assessing compatibility — surface energy or surface tension vy, electron output work,
etc., as well as wear resistance criteria, are not direct compatibility characteristics. In addition, there are no reliable
data yeven for pure metals, the values yand electron yield are different for different faces of the crystal.

The most direct, quantitative, structural-energetic (materials science), kinetic (physicochemical)
characteristic useful for assessing the wear resistance of triboconjugation materials is the activation energy of
surface destruction (wear) EP, which characterizes a potential barrier to the implementation of elementary acts of
destruction. At the same time, in the range of structural adaptability of triboconjugation materials, E” must be
invariant, which can be used as a criterion assessment of anti-wear properties of lubricants. This, in contrast to the
existing variety of criteria for assessing wear resistance, regulated by GOST 9490-75 and GOST 23.002-78, allows
the use of EP as a universal, the only criterion for assessing the tribological properties of triboconjugation materials
[8].

The universality of E” is confirmed by its use as a criterion for evaluating various physical processes. For
example, the use of activation energy U as a function of resistance to deformation of a plastically deformable metal
sample is known. In this case, U, which describes the processes of rearrangement of atoms in the crystal lattice, is
determined by the degree of violation of the order caused by the deformation. Despite the good singing of the fall
in U values with the activation energy of diffusion and self-diffusion, as well as the confirmation of the equality
of U=20RTmp. (Tmp is the melting point), this conclusion does not inspire much confidence due to the low accuracy
of estimating the degree of violation of the order of the crystal lattice [8].

However, even the correct choice of the criterion for evaluating the wear resistance and compatibility of
triboconjugation materials does not guarantee the correct determination of the wear resistance and compatibility
of these materials. The correct choice of the criterion for assessing wear resistance and compatibility is a necessary
condition, but not sufficient. A sufficient condition for the correct assessment of wear resistance and compatibility
of triconjugation materials is the correct methodology for assessing the wear resistance and compatibility of these
materials.

To date, there are three methods for estimating the activation energy: 1) graphical; 2) extrapolation; 3)
kinetic. In the first methodology, the value of EP depends on the scale of the coordinate system. Therefore, EP can
only be used in comparative tests. In the second methodology, the value of E” depends on the subjective qualities
of the researcher (tester), since extrapolation is an approximate determination of the values of f{x) at points x that
lie outside the segment (xy, x,) by their values at points x,<x<... <x,. However, the best, i.e. the most accurate,
technique is the third, kinetic, where the value of EP is determined by the laws and equations of chemical kinetics,
when the order of a chemical reaction is first determined, then the rate constant of this reaction is at least two
temperatures, and according to the Arrhenius equation, EPis calculated [8].

Research methodology

Next, we will consider the kinetic technique, which is developed on the basis of a kinetic, three-stage model
of normal mechano-chemical wear, for the description of which the following scheme of the tribological reaction
(TR) is used:

A M D D
RB & Me,, (RB)y, = Me,,(RB);,, = Me,, (RB);,— Me®, (1)

where RB is the lubricant involved in triborecia: in the simpler case, only the effect of the active component of the
lubricant — the additive, R — the hydrocarbon radical of the additive, B — the active component of the additive, Me°
— the juvenile areas of the surfaces of the contacting materials of triboconjugation; x;, y; is the fractional coefficient
of components that are analogues of stoichiometric coefficients in a true chemical reaction.

An asterisk indicates active triboreaction complexes:

Me, (RB)j,— adsorption complex formed as a result of adsorption of lubricant (RB) on juvenile areas of
surfaces of structural materials triboconjugations (Me®). This complex is active in relation to the next stage —
chemical modification (M);
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Me,,(RB);,— modified (dissipative secondary) structures active in relation to the stage of surface
destruction (D);

Me,. (RB)j}.is a complex of surface destruction (wear products), in fact, a product of a tribological reaction.

As can be seen from equation (1), only the first stage - adsorption (A) is accepted as reverse, i.e. bilateral.
The rest of the stages are considered to be significantly reversed, i.e. unilateral. Juvenile sections of contacting
structural materials are both the initial reaction component and the catalyst of triborereaction, which accelerates
the course of the first stage A. At the same time, the total area of juvenile areas, i.e. the concentration of Me® at
normal (stationary) wear remains constant, while the amount of starting materials is constantly decreasing due to
wear. The amount of lubricants and structural materials is assumed to be large enough and their concentration does
not depend on the duration of triboreaction. Otherwise, it is necessary to use absolute values, not concentrations.

According to the given kinetic three-stage model of normal mechano-chemical wear, an experimental and
computational method for assessing the kinetic characteristics and activation energies of all three stages of
triboreaction was developed. According to which, we first determine the kinetic characteristics and activation
energy - the E” of the third, last stage of triboreaction, that is, in fact, wear, since as a result of tribokinetic tests of
triboconjugation materials.

We measure the diameters of the wear spots of the three balls and calculate the wear volumes, i.e. the
volumes of the ball segments V. After conducting similar tribokinetic tests at 4-5 values of the duration of such
tests (), we plot the dependence of 1gVy, on the duration of the tests ¢. Straight lines of such graphs indicate the
first order of the stage under study (in this case, the third stage of the triboreaction), i.e. N°=1, and the tangent of
the angle of inclination of the lines to the abscissa axis graphically determines the velocity constants of the stage
under study, in this case K”. But the graphical assessment and value of the order and rate constants of the studied
stages of triborereaction is approximate. Therefore, more accurate values of these kinetic characteristics must be
established analytically, that is, determined by the appropriate formulas.

D _ 1gW, /W,
lngti+1/thi '

where W; and W, are the rates of stage III, i.e. wear, which are determined for the intervals of duration of
tribokinetic tests:

At = ti+1 - ti'
That is,

— thi+1 - thi
! At '

where Vyt:+1 and Vyt;are the wear volumes of the three balls during the duration of tribokinetic tests at the duration
t+1 and &, respectively.

In this case, the order of the third stage can be calculated in two ways: 1) for each interval A¢, and then
calculate the arithmetic mean of N;; 2) for the initial and final intervals A¢, that is, N? is calculated during the entire
duration of tribokinetic tests.

The rate constant of the III stage, i.e. wear, was calculated using the difference V, in the interval Az,
according to the equation:

where V., is the arithmetic mean of 7 at the beginning and end of the interval Az.

Having established at least 4 values of K, it is possible to carry out statistical processing of the results
obtained, i.e. to calculate the average values of KP, the confidence interval of the estimate of KP? — AKP, and the
coefficient of variation of the assessment of the specified estimate — Z..

Repeating the tribokinetic tests according to the above method at a temperature other than 77, according to
the Arrhenius equation, we calculate the activation energy of the IIl stage of TR - the actual wear of
triboconjugation materials.

In addition, the formula proposed by the author for calculating the area of secondary structures participating
in the TR (Ss.) [8] and, as a result, the calculation of the relative area of secondary structures:
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where S is the contact area, i.e. the area of three contact spots, made it possible to calculate the kinetic (N", K™)
characteristics and activation energy of the second stage of TR-chemical modification (E™):

AVym

Soc = S Athg KP

where AV = Vi1 — Vi 1s the wear volume of three bullets in the interval A=t — &, respectively; Ay, is the
thickness of secondary structures or the thickness of chemical modification, the value is variable: with an increase
in the duration of tribokinetic tests, Ay decreases.

The kinetic characteristics of the first stage of TR (N, K“) and the activation energy can be determined by
conducting tribokinetic tests according to the specified algorithm with a lubricant with a chemically active
substance, i.e. an additive, for example, oleic acid [2], which allows determining the specified kinetic parameters
and activation energy of tribosorption for the operation of a chemically active substance.

These tribokinetic tests were performed at one fixed temperature 7. If we conduct similar tribokinetic tests
at a temperature other than 7, 7>, we get the values of similar kinetic criteria N and K of the three stages of TR.
And knowing K at two temperatures (7, and 7> ) we calculate the activation energies of these stages according to
the Arrhenius equation:

_RIT, | K, _19144TiT, lg&- 102

E
T,-T, K, T,-T, °K

where K; and K are the rate constants at temperatures 7; and 7>, respectively; 1.9144 is the product of the gas
constant R=(8.3143 £0.0012)-103 J/K-mol times the modulus of conversion of natural logarithms into decimals,
which is equal to 2.3056.

The proposed method for conducting tribokinetic tests of triboconjugation materials was tested
experimentally. On the friction machine "UPS-01" (Fig. 1, 2 and 3), which is a modernized, i.e. improved,
analogue of the friction machine “KHWUI'A-2”, Steel 45 was studied, in the environments of aviation fuel RT,
aviation oil hydraulic oil AMG-10, aviation oil MK-8 with the addition of oleic acid [2]. The “KHUI"A-2” friction
machine was used to determine the wear resistance of ShKh 15 in the long-term storage environments of TS-1 and
TS-1* aviation fuels [8-11]. In addition, tribological tests of Steel 45 steel were carried out in the environment of
inactive vaseline oil on the ATKD friction machine (modernized MT-1 friction machine) in the reciprocating mode
[12].

Fig.1. Appearance of the device UPS -01

Research results.

The conducted tribokinetic tests established kinetic (N?, KP, N”, K™) and energy-activation (EP, E™) criteria
for assessing the wear resistance of ShKh 15 and anti-wear properties of RT and AMG-10, as well as kinetic (N,
K, N™, K™, NP, KP) criteria for assessing the wear resistance of Steel 45 and the anti-wear properties of MK-8 with
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the addition of oleic acid [2]. Later, using the developed method of tribokinetic tests, kinetic (N?, K”) and
activation energies of wear ShKh 15 (E”) were established in the aviation fuel media "TS-1" and "TS-1"" of long-
term storage [8, 9], kinetic (N, K™) and activation energy of the II stage of TR - chemical modification (£”) SHX-
15 in the medium "TS-1"[10, 11], as well as the kinetic (N°, KP) and activation energy of TR - surface destruction,
i.e., actually wear (EP) [12] Steel 45 during reciprocating motion.

The values of the activation energy of the wear of secondary structures on the ShKh 15 in the aviation fuel
environment for RT turbojet engines and in the aviation lubricant environment for AMG-10 hydraulic systems
with the reproducibility of the results characterized by a coefficient of variation of not more than 2.5 % were
established [2].

All results are shown in Table 1. EP, E”. According to the results of tribological tests of Steel 45 steel in
the medium of inactive vaseline oil on the ATKD friction machine in the reciprocating motion mode, kinetic
characteristics (reaction rates, order and velocity constants) and shear activation energy EP =8.96 kJ/mol were
determined, which is significantly less than in unidirectional motion [12].

Table 1.
Research results
Name of the PMM Meaning | Meaning
EP kJ/mol | E” kJ/mol
1 | AMG-10 oil 51,76 1,14
2 | Fuel RT 21,28 9,39
3 | Fuel TS-1 20,31 0,296
4 | Fuel TS-1* for long-term storage | 19,58 1,98
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Fig. 2.- Scheme of the UPS -01 device: 1 - electric spiral; 2 - fuel chamber; 3 - limiter; 4 - spiral spring; 5 -
movable block; 6 - separator; 7 - sample ball; 8 - pressure washer; 9 - sample disk; 10 - sample disk holder; 11 - fuel
tank; 12-throttle valve; 13-fuel chamber cover; 14-limit switch; 15-nitrogen cylinder; 16 - flat disk drive pulley; 17 -

arrow indicator; 18 - drive shaft; 19-adapter; 20 - sealing collar; 21-spherical bearing; 22 - central axis; 23-
thermocouple; 24-electric motor; 25-thermoregulator KMP1-502; 26-automatic unit; 27-amplifier; 28-tension beam;
29-bearing

SN e

Fig. 3. Friction pair of friction machines UPS -01 and “KHHUI'A-2”: 1-disk-sample; 2-disk-sample holder;
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3-ball; 4-separator; 5-thrust washer
Conclusions

1. The obtained results of the assessment of the energy of activation of wear EP and chemical modification
of ShKh 15 steel in the oil (Table 1) allow us to establish a data bank of anti-wear and modification properties of
ShKh 15 steel, which can serve as reference data on anti-wear and modification properties of ShKh 15 steel in the
environments above the specified hydrocarbon liquids £”.

2. To obtain secondary structures steel ShKh 15 with better anti-wear properties, it is necessary to spend
more energy for the activation of chemical modification, with the exception of TS-1* fuel for long-term storage
Em

3. An exception to this rule can be preliminarily explained by changes in the physicochemical composition
of TS- 1 fuel* in comparison with the similar composition of TS-1 according to JICTY 320.001249943.011-99,
which indicates the influence of the physicochemical composition of fuel and lubricants on energy costs when
modifying the aircraft on ShKh 15 steel in the environments above the specified fuel and lubricants.

4. For a more accurate explanation of this phenomenon, it is necessary to conduct additional studies to
establish the reasons for the increase for less wear-resistant aircraft on ShKh 15 steel in the TS-1 fuel environment*
Em
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Bornanosuu O. I, Ily3ik C. O., Tokapyk B. B., Ximko A.M. 3anodatkyBaHHsa OaHKa JaHUX 3HAYCHb
eHeprii aktuBauii Tpudopeaxuii 3Hocy Ta MoandikyBanus craneii [IIX15 ta Ct 45 B cepenoBuILi ByTiI€BOIHEBHUX
piouH

Po3risiHyTO KIHETHYHY METOJIMKY, SIKa pOo3po0JiecHa HAa OCHOBI KiHETHYHOI TPhOX CTaIidHOI Mojemi
HOPMAaJIFHOTO MEXaHO-XIMIYHOTO 3HOCY. [IpencraBiieHi 3HaUCHHS €HEeprii aKTHUBAIlil 3HOCY BTOPUHHHUX CTPYKTYP
KOHCTPYKIIIMHUX CTalleil B CepeOBHUINI BYTJICBOAHEBHX PIJANH OTPHMAaHi €KCHEPHUMEHTAIbHO-PO3PAXyHKOBUM
MeTotoM. OTpuMaHi pe3yJbTaTH OI[iIHKK €Hepril akTUBaIlil 3HOCY Ta XiMigHOTO MOAH(DIKyBaHHSI KOHCTPYKIIIHHHX
CTajell B CEepelloBHINAX BYIJIEBOJHEBUX PIIUH JO3BOJISIOTH 3al0OYaTKyBaTH OaHK NAHWX MPOTH3HOCHUX Ta
MOAu(DIKAIifHUX BIIACTUBOCTEH BTOPHHHHUX CTPYKTYp, IO MOXKE CIyTYBaTH JOBIIKOBHMH JaHUMH II0
NPOTU3HOCHUM Ta MOJAWG(IKAliHHEM BJIACTHBOCTSM BTOPUHHHUX CTPYKTYp Ha KOHCTPYKLIHHHX CTallsiX B
CepEeIOBHUIIAX BYTJICBOJHEBUX PiHH.

KaiouoBi cioBa: TpHOOKIHETHYHUH €KCHEPHMEHT, TPHUOOCHPSDKEHHS, €Hepris aKkTuBamii, KiHeTHYHa
MOJIETIb, KpUTEPi 3HOCOCTIMKOCTI
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Abstract

This article examines the impact of adding phosphorus to NiAl intermetallic powder on the structure,
microhardness, and tribological properties of plasma-sprayed coatings, which are suitable for use under dry friction
conditions. A composite powder designated NiAl+P was obtained by cladding NiAl powder with phosphorus-
containing compounds. It was found that the addition of phosphorus promotes the formation of phosphate phases
in the coatings, which reduces microhardness but significantly increases wear resistance. In the NiAl+P coating, a
protective phosphate film forms on the friction surface during tribological tests, acting as a solid lubricant that
reduces the wear rate by almost 2.5 times. The results demonstrate the effectiveness of phosphorus as an alloying
element for enhancing the service life of NiAl-based coatings in tribological assemblies.

Keywords: NiAl intermetallic, phosphorus cladding, plasma spraying, phosphate film, tribological
properties, wear resistance, solid lubricant, microstructure.

Introduction

Nickel-aluminum intermetallic alloy (NiAl) is widely used to produce thermal spray coatings for high-
temperature service [1-6]. Owing to the formation of a dense protective aluminum oxide (Al2Os) film on the NiAl
surface upon heating, such coatings exhibit excellent heat resistance and serve as an effective barrier against
oxidation of the base material [3, 7-8]. NiAl-based coatings have been successfully used as heat-resistant and
thermal barrier coatings under high-temperature conditions [1-5, 7]. However, expanding NiAl coatings to friction
conditions (tribological units) is promising, but another problem arises in such applications. Under frictional loads,
the protective Al-Os oxide film breaks down, allowing direct contact with the counterface material, resulting in
surface seizure (galling) and, consequently, catastrophic adhesive wear [3, 9-11]. According to the
phenomenological model of fatigue tribological damage accumulation in the surface layer under friction [12], the
durability of friction units is primarily governed by the kinetics of surface damage accumulation and the possibility
of forming protective secondary structures on the contact surfaces. It is known that to improve wear resistance and
provide a low friction coefficient in a contact pair of materials, it is advisable to introduce specific components
into the coatings that can form films during friction, acting as solid lubricants [3, 5, 9, 10, 13—18]. This approach
enables the coatings to perform effectively at both room and elevated temperatures without experiencing severe
wear. In this work, phosphorus oxide-based compounds are introduced by cladding the initial NiAl powder,
proposed for forming solid lubricant films within the coating material. This research aims to study the structural
features of NiAl intermetallic powder after cladding with phosphorus-containing compounds and to determine the
effect of phosphorus addition on the microstructure and tribological properties of composite plasma-sprayed
coatings based on the NiAl intermetallic.

Materials and methods

For obtaining the plasma-sprayed coatings, NiAl intermetallic powder grade PN70Yu30 (composition Ni—

Al with ~30.5% Al, Fe <0.2%, C < 0.07%, Ni — balance) with a particle size up to 63 um (ISO 7530-7:1992) was
Copyright © 2025 O. T. Levchuk, O. Poliarus, V. Konoval, O. Makarenko. This is an open access article distributed under the
@I}. Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided
C the original work is properly cited.
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used as the base material without additives. A NiAl+P powder, containing phosphorus, was used as the composite
material, manufactured by the “Composite Systems” company in Zaporizhzhia. The NiAl+P powder was obtained
by phosphorus cladding of the original NiAl powder: the NiAl intermetallic particles were uniformly coated with
a layer of phosphorus-containing compounds by mixing the powder with a solution of orthophosphoric acid
(HsPO.), followed by heating, drying of the resulting agglomerate, and crushing. As a result of this process, a
composite powder was obtained whose particle surfaces contain phosphorus compounds (phosphorus oxides and
other derivatives of phosphoric acid). The resulting NiAl and NiAl+P powders were then used for spraying the
coatings. Coatings were deposited by plasma spraying using a UPU-3D plasma unit. Steel cylindrical specimens
made of St3 steel (10 mm diameter, 17 mm height) were used as substrates. Spraying was carried out in an argon
atmosphere at a plasma arc current of 425-450 A and an arc voltage of 65 V. The spray distance was 160 mm. To
increase coating adhesion to the substrate and to clean and roughen the substrate surface, the samples were pre-
treated by abrasive blasting with electrocorundum to achieve a surface roughness of Rz < 80. The porosity of the
resulting coatings did not exceed 5%. The microstructure of the obtained powders and coatings was examined by
metallography and by scanning electron microscopy (Philips XL30 ESEM). The chemical composition and
elemental distribution were determined by energy-dispersive X-ray spectroscopy (EDS) on powder samples and
polished cross-sections of the coatings. Coating microhardness was measured with a PMT-3 microhardness tester
(Vickers indenter, load P = 50 g). Tribological tests were performed on an M22-P friction machine in a “shaft
(counterbody) — segment insert (specimen)” configuration. Tests were conducted under dry sliding conditions at
room temperature. The counterbody (shaft) was made of 45 steel (HRC 48-50), and the specimen was a steel
cylinder with the NiAl-based coating deposited on its end face. The normal load on the specimen during testing
was 10 kg, corresponding to a contact pressure of 1.27 Mpa (contact area 0.785 cm?). The sliding speed was 4 m/s.
The wear intensity was evaluated by the mass loss of the specimen and counterbody, normalized per sliding
distance (mg/km). After the tribological tests, the wear track surfaces were analyzed by optical microscopy using
a Keyence VHX-7000 digital microscope and by scanning electron microscopy with EDS of the worn surfaces to
determine the phase composition of wear products. Additionally, using the digital microscope software,
profilograms of the wear tracks were obtained, which allowed measurement of the geometric parameters of the
worn layer (depth and width of the wear tracks) to identify the wear patterns of the developed thermal spray
coatings.

Results and discussion
Microstructure and composition of the initial powders. NiAl powder consists predominantly of

equiaxed particles of various sizes (up to 63 pm) with smooth surfaces (Fig. 1a). Metallographic examination of a
cross-section of the particles revealed a single-phase, uniform structure of the NiAl intermetallic (Fig. 1b).
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Fig. 1. Morphology of the initial powders: NiAl (a, b) and NiAl+P (c, d).

After cladding with phosphorus-containing compounds (NiAl+P, Fig. 1c, d), the powder particles retain
their overall shape. Still, a layer of reaction products from the interaction with orthophosphoric acid is observed
on their surface. This surface layer imparts increased roughness to the particles and can cause several particles to
agglomerate, coalescing together during the heat treatment. Chemical analysis of the powders (Table 1) confirms
the presence of phosphorus in the composite NiAl+P powder.

A significant oxygen content in the NiAl+P powder indicates that phosphorus is present in the form of
oxide compounds (likely nickel phosphide NisP and aluminum phosphate AIPO.) coating the particles. Figure 2
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shows the elemental distribution map for the NiAl+P powder: phosphorus and oxygen uniformly cover the particle
surfaces, forming a shell, whereas nickel and aluminum are concentrated primarily on the particle cores.

Table 1
Chemical composition of the initial powders (EDS, wt.%)
Powder Ni (wt.%) Al (wt.%) P (wt.%) O (wt.%)
NiAl 69,50 30,50 — -
NiAl+P 48,67 7,40 24,83 19,03

This confirms that, as a result of the cladding process, a NiAl core coated with a layer of phosphorus-
containing compounds was obtained.

Fig. 2. Elemental distribution map in NiAl+P powder

Structure of the plasma-sprayed coatings. Plasma-sprayed coatings were obtained from both the original
intermetallic powder and the phosphorus-clad powder. The cross-section of the coating from the original NiAl
(Fig. 3a, b) shows a typical lamellar structure characteristic of thermally sprayed materials. The melted NiAl
particles are bonded together and separated by thin oxide boundaries that formed during spraying. Pores and minor
defects are uniformly distributed throughout the coating's thickness, and their number is low. The average
thickness of this NiAl coating is about 360 um.
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Fig. 3. Plasma-sprayed coatings from NiAl powder (a, b) and NiAl+P powder (c, d)
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The NiAI+P coating, with an average thickness of 330 um (Fig. 3¢, d), also exhibits the general lamellar
structure. Still, some differences are observed: the material contains inclusions and interlayers of light and dark
contrast, indicating the presence of new phases. These inclusions are likely oxide-phosphate phases introduced
from the clad powder. The increased fraction of dark oxide layers in the NiAl+P coating is consistent with the
EDS chemical composition data (Table 2).

Table 2
Chemical composition of the plasma-sprayed coatings (EDS, wt.%)
Coating Ni (wt.%) Al (wt.%) P (wt.%) O (wt.%)
NiAl 66.57 26,51 0 3,93
NiAl +P 60,6 24,02 6,87 8,5

In particular, the NiAl+P coating was found to contain ~6.9 wt.% phosphorus and an elevated oxygen
content (8.5 wt.% compared to 3.9 wt.% in the pure NiAl coating). Accordingly, the nickel and aluminum contents
in the composite coating are slightly lower (approximately 60.6% Ni and 24.0% Al, versus 66.6% Ni and 26.5%
Al in NiAl). This means that during spraying, the phosphorus-containing components from the powder were
transferred into the coating, forming a separate phase and enriching the coating with phosphorus and oxygen. The
elemental distribution in the coatings (Figs. 4 and 5) confirms the absence of phosphorus in the pure NiAl coating
and its homogeneous presence throughout the NiAl+P coating. On the elemental map of the NiAl coating (Fig. 4),
only Ni and Al are observed, along with a few isolated oxide areas containing O (plus minor Fe impurities near
the interface with the steel substrate).

Fig. 4. Microstructure and elemental distribution maps of the NiAl coating

By contrast, the elemental maps of the NiAl+P coating (Fig. 5) clearly record the presence of phosphorus
throughout the structure together with increased oxygen content, indicating the uniform incorporation of a
phosphate phase between the intermetallic lamellae.

Microhardness of the coatings. The introduction of phosphorus slightly changes the hardness of the
coating material. According to the measurements, the microhardness of the plasma-sprayed coating from pure
NiAl is 3.68 £ 0.25 GPa, whereas for the composite NiAl+P coating, it decreases to 3.10 £ 0.17 GPa. Thus, the
addition of phosphorus results in a decrease in microhardness of approximately 15%. This reduction in
microhardness may be related to the formation of relatively soft oxide-phosphate phases or to a slightly higher
level of porosity in the NiAI+P coating.

Tribological properties. The tribological test results showed that the NiAl+P coatings perform
significantly better under dry friction conditions than the coatings from the original NiAl powder. The quantitative
indicators of wear resistance are given in Table 3.
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Table 3
Tribological characteristics of the coatings (dry friction, 20 °C)
Parameter NiAl NiAl+P
Mass wear of the sample (mg/km) 186,6 £5,3 97,0£39
Counterbody mass change (mg/km) +0,85 + 0,04 +3,6 £0,18
Linear wear of pair (um/km) 222+13 93,8+£9,4

Fig. 5. Microstructure of the NiAl+P coating and its elemental distribution maps.

The mass loss of the NiAl-coated sample (without phosphorus) was 186.6 mg per 1 km of sliding, whereas
for the sample with the NiAl+P coating, it did not exceed 97 mg/km, i.c., almost half as much. The total wear of
the friction pair (specimen + counterbody) with the NiAl coating was 222 um/km, while for NiAl+P it was only
93.8 um/km, which is 2.4 times lower. Thus, the addition of phosphorus significantly reduced the wear rate of the
plasma-sprayed coating (by more than a factor of 2), representing a substantial improvement in tribological

performance.

The wear profiles of the coatings obtained from the original and clad powders were studied using
profilometry. In the case of the pure NiAl coating (Fig. 6), the wear track is relatively deep and wide, with clearly
pronounced irregularities in the profile. Significant variations in depth, reaching about 12—15 pm, were observed,
indicating an intense adhesive wear mechanism. The surface is characterized by deep, ragged grooves and
pronounced peaks and valleys, pointing to a non-uniform wear process.

Fig. 6. Profilogram of the NiAl coating after tribological testing.
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For the NiAI+P coating (Fig. 7), the wear track profile exhibits significantly more minor depth variations,
not exceeding 5—7 um. The worn surface exhibits a much more uniform character, lacking sharp depth differences,
which indicates a significant reduction in the intensity of the wear process compared to pure NiAl.

T ———

100x 200 um

Fig. 7. Profilogram of the NiAl+P coating after tribological testing.

Visual analysis of the wear tracks further confirms the changes in wear mechanisms. On the surface of the
original NiAl coating (Fig. 8), characteristic signs of severe adhesive wear are observed, in particular, deep, torn
grooves. This is associated with a galling (seizure) process between the contact surfaces, which significantly
increases wear and leads to highly non-uniform material removal.

500x 100 um
Fig. 8. Wear tracks of the NiAl coating after tribological testing: (a) microstructure (SEM/BSE) and (b) topography
(SEM/SE).

In the case of the NiAl+P coating (Fig. 9), the dominant wear mechanism is altered compared to the pure
NiAl coating. While the NiAl coating exhibited intense adhesive wear, the addition of phosphorus altered the wear
mechanism: the intensity of adhesive interaction decreased, indicating a change in the friction conditions. Thin
phosphate or oxide-phosphate films are likely formed on the wear surface, acting as a protective layer and partially
serving as a solid lubricant. As a result, the tendency toward adhesion (surface seizure) is diminished, and hence
the overall wear intensity is reduced.

Thus, adding phosphorus to the coating effectively prevents surface seizure during friction. Consequently,
a significant improvement in tribological characteristics is achieved in both mass and geometric terms: the mass
wear is reduced by more than twofold, and the geometric characteristics of the worn surfaces become much more
uniform.

il

500x F———— 100 um
Fig. 9. Wear tracks of the NiAl+P coating after tribological testing: (a) microstructure (SEM/BSE) and (b)
topography (SEM/SE).
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The EDS analysis of the worn surfaces (Figs. 10 and 11) provides further evidence of the change in wear
mechanism. On the worn surface of the NiAl coating (Fig. 10), in addition to the base elements Ni and Al, a
considerable amount of iron was detected. This indicates the transfer of iron (as iron oxides) from the steel
counterbody onto the coating’s wear surface due to intense adhesive contact.

Fig. 10. Elemental distribution map of the NiAl coating after tribological testing.

By contrast, on the worn surface of the NiAI+P coating (Fig. 11), virtually no iron is detected. Instead, an
increased concentration of phosphorus and oxygen is present.

Fig. 11. Elemental distribution map of the NiAl+P coating after tribological testing.
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The presence of phosphorus on the NiAl+P friction surface indicates the likely formation of a protective
phosphate film during sliding. Notably, the mass of the counterbody (steel shaft) in tests with the NiAl coating
increased slightly (+0.85 mg/km, see Table 3), implying the transfer of a small amount of coating material onto
the counterbody. In the pair with the NiAI+P coating, the counterbody’s mass gain was higher (+3.6 mg/km),
meaning a larger quantity of material from the composite coating was transferred to it. This suggests that the
formed phosphate film effectively bears the load and protects the main coating from further wear — a portion of
the coating material is sacrificed and transferred to the counterbody, creating a transfer film. Although this
transferred film slightly increases the mass of the shaft, it serves as a solid lubricant, thereby reducing the overall
wear of the tribosystem.

The results of these studies confirm that the presence of phosphorus significantly improves the wear
resistance of the coating under friction due to the formation of protective phases on the surface that act as a solid
lubricant.

Conclusions

1. Phosphorus cladding of NiAl powder leads to new phases in the coating: Cladding the original NiAl
powder with phosphorus promotes the formation of a phase in the resulting coating based on phosphorus-
containing compounds. This is confirmed by the presence of ~6.9 wt.% phosphorus and an elevated oxygen content
(8.5 wt.%). The introduced phase is represented predominantly by oxide-phosphate formations uniformly
distributed between the lamellae of the primary NiAl intermetallic.

2. Phosphorus changes the dominant wear mechanism: The addition of phosphorus alters the prevailing
wear mechanism of the coatings. The pure NiAl coating is characterized by severe adhesive wear with pronounced
grooves and significant depth variations (up to 12—15 um). In contrast, after adding phosphorus, no adhesive wear
mechanism is observed. The formation of a protective phosphate film ensures uniform wear with minimal depth
variation (limited to about 5—7 um).

3. Phosphorus markedly improves tribological performance: The use of phosphorus-containing (NiAl+P)
coatings significantly improves tribological properties. The mass wear of the NiAl+P coating is more than two
times lower compared to NiAl (approximately 97 mg/km vs 186.6 mg/km), and the total wear of the friction pair
is reduced by a factor of 2.4. These results demonstrate the high effectiveness of phosphorus as an alloying additive
for increasing the service life of NiAl-based coatings in tribological applications.
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Jleuyk T.O., INoasipyc O.M., Komoan B.Il., Makapenko O.C. Moaudikamis mnopomkis
iHTepmetaniny NiAl nuisxom makyBaHHs (ochOpoM Al INIA3MOBUX TTOKPUTTIB Ta JIOCIIPKEHHS X CTPYKTYPH i
TPUOOTEXHIYHUX BJIIACTUBOCTEH

VY crarTi JOCHiKEHO BIUTUB JoAaBaHHS (ocdopy oo iHTepMeTanigHoro mopomky NiAl Ha cTpykTypy,
MIKpPOTBEPIICTh Ta TPUOOTEXHIYHI BIACTHBOCTI IIA3MOBUX MOKPHTTIB, AKi MOXYTh OyTH PEKOMEHIOBaHI IS
pobotu B ymoBax TepTs 6e3 mactiina. Kommosumiitanii mopomok NiAl+P orpuMano nursxoM rmakyBaHHS NiAl
tdochopoBmicHEMHE cnodykaMu. BcTaHOBIEHO, m0 gofaBaHHA (ocdopy cCHpuse YTBOPEHHIO B IMOKPUTTSIX
tdochatHUX (a3, mo 3HWKYE MIKPOTBEPIICTb, ajie CYTTEBO MiABUIIYE 3HOCOCTiHKiCTh. B mokpurti NiAl+P mpu
TpuOOBHIIPOOYBAaHHSIX Ha ITOBEPXHI TePTA (HOPMYEThCS 3axuCcHA dochaTHA IUTiBKA, SIKa BUKOHYE POJIb TBEPIOTO
MacTu/ia Ta 3MEHIIyE€ IHTEHCHUBHICTh 3HOIIyBaHHS Maibke B 2,5 pasa. OTpuMaHi pe3ysibTaTd CBII4aTh MPO
ehekTUBHICTE (Bocdopy SAK JETYHOUOro €IeMEHTY I MiJABMIICHHS EKCIUTyaTalliidiHoi moBrosigyHocTi NiAl-
MOKPHTTIB y TPUOOTEXHIYHUX BY3JIaX.

Karouosi cnoBa: intepmeranin NiAl, miakyBanHs ¢pocdopom, ria3MoBe HarnwieHHs, pocdarHa IUTiBKa,
TpUOOTEXHIYHI BIACTUBOCTI, 3HOCOCTIHKICTh, TBEPJIC MACTHIIO, MiKPOCTPYKTYpa
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Abstract

The study investigated the influence of rolling speed and lubricant properties on the formation of a
lubricating film in point contacts. The film thickness was measured using optical interferometry, which provides
high-precision, real-time data. Experimental tests were conducted on a specially designed rig simulating rolling
conditions in bearing assemblies. Analysis of various lubricants showed that kinematic viscosity, base oil type, and
chemical composition significantly affect the lubrication behavior and film formation regime. It was found that
increasing rolling speed leads to a transition from boundary to hydrodynamic lubrication, with substantial changes
in film thickness. The results can be applied to optimize lubricant selection in bearings of precision mechanisms.

Key words: tribological system, point contact, friction unit, lubricating film, optical interferometry, EGD
lubrication.

Introduction

Various methods are used in modern tribology to measure lubricating film thickness, differing in the
physical principles that determine this parameter. One of the most precise methods is optical interferometry [1].

This technique is based on the phenomenon of light interference - the superposition of coherent waves
forming an interference pattern. Using this method, it is possible to obtain data on changes in the lubricating film
thickness with nanometer precision in real time, which is a critical aspect in studying tribological processes in
precision mechanisms.

Experimental results obtained using interferometry are the most accurate among other widely applied
optical methods for investigating lubricating film thickness.

The purpose of the work

The aim of this study is to evaluate the influence of rolling speed on the formation of a lubricating film in
local contact zones when using lubricants with different operational characteristics.

This work also highlights the effectiveness of optical interferometry in tribological research. Wider
adoption of this method allows for non-contact measurements and real-time data acquisition under dynamic
conditions in rolling bearing mechanisms. This, in turn, improves the capability to accurately assess lubricant
performance, supports the development of new lubricant formulations, and aids in predicting the service life of
friction units.

Methodical

The optical interferometry method for measuring lubricant film thickness makes it possible to determine
the value of the lubricating film while accounting for the pattern of lubricant supply and distribution in the vicinity
of the friction contact and the actual contact area. The use of a glass disk or glass cylinder (transparent material)
as the indenter, together with a steel ball or steel cylinder as the counterbody—whose properties are nearly
identical—enables the optical interferometry method to find its widest application in model experiments.

Copyright © 2025 V. Akhmatov, D. Stetskyi. This is an open access article distributed under the Creative Commons Attribution
@I}. License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
=3 cited.
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To obtain a clear colored interference pattern, a white light source is required, unlike monochromatic light.
Each color interferes at a specific wavelength, so each lubricating film thickness in the friction contact corresponds
to a specific color [2].
The schematic diagram of the interferometric system is shown in
Fig. . To enhance visibility, a semi-transparent chromium coating, 170 A° thick, is deposited on the surface
of the glass disk by vacuum evaporation. This provides an optimal reflectivity of approximately 18% (with an
absorption of about 25%).

Air

\/1 /2/‘|3 Glass

Lubricant Layer 170 A Cr

Steel

Fig. 1. Schematic diagram of the interferometric system
Investigation of the lubrication process in point contact using pptical interferometry

Experimental investigations were conducted using a test rig designed to enable precise measurement of
ultrathin lubricating films via optical interferometry. The system accounts for the lubrication supply and
distribution within the point contact region, as well as the actual contact area, and allows for real-time recording
of results through video capture. The contacting pair, comprising a steel ball and a glass disk, is shown in Fig. 3.
A general view of the test rig, which reproduces conditions analogous to the rolling contact between surfaces of
the outer ring of a self-aligning ball bearing, is presented in Fig. 2.

Fig. 1. General view of the setup with uxiliary equipment Fig. 2. Contacting p;ir: steel ball — glass disk

The object of investigation (Fig. 3) is the contact zone between a glass disk (1) and a standard steel ball
(10) with a diameter of 25.4 mm and surface finish Ra <0.025 pm, pressed against the disk by a load.

To enhance the visibility of interference fringes, a thin chromium layer of approximately 170 A° was
deposited on the disk surface via vacuum evaporation. The steel ball was mounted on freely rotating supports (8)
to minimize frictional resistance. These supports were fixed in a housing (2), which, together with the lubricant
bath (9), was fabricated as a single structural element. This design allowed for near-ideal rolling conditions with
minimal sliding, preventing excessive lubricant heating that could reduce viscosity in the contact zone. High
sliding would cause additional energy dissipation due to viscous friction, adversely affecting experimental
accuracy.

Disk rotation was driven by an electric motor (7) transmitting torque through a single-stage transmission
(6). Contact load was controlled via a lever mechanism, where the primary pressure was applied through a movable
bearing (3) mounted on shaft (4). Rotational speed was monitored with a non-contact electronic tachometer (5),
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recording the disk’s revolutions. Lubricant temperature was measured using a thermocouple positioned close to
the friction contact area.

Fig. 3. Schematic of the friction unit

The contact zone (ball-plane) is observed using a microscope objective (11). To analyze the interference
pattern in the friction area, a video recording system is employed, consisting of a transition tube (15), a
microphotoadapter (12), a video camera (13), and a television monitor (14) on which the image is displayed.

Influence of lubricant components on the formation of lubricant film thickness under pure rolling
conditions

An important factor determining the elastohydrodynamic (EHD) lubrication of a point contact is the
dependence of the lubricant film thickness on the rolling speed [3]. Analyzing the variation of this thickness makes
it possible to evaluate the influence of the rheological characteristics of different lubricants on the performance
efficiency of mechanisms equipped with rolling bearings [4].

Maintaining pure rolling conditions is essential to prevent lubricant overheating, which can lead to a
decrease in its viscosity at the inlet to the contact zone. This phenomenon results from slip and the dissipation of
energy due to viscous friction. To ensure pure rolling in a ball-disk contact, the condition Vi = V> must be satisfied

in the following equation:

2m
Vl—V2=%'(a)1'T1—w2'T2), (1)

Where V;, V> are the linear velocities of the ball and the disk; ri, 1, are their radii; ®; i @, — the angular
velocities of the ball and the disk.

To ensure pure rolling, the condition ®;= 3w, must be satisfied, meaning that the angular velocity of the
ball should be three times greater than that of the disk. Under these conditions, equation (1) takes the following
form:

r, = 3n (2)

To ensure the condition of pure rolling, the ball must be positioned at a distance from the center of disk
rotation equal to three times its own radius.

The study focuses on evaluating the influence of rolling speed on the formation of the lubricant film in
the central contact area. Five types of lubricants were analyzed experimentally: 1. transmission fluid Total SAE
85W090, 2. automatic transmission fluid Total SAE ATF, 3. engine oil Total SAE 15W40, 4. engine oil Total SAE
10W40, 5. universal motor—transmission oil Total SAE 25W. The experiments were carried out within a speed
range from 0 to 1.8 m/s at a constant temperature of 20 °C. The contact stress reached 251.5 MPa. The lubricant
film thickness was measured using optical interferometry.

To describe the lubrication process, a dimensionless parameter A is used, which characterizes the
lubrication regime and is calculated by the following expression:

h
= —— 3)
VRa +RE,

where h — the lubricant film thickness (um),
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R,

a1 — the arithmetic average surface roughness of the glass disk (um),

Raz — the arithmetic average surface roughness of the steel ball (or roller) (um).
The classification of lubrication regimes according to the value of A is as follows: A= 0 — 1 — semi-dry; A=

1- 1,5 -

boundary; A= 1,5 — 3 — mixed with boundary predominance; A= 3 — 4 — elastohydrodynamic; A> 4 —

hydrodynamic.

Results of studying

When using Total SAE ATF, it was found that the lubricant film forms at a speed of Vy,=0,24 m/s, and the
actual film thickness reached hg=0,128x10°m (Fig. 4), corresponding to a boundary lubrication regime with A
=1,28 (Fig. 5).
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Fig. 4. Dependence of the actual lubricant film thickness ha on the total rolling speed Vyx

As the rolling speed increases, the lubricant film thickness also grows, reaching hq=0,31x10°%m at

Vz=1,68 m/s, corresponding to a hydrodynamic lubrication regime with A=3,10 (Fig. 5).

Experimental data show that when using the transmission oil Total SAE 85W90 at a total rolling speed

of Vx,=0,08 m/s a lubricant film with a thickness of h4=0,122x10"°m (Fig. 4), forms, corresponding to a boundary
lubrication regime with A=1,22 (Fig. 5). Upon reaching Vx=0,112 m/s, the film thickness increases to h4=0,4x10"
m (Fig. 4), establishing a hydrodynamic lubrication regime with A=4 (Fig. 5) which persists for Vy, >0,2 m/s.

Analysis of Total SAE 85W90 characteristics compared to Total SAE ATF shows that the former provides

a lubricant film thickness that is 79% greater than that of Total SAE ATF.
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The study using the engine oil Total SAE 15W40 showed that at a rolling speed of Vx=0,065 m/s, a

lubricant film with a thickness of hg=0,123x10m (Fig. 4) is formed, corresponding to a boundary lubrication
regime with A=1,23 (Fig. 5). When the rolling speed reaches Vz=0,60 m/s, the lubricant film thickness increases
to hg=0,442x10m (Fig. 4), establishing a hydrodynamic lubrication regime with A=4,22 (Fig. 5), which remains
dominant up to Vyx = 1,05 m/s.
When using the engine oil Total SAE 10W40 as a lubricant, it was found that the film begins to form at a total
rolling speed of Vs=0,08m/s, with a film thickness of hs=0,124x10°m (Fig. 4), corresponding to a boundary
lubrication regime with A=1,24 (Fig. 5). Upon reaching Vs=1m/s, the film thickness increases to hy=0,445x10m
(Fig. 4), resulting in a hydrodynamic lubrication regime with A=4,45 (Fig. 5), which persists up to Vy=1,96m/s.

Comparing the properties of this oil with those described above, it can be noted that Total SAE 10W40
produces nearly the same lubricant film thickness (according to the interferometric method) as Total SAE 15W40,
with a difference of only 1-2%. However, film formation occurs at higher rolling speeds (by about 67%),
indicating the use of a different base oil. Total SAE 15W40 employs mineral base oil [-40, while Total SAE 10W40
is formulated with synthetic base oil PAO-8.

The use of the universal motor—transmission oil Total 25W made it possible to determine that the lubricant
film formation begins at a rolling speed of Vs, = 0.1, m/s corresponding to a boundary lubrication regime with A
= 1.27 (Fig. 5), and an actual film thickness of hq=0,127x10"°m (Fig. 4). When the rolling speed reaches V=
0.78m/s, the film thickness increases to h4=0,422x10°m , establishing a hydrodynamic lubrication regime with A
= 4.2 (Fig. 5), which remains dominant up to Vyx = 1.39 m/s.The experimental results indicate that this lubricant
provides a film thickness 47% greater than that of Total SAE ATF, while its film formation rate exceeds that of
Total SAE 10W40 by 14%. At the same time, it is inferior to oils such as Total SAE 85W90 (by 92%) and Total
SAE 15W40 (by 31%).

The conducted studies show that the process of lubricant film formation during start-up is directly related
to the rolling speed. As this speed increases, the film thickness in the center of the contact grows, allowing a
transition from boundary to hydrodynamic lubrication. In this process, the kinematic viscosity of the oil, which
largely depends on its base composition, plays an important role. The additive content in such oils typically ranges
from 10-15%. Total SAE 85W90, containing high-molecular-weight petroleum fractions (up to 80%), forms the
lubricant film thickness optimally.

Compared to other lubricants, Total SAE 25W accelerates the process due to a viscosity modifier of up
to 8%, which increases the time required for film formation. It acts effectively at temperatures above 50 °C,
promoting a significant increase in film thickness.

A comparison of the mineral oil Total SAE 15W40 with semi-synthetic oils Total SAE 10W40 and Total
SAE 25W is also of interest. The lower efficiency of synthetic oils in film formation may be associated with the
adhesion properties between polyalphaolefins and glass surfaces, where the interaction force is weaker than
between petroleum components and glass. Total SAE ATF exhibits the fastest lubricant film formation among all
tested samples, ensuring the quickest transition to the boundary lubrication regime. This is likely explained by its
low kinematic viscosity, which is on average 60% lower than that of the other oils.

Conclusions

From this, it follows that when selecting a lubricant for a specific component, it is important to consider
not only the kinematic viscosity but also the chemical composition of the oil and the properties of the interacting
surface materials. This approach allows achieving optimal conditions for the rapid formation of the lubricant film
during start-up and for maintaining a stable lubrication regime during operation, which ultimately ensures the
durability and reliability of the friction system.
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AxmaroB B., Creubkmnii JI. Ontnuna iHTepdepoMmerpist sk 3acid OLIHKM XapaKTEPHCTHK MAacCTHIIBHOTO
mapy.

VY poboTi MOCHiIKEHO BIUIMB IIBHIAKOCTI KOYEHHS Ta BIIACTHBOCTEH MACTHIIBHOTO Marepialry Ha
YTBOPEHHS MACTHJIBHOTO I[Iapy B TOYKOBOMY KOHTAKTi. [yl BUMIpIOBaHHS TOBLIMHHM MAacCTHJIBHOI ILTIBKH
3aCTOCOBAaHO METOX ONTHYHOI iHTepdepoMeTpii, mo 3abesrmedye BHCOKY TOYHICTE y peaJpHOMY dHaci.
ExcniepuMeHTanbHI TOCTIHKEHHS MPOBOIIIINCS Ha CIEIiallbHO pO3pOOIEHOMY CTEHII, KU MOIENIOE YMOBH
KOYEHHS B IiAIMMITHAKOBUX By3JaX. AHaNl3 Pi3HHX THIB MAaCTWIBHHX MarepiajiB IMOKa3aB, 0 KiHEMaTHYHA
B’SI3KICTh, 0a30Ba OCHOBAa Ta XIMIYHHUI CKJaJ OJHMB ICTOTHO BIUIMBAIOTh Ha XapaKTep 3MAaleHHS Ta PEXUM
YTBOPEHHS IUTIBKU. BCTaHOBIIEHO, 1110 31 301JIBIIIEHHM IIBUIKOCTI KOYCHHS BiI0YBa€ThHCS IIEPEXi Bl TPAHUIHOTO
JI0 TiAPOIUHAMIYHOTO PEKHMY 3MAIICHHS, a MACTHJIbHA IUTIBKa 3HAYHO 3MIiHIOE CBOIO TOBIIMHY. OTpuMaHi
pe3ynsraTd MOXKYTh OyTH BHKOPHCTaHI JJIsl ONTHMi3anii BUOOPY MAacCTHIBHUX MarepiayiB y HiIMIMITHAKOBUX
By3JIaX TOYHUX MEXaHi3MiB.

Key words: TpubOoTexHiYHa CHCTeMa, TOYKOBHH KOHTAaKT, BY30J TEPTS, MACTHJIBHHH IIap, ONTHYHA
iaTepdepomerpis, ETJ] mameHHs
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Abstract

This work examines the influence of high-entropy alloys FezNizCoBezSiaBs and
AlyCo12Cu 2Cr2NijoFepz on the abrasive wear index of ultrahigh-molecular-weight polyethylene. The effectlve
filler content that ensures the minimum wear rate has been determined. For the Fe,oNiCo20Be20Si14B¢ alloy, the
optimal concentration is 25 wt.%, whereas for the: AlsgCo12Cu;2CrioNioFers alloy it is 20 wt.%. The overall
improvement in abrasive resistance reaches 35—45% compared to unfilled polyethylene. The enhancement in wear
resistance is attributed to the strengthening of the polymer matrix by hard particles of the high-entropy alloys,
whose microhardness exceeds 10000 MPa. Their introduction significantly increases the material’s ability to resist
mechanical degradation of the surface layers during friction against rigidly fixed abrasive particles. The obtained
results confirm the feasibility of using high-entropy alloys as effective functional fillers for the development of
wear-resistant polymer composites based on ultra-high-molecular-weight polyethylene and open up promising
directions for further research in this field.

Keywords: ultra-high-molecular-weight polyethylene, abrasive wear index, high-entropy alloy, polymer
composite material

Introduction

A major part of modern industrial equipment in Ukraine and around the world operates in conditions of
severe abrasive wear. As a result, enterprises incur significant economic losses due to their downtime and repair.
This problem is especially acute in the mining, automotive, and agricultural industries, where equipment operates
in environments saturated with solid abrasive particles: sand, mineral inclusions, and rocks. An effective solution
to this problem is introducing new wear-resistant polymer composite materials (PCMs) based on thermoplastic
polymers containing dispersed metal filler (F1). Such materials combine high strength, resistance to wear, corrosion
and many chemical reagents with low density and technological ease of forming products, particularly, parts of
complex geometry. Due to this, these composites are characterised by high functional properties, therefore they
are an excellent alternative to traditional metals and alloys operating in conditions of intense abrasive wear. As the
analysis of literary sources [1-3] has shown, using such materials instead of traditional ones (bronzes of the BrAZh
brand, aluminium alloys, Gr3 and Gr2D2.5 cermets) allows for an increase in the durability of high-performance
equipment by six times. Among the large number of polymer materials, we can distinguish ultra-high-molecular-
weight polyethylene (UHMWPE), which is one of the most widely used technical polymers today. Composites
based on it, including those containing dispersed F1 (in particular, liquid-quenched binary alloys of the Al-Ni, Al-
Cr, Al-Co system, hydrogenated diamond-like carbon, metal oxides and sulfides, and graphite), are characterised
by a combination of high functional properties, especially increased wear resistance, chemical inertness, and
resistance to shock loads [4-7]. Given the above, searching for new compositions of composites based on
UHMWPE is a relevant and promising task aimed at expanding the possibilities of their use in conditions of
intensive wear in the mining, automotive, and agricultural industries.
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The purpose of the work

Considering the above, the aim of this work is to investigate the influence of the percentage content of
dispersed fillers—high-entropy alloys on the abrasive wear index of UHMWPE under conditions of rigidly fixed
abrasive particles.

Objects and methods of research

UHMWPE (manufactured by Jiujiang Zhongke Xinxing New Material Co., Ltd., China) was used as a
polymer matrix to create new wear-resistant PCMs [6].

Two high-entropy alloys (HEAs) were chosen as dispersed Fls for UHMWPE: Als4Co12Cu;2CrioNioFeis
and FeyoNizgCo20Be2oSi14Bs. These alloys usually contain from 5 to 13 elements in equiatomic or close to
equiatomic concentrations. High-entropy (multicomponent) alloys are currently attracting considerable attention
from researchers due to several improved physical and operational properties, including high corrosion resistance.
Five or more components in the alloy in an equiatomic ratio ensure high entropy of the alloys. The difference in
the atomic radii of the elements gives the crystal lattice a very high level of stresses (partly microstresses), which
provides a high level of hardness and wear resistance. A certain ratio of elements leads to the formation of alloys
with bec, fcc or a mixture of crystal lattices. It is known [8] that bee and fec lattices are characterised by a different
number of slip planes: it is the largest in the fcc lattice. Due to this, the hardness of the HEAs with the bcc lattice
is the largest with relatively low plasticity, and vice versa. Therefore, in some cases, it is useful to obtain alloys
with a mixture of bee and fee lattices, which allows combining relatively high hardness and plastic characteristics
in the HEAs. It should be noted that obtaining structures close to the microcrystalline state is possible because of
the significant difference in atomic radii. This can be traced by broad diffraction lines. As it is known, such a state
provides a high level of corrosion resistance. It is worth noting that the recorded high level of microstresses can
exceed 2,7-10°3, which provides microhardness over HV=10000 MPa. Positive prospects are based on the fact that
an amorphous structure, which will naturally combine high physical, tribological, and corrosion-resistant
properties, may form in the structure of the HEAs during quenching from the melt. Currently, HEAs are receiving
significant attention worldwide because of the possibility of using various elements in their equiatomic amount,
as well as due to the prospects for implementing HEAs and developing the latest technologies [9]. Creating
products and studying the abrasive wear index of new wear-resistant PCMs based on ultra-high-molecular-weight
polyethylene was performed according to the method given in [6], which includes the activation of the HEAs in
the magnetic field of a vortex mixer. The study of the roughness (Ra scale, um) and the morphology of the friction
surfaces of pure UHMWPE and PCMs based on it was done using a 170621 probe profilometer and a BIOLOM-
M microscope. The hardness of the PCMs was measured on the Rockwell scale (HRR, hardness units) using a
2074 TPR device [9].

Results analysis and discussion
Evaluating the results of tribological properties (Fig. 1) of dispersion-strengthened PCMs shows that using

high-entropy alloys (at.%) AlsCoi2Cui2Cri2NijoFer, (alloy Nel) and FeyoNioCo20Be20SiiaBs (alloy Ne2) as Fls is
an effective way to reduce the abrasive wear index of ultra-high-molecular-weight polyethylene by 30—45%
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Fig. 1. The influence of the percentage content (C, wt.%) of HE alloys 1 and Ne2 on the abrasive wear index
(Vi, mm3/m) of UHMWPE

The increase in wear resistance of UHMWPE to the action of abrasive particles is because dispersion-
reinforced PCM fillers acquire high strength and resistance to mechanical damage. This occurs because there is a
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mixture of fcc and bec lattices in the structure of HEAs, which provides a high level of microstresses (>2.7 10-%)
and microhardness (~10000 MPa). The established increase in PCM hardness by 1.6 g. (Fig. 2), a decrease in PCM
roughness by 45% (see Fig. 3), and a comparison of friction surfaces confirm this. Fig. 4 shows that deep ploughing
of UHMWPE is observable on the friction surface of UHMWPE, while the PCM surfaces are more uniform and
homogeneous [10], which indicates an increase in wear resistance [11].
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Fig. 2. The influence of percentage content (C, wt.%) of HE alloys Nel and Ne2 on hardness (HRR, hardness units) of
UHMWPE
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Fig. 3. The influence of the percentage content (C, wt.%) of high-entropy alloys Nel and Ne2 on the roughness (Ra,
pm) of UHMWPE

a ' b ' c
Fig.4. Friction surfaces (x200) of UHMWPE (a) and composites based on it containing 20 wt.% of alloy Nel (b) and
25 wt.% of alloy Ne2 (c)

It should be noted that with an increase in the percentage of alloy Nel and Ne2 in the UHMWPE to 25-30
wt.% and 30 wt.%, respectively, a decrease in the abrasive wear resistance of the developed PCMs is observed.
This is probably a consequence of the increased defects in the material: the formation of voids, pores, and
microcracks. A comparison of the experimental (1) and theoretical (2) densities of the developed PCMs (Fig. 5)
can confirm this conclusion [11].

The dependences in Fig. 4 clearly show that when the content in the PCMs is 5-20 wt.% of alloy Nel and
5-25 wt.% of alloy Ne2, the experimental density of the PCMs is somewhat higher than the theoretical one. This
indicates a more ordered supramolecular structure of the developed PCMs because of the strong intercomponent
interaction at the "UHMWPE-high-entropy alloy" interface. With a further increase in the amount of HEAs in the
volume of the UHMWPE, an inverse ratio is observed. This can be explained by the fact that the HEA particles of
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alloys Nel and Ne2 find it difficult to achieve uniform distribution in the volume of UHMWPE as a result of the
strong intermolecular energy of their components (E(Fe)=4.04-10° J/mol, E(A1)=3.11-10° J/mol, E(C0)=4.39-10°
J/mol, E(Cu)=3.39-10° J/mol and E(Ni)=4.22-10° J/mol) [12].
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Fig. 5. Dependence of theoretical (1) and experimental (2) density (p, g/cm’) of UHMWPE on the percentage content
(C, wt. %) of high-entropy alloys Nel (a) and Ne2 (b)

Subsequently, the filler particles stick together, forming agglomerates (clusters) with a smaller contact
surface with UHMWPE.

Conclusions

Analysis of the results of the conducted research showed that using high-entropy (multicomponent) alloys
Fe2oNizCo20BexSiiuBs and AlspCo12Cui2Cri2NiioFei; as Fls for UHMWPE is an effective way to improve its
tribological properties by reducing the abrasive wear and roughness index by 45%. We established that the
effective FI content is 25 wt.% FezoNixCo20Be20Si14Bs and 20 wt.% Al4Co12Cui2Cr2NioFer2. The developed
PCM compositions can be used in the manufacture of tribotechnical parts for the agricultural, mining, and
automotive industries, which operate in aggressive conditions (under the influence of UV radiation, variable
temperatures, moisture, and abrasive particles). Applying them will not only reduce the mass of the structure, but
also increase the service life of the equipment.
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Tomina A-M.B., Ilypmik B.}IO., €pnomina K.A., Predrag Dasi¢, Bbypszas B.b. Bmmus
BHCOKOEHTPOIIHHUX CIUIaBiB Ha IOKA3HUK a0pa3MBHOTO CTUPAHHS HAaJBHCOKOMOJICKYJISIPHOTO MOJTiETHIICHY

Y  pobGoTi  pO3MNIAHYTO  BIUIMB  BHCOKOCHTpOMiMHMX  cmumaBiB  FexNixnCozBeSiuBs  Ta
AlgCo12Cu2CrioNijoFe, Ha moKa3HUK aOpa3WBHOTO CTHpPAHHS HAJBHCOKOMOJEKYJSIPHOTO TMOJICTHUIICHY.
30KkpeMa, BCTAaHOBIICHO €(QEKTHBHHH BMICT HANOBHIOBAYIB, NPH SKUX JOCATAETHCS MiHIMalIbHE 3HAYCHHS
mokasHuka adpasuBHoro crupanss. Jias crmaBy FeaoNizgCo20BeoSisBe Taki 3HaYeHHS CrIOCTEPIiraroThes MpU
KoHIeHtpaiii 25 mac.%, tomi sk mist cmiaBy AlygCoi2CuCrioNipFer — npu 20 mac.%. YV mocmimkeHnx
IHTepBaJax KOHIIEHTPALlill CIOCTepIiracThCsl 3arajibHe MOKpalleHHs adpa3uBHOI cTiikocTi Ha 35-45% mnopiBHIHO
3 BHUXI|JIHUM HEHAIIOBHEHMM MOJIETHJICHOM, IO CBIIYUTH NPO BHUCOKY €(PEKTHUBHICTH OOpaHUX IMOPOIIKOBHX
HaroBHIOBaviB. [liZIBUIIIEHHS 3HOCOCTIMKOCTI IIOSICHIOETHCS OCOOJNMBOCTSIMU B3a€MOAIl TBEPAMX YACTOK
BHUCOKOCHTPOIIIHHKX CIUIABIB 3 MOJIMEPHOK MATPHIICIO. 3aBASKH MIKpOTBepAOCTi, mo nepepuirye 10000 MIla,
TaKl YaCTKH BUKOHYIOTb POJIb apMYIOUHX €JIEMEHTIB, SIKi PIBHOMIPHO PO3MOJIISIOTECS B 00’ €Mi MOMIETHIICHY Ta
CHPUSIIOTH (OPMYBaHHIO OiNTBII CTAOLIBHOI Ta MKOPCTKOI CTPYKTYypHOI citku. Lle 3abe3neuye edexTuBHUH omip
MeXaHIYHOMY PYHHYBaHHIO TOBEPXHEBUX IIAPIB ITiJ] YaC TEPTS IO )KOPCTKO3AKPIIUICHNX a0pa3uBHUX YaCTKaX, IO
0cO0IMBO BaXJIMBO U1 pOOOTH BY3JIiB TEPTS B yMOBaX iHTCHCUBHUX HaBaHTa)KeHb. J[0aTKOBO BCTaHOBIICHO, 1110
TBEPHICTh OTPHMAaHUX KOMIIO3HTIB 3pOocTae MpHOIM3HO y 1,6 pas3m, mo MiATBEpDKYE MiICHITIOIOYNA BIUINB
BUCOKOCHTPOIIIHUX HAIOBHIOBAYiB Ta IO3UTUBHO BiJOOpaKa€ThCS Ha EKCIUTyaTaliifiHii JOBrOBIYHOCTI
marepiany. OTpuMaHi pe3yJbTaTH MiATBEP/UKYIOTh JOUIJIBHICTh BUKOPUCTAHHSI MOPOIIKIB BUCOKOCHTPOITIHUX
CIUIaBiB fK MEPCHEKTUBHUX (YHKIIOHAIBHUX HAIOBHIOBAYiB [UIS CTBOPEHHS 3HOCOCTIHKHMX IOJIMEpHHX
KOMITO3MLIITHUX MartepialiB Ha OCHOBI HaJBHCOKOMOJICKYJSIPHOTO IOJIETHIIEHY Ta OKPECIIOITh NOAAJIbII
HarnpsiIMU Y0CKOHAJICHHsI TEXHOJIOT1i Moaudikarii mojaiMepis.

KaiouoBi cnoBa: HaIBUCOKOMOJIEKYJISIDHHHA — IIOJIiETWJICH, TIOKa3HUK aOpa3sMBHOIO  CTHPaHHS,
BHCOKOEHTPOIIHHUH CIJIaB, ONIMEpHUH KOMIO3UIIIHHIN MaTepial
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Abstract

The article investigates the causes of surface degradation in the “stationary shaft—bushing” tribological pair
of the roller assembly of a diesel engine fuel pump plunger in a heavy-duty truck, operating under increased loads
and boundary lubrication conditions. A surface damage passporting methodology was applied, including analysis
of microhardness, surface roughness, geometrical accuracy, and structural transformations within surface layers
of the components, supplemented by elements of X-ray diffraction analysis.

It was established that the dominant wear mechanism is hot scuffing (adhesive wear of the second kind),
driven by irregular lubricant supply, chemical affinity of the materials of both components (bearing steel
100Cr6/11IX15), localized load concentration, and the stationary configuration of the shaft. The formation of
secondary hardened “white layers” was observed, indicating thermal overloading and a reduced load-bearing
capacity of the surface layers after prolonged service.

A set of design, technological, and operational measures is proposed to improve the reliability and
durability of this friction pair.

Keywords: hot scuffing, tribological pair, fuel pump, microhardness, secondary structures, surface
damage.

Introduction

The increasing requirements for fuel efficiency and environmental performance of diesel engines
necessitate higher fuel delivery per cycle and higher injection pressures in fuel injection systems. This results in
elevated mechanical and thermal loads on the components of the plunger pump, particularly on the “stationary
shaft-bushing” friction pair in the roller assembly of the tappet. Operational experience shows that with an increase
in plunger diameter and the corresponding rise in axial loads, intensive surface damage due to hot scuffing occurs
within this tribological pair. Premature failure of these components limits the service life of the fuel pump, reduces
engine reliability, and leads to economic losses.

The complexity of this issue is further aggravated by boundary lubrication conditions and the structural and
chemical similarity of the materials in frictional contact. Such operating conditions promote the formation of
welding bridges between the asperity peaks in the contact zone of the surfaces. Therefore, there is a growing need
for scientifically justified methods and design solutions aimed at improving the durability and performance of the
“shaft-bushing” friction pair under the operating conditions of diesel fuel systems.

Literature Review

In modern research on diesel engine fuel injection equipment, significant attention is paid to the
tribotechnical characteristics of the “cam-roller—shaft” contact pair in high-pressure fuel pumps. Increased
injection pressures and stricter environmental emission requirements lead to higher mechanical loads on these
components. In the studies by [1], the wear and running-in behavior of cam—roller systems in diesel engines was
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analyzed, demonstrating the development of complex surface topography under operating conditions and local
variations in hardness in mixed lubrication regimes, which determine the further evolution of frictional interaction
and the risk of scuffing. Research conducted by [2] for the “cam-—roller tappet” pair in heavy-duty diesel fuel
pumps, based on numerical modeling and lubrication analysis, revealed that boundary lubrication zones form
already at the running-in stage, where load is transmitted through individual asperities, and local temperature
spikes may initiate damage due to the onset of adhesive interaction followed by scuffing. A considerable amount
of studies also focuses on the influence of fuel type and lubricants on the reliability of friction units in diesel fuel
injection equipment. The review by [3] summarizes current understanding of the mechanisms of ZDDP additive
action, the formation of protective tribofilms, and their role in preventing scuffing under boundary lubrication
conditions. Recent works by [4-6]and others have shown that the kinetics of tribofilm growth, as well as its
thickness and morphology, are strongly dependent on surface topology, loading regime, and additive chemistry. It
has also been demonstrated that tribofilm breakdown may occur locally under severe loading, reopening direct
metallic contact and promoting scuffing in frictional interfaces. Reviews concerning friction reduction in internal
combustion engines emphasize that the friction units of fuel injection equipment — where high contact stresses,
low sliding speeds, and boundary lubrication are combined — remain among the most critical elements in terms
of scuffing and service life reduction. Another direction of research concerns surface modification of components
— the application of hard wear-resistant coatings, surface texturing, deep thermal and cryogenic treatment, as well
as the use of composite materials and coatings. PVD-coatings such as BALINIT applied to fuel pump components,
rollers, and tappets have demonstrated a significant reduction in friction coefficient and increased scuffing
resistance due to modifications in the chemical composition and thermophysical properties of protective surface
layers. Research in the field of cryogenic treatment of tool and bearing steels has proven that deep cooling after
quenching promotes more complete transformation of retained austenite into martensite and the formation of a
more stable structure with enhanced wear resistance. This is particularly important for steels such as 100Cr6
(IIIX15), which are widely used in highly loaded bearing and plunger units. In the study [8], a comprehensive
methodology for evaluating the tribological efficiency of automotive component couplings was proposed,
combining experimental research, modeling, and diagnostic criteria for assessing the performance of surface
layers. This approach enables an in-depth analysis of friction conditions and identification of the most vulnerable
tribosystems. In the article [9], tribodiagnostics of surface damage during operation was examined based on
changes in the structural and mechanical properties of surface layers, ensuring early detection of failure initiation
and forecasting of remaining service life. The research conducted [10] established the patterns of variation in the
lubrication degree of crankshaft bearings depending on engine load and speed regimes. The influence of the
hydrodynamic lubrication film on reliable bearing operation was demonstrated, and methods were proposed to
enhance durability by optimizing operating parameters. The summarized findings confirm the relevance of further
development of diagnostic approaches and measures to improve the reliability of tribological components in
automotive systems, particularly those operating under boundary lubrication, high contact loads, and significant
thermal gradients. Studies [11-14] demonstrate the effectiveness of various protective coatings — including Fe—
Mn—C—B-Si-Ni—Cr eutectic welding layers and polymer-modified thermosetting composites — in improving
wear resistance, enhancing antifriction performance, and stabilizing adhesion properties of friction surfaces under
elevated temperature and boundary lubrication conditions, which is relevant for extending the durability of highly
loaded tribological contacts in automotive systems

Purpose of the study

To determine the dominant mechanism of surface damage in the “stationary shaft—bushing” tribological
pair of the roller tappet assembly of a diesel engine fuel pump under increased loading and restricted lubrication
supply, in order to provide a scientific rationale for a set of design and technological measures aimed at improving
its operational reliability and service life.

Research results

Improving the reliability and service life of friction units in fuel injection equipment is only possible with
a thorough investigation of the damage mechanisms of the most heavily loaded and vulnerable tribological contacts
that determine system operability. These include the sliding “stationary shaft—bushing” tribological pair in the
roller tappet assembly of the plunger pump of a heavy-duty diesel engine.

Intensification of fuel pump operation through an increase in plunger diameter from 9 to 10 mm leads to a
28% rise in maximum chamber pressure (from 42.4 to 54.2 MPa) and a 57% increase in cyclic axial force (from
2.7%10% to 4.25x10° N). As a result of such loading, premature surface failure of the tribological pair occurs: hot
scuffing is detected after only 4 hours of pump operation on a calibration test bench. Therefore, it is crucial to
identify the dominant wear mechanism and determine the causes of damage in this tribological contact. A surface
damage passporting method was applied, involving a comprehensive assessment of: compliance of component
geometry with design requirements, loading and lubrication conditions, and the actual state of working surfaces
after operation. Three groups of tribological pairs were compared in the study: damaged shaft-bushing pairs after
4 hours of bench testing under elevated axial load; field-operated pairs with 1330 hours of service (=50,000 km
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mileage) under optimal loading conditions; and new components. The obtained results of tribosystem passporting
were summarized in the form of a technical function for the “stationary shaft-bushing” friction pair of the roller
tappet assembly in the fuel pump (Table 1). Roundness profiles of the internal surfaces of the bushings for the
different groups are presented in Fig. 1, and the quantitative results of form deviation analysis are shown in Fig.
2. It was determined that all examined bushings exhibit deviations from ideal geometry in the form of
polygonalization; however, the nature and severity of deformation differ significantly depending on the loading

conditions and service duration.
Table 1

Technical passport of the “stationary shaft-bushing” tribosystem of the roller tappet assembly of
a diesel engine fuel pump

Section Parameter Description / Value
Type of interaction Sliding friction
Lubrication regime Boundary (limited lubricant supply)
. . Axial load 2.7x10%...4.25x10° N
I. Analysis of friction —
. Sliding speed 0.1...2.5m/s
and wear conditions Contact
omtact zone 1073...1123 K
temperature
Operating time 4 h (bench test), 1330 h (in service)
Shaft material Bearing steel 100Cr6 (I1IX15)
Bushing material Bearing steel 100Cr6 (IIIX15)
Initial surface Ra=1.6 um
roughness
Shaft geometry
(working 9970 mm/@107°.° mm
dimensions)
II. Material and Bushing geometry (3970 033-0 013 111 / (31070 033-0 013
component (tolerances) - -
characteristics Density p=7811 kg/m?
Cfmh;?;;f‘én C 0.95-1.05; Si 0.17-0.37; Mn 0.20-0.40; Cr 1.30-1.65; P
< ' §<0.02; Ni <
(100Cr6), wt.% <0.027; S <0.02; Ni <0.30
Mechanical 6, = 730 MPa; co. = 420 MPa; & = 21%; y = 46%
properties
Thermophysmal o = 45%10° J/(m?K)
properties
HI. Environmental Contamination Dusty air, impurities in fuel
factors
IV. Risks and Potential wear types Scuffing (adhesive wear Qf the second kind), fretting,
expected damage abrasive wear
R iy . Surface overheating, direct metallic contact, local peak
mechanisms Critical conditions o
stresses at asperity tips
Contact geometry Cylindrical surfaces, line contact footprint
Hardening at 850 °C (210 min) + oil quenching; cold
V. Geometry and Heat treatment treatment at —30...—60 °C (200 min); tempering at 180 °C
surface heat (200 min); air cooling
treatment Lubrication regime Boundary friction
Lubricant suppl “Splash lubrication” (insufficient and unstable lubricant
PPy flow to the upper contact zone)
VL Tribolosical “Shaft-bushing”, “bushing—environment”, “shaft—
N 08 Contact interfaces environment”; load directions and displacements illustrated
interactions PR
in Fig. la—c
Dominant wear Adhesive wear (hot scuffing, Type II), thermal softening,
mechanism formation of “white layers”
Cylindrical contact between shaft (1) and bushing (2);
VILI. Tribological Contact conditions critical load zone located in the upper part of the bushing
characteristics (minimum lubrication)
Wear rate; coefficient of friction; contact temperature;
Controlled . . .
contact electrical resistance (CER); specific damage energy;
parameters . .
load-bearing capacity reserve of the surface layers

Bushings that have operated for 1330 hours under normal service conditions demonstrated the smallest
non-uniformity of profile deviation — the polygonalization in this case is practically reduced to minor ovality



Problems of Tribology 45

(Fig. 2, curve 1). New bushings are characterized by a tetragonal profile shape (Fig. 2, curve 2), indicating
manufacturing inaccuracies and insufficient quality of finishing operations. The most pronounced multi-polygonal
deformation was observed in bushings damaged during bench operation under increased axial loads (Fig. 2, curve
3), which leads to localized increases in contact stresses and promotes the development of hot scuffing.

Thus, the analysis of internal bushing geometry based on roundness profiles confirms that increased
mechanical loading and unstable lubrication result in accelerated wear of the working surfaces, which
consequently causes failure of the friction unit.

New bushing Bushing after operation (1330 h) Damaged bushing

Fig. 1. Roundness profiles of the internal surface of bushings in the “shaft-bushing” friction pair after different
operating conditions

1 — new bushings
80r 2 — after 1330 h
—— 3 — damaged
60
£
)
=40t
20t
0 1 2 3 -l 5 6

Fig. 2. Form deviation of the internal bushing surface after different operating conditions: 1 - new bushings; 2 -
bushings after 1330 h of operation; 3 - bushings damaged during bench testing under increased loads

The surface topography analysis of the shafts in the new condition, after 1330 hours of operation, and
after damage under increased loading conditions (Fig. 3) showed that normal operation results in a significant
reduction of surface roughness compared to the new component due to running-in processes and plastic smoothing
of asperities under mixed friction conditions. The machining quality of the new shaft’s outer surface (R, = 1.6 pm)
is significantly higher compared to the bushing’s internal surface (R, =~ 58 pm), which does not meet the
requirements of technical specifications stating that the roughness parameters of contacting elements must be
compatible. Such inconsistency deteriorates the formation of a stable lubricant film and promotes localized
concentration of contact stresses. The microhardness characteristics of the shaft surface layer are shown in Fig. 4.
The average surface microhardness of the new shaft is approximately 5500 MPa (Fig. 4, curve 1), and the
microstructure consists of hardened martensite with a high level of residual stresses. This provides increased initial
wear resistance; however, it also creates susceptibility to thermal cracking and the formation of “white layers” in
cases of overheating under boundary lubrication conditions.

1 — new shaft
2 — after 1330 h
—— 3 — damaged shaft

Profile deviation, arb. units
o

0 2 1 6 8 10
Profile length, arb. units

Fig. 3. Profilograms of the working surface of shafts in the “shaft-bushing” friction pair: 1 - new shaft (vertical scale
x10 000; horizontal scale x80); 2 - shaft after 1330 h of operation (vertical scale x10 000; horizontal scale x80); 3 -
shaft damaged during bench testing under increased loads (vertical scale x4000; horizontal scale x80).
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After 1330 hours of operation, strengthening of the shaft surface layer was observed, associated with
work hardening and phase transformations under variable loading. In contrast, the damaged components show the
formation of a secondary-hardened “white layer” with an abrupt increase in hardness, which indicates thermal
overload and serves as an initiator of hot scuffing.

During normal operation of the assembly, strengthening of the surface layers occurs due to work
hardening and stabilization of secondary structures. It was established that after 1330 hours of operation, the
surface microhardness of the shaft increases to approximately 6060 MPa (Fig. 4, curve 2), indicating partial
transformation of the material into martensite, which is more resistant to wear. In this case, a reduction in micro-
relief depth was observed already at the running-in stage.

In contrast, on the surfaces of damaged bushings and shafts that operated under increased mechanical and
thermal loads, localized formation of a densified “white layer” with significantly higher hardness was detected
(Fig. 4, curve 3). The microhardness of this layer exceeds the initial value nearly twofold, indicating the
development of secondary hardening and the formation of a brittle structure with a high tendency to delamination.
The presence of a white layer implies that temperatures in specific contact points reached levels sufficient to initiate
thermal plasticity of the surface layers, reducing their strengthening and followed by rapid cooling when metallic
junctions are ruptured. Such thermodynamic instability is the major driving factor behind the development of hot
scuffing.

The results of X-ray diffraction analysis confirm the formation of new Fe,-type phases characteristic of
rapid surface cooling after localized overheating, which is consistent with the mechanism of secondary hardening
under boundary friction conditions.

1 — new shaft

. 1200} 2 — after 1330 h
£ —— 3 — damaged shaft
£
= 1000
~
@ 800}
>
T

600

0 20 40 60 80 100 120

I, um

Fig. 4. Distribution of HV50 microhardness within the surface layer of the shafts in the “shaft-bushing” friction pair
after different operating conditions: 1 - damaged shaft (secondary hardening, “white layer”); 2 - shaft after 1330 h of
normal operation; 3 - new shaft.

Based on a set of experimental and diagnostic investigations, it was determined that the dominant surface
damage mechanism limiting the serviceability of the “stationary shaft—bushing” friction pair in the roller tappet
assembly of the fuel pump is adhesive wear of the second kind (hot scuffing). The development of hot scuffing is
induced by boundary lubrication conditions, in which the lubricant supply to the contact zone is unstable or
insufficient. Under such circumstances, the dynamic balance between the formation and removal of secondary
structures in the surface layers of the frictional contact is disrupted. As the lubricant film collapses, contact occurs
between nascent metallic asperities of both elements.

Since the shaft and the bushing are manufactured from the same steel grade (100Cr6), the chemical
affinity of the materials promotes the formation of welding bridges at the interface. The action of tangential forces
that cause relative displacement leads to rupture of these junctions, accompanied by sharp localized temperature
rises. As a result, the surface layers undergo thermal softening and plastic deformation, local melting, and a
decrease in load-bearing capacity, followed by secondary hardening during cooling (formation of a “white layer”).

Consequently, the surface loses structural stability. Repeated initiation and accumulation of these
processes lead to accelerated degradation and eventual failure of the friction pair. The severity of hot scuffing is
strongly influenced by the thermophysical properties of the material (thermal conductivity, heat capacity, high-
temperature strength), which determine the ability of the surface layers to dissipate heat from the contact zone. In
the analyzed friction pair, hot scuffing most frequently develops under boundary or starved lubrication; during
rapid load increases at start-ups and transient modes; and under disrupted lubricant supply, as in the present study.

Thus, the combination of elevated mechanical loads, chemical affinity of the contacting materials, and
limited lubrication is a decisive factor driving the failure of this friction pair due to the development of hot scuffing.
Based on the established damage mechanism, a physical model of adhesive wear of the second kind was proposed,
comprising five stages: breakdown of boundary lubrication layers and secondary structures due to irregular
lubricant supply; approach of metallic asperities to contact distances and collapse of the lubricant film; intensive
plastic deformation in microcontacts with the formation of dislocation-active zones and increased vacancy
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concentration; mutual diffusion of metallic surfaces and formation of metallic junctions in the true contact region;
rupture of metallic junctions accompanied by material transfer and generation of wear debris.

The practical significance of this model is that the prevention of hot scuffing is governed by the durability
and stability of secondary protective structures, and the thermophysical properties of the contacting materials
determining heat dissipation capabilities.

To reduce the intensity of adhesive wear of the second kind, engineering solutions must be implemented
to: suppress activation of metallic contact (strengthening of surface layers, improvement of high-temperature
resistance); promote surface passivation, which ensures the formation of stable secondary structures and efficient
heat removal.

Passivation control may be achieved by increasing the thermal conductivity and heat capacity of the
materials in the friction pair; using lubricants with functional additives that promote the formation of robust anti-
scuffing films on the contacting surfaces.

Generalization of the results confirms the feasibility of applying a set of design, technological, and
operational solutions to eliminate or significantly reduce damage in the “stationary shaft-bushing” friction pair of
the roller tappet assembly of a fuel pump. Based on the obtained results, a comprehensive set of measures for
improving durability of the friction pair is justified and summarized in Table 2.

Table 2
A set of measures aimed at improving the durability of the “stationary shaft—-bushing” friction
pair in the roller tappet assembly of a fuel pump

Ne C:lteeags(:lrl‘};:f Recommendation Expected technical effect
Introduction of axial lubrication grooves .
. . Improved lubricant supply,
and eccentric relief in the upper zone of . ¢ fricti
. the shaft reduction of boundary friction
1 Design-related . .
. . Reduced chemical affinity, lower
Use of dissimilar materials for the shaft . . .
and the bushing risk of metallic adhesion and
scuffing
Optimization of Parametrlc optimization Of fuel injection Reduction of peak axial loads and
2 o equipment to increase delivery without
load conditions o thermal overload
additional load growth
Deep cryogenic treatment (= ~90 °C) Strengthening and stabilization of
Technological immediately after quenching surface.: l.a}./ers, reduced
3 surface susceptibility to scuffing
. . o . Formation of favorable surface
strengthening Optimization of finishing operations and
sealing technologies topography and durable secondary
structures
4 Modification of Use of anti-scuffing and antiwear Accelerated formation of protective
operating media additives in lubricating and fuel media tribofilms in the contact zone

Conclusions

It has been established that the dominant surface damage mechanism in the “stationary shaft-bushing”
friction pair of the roller tappet assembly in a fuel pump is adhesive wear of the second kind (hot scuffing), which
develops rapidly under boundary lubrication and increased axial loading.

It has been shown that bushings operated for 1330 hours under normal conditions exhibit minimal form
deviations, whereas damaged bushings demonstrate pronounced polygonal deformation of the cylindrical surface
profile, indicating intensive plastic deformation in the contact zone.

Analysis of surface topography and microhardness confirmed the formation of a localized densified
“white layer” after failure, whose microhardness is nearly twice the initial value. This indicates secondary
hardening of the surface layer caused by localized thermal overload.

It was determined that the primary cause of scuffing is insufficient lubricant supply during periods of
maximum cyclic loading, resulting in direct contact between nascent metallic asperities and the formation of
welding bridges.

The mechanism of hot scuffing has been defined, allowing the identification of key factors governing the
progression of surface damage, including the strength of secondary structures and the thermophysical properties
of the material.

A set of design, technological, and operational measures has been justified to reduce the intensity of hot
scuffing in the studied friction pair, including the introduction of lubrication grooves and eccentric relief, the use
of dissimilar materials in the pair, deep cryogenic treatment, and modification of the working media with functional
additives.

Further experimental studies on tribological test benches are required to validate the proposed solutions
and to optimize the parameters of the design and technological improvements of the assembly.
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I'ynka A.B. , Cryxask J.II. , Miponos /I.B. , Torocbko O.B. , Xopomyn P.B. , Cinoboasn JI.M.,
Koctiok M.B. JlocnmimpkeHHS TpoIeCy 3HONIYBaHHS Ta XapaKTepy MOMIKO/DKYBAHOCTI TPHOOCHPSIKCHHS
«HEPYXOMa BiCh-BTYJIKa»

VY cTaTTi 10CTiHKEHO MPUYNHA TOBEPXHEBOTO PYHHYBaHHS TPUOOCHIPSIKEHHS KHEPYXOMa BiCh — BTYJIKa»
POJIMKOBOTO By3Jla IITOBXaya IAJIMBHOTO HAacoca IU3EIbHOTO JBHUTYHA BaHTAXHOTO aBTOMOOLUIS 3a yMOB
MiABUIEHNX HABaHTAXECHb 1 TPAHWYHOTO MAaIIeHHS. 3aCTOCOBAHO METOJ IIACMOPTH3alii ITOBEPXHEBOTO
pYHHYBaHHS 3 aHANi30M MIKPOTBEPJOCTi, MIOPCTKOCTI, T€OMETPUYHOI TOYHOCTI Ta CTPYKTYPHHX 3MiH Yy
MOBEPXHEBUX Iapax JeTalel, BKJIIOYAIOYHM €JIEMEHTH PEHTIeHOCTPYKTYPHOrO aHallizy. BcraHoBieHO, ImI0
OCHOBHMM BHJIOM pyHHYBaHHS € Trapsuuil 3amup (cxorumoBaHHsA Il pomy), 3yMoBieHHMH HeperyispHUM
MiIBEICHHSIM MAacTHJIBHOTO Martepiany, XIMIYHOIO CHOpiJHEHICTI0 MarepianiB 00ox neraneit (Cransp 11X15),
JIOKAJIFHOIO KOHIIEHTPALI€I0 HaBAaHTAXXEHb Ta HEPYXOMHM I0JI0kKeHHsIM oci. [lokazano ¢opmyBaHHS BTOPHHHO-
3arapToBaHuX «OUTMX IIapiBy», IO CBIAYMTH NPO TEIUIOBE NEPEBAHTAXKECHHS Ta 3HIDKCHHS 3aracy Hecydol
3JIaTHOCTI MOBEPXHEBUX IMIapiB MICIS TPUBAIOI eKCIUIyararii. 3arpolloHOBAaHO KOMIUIEKC KOHCTPYKTHBHUX,
TEXHOJIOTIYHUX 1 EKCILTyaTaIlifHAX 3aX0/iB IS IMiJBUIICHHS HATIHHOCTI i TOBTOBIYHOCTI ITapy TEPTSI.

KiouoBi cnoBa: rapsumii 3aaup, TpHOOCHPSDKEHHS, MaIMBHUM HAcoc, MIKPOTBEPIICTh, BTOPHHHI
CTPYKTYpPH, TIOBEPXHEBE PyHHYBaHHS.
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Abstract

The aim of this work is to provide a comprehensive analysis of hydrogen-free nitriding and nitrocarburizing
processes in a glow discharge, to summarize the regularities of nitride and carbonitride layer formation on steels
and titanium alloys, and to evaluate their corrosion—mechanical wear resistance under conditions of sliding,
fretting, cavitation, and exposure to aggressive media. Particular attention is given to the application of Pastukh’s
.M. model for interpreting the kinetics and energy mechanisms of diffusion processes. The study presents a
comparative analysis of the structural-phase transformations during nitriding and nitrocarburizing in a hydrogen-
free glow discharge and systematizes experimental data on microhardness, electrochemical behavior, and
corrosion—mechanical wear resistance.

The methodological basis of the theoretical part is the energy-exchange model developed by 1. M. Pastukh,
which describes the influence of active plasma species on the diffusion rate and phase formation. It is shown that
hydrogen-free nitriding provides intensified nitrogen diffusion, the formation of stable nitrides TiN, TiN, e-(Fe>—
3N), y'-(FesN), and the elimination of hydrogen embrittlement. It is established that nitrocarburizing produces
multilayer carbonitride structures with hardness values of 900-1300 HV and high adhesion to the substrate. The
modified layers demonstrate a 3—6-fold increase in wear resistance, a 2.5—4-fold reduction in cavitation damage,
and a significant decrease in corrosion current in NaCl and NaOH solutions. A transition of the dominant failure
mechanisms from brittle and adhesive to plastic-deformation dominated modes has been identified. The obtained
results confirm the experimentally observed regularities of carbonitride-layer formation and demonstrate the key
role of ion bombardment in generating the defect-subzone that governs diffusion kinetics and phase stability.

The findings may be applied in the design of wear-resistant machine components, medical implants, and
elements of cavitation units operating in alkaline and chloride environments. Hydrogen-free nitriding and
nitrocarburizing technologies are identified as highly efficient, economically feasible, and suitable for industrial
implementation.

Keywords: glow discharge, hydrogen-free nitriding, nitrocarburizing, nitride layers, titanium, steel,
corrosion—mechanical wear

Introduction

Surface strengthening of titanium alloys and structural materials remains one of the key directions for
improving the operational reliability of machine components, technological equipment, and critical-purpose
products. Among the known surface-modification methods, a special place is occupied by nitriding and
nitrocarburizing, which enable the formation of hard diffusion layers with high wear resistance, corrosion
resistance, and fretting resistance. The use of glow discharge significantly expands the capabilities of these
processes by intensifying diffusion, activating plasma-chemical reactions, and reducing the treatment temperature.

Traditional plasma nitriding technologies are based on hydrogen-containing gas mixtures, which facilitate
surface cleaning but may simultaneously induce several undesirable effects, including hydrogen uptake,

embrittlement, phase-structure changes, and reduced service life of components. For this reason, considerable
Copyright © 2025 M.S. Stechyshyn, N.S. Mashovets, S.Ya. Pidhaichuk, V.M. Shevchuk, A.V. Korinnyi. This is an open access
@I}. article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and
v reproduction in any medium, provided the original work is properly cited.
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attention is devoted to the development of hydrogen-free nitriding and nitrocarburizing processes, which eliminate
unwanted side effects and ensure the formation of stable nitride layers with predictable properties.

In recent years, substantial experimental data have been accumulated regarding the influence of glow-
discharge parameters on the structure and properties of nitride layers formed on titanium alloys and steels, as well
as on the dependence of corrosion—mechanical wear resistance, fretting resistance, and wear behavior in corrosive
environments on these parameters.

Glow-discharge nitrocarburizing is a surface-modification process for steels and alloys that combines the
advantages of nitriding and carburizing. Its effectiveness is determined by the active interaction of nitrogen and
carbon, which in the glow-discharge plasma form complex carbonitride phases characterized by high hardness,
corrosion resistance, and fretting resistance.

Despite significant progress in studying nitriding and nitrocarburizing processes, a number of fundamental
and applied aspects of these technologies in hydrogen-free glow discharges remain insufficiently clarified. In
particular, the influence of the absence of hydrogen on the activation mechanisms of nitrogen and carbon, the
formation of the defect sublayer, and the kinetics of diffusion in the near-surface region of metals require further
refinement, as do the regularities of phase formation in hydrogen-free environments, including the stability of
nitride and carbonitride phases and their correlation with plasma parameters.

Special attention should be devoted to correlating experimental results with the energy-exchange model
developed by 1. M. Pastukh, which describes the interaction of active plasma species with the metal surface, with
practical validation for hydrogen-free nitrogen—carbon (N—C) media, and to understanding how the structural—
phase characteristics of modified layers influence their wear resistance.

Literature review

Nitriding and nitrocarburizing in a glow discharge remain among the most effective surface-modification
methods for steels and titanium alloys due to their ability to form hard, wear-resistant, and corrosion-resistant
nitride and carbonitride phases. Recent review studies [1-7] indicate a significant increase in interest in hydrogen-
free technologies, which eliminate the problem of hydrogen embrittlement and provide more intensive ionic
activation of the surface.

In study [1], it was shown that low-temperature nitriding of titanium in a glow discharge leads to the
formation of TiN-Ti=N layers with a pronounced microhardness gradient, where ion bombardment plays a key
role by determining defect formation and the initial stage of diffusion. Works [2—-5] investigated the influence of
the main glow-discharge nitriding parameters—pressure, gas composition, temperature, and treatment duration—
on the evolution of surface structure and properties of stainless steels. The authors demonstrate that variations in
nitriding regimes control the nitrogen diffusion rate, the formation of nitride and nitrogen-enriched solid-solution
layers, as well as the final performance characteristics of the material, including hardness, wear resistance, and
corrosion resistance. Accurate control of process parameters is essential for obtaining stable and optimized
properties of nitrided steels, which aligns with current trends in enhancing the efficiency of glow-discharge surface
modification. The research demonstrates that discharge parameters significantly influence the phase composition
of layers on stainless steels. A correlation between discharge power and the €/y’-phase ratio was identified, which
is consistent with the energy-exchange model proposed by I. M. Pastukh.

Study [6] emphasizes that not only the external processing parameters (pressure, gas composition, voltage,
time) determine the final surface properties, but also the quantitative characteristics of the flux and dose of plasma
particles that actually reach the treated surface. Article [7] shows that for titanium alloys, glow discharge provides
deep nitrogen saturation without overheating the material, which is particularly important for medical implants.

A comprehensive analysis of the influence of hydrogen-free nitrogen—carbon media on titanium alloys was
performed in study [8]. The authors demonstrated that a hydrogen-free atmosphere promotes stabilization of the
TizN phase and prevents degradation of a-titanium, which is typical for hydrogen-containing discharges. Several
works, including [8, 9], systematized the kinetic features of nitrogen diffusion in titanium alloys using the energy
model of I. M. Pastukh, which describes the interaction of the flux of active particles with the surface through the
balance of ion-impact energy and defect generation. The model has received experimental confirmation in
subsequent studies [10—13], highlighting its universality for hydrogen-free media.

Studies [14, 15] demonstrated that combined nitrogen and carbon saturation provides a more ductile and
crack-resistant layer compared with pure nitriding. Carbon promotes the formation of a stable e-phase with a
modified lattice structure, reducing residual stresses and improving resistance to fretting and cavitation damage.
These findings agree with modern results reported in [16], where it was shown that Fe—(N,C) carbonitrides exhibit
superior tribocorrosion performance compared to nitrides.

Investigations of the corrosion—mechanical stability of plasma-modified layers in works [17,18,19]
revealed that nitrocarburized layers on steels show significantly increased wear resistance and 1.5-3-fold higher
cavitation resistance compared to conventional nitriding.

Analysis of current data confirms that hydrogen-free nitriding and nitrocarburizing in a glow discharge are
promising surface-engineering methods that ensure intensive surface activation, formation of stable nitride and
carbonitride phases, improved tribocorrosion and cavitation resistance, and complete elimination of hydrogen
embrittlement.
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Objectives of the Study

The primary objective of this study is to provide a comprehensive analysis of hydrogen-free nitriding and
nitrocarburizing processes under glow-discharge conditions, with particular attention to the mechanisms of
nitrogen and carbon activation, diffusion kinetics, and the formation of nitride and carbonitride layers on steels
and titanium alloys. The research aims to clarify how the absence of hydrogen influences surface activation, phase
stability, and defect formation, as well as to determine how these factors affect the microstructure and operational
performance of the modified layers.

The study seeks to formulate well-grounded conclusions regarding the technological advantages,
limitations, and practical applicability of hydrogen-free nitriding and nitrocarburizing for enhancing the durability
of machine components, titanium elements, and structural units operating in aggressive chemical or dynamic
environments.

Purpose of work

To determine the technological advantages and limitations of hydrogen-free nitriding and carbonitriding
compared to traditional hydrogen-containing methods.

Methods

This research is based on the analysis of scientific studies published in recent years, as well as on
experimental results in the fields of glow-discharge nitriding, nitrocarburizing, and surface modification of
titanium and steels. The article summarizes data on the modification of the following materials: o—f titanium alloys
VT3-1 and VTS, austenitic stainless steels 08Kh18N10 and 12Kh18N9T, structural steels 38KhMYuA, 40Kh,
20Kh, and carbon steels. The main variable processing parameters include: gas pressure in the vacuum chamber
of 80—400 Pa; treatment temperature of 500-700 °C; gas-mixture composition (N2, N2 + Ar, N> + C); discharge
voltage of 400—1200 V; current density of 1-10 mA/cm?; and treatment duration of 1-10 hours. To analyze the
properties of the modified surface layer, the following methods are employed: surface microhardness measurement
using a PMT-3 microhardness tester; nitride-layer thickness determination using microstructural analysis on an
MIM-10 microscope; phase-composition analysis of the surface layer using a DRON-3M X-ray diffractometer;
X-ray photoelectron spectroscopy (XPS); and electron Auger spectroscopy performed using a JAMP-10S scanning
Auger microprobe and electrochemical examinations in chloride and alkaline environments.

Research

Activation of nitrogen in a hydrogen-free glow-discharge environment differs fundamentally from classical
hydrogen-containing nitriding technologies. The absence of hydrogen alters the energy exchange at the gas—solid
interface, affects the composition of active plasma species, and determines the diffusion—kinetic regularities of
nitrogen penetration into the metal. Based on analytical developments by Pastukh I.M. and their further extension
in a series of subsequent works [10,11], a model was substantiated that describes the mechanism of nitride layer
formation in hydrogen-free gas-discharge media through a system of interrelated processes such as electron-impact
activation, surface energy exchange, ion-stimulated diffusion, and the thermodynamics of nitride formation.

The absence of hydrogen leads to a sharp increase in the fraction of heavy ions N>" and N*, which carry
high impulse energy. This enhances the bombardment of the metal surface and results in intensified surface
cleaning, oxide-film destruction, formation of active adsorption centers, and active nitrogen diffusion. Studies on
titanium alloys [13] and steels confirm the presence of an intensive primary stage of surface activation, during
which a sharp increase in the nitrogen uptake rate is observed in the first 10-20 minutes of treatment. This effect
was first quantitatively described in the works of Pastukh I.M. [10], where the dependence of the flux of active
species on electron energy and cathode potential was demonstrated.

According to Pastukh’s energy model, a distinctly non-uniform energy distribution of active particles is
formed in the glow discharge, with a pronounced increase in their energy within the near-surface cathode sheath.
Calculations showed that it is the cathode potential drop that ensures the acceleration of nitrogen ions, while the
electron component of the plasma determines the intensity of molecular N> dissociation. Thus, the flux of active
particles reaching the surface consists of N>*/N* ions, metastable N atoms, as well as fast neutral atoms formed
due to charge exchange in the cathode sheath. This combined energetic action determines the nature of the primary
activation of the metallic surface and the subsequent rate of diffusion saturation.

Under hydrogen-free glow-discharge nitriding, the process of hydrogen saturation is absent, which is
confirmed by studies [8,15]. In this case, a more homogeneous composition of surface layers is formed; no black
(brittle) zones typical of hydrogen-containing mixtures appear; adhesion of nitride phases to the substrate
increases; and corrosion—mechanical resistance in chloride and alkaline environments improves. This is consistent
with Pastukh’s model [10]: under hydrogen-free conditions, the surface energy of the system increases, promoting
the formation of thermodynamically stable mononitrides rather than metastable hydrogen-defective structures.
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X-ray diffraction analysis of the VTS titanium alloy showed that, depending on the nitriding regime,
diffraction peaks of a-Ti, TiN (d-phase), and Ti-N (g-phase) appear on the surface of the nitrided titanium alloy,
whereas on the surface of the non-nitrided titanium alloy only a-Ti and B-Ti peaks are present (Fig. 1).

In a hydrogen-free glow discharge, the diffusion coefficient of nitrogen may increase by a factor of 2—4
compared to hydrogen-containing environments. This is associated with the higher energetic potential of N* ions,
a greater number of direct impact processes, and an increased rate of vacancy generation in the near-surface zone
of the metal. Studies on steels and titanium alloys (8; 22) recorded a sharp increase in microhardness and in the
thickness of nitride layers specifically under hydrogen-free conditions, which fully corresponds to the predictions
of Pastukh’s model regarding the role of ion bombardment.
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Fig.1. Radiographs for the VT8 titanium alloy: without nitriding, under the Ne7 regime (epy surface temperature of

660°C and pressure of 160 Pa, nitriding duration of 75 minutes) and the Ne 13 regime (the surface temperature of
620°C, pressure of 240 Pa, the duration of the nitriding for 20 minutes).

Based on the conducted research [15], the following regularities of nitride phase formation in hydrogen-
free discharge can be distinguished: in steels, e-(Fe2—N) and y'-(FesN) phases with high hardness of 900-1200 HV
are formed; in titanium alloys, a gradient layer TiN — Ti2N — a-Ti(N) is formed [9]. Particularly important is the
fact that under hydrogen-free conditions the Ti2N phase becomes stabilized, which is an indicator of an optimal
energetic regime, as experimentally confirmed in works [8,13].

After glow-discharge nitriding, the nitride layers on the surface of structural steels consist of an outer -
phase (Fe>—N) — hard and wear-resistant; an inner y'-phase (FeaN) — more ductile; and a diffusion zone with a
nitrogen—graphite-type distribution. On the surface of titanium alloys, TiN (golden color), Ti-N (light yellow), and
a solid-solution zone of N in a-Ti are formed. These layers are characterized by high adhesion and thermal stability.
At the same time, glow-discharge carbonitriding allows the formation of e-(Fe:—Ni1+Cy), y'-(FeaN:~Cy) phases,
and complex carbonitride structures on steels. Such layers exhibit higher hardness and improved performance in
highly aggressive environments.

Carbonitriding occurs in mixtures of the N-—C:H, or N.-CO—-CO: type, where sources of carbon are
fragmented molecules of CHa, C2H2, CO, and CO: in metastable states. The kinetics of carbonitriding involves
simultaneous saturation of the surface with nitrogen and carbon, followed by the formation of carbonitrides
Fe(C,N) as well as a carbon-enriched e-phase. Studies [15,22] show that under glow-discharge conditions it is
possible to form a three-phase gradient layer in which the outer zone contains a carbon—nitrogen enriched layer
with increased hardness up to 900-1300 HV.

The formation process of carbonitrides in a glow discharge consists of the following stages: primary
cleaning and activation of the surface, bombardment by N*, C*, and N>" ions, which leads to the destruction of the
oxide film, the appearance of voids and vacancies, and the activation of chemisorption of C and N. The publication
[22] demonstrated that ion bombardment at the initial stages creates defect subsurface zones that sharply increase
the diffusion rate of carbon and nitrogen into steel. Unlike conventional gas carbonitriding, in a glow discharge
this process occurs predominantly due to the ion flux rather than molecular diffusion. According to the model by
Pastukh .M., the total flux of active particles in hydrogen-free environments provides conditions under which the
chemical activity of the elements exceeds the activation energy of nitride and carbonitride formation. The g-phase
Fex—(N,C) forms first under high surface saturation, followed by the y'-phase Fes(N,C), carbonitride inclusions in
a-Fe, and nanocrystalline mixed-composition zones. It has been established that the presence of carbon stabilizes
the e-phase, increases its thickness, and prevents local failures under dynamic loading.
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According to research data [15], the structure of the strengthened layer includes an outer saturated €-zone,
where C and N occupy mixed lattice positions; an intermediate y'-layer with increased hardness and a quasi-
monolithic structure; and a diffusion subzone with a gradual decrease in C and N concentrations. This combination
ensures the absence of sharp hardness transitions, high adhesion of the layer to the substrate, low tendency to
delamination, and enhanced resistance to corrosion—mechanical wear.

It has been established that hydrogen-free carbonitriding significantly reduces the coefficient of friction
(down to 0.11) at a sliding speed of 0.5 m/s and a contact pressure of 12 MPa. Increasing pressure leads to plastic
flow and an increase in the actual contact area on the one hand, and to deformation strengthening of the metal on
the other. Although the rate of electrochemical corrosion increases in the presence of plastic deformation of surface
layers, it still lags behind the rate of mechanical damage — the higher the contact pressure, the greater this
difference becomes (Table 1) [17].

Table 1
Dependence of the corrosion component of damage during corrosion—mechanical wear of 40X steel
in an alkaline environment (v = 0.05 m/s)

Pressure, Corrosion current, Corrosion rate, Total mass loss, Corrosion loss rate, %
MPa A/m? g/(m?-ron) g/(m?-ron)
1 0.183 0.190 0.223 85
2 0.296 0.308 0.376 82
4 0.456 0.474 0.640 74
8 2.493/0.550 2.593/0.573 5.403/0.924 48/62
12 2.718/0.970 3.027/1.010 10.095/2.062 30/49

Note: Numerator — improvement, denominator — nitriding (793 K, 75% N2 + 25% Ar, 265 Pa + 10%
propane).

Studies [15, 17] have shown that carbonitrided layers exhibit significantly increased wear resistance and
resistance to corrosion—mechanical degradation. It has been established that under abrasive—corrosive and
cavitation wear conditions, carbonitride layers demonstrate stability unattainable for purely nitride surfaces. This
is due to the fact that the presence of carbon reduces internal stresses in the e-phase, improves the plasticity of the
layer, and promotes the formation of Fe(C,N) phases that are more resistant to micro-fracture [23-25].

Conclusions

1. The data obtained and summarized in this work indicate that the efficiency of hydrogen-free nitriding
and carbonitriding in a glow discharge is determined by a complex interaction of plasma, surface, and diffusion
processes. The modified layers produced by glow-discharge nitriding and carbonitriding exhibit high corrosion—
mechanical wear resistance in all investigated environments. Glow-discharge carbonitriding ensures the formation
of a multiphase strengthened layer with superior wear resistance and corrosion—mechanical durability. The
combined incorporation of nitrogen and carbon stabilizes the e-phase, improves the plastic characteristics of the
layer, and enhances its long-term wear resistance in corrosion-active environments.

2. The experimental regularities are fully consistent with the energy model proposed by Pastukh I.M., which
explains the kinetics of metal saturation with nitrogen and carbon through the balance of active particle fluxes and
the energetic stability of the resulting phases, thus confirming the adequacy of the theoretical description of the
processes.

3. Glow-discharge carbonitriding is an optimal strengthening method for structural steels operating under
conditions of cavitation, fretting, abrasive wear, and corrosion-induced degradation.

4. Glow discharge is one of the most effective methods for producing wear-resistant, corrosion-resistant,
and stable surface layers on steels and titanium alloys.
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M.C. Creunmun, H.C. Mamogens, C.5. Ilinraiiuyk, B.M. [lleBuyk, A.B. Kopinunii Iligsumenns
KOpO3i1HO-MEXaHIYHOi 3HOCOCTIHKOCTI METaJIeBHX CIUIaBiB a30TyBaHHSAM B TIIIOYOMY PO3psii

Metoro poboTH € KOMIUICKCHHH aHaji3 IpoleciB O0Ee3BOAHEBOTO a30TyBaHHS Ta KapOoa3oTyBaHHS Y
TIIIOYOMY O3PS, y3araJbHEHHS 3aKOHOMIPHOCTEH (POpMyBaHHS HITPHIHUX i KApOOHITPUIHUX IIApiB Ha CTAIISIX
1 THTAaHOBUX CIDIABAX, @ TAKOXK OILIHIOBAHHS iX KOPO3iifHO-MEXaHIYHOT 3HOCOCTIHKOCTI B YMOBaX TepTs, GPETHHTY,
KaBiTamii Ta Iii arpecuBHHX cepemoBuml. Okpema yBara mpuaijieHa 3acTocyBaHHIO mogeni [lactyxa [LM. mis
iHTepIpeTamii KIHeTHKH Ta EHEPTeTUIHNX MEXaHI3MiB TU(Y31HHNX TIpoLeciB. Y CTaTTi NpOBEIEHO MOPiBHAIBHAN
aHai3 CTPYKTYPHO-(pa30BHX IEPETBOPEHb NPH a30TyBaHHI i Kap00a30TyBaHHI B OE3BOTHEBOMY TIIIOUOMY
pO3psilli, BUKOHAHO CHCTEMAaTH3allill0 EKCIEePHMEHTAIBHUX AaHUX MIOJ0 MIKPOTBEPJOCTi, €IeKTPOXIMIYHHX
XapaKTEePUCTHK 1 KOPO3iHHO-MeXaHIuYHOT 3HOCOCTIHKOCTI. MeTOI0JIOTIYHOI OCHOBOIO TEOPETUYHOI YaCTHHU €
eHeprooOminHa Mozensb Ilactyxa [.M., 1110 onucye BIJIMB aKTHBHUX YaCTHHOK IUTa3MH Ha IIBUAKICT TUQY3ii Ta
¢azoyrBopenns. I[lokazaHo, mo Oe3BojHEBE a30TyBaHHS 3abesnedye iHTeHcHQikoBaHy nudysii azory,
¢dopmyBanns crabimbHux HiTpuAiB TiN, TiaN, e-(Fex—N), y'-(FedN) Ta ycyHeHHS BOJHEBOI KPUXKOCTI.
YcTaHoBIEHO, 10 Kap00a30TyBaHHS CTBOPIOE OaratomapoBi KapOOHITPUIHI CTpYyKTypH 3 TBepaicTio 900—1300
HV ta Bucokoro axaresiero m0 ocHoBH. MoauikoBaHi MIapu IEMOHCTPYIOTh 3—6-KpaTHE IIiJBHIICHHS
3HOCOCTIMKOCTI, 2,5—4-KpaTHe 3MEHIIICHHS KaBiTalliiHOT0 pyWHYBAaHHS Ta 3HAYHE 3HIKCHHS KOPO31HHOTO CTPyMY
y NaCl ta NaOH. BusBieno 3MiHy MexaHi3MIB pyWHYBaHHA 3 KPHUXKOTO Ta aATe3ifHOrO Ha IDIACTHYHO-
nepopmaniiiamii. IlokasaHo BIAMOBINHICTH EKCIEPUMEHTATBHUX 3aKOHOMIPHOCTEW s (OpMyBaHHS
kap0Ooa3oToBaHUX MmapiB. [JoBeeHO KIIIOYOBY poib i0HHOTO OoMOapayBaHHS ¥ GOopMyBaHHI JeQeKTHOT MMi30HH,
110 BU3HAYa€e KiHETHKY AuQy3ii Ta ctabinbHIcTh (a3. Pe3ynbraTtit MOKYTh OyTH BUKOPUCTaHI PH MPOEKTYBaHHI
3HOCOCTIMKHMX €JIEMEHTIB MalllH, MEINYHUX IMIUIAHTIB, AeTajled Uil KaBiTalllHHUX BY3IiB, [0 NPALOIOTh Y
Jy)KHUX Ta XJOPUIHUX cepenoBuinax. TexHoiorii 6e3BOTHEBOTO a30TyBaHHs Ta KapO0a30TyBaHHS BU3HAYEHI K
BUCOKOE(EKTHBHI, EKOHOMIYHO JOIIJIbHI Ta IPUIATHI 10 MPOMHUCIIOBOTO 3aCTOCYBaHHS.

KarouboBi cioBa: Tiirounii po3psia, Oe3BojHEBE a30TyBaHHS, Kap00a30TyBaHHs, HITPHU/HI 1IapH, TUTaH,
CTaJIb, KOPO3iHO-MEXaHIYHE 3HOIITYBaHHS
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Abstract

The paper presents the results of a study of the influence of surfacing modes on the hardness and wear
intensity of high-carbon coatings under dry friction. The coatings were deposited by electric-arc surfacing using
carbon fibrous materials. A mathematical model is proposed that describes the influence of the selected parameters
(vw, U, I) on the hardness of the surfaced layer (HRC) and the wear intensity /3. Using the obtained mathematical
models, it is possible to solve current problems of obtaining coatings with a given hardness and wear resistance,
which arise during the design of technological processes that use the deposition of coatings. For real technological
processes, the problems should be solved by the graph-analytical method or linear programming methods using
response surfaces. Analysis of response surfaces showed that increasing the deposition rate increases the hardness
of the deposited coating and the intensity of wear under dry friction conditions.

Keywords: Surfacing, hardness, wear resistance, friction, coatings, regression analysis
Introduction and review of publications

At present, a wide range of methods is used under industrial conditions to deposit high-carbon layers with
good wear resistance. First and foremost, this refers to laser surfacing [1-3], as well as electron-beam, plasma, and
electric-arc surfacing processes [4—10]. The lifetime of the weld pool in the liquid state, the cooling rate and the
crystallisation time of the surfaced metal depend on the parameters of the surfacing process. As a result, the
structure of the obtained coatings, their hardness and wear intensity will change. Among the main factors that
affect these characteristics are the surfacing speed vy, the electrode wire feed rate vy, the arc voltage U and the
surfacing current / [11-13].

Aims of the paper

In this connection, an urgent task is to determine the optimal values of the surfacing process parameters
that ensure the required hardness of the surfaced layer (HRC) and minimal wear intensity /3 under conditions of
dry and abrasive friction.

Results

The wire feed speed in the UD-209M unit is structurally linked to the surfacing speed. Therefore, the
following parameters were chosen as variable factors: surfacing speed vy, arc voltage U and surfacing current /.

To solve the stated problem a mathematical model was developed that describes the influence of the
selected parameters (v, U, I) on the hardness of the surfaced layer (HRC) and the wear intensity /3. It is expedient
to use a full factorial experimental design and regression analysis.

The methodology of regression analysis is described in detail in a number of works, and therefore only the
results of its application are presented here.

The experiments were carried out using the UD-209M unit. Surfacing was performed with NP-30HGSA
electrode wire and carbon fabric on flat specimens made of 45 steel. Carbon dioxide was used as the shielding

atmosphere, and reverse polarity was applied.

Copyright © 2025 V. Shenfeld , O. Bodnar O. Shylina. This is an open access article distributed under the Creative Commons
@I}. Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
C properly cited.
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The preliminarily obtained linear model was found to be inadequate. Therefore, it is reasonable to
approximate the response functions yurc and yi; by a second-order polynomial of the form.

y=>b,+ Z bx, + z b,x,x, + z b,x} > 1

1<i<k I<i<i<k 1<i<k

The intervals of variation and factor levels are given in Table 1.
Table 1
Intervals of variation and factor levels influencing the hardness and wear intensity of the high-carbon
surfaced layer are shown below

_ Factor levels
Factors Yana‘uon
interval Base Upper Lower
0 +1 -1
X) — arc voltage, V 4 28 32 24
Xz — surfacing speed, m/h 7.5 18.5 26 11
X3 — current, A 20 100 120 80

Four samples were cut from each surfaced specimen, on which the hardness of the surfaced layer and the
wear intensity were measured. The TK-2M hardness tester was used to measure the hardness of the surfaced layer.

A rotatable second-order experimental design matrix for three factors was compiled.

For each macrosection the hardness HRC was determined as the average of 10 measurements, and the
wear intensity /; was determined from the mass loss measurements. The columns yxrcand yy; in Table 2 present
the average values of hardness HRC and wear intensity /;, respectively.

Table 2
Central composite second-order design matrix for three factors
Plan Test X0 X1 X2 X3 X1X2 | X1X3 | X2X3 xz .?CZ X YHRC i3,
structure No. : : } mg/km
Design 23 1 + + + + + + + + + 54 0,06
2 + - + + - - + + + + 56 0,05
3 + + - + - + - + + + 46 0,09
4 + - - + + - + + + 44 0,08
5 + + + - + - - + + + 52 0,07
6 + - + - - + - + + + 48 0,08
7 + - - - - + + + + 42 0,1
8 + - - - + + + + + + 40 0,12
Star points 9 + | +o | O 0 0 0 0 |a®2] O 0 45 0,09
10 + | -a 0 0 0 0 0 o? 0 0 48 0,08
11 + 0 | +a 0 0 0 0 0 o? 0 56 0,05
12 + 0 -a 0 0 0 0 0 o? 0 40 0,12
13 + 0 0 +a 0 0 0 0 0 o? 44 0,08
14 + 0 0 -0 0 0 0 0 0 o? 42 0,1
Centre 15 + 0 0 0 0 0 0 0 0 0 46 0,09
point 16 + 0 0 0 0 0 0 0 0 0 44 0,08
17 + 0 0 0 0 0 0 0 0 0 42 0,1
18 + 0 0 0 0 0 0 0 0 0 45 0,09
19 + 0 0 0 0 0 0 0 0 0 44 0,08
20 + 0 0 0 0 0 0 0 0 0 48 0,07

The coefficients of the regression equations for the functions yurc = f (U, vy, 1), yis = (U, vy, 1), as well
as the dispersions of the regression coefficients, were determined. The calculation results are summarised in Table
3.

Taking into account the significance of the regression coefficients, the equations assume the form:

Vime = 44,8—4,753-x, —1,564-x, —0,75-x, -x, —0,25-x, - x, — 0,256 x> @)

Vi = 0,523+0,203-x, +0,172-x, + 0,131 x, - x; —0,111- x> 3)
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Table 3
Results of the study according to the experimental design
Regression VHRC Vis
coefficient | Coeff. s?{b} Ab Sionifi Coeff. s*{b} Ab Sionifi
value 103 N ignificance | 10 N ignificance

bo 44,8 0,69 2,142 + 0,523 1,35 0,094 +
b; 0,07 0,3 1,419 - 0,203 0,59 0,063 +
b, 4,753 0,3 1,419 + 0,062 0,59 0,063 -
bs 1,564 0,3 1,419 + 0,172 0,59 0,063 +
bip -0,25 0,52 1,855 - 0,041 1,01 0,082 -
bis -0,75 0,52 1,855 + 0,131 1,01 0,082 +
bas 0,25 0,52 1,855 + 0,0013 1,01 0,082 -
b 0,983 0,29 1,383 - 0,032 0,56 0,061 -
by 1,514 0,29 1,383 - 0,0024 0,56 0,061 -
bss -0,26 0,29 1,383 -0,111 0,56 0,061 +

The adequacy of the obtained models was checked using the Fisher criterion. At the 5% significance level

the tabulated value of the criterion is F:

calculated values are lower than the tabulated one, the models can be considered adequate.
Using the obtained models (regression equations), and fixing one of the surfacing process parameters,
response surfaces can be obtained that clearly show the influence of the other parameters on the hardness of the
surfaced layer and the wear intensity under dry friction.
By using the obtained mathematical models (equations (2) and (3)), a number of problems arising in the
design of technological processes involving surfacing of coatings can be solved. Among them, the most common

are problems related to obtaining coatings with specified hardness and wear resistance.

Vis, mghkm

LA

.

® "
I I
\_ 1

o
1

) /

L

S 60 gp 8D

~ O
S

40

||

go |14
100

= 4,7. The calculated values were Furc = 0,3 and Fi; = 0,8. Since the

4 V.mh

20839 075\
34

ofDTD
/~
;;/ w
27 cz
=
D ba
S
= m
_me
ol

T
4
Mf

X’
&
/
5
7
//°
7
Z7
/°
47
5@/
\L

0630 056

\101\ )
nﬂ NN K

\ :
0\ D [142‘\3
\\\D 052 \ g 5

[fis\
5{ ‘g

a

V. mh

-z

Fig. 1. Response surfaces of the functions yurc and yi: at: a — Umin; b — Umax

07 0075

n 0ga 9 093
a,
1-
0 094 0 08

o 095

o 92 0 096

o Ti—, 12&

— __,__.__/—01

&0 117

0113 nms
0125 012
129 01170113
0. UB

0. 133 0.1

0104 §

2

a

uv

Fig. 2. Response surfaces of the functions yurc and yi; at: a — Viin; b — Viax



60 Problems of Tribology

u.v

U =0 050 TaT 04
e g0 D=0 038 — .09
T 3 685-0,06: ‘:-‘:-_mﬁi'\}% —~

<0063 = 0T ; /5{/; —

——0.055 TT5200 GEE 550053005
e A e N (02200570 420 o T 054.0.06 0.
= M‘:?-h}{:‘fj_ N 1[%7“%{,@0 2B 000 0T
— = 0\1‘3‘“%{‘ . s ————|

——0085
e T TN T
i T i SN
T NN
T 0 Py 9005\y NN
2105 T 0k
o 14.0_1_1-\%%\0_1\%4_ u‘%
o Tuls
TIo=0.ITT0 140,11 053,
Q113
011520 >
Emm 10777{007{/// }/
. o — 0
T :\ RRINNSE P / 0.09% 01—
e 01270 1270 T34 /0037 0.093.0.09
137 5 ~ b & A . 0103 |
-2 T T T = oo 0.1 ]
= a 0 1 ; 1
V, mi ] — — Ry
-2 -1 0 1 V. mh

~5 077007 /37//
- 0.05—]

0.093"_0 095~ |

Fig. 3. Response surfaces of the functions yurc and yr: at: a — Imin; b — Imax

Figures 1-3 show the response surfaces that illustrate the influence of arc voltage, surfacing speed and
current on the hardness of the surfaced layer and on the wear intensity.

Conclusions

The influence of the voltage on the welding arc and the deposition rate on the hardness of the deposited
coating is nonlinear, and on the wear intensity - linear. Response surfaces (Fig. 1-2) show the presence of extrema,
the smallest and largest values of functions in the area of parameter variation. It is advisable for real technological
processes to solve the problems set by the graph-analytical method or linear programming methods using response
surfaces.

From the analysis of the response surfaces (Fig. 3) it follows that an increase in the deposition rate
increases the hardness of the deposited coating and the wear intensity under dry friction conditions.

The determination of surfacing modes for applying wear-resistant high-carbon coatings under dry friction
conditions should reasonably be based on regression equations. This makes it possible to obtain the required
hardness and wear resistance in accordance with the requirements imposed on the working surfaces of the part.
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lendeana B.U., boanap O.l.,, Muaina O.II. BrumB pexuMiB HaIUTaBIIOBaHHS Ha BIIACTHBOCTI
BUCOKOBYTJICTICBUX HOKpI/ITTiB

Y cTatrTi NoJaHo pe3yabTaTH JAOCIIHDKEHHS BILTMBY PE)KMMIB HAIUIABICHHS HAa TBEP/ICTh Ta IHTCHCHUBHICTb
3HOIIYBaHHS BHUCOKOBYIJICHIEBUX IMOKPHUTTIB B YMOBaX CYXOTO TEpTs, HAHECEHUX METOJIOM EJIEKTPOAYTOBOTO
HAIUIaBJICHHS 3 BHKOPUCTAHHSM BYTJICLEBHX BOJIOKHHUCTHX MaTepiaiiB. [loka3aHi maTeMaTH4HiI MoOeNi, SKi
OIUCYIOTh BIUIMB BU3HAYeHUX napametpiB (v, U, I) Ha TBepaicTh HarutasieHoro mapy (HRC) Ta iHTeHCHBHICTb
3HONIYBaHHA /3. 3a JOMOMOTOK OTPUMAaHHX MATEMaTHYHUX MOJEICH MO)KHA PO3B’sS3yBaTH aKTYalbHI 3a/1adi
OTPUMAaHHS TOKPUTTIB i3 3a/JIaHOI0 TBEPIICTIO Ta 3HOCOCTIMKICTIO, SIKi BHHUKAIOTH I 4ac TMPOCKTYBaHHS
TEXHOJIOTIYHHAX TIPOIIECiB, IO BHUKOPUCTOBYIOTh HAIUIABICHHS MOKPHUTTIB. IS peambHUX TEXHOJIOTIYHUX
MPOIIECiB ITOCTABIICHI 3a7adi MOTPiIOHO pO3B’s3yBaTH Tpado-aHATITHIHAM METOJOM ab0 METOdaMH JIiHIHHOTO
MPOrpaMyBaHHS 3 BUKOPUCTAHHIM TIOBEPXOHb BIATYKiB. AHAJII3 MMOBEPXOHD BIATYKIB ITOKa3aB, MO 30UIBIICHHS
MIBUIKOCTI HAIUIABJCHHS 301JIbIIYE TBEPAICTh HAIJIABICHOTO IIOKPHUTTS Ta IHTCHCHBHICTH 3HOIIYBAHHS B yMOBax
CYXOTO TEePTH.

KoaiouoBi ciioBa: HaruiaBieHHs, TBEpIICTh, 3HOCOCTIMKICTB, TEPTSI, IOKPUTTSI, pETPeCciHHMIi aHai3
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Abstract

The article is dedicated to the analytical study of the improved mathematical model of the hydraulic drive
of the garbage truck’s sealing plate mechanism, in which the influence of the wear of the hydraulic cylinder on its
operation is additionally taken into account. On the basis of the numerical studies of the improved nonlinear
mathematical model of the hydraulic drive of the garbage truck’s sealing plate mechanism, which takes into
account the wear of the hydraulic cylinder, its linearized modification was created, presented in the form of a
system of ordinary linear differential equations of the second order. To perform design calculations of new
modifications of garbage trucks, approximate analytical expressions were obtained that describe the change in
time of the pressure in the hydraulic cylinder’s pressure line, as well as the speed and movement of the sealing
plate based on the proposed linearized mathematical model of the hydraulic drive of the garbage truck’s sealing
plate mechanism, taking into account the wear of the hydraulic cylinder. The obtained regression equation that
provides the possibility of an approximate determination of the duration of the process of compacting municipal
solid waste in a garbage truck, taking into account the wear of the hydraulic cylinder. This equation can be used
during the design process of new garbage truck, allowing to take into account the change in the technical condition
of the actuators without the need to analyze the full nonlinear mathematical model of the drive of the working
bodies. In addition, it is suitable for the usage in the optimization procedures of the main parameters of the
hydraulic drive. It was found that the creation of an improved methodology for design calculations of new garbage
truck constructions, taking into account the wear of the actuators, requires additional scientific research and further
development of the corresponding theoretical methodology.

Keywords: linearized mathematical model, consideration of wear, Laplace transformation, hydraulic drive,
wear, hydraulic cylinder, sealing plate mechanism, garbage truck, municipal solid waste.

Introduction

One of the important directions of development of modern municipal engineering in Ukraine is to increase
the efficiency and modernization of mobile equipment of garbage trucks, which determines the topicality of
relevant scientific and engineering research [1]. In this area, it is so important to ensure high wear resistance,
reliability and long service life of machine elements, because those parameters determine the efficiency of
equipment operation. Increasing these characteristics helps to reduce maintenance and repair costs, reduce the
number of equipment downtimes, and also extend its overall service life under conditions of significant and
frequently repeated loads that are typical for intensive operation of municipal vehicles [2, 3]. In Ukraine, most of
the work involved in collecting and transporting municipal solid waste (MSW) to landfills or processing plants is
carried out using garbage trucks. An important element of such vehicles is the sealing plate mechanism, which is
operated by a hydraulic drive [4, 5]. Today, Ukraine has about 3,700 garbage trucks in operation, which perform
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not only the function of transporting MSW, but also carry out their preliminary compaction. The use of such
equipment makes it possible to significantly reduce the costs associated with MSW transportation, as well as
reduce the required area of landfills for their disposal. This provides a significant economic effect and helps reduce
the negative anthropogenic impact on the environment. During the compaction of MSW in a garbage truck, the
highest loads are observed in the friction units, in particular in the hydraulic cylinder. Intensive wear of these
elements is caused by several factors: significant weight of MSW in the body, the need for mechanisms to operate
in reverse mode with repeated reciprocating movements, as well as high repetition of operating cycles during a
single trip. An additional factor complicating operation is the influence of variable environmental conditions, in
particular significant fluctuations in relative humidity and temperature, as well as a high level of their
contamination. The combination of these factors causes accelerated wear of working surfaces, which negatively
affects the reliability and durability of garbage trucks. Deterioration of the operational properties of the materials
of parts or insufficient lubrication leads to an increase in friction forces in friction pairs. As a result, system
vibrations increase, which negatively affects its dynamic stability and reduces the mechanism’s ability to withstand
high loads during operation in reverse mode. Accelerated wear of friction units reduces the efficiency of the
garbage truck and increases potential risks to the safety of its operation. This can cause emergency operating modes
that threaten the health of operators and at the same time negatively affect the environment in the event of
uncontrolled spillage or leakage of solid waste. According to the provisions of the Resolution of the Cabinet of
Ministers of Ukraine No. 265 [6], one of the priority areas for the development of municipal services is the
introduction of modern highly efficient garbage trucks. These machines play a key role in the system of technical
means intended for collection, transportation and primary processing of solid waste. The introduction of modern
models of garbage trucks allows not only to optimize logistics processes and reduce operating costs, but also
contributes to a comprehensive solution to important environmental problems associated with waste management.
In addition, the renewal of the fleet of equipment increases the overall reliability and efficiency of municipal
services, which is of strategic importance for ensuring the sustainable development of settlements. Planning the
renewal, maintenance and repair of garbage trucks is significantly facilitated by using approximate analytical
dependencies of the main power and kinematic characteristics of the hydraulic drive of the garbage truck’s sealing
plate mechanism, taking into account the wear of its hydraulic cylinder.

Analysis of recent research and publications

Vehicles that collect and transport solid waste are equipped with complex systems that perform the loading
of waste from stationary collection containers, the reception and pre-compaction of the material, compaction in
the body of the garbage truck and, finally, the disposal of the collected waste at a landfill. Of all these operations,
the compaction process is the most mechanically demanding. In the article [7], a structural analysis of the
compaction sealing plate of a garbage truck is presented. In the first stage, a parametric modeling of the assembly
consisting of the sealing plate, the counter-pressure plate, the rear part of the garbage truck and the material to be
compacted was carried out. Dynamic modeling of the MSW compaction process in a garbage truck was carried
out, and the mechanical stresses for the compaction sealing plate were used into the modeling module of the
SOLIDWORKS 2016 CAD/CAE software, with the help of which a finite element analysis was performed. As a
result, the equivalent stresses distribution that were calculated using the von Mises criterion, displacements, and
relative deformations of the sealing plate of the analyzed garbage truck were obtained.

In the scientific work [8], a detailed structural analysis of the main elements of a garbage truck that are
subject to intensive wear during operation was carried out. The work considered the design features of these parts,
the conditions of their operation and the factors that most significantly affect the speed and nature of the
degradation of friction surfaces. Particular attention was paid to the definition of vulnerable zones that limit the
durability of garbage truck mechanisms, as well as the systematization of typical manifestations of wear that occur
under the influence of loads, operating modes and external operating conditions. In the study [9], the authors
proposed an improved method for technical diagnostics of hydraulic cylinder malfunctions associated with wear
of sealing elements and the appearance of internal leaks of the working fluid. The method is based on the analysis
and integration of the energy characteristics of the hydraulic drive, which allows to increase the sensitivity of
detecting defects at the early stages of their development. The usage of an approach based on the merging of energy
parameters provides a more comprehensive assessment of the technical condition of the hydraulic cylinder, enables
the detection of hidden signs of deviations in the system’s operation, and increases the accuracy of predicting its
remaining service life.

The study [10] comprehensively analyzes the kinematics and dynamics of the scraping mechanism for
compacting MSW in a garbage truck using numerical methods. To study the operation of the mechanism under
actual working conditions during a full cycle lasting 18 seconds, a multi-body structure integrated with a hydraulic
simulation model was created. The model was verified by calculation at stationary moments in time, which showed
high consistency. The results show that the pressing mechanism operates in steady-state modes almost all the time,
with cylinder speeds ranging from 0.08 to 0.15 m/sec. The speed and acceleration of the hydraulic cylinder
fluctuate greatly when the mechanism accelerates or decelerates, but the effect of inertia is negligible. The forces
applied to the joints are maximum at the end of the pressing process. It is notable that the force applied to the
connection between the scraper plate and the sliding plate is the highest: three times higher than that applied to the
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connection between the sliding plate and the press cylinder, and one and a half times higher than that applied to
the connection between the scraper plate and the scraper cylinder. The results of the study can be applied to the
design process of garbage trucks in specialized vehicles, or used as a basis for improving productivity and
optimizing the weight, strength, and materials of the mechanism.

The study [5] provides a detailed analysis of hydrodynamic processes occurring during the flow of working
fluid through a water seal using computer modeling methods. By means of numerical experiments, the authors
were able to establish the nature of hydraulic losses in local narrowings and channels of the water seal, as well as
quantitatively estimate the level of pressure loss resulting from these processes. The results obtained made it
possible to comprehensively characterize the interaction of fluid flows with the structural elements of the internal
cavities of the water seal and to identify the most critical areas where an intense pressure drop occurs. Based on
the analysis, a number of design improvements to the hydraulic lock were proposed, aimed to optimize the shape
of its channels and improve fluid flow conditions. The proposed changes do not affect the functional purpose of
this element, but ensure a more uniform distribution of velocities in the flow and a reduction in local turbulent
zones. The implementation of such design solutions makes it possible to reduce pressure losses in the working part
of the hydraulic distributor, which is an important factor in increasing the energy efficiency of the hydraulic drive.
As a result, the overall energy losses in the system are reduced, which has a positive effect on its performance,
stability, and durability.

Scientific publication [11] provides an in-depth study of the specifics of the wood chip pressing process in
screw presses. The authors analyzed the sequence of physical and mechanical phenomena occurring in different
functional areas of the screw during the movement and compaction of raw materials. Particular attention is paid
to describing the behavior of wood chips under conditions of variable pressure and intense friction that arise in the
areas of feeding, transportation, compaction, and briquette formation. The dependencies that were obtained in the
study made it possible to establish methods for engineering calculations of the loads acting on the screw turns and
to determine the dependencies that define the optimal design parameters of the screw press. In addition, based on
theoretical analysis and experimental observations, the required drive power was determined to ensure a stable
pressing process under various operating modes. The thermal processes accompanying the compaction of wood chips
were studied separately. The dependencies of change in the temperature of raw materials along the length of the screw
were established and the factors influencing the intensity of its heating were determined. The specific energy costs
required for the formation of the pressed product were also calculated, which allows to increase the energy efficiency
of the technological process and ensure a rational choice of operating modes for the pressing equipment.

The scientific article [12] establishes that the wear rate of the working hydraulic cylinder of the garbage
truck’s compactor sealing plate mechanism is exponentially dependent on the pressing force. Taking this
dependency into account allows for the optimization of maintenance and repair planning, which, in turn, increases
the overall efficiency of garbage truck operation. To illustrate this process, a graph was constructed showing the
change in the wear rate of the hydraulic cylinder as a function of the pressing force, which confirmed the good
correlation between the obtained model and the experimental data. In particular, for the serial Ukrainian garbage
truck model KO-436, the wear rate of the working hydraulic cylinder according to this dependency is 0.257 um/h.
At the same time, increasing the pressing force from 30 MN to 150 MN reduces the wear rate of the hydraulic
press cylinder by 3.6 times. This effect is explained by the specifics of contact processes between working surfaces
and the peculiarities of the mechanism’s operation at different load levels.

The analysis of the causes of typical technical failures of garbage truck units, presented in [13], shows that
a significant percentage of malfunctions (about 45%) are happened due to hydraulic drive failures. The main
factors contributing to these failures are manufacturing defects associated with the usage of low-quality
components, as well as significant fluctuations in the loads on the working parts. A study of the causes of working
body failures showed that the dominant factors are heat treatment defects and deviations from design parameters
during mechanical processing (35%), mistakes in the assembly process, adjustment, and tightening of threaded
connections (30%), and poor-quality welding (30%). It has been established that the majority of failures (80—90%)
occur as a result of wear and corrosion of the working surfaces of parts, with failure occurring after a critical level
of degradation has been reached, i.e., when the unit or machine reaches its limit technical condition. In particular,
up to 28% of all failures of hydraulic drive elements occur in hydraulic cylinders, which is caused by wear of
mating surfaces and deformation of the rod and cylinder during operation. Durability analysis shows that the average
service life of hydraulic drive components, in particular hydraulic cylinders, is only about one-third of their maximum
service life, i.e., the service life specified by the manufacturer is not achieved by 45-55%. The highest percentage of
hydraulic cylinder failures in the early stages of operation or after repair occurs in the rods (31%) and sealing sleeves
(42%). In addition, a common form of failure of hydraulic system components is the loss of external and internal
tightness caused by contamination of the working fluid, which leads to malfunctioning of the units.

According to the results of research [14], it has been established that among the main elements of side-
loading garbage trucks, the hydraulic system has the shortest service life. It is the key factor in the intensive wear
and tear of these vehicles and determines their operational reliability. An analysis of the causes of failures,
presented in [15], has made it possible to develop a structural overview of the most common malfunctions of
hydraulic equipment in garbage trucks. In particular, the largest percentage is accounted for by failures of hydraulic
cylinders — 34.92%, caused by wear of seals, gaskets, rods, destruction of the piston mounting nut, bending of the
rod, or mechanical damage. Hydraulic pump failures account for 16.40% and are most often associated with body
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wear, gear wear, seal damage, or cracks in the body. Next in order of frequency are pipes and hoses — 15.34%,
whose failures are caused by breakage and wear. A significant proportion is also accounted for by malfunctions of
hydraulic distributors — 13.23%, associated with wear of seals and spools or the formation of cracks in the housing.

A scientific article [16] has established that “conical” wear of the hydraulic cylinder rod within the range
of 0.2-0.4 mm along its length before the first major overhaul causes a 7.2% decrease in pressure in the hydraulic
system, an increase in specific fuel consumption by 11.4%, and an increase in the carbon monoxide content in
exhaust gases by 26%. A further increase in rod wear in the working area to 0.6—-0.7 mm leads to a 13.4% drop in
pressure, a 21.3% increase in specific fuel consumption, and a sharp increase in the toxicity of exhaust gases—
from 25% to 59%, which significantly exceeds the permissible norms. The maximum permissible value of wear
of the geometric parameters of the hydraulic cylinder rod of the hydraulic drive of construction and road machines
is proposed to be considered to be no more than 0.4 mm. In addition, it has been established that rod wear
negatively affects the physical and chemical characteristics of the working fluid: the content of iron and mechanical
impurities in it doubles. In turn, it requires more frequent fluid replacement and leads to its overconsumption, which
significantly reduces the efficiency and durability of the hydraulic drive, shortening the service life of the machines.

The materials of work [17] point out that the wear of sealing elements in hydraulic systems causes the
gradual penetration of working fluid into the non-working cavities of hydraulic machines. Although this process
often has no external manifestations, it causes unproductive losses of hydraulic drive power, which, in turn, leads
to increased consumption of fuel and lubricants and reduced energy efficiency of the working mechanisms. Power
losses associated with seal wear can cause deviations in the operating modes of the hydraulic motor from the
optimal ones, which negatively affects the overall performance of the hydraulic drive. The study examines the
mechanical system ‘“hydraulic cylinder — sealed piston — compressed hydraulic fluid” and establishes the
dependence of the hydraulic cylinder’s efficiency on the amount of leakage. Additionally, the process of piston
settling during the use of VMGZ working fluid was analyzed and the mechanism of fluid leakage through the
hydraulic cylinder seal was investigated.

A scientific article [18] notes that the results of long-term observations of garbage trucks show that the
largest percentage of failures is associated with wear and corrosion of the working surfaces of their working
equipment parts. In particular, failures of hydraulic cylinders caused by wear of mating surfaces and deformation
of the rod and cylinder during operation account for about 32% of the total number of hydraulic drive component
failures. Such a high failure rate is explained by uneven loading of the body and intense abrasive wear, which is
characteristic of the difficult operating conditions of garbage trucks. An analysis of the causes of failures showed
that the key factor in degradation is the wear of the working surfaces of the main parts of the hydraulic drive, in
particular the spools and housings of the hydraulic distributors, as well as the rods of the hydraulic cylinders. It
has been established that the determining mechanism of wear is hydroabrasive damage, which develops as a result
of untimely replacement of the working hydraulic fluid and the use of low-quality or already partially destroyed
sealing elements, primarily hydraulic cylinder seals. Dust, mechanical impurities, and wear products enter the
sliding zone under such conditions, which significantly accelerates the destruction of working surfaces. The
authors propose the usage of chrome plating in a cold self-regulating electrolyte as one of the most effective methods
for restoring worn parts. This technology provides the formation of high-quality chrome coatings with increased wear
resistance and high process productivity, which makes it a promising alternative to traditional repair methods.

An analytical study of the mathematical model of the process of grinding polymer waste in the grinding
chamber of a rotary crusher with continuous classification of the finished product, carried out in the work [19],
which provide a detailed understanding of the grinding process based on a comprehensive description of the
interaction of particles with the working elements of the crusher. The developed model covers both the dynamics
of particle motion in the grinding chamber and the processes of destruction of polymer raw materials under the
action of impact, compressive, and shear loads, which makes it possible to accurately predict the parameters of the
input material. The authors of the study found that the proposed approach ensures high accuracy in determining
the geometric dimensions of the final product particles by taking into account a complex of factors: the angular
velocity of the rotor, the initial dimensions of the waste, the geometry and design characteristics of the crusher's
working parts, the intensity of raw material feed, and the loading modes of the grinding chamber. In addition, the
obtained model made it possible to determine the productivity of the equipment depending on the parameters of
the working process, to establish the influence of the classification speed of the finished product on the stability
of the crusher, and to estimate the energy costs required to achieve the specified grinding quality. Thanks to the
combination of analytical methods and consideration of a wide range of technological parameters, the results of
the study can be used to optimize the design of rotary crushers, increase their energy efficiency, and ensure the
stability of the particle size distribution of the final product during the processing of polymer waste.

The article [20] presents an algorithm for numerical and analytical research of dynamic processes of a
planar six-bar linkage mechanism of a sewing machine’s thread puller. The proposed approach involves solving
the differential equation of motion of the mechanism using numerical methods, which provides calculation of the
kinematic and dynamic characteristics of the system. To verify the accuracy of the obtained results and to visualize
the behavior of the mechanism, computer modeling was created in Mathcad software, which made it possible to
analyze the trajectories of the links, the velocities and accelerations of the joints, and to identify possible critical
points in the mechanism’s operation. Such a complex approach ensures both the accuracy of calculations and the
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possibility of their usage in the optimization of the thread puller design to increase the reliability and productivity
of sewing equipment.

In the work [21], an analytical study of a mathematical model was carried out, which made it possible to
identify the main dependencies of operation of vibration and vibration-impact machines that use a hydraulic pulse
drive with a single-stage pulsator valve. The study covers the analysis of the dynamic characteristics of such
machines, in particular the frequency of oscillations, vibration amplitudes, and the periodicity of pulses generated
by the pulsator valve. The results obtained allow to estimate the influence of the drive design parameters on the
efficiency of the equipment and can be used to optimize its operating modes in order to increase productivity,
reduce energy consumption, and reduce wear on working parts.

The article [22] proposes an improved nonlinear mathematical model of the hydraulic drive of a garbage
truck’s sealing plate mechanism, which takes into account the effect of wear on its hydraulic cylinder. The usage
of this model made it possible to conduct a numerical study of the dynamics of the drive, which allowed evaluating
the change in the main characteristics of the system during operation. In particular, it was found that taking into
account the wear of the hydraulic cylinder significantly affects such parameters as the speed and force of the plate
movement, the working pressure in the pressure line, and the stability of the hydraulic fluid supply. It indicates the
critical need to take into account operational wear when designing and optimizing hydraulic drives of garbage
trucks to ensure their reliable and efficient operation for the entire service life.

The work [23] studies the dynamics of the hydraulic drive of a MSW pressing plate based on a nonlinear
mathematical model described by a system of differential equations with corresponding boundary conditions. This
model simulates the operation of the hydraulic drive of the garbage truck’s pressing sealing plate mechanism,
including for static waste compaction modes. In addition, the study proposes and analytically validates a linearized
mathematical model of the plate’s hydraulic drive, which provides a simplified analysis of the control processes
and dynamic behavior of the system. At the same time, these mathematical models do not take into account the
wear of the power hydraulic cylinder, one of the key elements of the hydraulic drive, which carries a significant
part of the load during the pressing process. Ignoring this factor may limit the practical value of the model,
especially regarding long-term prediction of the efficiency and stability of the mechanism in real operating
conditions. Since the wear of the hydraulic cylinder significantly affects the performance and reliability of the
system, its elimination may lead to appear the deviations between the calculated and actual performance
parameters of the hydraulic drive.

However, during the analysis of known publications, the authors did not find a linearized improved
mathematical model of the hydraulic drive of the garbage truck’s sealing plate mechanism, taking into account the
wear of its hydraulic cylinder and the results of its analytical study.

Aims of the article

Analytical study of a linearized improved mathematical model of the hydraulic drive of the garbage truck's
sealing plate mechanism, taking into account the wear of its hydraulic cylinder, to obtain analytical dependencies
of the main power and kinematic characteristics of this hydraulic drive in steady-state operation, which can be
used during design calculations of new garbage truck designs, taking into account the wear of the working bodies.

Methods

During the analytical study of the linearized improved mathematical model of the hydraulic drive of the
garbage truck’s sealing plate mechanism, taking into account the wear of its hydraulic cylinder, the following
methods were used: operator calculus using Laplace transformation to solve a system of ordinary linear differential
equations, linearization of nonlinear dependencies, decomposition of complex expressions into simpler fractions,
as well as computer modeling methods.

To plot graphs, the MatModel software was used, which implements the 4th order Runge-Kutta-Felberg
numerical method with a variable integration step.

Results

Fig. 1 shows the calculation diagram of a linearized improved mathematical model of the hydraulic drive
of the garbage truck’s sealing plate mechanism, taking into account the wear of its hydraulic cylinder when using
the rear loading scheme for solid waste during static compaction. The diagram shows the following structural
elements: PP — pressing plate; HC — hydraulic cylinder; HD — hydraulic distributor; P — hydraulic pump; SV —
safety valve; F — filter; T — working fluid tank, as well as the main geometric, kinematic and power parameters:
P1, P2, P3, pa— pressures at the pump outlet, hydraulic cylinder inlet, hydraulic cylinder outlet, and filter inlet,
respectively; Wi, Wa, W3, W4 — volumes of pipelines between the pump and hydraulic distributor, hydraulic
distributor and hydraulic cylinder inlet, hydraulic cylinder outlet and hydraulic distributor, hydraulic distributor
and filter; Op— actual pump flow rate; Sp— cross-sectional area of the distributor opening; Sy— surface area of the
filter element; kr— specific filter capacity (not shown in the diagram);,— dynamic viscosity coefficient (not shown
in the diagram); D, d — diameters of the piston and rod; G, — weight of the pressing plate; G.— weight of the
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hydraulic cylinder; Gy, — weight of the waste above the pressing plate; Gy, — weight of the waste outside the
pressing plate; Frr — friction force between the pressing plate and the guides; Frw — the friction force between the
MSW and the body; Fc— the force developed by the hydraulic cylinder; /;, h,— the heights of the bottom and top
of the press plate; b — the width of the press sealing plate (not shown in the diagram);— the thickness of the press
plate; o — the angle of inclination of the press plate; x — the displacement of the press plate.
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Fig. 1. Calculation scheme of the linearized improved mathematical model of the hydraulic drive of the garbage
truck’s sealing plate mechanism, taking into account the wear of its hydraulic cylinder

Analysis of the carried studies of the nonlinear mathematical model [22] showed that pi~ p2~ p12, and the
influence of pressure in the drain lines and viscous friction forces on the operation of the hydraulic drive is
insignificant.

The process of MSW compaction in a garbage truck can be described by the following system of linearized
differential equations:

d,
Op =VS¢ +06,p), + 0, +B 1+ KW, f;;z ’ M

dv
PiSei =m,, E"’ pBoSr)leﬁpZ > @

where Wi, = Wi + W>; 60— nominal coefficient of working fluid losses for flow from the high pressure
region to the low pressure region, m*/(N-sec); a,, B, — approximation coefficients of the dependence of working
fluid losses on the duration of the hydraulic cylinder wear process (o, =—3.573-10°m? /sec; f,= 1.443-10°m3/sec?),
my, — reduced mass of moving parts, kg; v — speed of movement of the garbage truck’s sealing plate, m/sec; pyo—
initial pressure of MSW compaction, Pa; f, — approximation coefficient of dependence of MSW compaction
pressure on the duration of the process (5, = 0.00217).

For further study of the linearized mathematical model of the hydraulic drive of the garbage truck’s sealing
plate mechanism, taking into account the wear of its hydraulic cylinder, we will use the Laplace transformation,
according to which we obtain the following:
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Substituting equation (3) into equation (4), we obtain the following:
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By decomposing expression (5) into simpler fractions after reducing it to canonical form, we obtain:

R,(s)= ®)
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Let’s find the original image of (7):
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Excluding insignificant coefficients of expression (9), which have a higher order of smallness, and taking
into account the accepted designations according to (6), (8), the pressure in the pressure cavity of the hydraulic
cylinder of the garbage truck’s sealing plate mechanism, taking into account its wear, is described by the equation:

(10)
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Solving the system of equations (3, 4) with respect to V(s) = X(s)s, after reduction to the canonical form we
obtain the following:
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Next, we find the original image of (11)
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Neglecting the insignificant coefficients of equation (13), which have a higher order of smallness, and
taking into account the accepted designations according to (6), (8), (12) and the initial conditions x(0) = 0, the
movement of the garbage truck’s sealing plate, taking into account the wear of the hydraulic cylinder, can be
described by the equation

QP—G'O' BG 2 mp (QP_QG)(KVI/IZ+GO) Byt
t— 4+ 3 (1 —e ) .

Sei 28, Sei
After differentiating the equation (14) and taking into account the initial conditions v(0) = 0, the speed of

movement of the garbage truck’s sealing plate, taking into account the wear of the hydraulic cylinder, can be
described by the following equation

(1) ~ (14)
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From equation (10), we can determine the duration of solid waste compaction in a garbage truck, taking
into account the wear of the hydraulic cylinder of the sealing plate.
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A comparison of the results that were obtained using nonlinear and linearized mathematical models of the
hydraulic drive of the garbage truck’s sealing plate mechanism, taking into account the wear of its hydraulic cylinder,
as well as using equations obtained as a result of the analytical solution of the linearized model, is shown in Fig. 2.
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Fig. 2. Comparison of results obtained using nonlinear ( ) and linearized (— — —) mathematical models of the

hydraulic drive of the garbage truck’s sealing plate mechanism taking into account the wear of its hydraulic cylinder,
as well as using the equations obtained as a result of its analytical solution ( *=*): a) —change in pressure in the
hydraulic cylinder; b) —change in speed; c) —displacement

When comparing the characteristics of MSW compaction in a garbage truck obtained using a nonlinear
mathematical model and equations (10), (14), (15), derived from the analytical solution of the linearized
mathematical model of the hydraulic drive of the garbage truck’s sealing plate mechanism, taking into account the
wear of its hydraulic cylinder, the deviation is about 10% compared to the nonlinear mathematical model, which
is acceptable for preliminary design calculations. If necessary, the values of the main parameters can be refined at
the final stage of design using a nonlinear mathematical model.

The obtained regression equation (16) allows to approximately determine the duration of MSW compaction
in a garbage truck, taking into account the wear of the hydraulic cylinder of the sealing plate, which can be used
during design calculations of new garbage truck constructions, taking into account the wear of the working bodies
without the need to research the nonlinear mathematical model of the drive of its working bodies, as well as during
the optimization of the main parameters of the hydraulic drive.
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The development of an improved methodology for design calculations of new garbage truck structures,
taking into account the wear and tear of operational mechanisms, requires additional scientific research and further
development of the relevant theoretical foundations.

Conclusions

To perform design calculations for new modifications of garbage trucks, approximate analytical equations
were obtained that describe the change in pressure over time in the pressure line of the hydraulic cylinder, as well
as the speed and displacement of the sealing plate based on the proposed linearized mathematical model of the
hydraulic drive of the garbage truck’s compaction sealing plate mechanism, taking into account the wear of the
hydraulic cylinder. The resulting regression equation provides the ability to approximately determine the duration
of the solid waste compaction process in a garbage truck, taking into account the wear of the hydraulic cylinder.
This equation can be used when designing new garbage truck constructions, allowing for changes in the technical
condition of the operational mechanisms without the need to analyze a complete nonlinear mathematical model of
the drive of the working bodies. It has been established that the development of an improved methodology for design
calculations of new garbage truck constructions, taking into account the wear of the operational mechanisms, requires
additional scientific research and further development of the relevant theoretical foundations.

References

1. Holenko K., Dykha O., Koda E., Kernytskyy 1., Horbay O., Royko Y., Fornalchyk Y., Berezovetska O.,
Rys V., Humenuyk R., Berezovetskyi S., Zottowski M., Barytka A., Markiewicz A., Wierzbicki T., Bayat H.
(2024) Structure and strength optimization of the Bogdan ERCV27 electric garbage truck spatial frame under static
loading. Applied Sciences, 14(23), 11012. https://doi.org/10.3390/app142311012

2. Dykha A., Sorokatyi R., Pasichnyk O., Yaroshenko P., Skrypnyk T. (2020, December) Machine wear
calculation module in computer-aided design systems. In IOP Conference Series: Materials Science and
Engineering, 1001(1), 012040, https://doi.org/10.1088/1757-899X/1001/1/012040

3. Kindrachuk M.V., Kharchenko V.V., Marchuk V.Y., Humeniuk I.A., Leusenko D.V. (2024)
Methodology for Selecting Compatible Metal Materials for Friction Pairs During Fretting-Corrosion Wear.
Metallophysics & Advanced Technologies, 46(7), 637-648, https://doi.org/10.15407/mfint.46.07.0637

4. Woods M.C., Brooks C.K., Pearce J.M. (2024) Open-source cold and hot scientific sheet press for
investigating polymer-based material properties. HardwareX, 19, ¢00566,
https://doi.org/10.1016/j.0hx.2024.e00566

5. Petrov O., Kozlov L., Lozinskiy D., Piontkevych O. (2019) Improvement of the hydraulic units design
based on CFD modeling. Lecture Notes in Mechanical Engineering, 653-660, https://doi.org/10.1007/978-3-030-
22365-6_65

6. The Cabinet of Ministers of Ukraine (2004) Resolution No. 265 "Pro zatverdzhennia Prohramy
povodzhennia z tverdymy pobutovymyvidkhodamy" ["On Approval of the Program for Solid Waste
Management"]. URL: http://zakon|.rada.gov.ua/laws/show/265-2004-%D0%BE.

7. Voicu G., Lazea M., Constantin G.A., Stefan E.M., Munteanu M.G. (2020) Finite element analysis of
the compaction plate from a garbage truck. In E3S Web of Conferences, 180, 04006,
https://doi.org/10.1051/e3sconf/202018004006

8. Lazea M., Constantin G.A., Stoica D., Voicu G. (2020) Analiza structurala cu elemente finite a pieselor
de uzura de pe placa de contrapresiune a unei autogunoiere. Revista Romana de Materiale, 50(2), 283-293.

9. Qiu Z., Min R., Wang D., Fan S. (2022) Energy features fusion based hydraulic cylinder seal wear and
internal leakage fault diagnosis method. Measurement, 195, 111042,
https://doi.org/10.1016/j.measurement.2022.111042

10. Pham M.Q., Vu T.V., Tran L.Q., Nguyen H.H., Hong T.D. (2024) Study on Kinetics and Dynamics of
the Scraping-pressing Mechanism of the Compactor Garbage Truck. FME Transactions, 52(4), p603,
https://doi.org/10.5937/fme2404603Q

11. Tataryants M.S., Zavinsky S.I., Troshin A.G. (2015) Development of a methodology for calculating
loads on the screw and energy consumption of screw presses. ScienceRise, 6 (2), 80-84,
https://doi.org/10.15587/2313-8416.2015.44378

12. Bereziuk O.V., Savulyak V.I., Kharzhevskyi V.O., Alekseiev A.Ye. (2024) Determination of the regularity
of the rate of wear of the working hydraulic cylinder of the mechanism of the sealing plate of the garbage truck from the
pressing force. Problems of Tribology, 29(1/111), 38-44, https://doi.org/10.31891/2079-1372-2024-111-1-38-44

13. Kotomchin A.N., Lyakhov Yu.G. (2019) Analysis of failures of knots and units of construction, road,
lifting and transport machines and specialized motor transport on the example of MUE «Communalderservice».
Engineering & Computer science, 3, 174-178.

14. Nosenko A.S., Domnickij A.A., Altunina M.S., Zubov V.V. (2019) Theoretical and experimental
research findings on batch-operation bin loader with hydraulically driven conveying element. MIAB. Mining
Informational and Analytical Bulletin, 11, 119-130, http://dx.doi.org/10.25018/0236-1493-2019-11-0-119-130

15. Lobov N.V., Maltsev D.V., Genson E.M. (2019) Improving the process of transport of solid municipal



https://doi.org/10.3390/app142311012
https://doi.org/10.1088/1757-899X/1001/1/012040
https://doi.org/10.1016/j.ohx.2024.e00566
https://doi.org/10.1007/978-3-030-22365-6_65
https://doi.org/10.1007/978-3-030-22365-6_65
http://zakon1.rada.gov.ua/laws/show/265-2004-%D0%BF
https://doi.org/10.1051/e3sconf/202018004006
https://doi.org/10.1016/j.measurement.2022.111042
https://doi.org/10.5937/fme2404603Q
https://doi.org/10.15587/2313-8416.2015.44378
http://dx.doi.org/10.25018/0236-1493-2019-11-0-119-130

Problems of Tribology 71

waste by automobile transport. Proceedings of IOP Conference Series: Materials Science and Engineering. IOP
Publishing, 1(632), 012033, https://doi.org/10.1088/1757-899X/632/1/012033

16. Nurakov S.N., Savinkin V.V. (2008) About development methods for calculating the wear of the rod
cylinder interface of hydraulic machines. Proceedings of the Karaganda State Technical University, 3 (32), 96.

17. Shalapai VV, Machuga OS (2023) Vtraty potuzhnosti u hidrotsylindri vnaslidok protikannia
hidravlichnoi ridyny cherez neshchilnist [Power loss in the hydraulic cylinder due to hydraulic fluid leakage
through non-tightness]. Comprehensive quality assurance of technological processes and systems —2023:
Proceedings of the XIII International Scientific and Practical Conference, May 25-26, 2023, Chernihiv. National
University "Chernihiv Polytechnic", 287-289.

18. Kargin R.V., Yakovlev [.A., Shemshura E.A. (2017) Modeling of workflow in the grip-container-grip system
of body garbage trucks. Procedia Engineering, 206, 1535-1539, https://doi.org/10.1016/].proeng.2017.10.727

19. Skyba M.Ye., Misiats O.V., Polishchuk A.O., Misiats V.P., Rubanka M.M. (2021). Systema
adaptyvnoho chastotnoho keruvannia shvydkistiu obertannia asynkhronnoho tryfaznoho elektrodvyhuna pryvodu
rotornoi drobarky [Adaptive frequency control system for the rotational speed of a three-phase asynchronous
electric motor driving a rotary crusher]. Herald of of Khmelnytskyi National University. Technical Sciences,
2(295), 139-146. https://doi.org/10.31891/2307-5732-2021-295-2-139-146

20. Manoilenko O., Dvorzhak V., Horobets V., Panasiuk 1., Bezuhlyi D. (2024) Assessing the impact of
sewing machine thread take-up mechanism parameters on the magnitude and nature of thread take-up. Eastern
European Journal of Enterprise Technologies, 2024, 6(1(132)), 64-75, https://doi.org/10.15587/1729-
4061.2024.315129

21. Iskovich-Lototsky R., Kots I., Ivanchuk Y., Ivashko Y., Gromaszek K., Mussabekova A.,
Kalimoldayev M. (2019). Terms of the stability for the control valve of the hydraulic impulse drive of vibrating
and vibro-impact machines. Przeglad Elektrotechniczny, 4(19), 19-23, https://doi.org/10.15199/48.2019.04.04

22. Bereziuk O.V., Savulyak V.I., Kharzhevskyi V.O., Alekseiev A.Ye. (2025) Improved mathematical
model of the hydraulic drive of the garbage truck’s sealing plate mechanism taking into account the wear of its
hydraulic cylinder. Problems of Tribology, 30(2/116), 34-41, https://doi.org/10.31891/2079-1372-2025-116-2-34-41

23. Bereziuk O.V. (2005) Vibratsiinyi hidropryvod plyty presuvannia tverdykh pobutovykh vidkhodiv u
smittievozakh [Vibration hydraulic drive of the solid waste pressing plate in garbage trucks] Diss. Cand.of
Eng.Sciences: 05.02.03 —Drive systems, Vinnytsia, 217.



https://doi.org/10.1088/1757-899X/632/1/012033
https://doi.org/10.1016/j.proeng.2017.10.727
https://doi.org/10.31891/2307-5732-2021-295-2-139-146
https://doi.org/10.15587/1729-4061.2024.315129
https://doi.org/10.15587/1729-4061.2024.315129
https://doi.org/10.15199/48.2019.04.04
https://doi.org/10.31891/2079-1372-2025-116-2-34-41

72 Problems of Tribology

Bepesiok O.B., CaByasik B.L, Xap:keBcoknii B.O., Ivanov S.Cv., AnekceeB A.€. AnamitTnyHe
JIOCJII/PKEHHS YIOCKOHAJICHOT MaTeMaTH4HOi MO TiIpONpHUBOy MEXaHi3My YIIUIEHIOIOUO] IUIMTH CMITTEBO3a
i3 ypaxyBaHHSM 3HOCY HOT'0 TiAPOIMIIIHIpA.

CraTTs IpUCBSIYCHA AaHATITHIHOMY JOCTIDKCHHIO BIOCKOHAIIEHOI MAaTEMAaTHIHOI MO TiApOIpPUBOIY
MEXaHi3My YIIUTFHIOBAIBHOI IUTUTH CMITTEBO3a, Y SKiil OAaTKOBO BPAaXOBAHO BILIMB 3HOIICHHS TiAPOLMIIHIpA
Ha Horo po6oty. Ha 0CHOBI pOoBEACHUX YUCIOBUX JOCTIKEHD YIOCKOHAICHOT HEMHIMHOT MaTeMaTHIHOT MOJEITI
TiIPONPHUBOIY MEXaHI3My YIIITHPHIOBAIBHOI IITUTH CMITTEBO3a, [0 BPaXOBY€E 3HOITYBAaHHS T1ApONMIiHApa, OyiIo
cthopmoBaHo ii TiHeapru30BaHy Moau(DiKaIlito, MOAaHy y BUTIISAAI CHCTEMH 3BHUAHHUX JIIHIHHUX AHUQepeHITiaTbHIX
PIBHSIHB Ipyroro nopsiky. st BUKOHaAHHS IPOSKTHHUX PO3PaxyHKIB HOBUX MoAUGiKallili CMITTEBO31B OTPUMAHO
HaONMKeH1 aHATITUYHI BUPa3y, 1110 OMUCYIOTh 3MiHY B Yaci TUCKY B HaIlipHiil MaricTpaii TiapoLuIiHIpa, a TAKOX
MIBUAKICTH 1 epeMillleHHs YIIIJIbHIOBAILHOI INTUTH Ha OCHOBI 3aIpOIIOHOBAHOI JIiHEApU30BaHOI MaTeMaTHYHOT
MOJIEJIi T1IPONIPUBOly MEXaHI3MY YIIIJIbHIOIOYOT IUTUTH CMITTEBO3a 3 YpaxyBaHHSIM 3HOLIYBAaHHS T1APOIMIIIH/PA.
OTtpuMaHe piBHSHHS perpecii, 1o 3abe3neuye MOXIUBICTH OPIEHTOBHOTO BU3HAYEHHS TPHBAJIOCTI IMPOLECY
VIIITGHEHHS TBEPANX MOOYTOBHX BIIXOIIB Y CMITTEBO31 3 ypaXyBaHHIM 3HOCY Tipomtiaapa. Lle piBHIHHSI MOXe
OyTH 3aCTOCOBaHE Wil Yac MPOSKTYBAaHHS HOBUX KOHCTPYKILIH CMITTE€BO3IB, JO3BOJISIOYM BPAaxOBYBAaTH 3MiHY
TEXHIYHOTO CTaHy BHKOHABYMX MEXaHI3MIB 0e3 HEOOXINHOCTI MpOBEACHHS aHali3y IIOBHOI HENiHIHHOL
MaTeMaTHYHOI MOAeNi NPHUBOAY poOoumx opradiB. KpiM TOro, BOHO € MPUAATHUM I BUKOPHUCTaHHS B
Mpoleaypax ONTUMIi3allli OCHOBHHX IapaMeTpiB TiIpONpPHUBOIY. 3’sICOBAHO, IO (HOPMYBaHHS yIOCKOHAICHOT
METOIMKH MPOSKTHUX PO3PaxXyHKIB HOBMX KOHCTPYKILIH CMITTE€BO3IB 3 ypaxyBaHHSM 3HOLIYBAaHHS BHKOHABYMX
MeXaHi3MiB MOTpeOye MPOBEICHHS JT0JATKOBUX HAYKOBHX JOCIIKEHb Ta MOAAIBIIOTO PO3BUTKY BiAMOBITHOTO
TEOPETHYHOTO arapary.

Kaiouosi ciioBa: niHeapu3oBaHa MaTeMaTHYHa MOZIENb, YpaxyBaHHs 3HOCY, IepeTBOpeHHs 3a Jlaruiacom,
T1IPONPHUBO/, 3HOC, TIAPOLMIIIHAP, MEXaHI3M YIIUILHIOI0YOI ITUTH, CMITTEBO3, TBEPAI TOOYTOBI BigX0IH
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Abstract

A comprehensive analysis of the wear processes of high-speed cutting tools and methods of improving their
performance during machining has been carried out in this work. An analytical review of scientific sources on
modern methods of supplying lubricating and cooling technological means (LCTM) was performed, including the
activation of air and air—oil flows and their influence on friction and cutting processes. Special attention is given
to the micro-dosed supply of industrial oil Mobil DTE 22 in the form of sprayed air—oil mixtures activated by the
electric field of a corona discharge. A nozzle device for the metered supply of viscous fluids with subsequent
activation of the air stream has been developed and investigated, ensuring reduced operating pressure and
improved operational safety. A tribometric test stand was designed and used to study the lubricating ability of
activated LCTM and to determine the friction coefficients of various materials. It was established that ionized air—
oil media significantly reduce friction torque, stabilize contact interaction, and decrease surface roughness.
Experimental studies of the cutting process demonstrated a substantial increase in the tool life of high-speed steel
cutters when using ionized air—oil flow: up to three times compared with dry cutting and up to 2.5 times compared
with free oil flooding. The application of the desirability function enabled a comprehensive evaluation of the
effectiveness of different LCTM options, showing an increase in machining efficiency of up to 40%.

Keywords: ionized air—oil medium, lubricating and cooling technological means, corona discharge,
tribological studies, tool life, micro-dosed oil supply, friction and wear, industrial oil Mobil DTE 22, cutting
machining, activated media, surface roughness.

Introduction

Increasing the efficiency of mechanical engineering is inextricably linked to increasing the efficiency of
metalworking and reducing the costs associated with the wear of metal-cutting tools. The wear resistance of cutting
tools during turning operations largely depends on the used lubricating and cooling technological means (LCTM).
In modern mechanical engineering, increased requirements are imposed not only on the functional, but also on the
environmental properties of LCTM, since LCTM must not only increase the efficiency of the tool and the quality
of the machined surface, but also must not have a technogenic impact on personnel and the environment [1]. In
the manufacture of LCTM, they strive to reduce the amount of mineral oil and minimize, and sometimes even
eliminate, some effective, but hazardous to health, inorganic and organic components of CTU. Currently, the
method of supplying lubricating and cooling fluids (LCF) in the form of sprayed liquids, i.e. in the form of an air-
liquid mixture, deserves special attention. However, sometimes the effectiveness of such LCFs is not sufficient.
An additional method of increasing the efficiency of processing could be the activation of the environment by
electric discharges. Currently, these methods of improving the processes of mechanical processing of materials
are actively being developed for metalworking [2]. One of the ways to create environmentally friendly LCFs is to
minimize the amount of required LCFs, in particular, this is achieved by introducing microdoses of the LCF air
flow with its subsequent activation by electric discharges.

Copyright © 2025 D.D. Marchenko, K.S. Matvyeyeva, O.0. Lymar, V.M. Kurepin. This is an open access article
@I}. distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in
v any medium, provided the original work is properly cited.
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Literature review

Currently, there is no generally accepted theory that explains the numerous aspects of the mechanism of
action of the LCF, no scientific principles have been developed for the synthesis and selection of the composition
of effective LCFs. The LCF is selected mainly empirically based on the personal experience of specialists or based
on the results of machine tests [3 — 5]. This method of selecting the optimal composition requires large time and
material costs and guarantees the best results. The results of tests of different LCFs conducted with different tool
and machined materials are difficult to compare. If when selecting tool materials it is enough to take into account
two or three indicators, for example, such as heat resistance, hardness, then for LCFs these criteria have not been
found. The study of complex and diverse processes occurring in the cutting zone is complicated by large
temperature and pressure gradients in the surface layers of the tool and workpiece, high deformation rates.
Increasing the technological efficiency of LCFs is a complex multi-criteria problem, and the chosen direction of
research is relevant [6 — 9].

The choice of coolant for the development of workpiece processing technology is based on the specified
technological, economic and operational parameters.

Technological parameters include:

+ achieving the required machining accuracy, which is ensured by reducing cutting forces and friction in
the contact zones of the workpiece and the tool, better placement of chips in the grooves of multi-toothed tools
and better removal of chips and abrasive particles from the cutting zone, which helps reduce deformation of the
workpiece and the tool;

+ ensuring the specified quality of the machined surface: reducing its roughness, depth and intensity of
hardening;

* reducing the intensity of dimensional wear of the tool.

The selection of LCF should be carried out taking into account the material being machined, the operation
being performed, the requirements for the quality of the machined surface (roughness, microhardness, etc.), the
material and geometry of the cutting tool, machining modes and the associated temperature in the cutting zone.

Research by famous scientists H.H. Zorev, A.l. Isacva, A.Ya. Malkina, T.J. Burns, M.C. Shaw, K.J.
Trigger, B. T. Chao, H. Kopp, Y. Kamata, S. Yamamoto, P. Marty etc. showed that the composition of the LCFs
affects the process of surface layer formation and the amount of chip shrinkage [10 — 14]. Currently, a large
number of works have been published on the study and implementation of mass-produced LCFs in certain
machining operations. It is difficult to determine whether these compositions can be used in other metal cutting
operations using other tool or workpiece materials. As a result of the analysis, it is concluded that the development
and selection of LCFs for various metal cutting operations should be carried out on the basis of a fundamentally
new approach that allows predicting the effectiveness of cutting fluids according to scientifically sound criteria.
The use of LCTM in metalworking, as practice shows, has an effective effect on increasing the stability of tools.
The physicochemical mechanism of action of LCTM is quite complex and is mainly due to a change in the
conditions of interaction of the surfaces of the cutting wedge of the tool with the workpiece, which is expressed,
first of all, in a change in the contact conditions. It is generally accepted that when cutting metals, chemically
active surfaces of the tool and chips enter into a chemical reaction with the components of the LCTM, as a result
of which protective films are formed that shield adhesion between the juvenile surfaces of the tool and the
processed materials [15]. At the same time, the constantly increasing requirements for protecting the environment
and service personnel from technogenic influences put the safety of LCTM and the ease of its disposal in the first
place. Thus, the development of new LCTM compositions and methods of their supply to the cutting zone would
improve the ecology of metalworking processes without worsening technological characteristics in comparison
with traditionally used compositions of lubricating and cooling compositions [16 — 18]. The study of the
mechanisms of influence of such LCTM on chip separation processes and tool stability is an urgent scientific
problem. Analysis of the works of scientists M.I. Klushin, V.N. Latyshev, V.V. Podgorkova, R. Beckert, T.
Moriwaki and others shows that currently the method of supplying LCF in the form of sprayed liquids, that is, in
the form of an air-liquid mixture, deserves special attention [19 — 22].

The effectiveness of LCF is explained by the following features of this method:

- high speed of the jet of the air-liquid mixture provides a significant cooling effect;

- sharp increase in the surface activity of finely dispersed particles of the liquid, the possibility of air
penetration into the contact zone of the rubbing surfaces of the tool, chips and the workpiece, some electrical
phenomena associated with the electrification of liquid droplets in the jet of the air-liquid mixture, provide an
increase in the lubricating effect of LCF;

- blowing the jet of the air-liquid mixture over the cutting zone helps to remove chips and wear products of
the cutting tool from the cutting zone, in particular, from the chip grooves of the tool, providing a certain "washing"
effect.

Purpose

The purpose of the research is to increase the efficiency of a high-speed cutting tool by using ionization of
an air flow containing microdoses of industrial oil Mobil DTE 22, with a corona discharge of different polarity.
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Research methodology

The air environment was activated by specially designed units using electrical discharges, with a modified
nozzle that allowed for the measured delivery of viscous liquids to the cutting zone.

The unit operates as follows: air from the ionizer chamber enters an air-liquid channel, which passes through
a reservoir containing liquid and exits through the diffuser section of the nozzle [23]. The air-liquid channel has
an opening inside the reservoir through which the liquid enters, partially mixing with the air. This mixture then
enters the diffuser section of the nozzle and is finally broken down by the main air flow, after which it is ionized.
The flow rate of the supplied fluid is regulated by needle valves. In our case, this system was calibrated for the
flow rate of industrial oil Mobil DTE 22, which ranged from 0.2 to 50 g/hour, in 0.2 g/hour increments [24].

Studies on the particle size of atomized industrial oil Mobil DTE 22 with an oil flow rate of 0.5 g/hour
showed that in a non-ionized flow the particle sizes range from 15 to 25 um, and when using ionization from 5 to
10 um. To study the lubricating properties of LCTM and determine the friction coefficients of various metals in
ionized air-oil environments, a tribometric rig was used [25]. This rig consists of a pendulum tribometer connected
to a computer via an ADC. Friction is achieved using a disc-to-disc system. The operating principle of the setup
is as follows: the sample is rotated by an electric motor through a gearbox, while the counterweight, attached to a
free shaft with a pendulum, remains stationary. The resulting friction rotates the pendulum, and when the torques
are equal, slippage begins. The friction torque is determined by the pendulum's angle of rotation. The measurement
range is adjusted by varying the pendulum's mass and length. The load is generated by weights on a special
platform. The tribometer allows the use of disks of different diameters and variable friction speed. To test the
lubricity of ionized LCTM with microdoses of industrial oil Mobil DTE 22, disks with a diameter of 30 mm and
a width of 5 mm were made of grade 45, 12Kh18N10T steel, AMg?2 alloy, and VT1-0 titanium; the counterweight
was made of grade 45 steel with 57 HRC. The contact patch was 2 mm?, and the friction speed was 0.5 m/s. The
LCTM was supplied through a nozzle at a flow rate of 0.2 — 1 g/h at different corona electrode voltages;
comparisons were made with an oil bath. The surfaces were cleaned after each test.

Research results

Comparative studies of the tool life of cutting tools were conducted in positively and negatively ionized air
environments with different potential values at the corona electrode, as well as with the introduction of nano- and
microdoses of industrial oil Mobil DTE 22 (0.2, 0.5, and 1 g/hour) into the air flow, followed by ionization of the
mixture. The effectiveness of various cutting fluid delivery methods and their impact on tool wear were determined
by comparing the wear rate and tool life of cutters using pure industrial oil Mobil DTE 22 as the LCTM. During
the experiments, wear on the rake and flank surfaces was recorded at regular intervals. The wear criterion was a
chamfer width of 0.6 mm on the flank surface. As the results shown in Figures 1 — 2 show, an ionized air flow
with microdoses of oil is significantly more effective than either a jet of oil or a non-ionized air-oil mixture at the
same oil concentrations. It was also found that the results are significantly affected by the oil concentration, charge
sign, and potentiasloat the corona electrode.
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Fig. 1. The tool life of persistent cutters made of high-speed steel R6MS5 when turning steel 45 with the introduction of
industrial oil Mobil DTE 22 particles into the air flow at a rate of 0.2 g/h: 1 - free irrigation; 2 - blowing with
industrial oil Mobil DTE 22 0.2 g/h; 3 - voltage on the electrode 5.5 kV; 4 - voltage 10 kV; 5 - voltage 14 kV; 6 -
voltage -1.5 kV; 7 - voltage -3 kV; 8 - voltage -5 kV; 9 - voltage -8 kV; 10 - voltage -10 kV. V =1.2 m/s, S = 0.1
mm/rev., t = 0.5 mm
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For example, at low oil flow rates (approximately 0.2 g/hour), maximum tool wear resistance was observed
with negative electrode polarity, while with positive polarity, wear resistance was comparable to that of a non-
ionized air flow. Increasing the flow rate to 0.5 g/hour, tool wear resistance with positive and negative ionization
became approximately the same, matching that of a non-ionized air-oil mixture [26]. A further increase in flow
rate to 1 g/hour resulted in maximum tool performance being achieved with positive corona, while using negative
ionization reduced wear resistance to the level of a non-ionized air flow.
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Fig. 2. The tool life of persistent cutters made of high-speed steel R6MS5 when turning steel 45 with the introduction of
industrial oil Mobil DTE 22 into the air flow at a flow rate of 1 g/h: 1 - free irrigation; 2 - oil blowing 1 g/h; 3 - voltage
on the electrode 3 kV; 4 - voltage 5 kV; 5 - voltage 10 kV; 6 - voltage 14 kV; 7 - voltage -3 kV; 8 - voltage -5 kV; 9 -
voltage -8 kV; 10 - voltage -10 kV.V=1.2m /s, S = 0.1 mm/rev., t = 0.5 mm

Experiments also revealed that, with the same potential sign, increasing the oil content in the air flow shifts
the tool's maximum performance to higher potential values.

These data indicate the occurrence of complex, parallel physicochemical processes both in the plasma
environment and in the tool-workpiece contact zone. We believe these processes are based on the transition of
LCTM particles to an excited state, as well as the partial or complete decomposition of the mixture components
in the corona discharge zone. The intensity and sequence of these processes depend significantly on the oil
concentration in the air flow. At these potential values, the formation of new compounds is possible, the phase
composition of which is determined by the content of the starting materials and the electric field strength around
the corona electrode [27].

Studies examining the effect of corona discharge on the physicochemical properties of industrial oil Mobil
DTE 22 showed that corona discharge, regardless of its polarity, leads to a decrease in the viscosity, surface
tension, and contact angle of the oil. After the corona discharge ceases, the oil's physicomechanical properties are
only partially restored [28].

Additionally, the parameters of secondary deformation zones, surface roughness, and chip shrinkage were
studied. A summary of the best results is presented in Table 1.

Table 1
Tool life, surface roughness, and chip shrinkage under different treatment conditions
Processing mode No. Tool life, min Surface roughness Chip sh'rmkage
Ra, um coefficient, K
Dry machining 1 11 5.684 2.24
Ozone blowing 2 — 3.041 1.72
Air blowing with electrode voltage
0KV 3 30 3.018 1.89
é;rktillowmg with electrode voltage 4 15 4544 1.60
Oil mist 0.2 g/h, voltage +5.5 kV 5 26 3.770 1.57
Oil mist 0.2 g/h, voltage —3 kV 6 75 3.875 1.45
Oil mist 0.5 g/h, voltage +10 kV 7 30 2.926 1.34
Oil mist 0.5 g/h, voltage —8 kV 8 18 3.302 1.53
Oil mist 1 g/h, voltage +10 kV 9 63 2.821 1.62
Oil mist 1 g/h, voltage —5 kV 10 19 2.246 1.51
Oil flooding 11 18 3.523 1.49
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As can be seen from the data in Table 1, the ionized air-oil flow not only positively impacts tool life but
also reduces chip shrinkage and improves the roughness of the machined surface.

Conclusions

Using an ionized air stream with microdoses of industrial oil Mobil DTE 22 improves the performance of
high-speed cutting tools during turning: up to three times compared to dry machining and up to 2.5 times compared
to a free-falling oil jet.

Using an air-oil mixture as a LCTM reduces the average surface roughness Ra by 2.3 times compared to
dry machining and by 1.6 times compared to using industrial oil jet.

The effectiveness of an ionized oil LCTM depends on the amount of oil in the stream and the voltage at the
discharge electrode. It has been established that at a flow rate of 0.2 g/hour, the best effect is achieved with negative
ionization, while at a flow rate of 1 g/hour, optimal results are achieved with positive ionization.

Feeding an ionized air-oil stream to the cutting zone increases the overall efficiency of machining by up to
40%, based on a comprehensive indicator.

The increased efficiency of the ionized air-oil environment is explained by its enhanced lubricating effect.
Tribological studies have shown that it reduces the frictional moment of grade 45 steel by 0.75—1.5 times compared
to friction in an oil bath and stabilizes contact processes.
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Mapuenxo /I.JI., MaTtBeeBa K.C., Jlumap O.0O., Kypenin B.M. IlinBumenns HagiifHOCTI 1 CTiHKOCTI
MIBUAKOPI3aIBHOTO 1HCTPYMEHTY NIISIXOM BHKOPUCTAHHS 10HI30BaHHMX ITOBITPSHO-OJMBHUX 3MallyBaIbHUX
CEepeIOBUII IIPH BIJTHOBJICHHI IETaNICH MaIlliH

Y po6oTi BUKOHAHO KOMIUIEKCHHH aHalli3 IMPOIECiB 3HOIIYBAHHS MIBHUAKOPI3aIBHOTO iHCTPYMEHTY Ta
[UIAXIB TiIBUIIEHHS HOTO Mpare3mgaTHOCTI Mix dac MexaHi9HOI oOpoOkw. IIpoBemeHO aHANITHYHHA OTISN
HayKOBHX JDKEpel I0J0 CyYacHUX METOJIB IT0adi 3MalllyBaIbHO-0X0JIOZKYBaJIbHUX TEXHOIOTTYHHX CepeNOBHIII
(30TC), BriII0O4at0UYM aKTUBAIIIIO TOBITPSHUX Ta TOBITPSIHO-OJIMBHUX TIOTOKIB 1 IXHiif BIUTUB HA IIPOLIECH TEPTS Ta
pizaaHsa. OcoOmuBy yBary IpHAUICHO MiKpOI030BaHiH moaadi ingycTpiansHoi onuBu Mobil DTE 22 y Burnsai
PO3IMUIICHUX TIOBITPSIHO-OJIMBHUX CyMilllel, aKTHBOBAaHUX €JICKTPHUYHUM MOJIEM KOPOHHOTO po3psay. Po3podieHo
Ta AOCII/IKEHO COIIOBUI MPHUCTPIt AJIsl J030BAHOT MOAAY1 B’ I3KHUX PiJIMH 3 TOIANBIIO aKTHBAIII€I0 MOBITPSHOTO
MOTOKY, IO 3a0e3Meuye 3HIKEHHS poO0YOro THCKY Ta MiJBUIICHHS Oe3meyHOCTI ekcruryarariii. CTBOpeHO Ta
BUKOPHCTaHO TPHOOMETPUYHUIT CTEH]T ISl BUBUEHHS 3MalllyBallbHOI 31aTHOCTI akTuBOBaHMX 30TC 1 BU3HaUeHHS
Koe(illieHTIB TepTs pi3HUX MaTepiaiiB. BcTaHoBiEHO, 1110 i0HI30BaHE MOBITPSHO-OJMBHE CEPEAOBHIIE iCTOTHO
3HIKY€E MOMEHT TEPTs, CTa01lli3ye KOHTAKTHY B3a€MOJIIIO Ta 3MEHIITY€ MMOPCTKICTh MOoBepxHi. ExcriepuMenTanbHi
JOCTIKCHHS TPOIIeCy pi3aHHS MOKa3ald 3HaYHE IMiABUINEHHS CTIMKOCTI Pi3MLiB i3 IMIBUIKOPI3aIbHOI CTANl MpH
BUKOPHCTaHHI 10HI30BAaHOTO MOBITPSHO-OJUBHOTO IIOTOKY: IO TPHOX Pa3iB MOPIBHSIHO 3 Pi3aHHIM «HACYXO0» Ta JI0
2,5 pa3a — TOPIBHAHO 3 BUIBHHM IOJMBOM OJHMBH. 3aCTOCYBaHHS (YHKIII Oa)XaHOCTI Jajo 3MOTy BUKOHATH
KOMILIEKCHY OIHKY edekTuBHOCTI pi3HuX BapianTiB 30TC, mo moka3ano miABHUIIeHHS e(peKTUBHOCTI 0OpOOKH
10 40%.

KiarouoBi cioBa: i0HI30BaHE TMOBITPSAHO-OJMBHE CEPEIOBHUINE, 3MAllyBaJbHO-0XOJI0IKYBAIbHE
TEXHOJIOTIYHE CepellOBHUIlE, KOPOHHMH pO3psil, TPHUOONOTIYHI JOCHIKEHHS, CTiHKICTh IHCTPYMEHTY,
MIKpO/I030BaHa Mojiaya OJIMBH, TEPTS Ta 3HOIIyBaHH, iHAycTpianbHa onuBa Mobil DTE 22, o6poOxka pizaHHsM,
aKTHBOBAaHI CEpEeIOBUILA, IOPCTKICTh NOBEPXHI.



