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Abstract

The article presents the results of designing a technological operation for the formation of a Type II regular
mesh micro-relief with triangular grooves, performed using a vibration-free method in a single pass on the inner
cylindrical surface of connecting rod bearings. The technological operation is implemented utilizing a specially
designed tool by machining a pair of connecting rod bearings within a split holding fixture. The connecting rod
body for the specified bearing size was used as the holding fixture. The required depth of the micro-relief grooves
is achieved through a dimensional analysis of the developed special tool designed for the plastic deformation of
the connecting rod bearing surface. Relative micro-relief areas of 14.9% and 28.5% were obtained by determining
the appropriate feed rate and tool rotational speed. Experimental samples of connecting rod bearings for a Volvo
V50 1.6 HDI vehicle, with the geometric parameters Dyine = 47.0 mm and Biine = 16.9 mm, were produced with
the formed regular micro-relief. The process was executed at an axial tool feed rate of fi, = 19.43 mm/rev (for the
28.5% area) and fi; = 39.56 mm/rev for the 14.9% area, utilizing a HAAS VF-B/40HE CNC vertical milling
machine. It has been established that this technological operation can be performed either during the finishing
stage of machining the copper-lead base of the bearing (which has a thickness of 250-400 pm) immediately prior
to the application of protective metal layers of nickel, copper, and/or composite materials, or after the application
of the protective coating. The creation of a regular micro-relief ensures high operational reliability, enhanced
durability, and the stable performance of both the connecting rod bearings and the internal combustion engine as
a whole.

Keywords: connecting rod bearings, technology, tool, parameters, formation modes, regular micro-relief
Introduction

Modern internal combustion engines (ICEs) are highly sophisticated mechanisms that convert thermal
energy into mechanical energy. However, as their design becomes more complex, there is a noticeable trend
towards a reduction in their operational lifespan. In contrast to the durable engines of previous decades, modern
turbocharged engines (particularly low-displacement gasoline units subjected to high thermal loads) frequently
exhaust their service life before reaching a mileage of 150,000 km. Stringent environmental standards also exert a
negative impact on engine durability: in an effort to minimize toxic emissions and optimize combustion,
manufacturers increase the compression ratio of the fuel-air mixture, thereby imposing additional loads on engine
components. The scientific literature has already addressed a range of issues concerning the reliability,
performance characteristics, and durability of ICE components [1]. To gain a profound understanding of the
physical and mechanical processes occurring within friction zones, it is essential to systematically investigate the
impact of operating conditions on the overall service life of the engine [2]. Consequently, the systematization and
analysis of operational damage in automotive plain bearings (connecting rod bearings) remains a highly relevant
objective in modern mechanical engineering [3—6]. Connecting rod bearings are among the most heavily loaded
components of an ICE. Operating as plain bearings, they function under conditions of extreme temperatures and
high specific pressures. Given that their working surfaces are continuously subjected to friction, the optimization
of tribological conditions is a fundamental prerequisite for ensuring the reliable and uninterrupted operation of the
engine.

Copyright © 2026 V.O. Dzyura, T.R. Dzhyvak. 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
Y cited.
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The mounting conditions and stiffness parameters of automotive plain bearings (particularly connecting
rod bearings), which are among the most critical components of internal combustion engines (ICEs), are
determining factors in the formation of their stress-strain state during operation. Based on the simulation of the
technological operations of forming and fitting, the patterns of residual stress generation and their correlation with
cyclic operational deformations induced by piston kinematics have been established [7, 8]. Furthermore,
distinctions between hydrodynamic and elastohydrodynamic lubrication regimes have been identified, and the
direct influence of bearing mounting parameters on the spatial distribution of hydrodynamic pressure has been
demonstrated. Under normal operating conditions of modern ICEs, the thickness of the hydrodynamic lubricating
film in plain bearings varies within the range of 1-20 pm (0.001-0.02 mm) [9-12].

At high rotational speeds and optimal lubricant viscosity, the film thickness can reach 15-20 um, whereas
at low speeds under increased load conditions, it is reduced to a few micrometers. A decrease in the lubricating
film thickness to below 1 pm induces partial direct contact between the mating surfaces of the friction pair, leading
to their intensive wear. An analysis of the causes of connecting rod bearing failures indicates that, under significant
loads, insufficient lubrication of the contact zone is one of the primary reasons for their breakdown. This results
in a shift in interaction regimes, causing a transition from Zone II (semi-fluid friction) to Zone I (boundary friction).
Consequently, the formation and maintenance of a stable lubricating film is a priority objective for normalizing
operating conditions and achieving the designed service life of the friction pair. An effective technological solution
to this problem is the application of micro-grooved bearings (MGBs) — plain bearings with circumferential micro-
grooves machined on their working surfaces [13, 14].

Compared to conventional non-profiled bearings (NPBs), MGBs are distinguished by a number of
significant operational advantages. Specifically, they demonstrate enhanced resistance to seizure (scuffing) and
fatigue failure, provide a lower operating temperature regime under high loads, and are characterized by improved
starting properties at low temperatures [15, 16].

The formation of a regular micro-relief on the working surfaces of the bearings is objectively accompanied
by a partial reduction in their relative load-bearing area. However, according to static calculations [17], the
application of micro-grooves does not lead to a decrease in the load-carrying capacity of the bearing. Highly
indicative are the results of studies investigating the operating time to seizure under conditions of an artificial
interruption of the lubricant supply [17]. Unlike standard bearings, where premature seizure was recorded in three
out of five test samples, the bearings with a micro-relief functioned stably for an extended period without any signs
of critical failure. Such operational performance convincingly confirms the high capacity of micro-grooved
bearings to accumulate and retain lubricant within the contact zone of the friction pair.

To prevent the occurrence of operational defects, it is proposed to form a regular micro-relief on the
working surfaces of the connecting rod bearings. This technological solution contributes to increasing the
temperature threshold for the onset of seizure between the contacting surfaces in the «bearing—journal» tribological
pair [18]. Previous studies have demonstrated that the application of a micro-relief on cylindrical surfaces with the
following parameters: relative area of the micro-relief F, = 25-45%, groove inclination angle y = 25-32°, and
groove depth /i = 22-27 um, guarantees the formation of a lubricating film with a thickness of 3—-3.5 um [19].

The high effectiveness of forming regular micro-asperities to optimize the performance characteristics of
friction surfaces is further corroborated by the research findings of other authors [20-22]. In light of this, the
development of a technological process for applying a regular micro-relief to the working surfaces of connecting
rod bearings emerges as a highly relevant scientific and applied objective in modern automotive engineering. The
successful resolution of this task will enable a substantial increase in the overall service life of internal combustion
engines.

The aim of this work is to develop and implement a technological process for forming a Type II regular
micro-relief on the working surfaces of connecting rod bearings using a vibration-free plastic deformation method.
The study also aims to determine the technological parameters required to obtain specified relative micro-relief
areas and to experimentally validate the proposed process on connecting rod bearings of an internal combustion
engine.

Research materials and methodology

The design of the technological operation for forming a regular micro-relief was carried out using a
specially developed tool. These micro-reliefs are formed on the inner surface of the connecting rod bearings of a
Volvo V50 1.6 HDI vehicle with the following geometric parameters: Dying = 47.0 mm; Bine = 16.9 mm, during
their machining in a holding fixture (Fig. 1).

To calculate the relative area of the micro-relief, equation (1) was utilized, which allows for establishing
the relationship between the area of the micro-relief grooves and the forming parameters.
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where B,ing — width of the connecting rod bearing, mm;
D,ing — diameter of the inner cylindrical surface of the connecting rod bearing, mm;
ni, — number of deforming elements involved in the formation of the micro-relief, units;
by — width of the micro-relief groove, mm;
Yeg — angle between the micro-relief grooves, deg;
Ne.g.10r — total number of groove intersections, units.
Taking into account the geometric parameters of the connecting rod bearings, a schematic layout of the
regular micro-reliefs was developed with two values of the relative micro-relief area: 28.5% and 14.9% (Fig. 1).

14758

- -

Fig. 1. Unfolded view of two pairs of Volvo V50 1.6 HDI connecting rod bearings for the formation of regular micro-
reliefs with a relative micro-relief area of 28.5% and 14.9%

In this case, the axial feed of the tool fi, is determined from equation (2).

f.o=mD 1g(y /2) 2)

in ring”~ " cg

Thus, the feed rate required to achieve a relative micro-relief area of 28.5% is fi» = 19.43 mm/rev, whereas
for an area of 14.9%, it is fi;, = 39.56 mm/rev. The calculations were performed taking into account that the
deforming elements form a groove with a width of 0.5 mm.

The formation of a regular micro-relief on the working surfaces via plastic deformation significantly
reduces the height of surface micro-asperities, particularly those involved in contact interaction during the
initiation of the adhesive seizure process. The generation of the regular micro-relief on the working surface must
be carried out during the finishing stage of machining the copper-lead base of the bearing, which has a thickness
of 250400 pm. Only after the regular micro-relief has been formed should the protective metal layers of nickel,
copper, or composite materials be applied. A dimensional analysis [24] of the tool design was conducted using the
method of complete interchangeability by solving the inverse problem of the dimensional chain. Based on the
performed calculations, the nominal dimensions and tolerance zones of the tool's closing link were determined,
taking into account the elastic and elasto-plastic deformation of the surface layer material. The proposed tool
design (Fig. 2) provides the capability for the continuous adjustment of the protrusion height of the deforming
elements within a range of 47—48 mm.

#47.48
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b

Fig. 2. Tool for forming a regular micro-relief on the inner surface of connecting rod bearings:
a —drawing; b — actual view 1 — tool body; 2 — front and rear nuts; 3 — cage; 4 — deforming elements; 5 —
magnet

The application of the developed tool enables the formation of surfaces with an optimal relative micro-
relief area, thereby enhancing the oil retention capacity and operational reliability of internal combustion engine
connecting rod bearings.

Adjusting the protrusion height of the deforming elements allows them to penetrate the surface of the
connecting rod bearings to various depths, consequently forming grooves of varying widths.

It was decided to use the base of the connecting rod for these bearings as the technological tooling (the
holding fixture), since its internal mounting diameter is precisely fitted to the outer diameter of the connecting rod
bearings (Fig. 3). The fixture possesses sufficient stiffness to ensure the plastic deformation of the bearing surface.

Fig. 3. Split holding fixture for the formation of regular micro-reliefs on the working surfaces of connecting rod
bearings: 1 — fixture body; 2 — connecting rod bearings; 3 — fastening elements

The process of forming the micro-relief grooves was performed on a HAAS VF-B/40HE CNC vertical
milling machine. The regular micro-reliefs obtained on the working surfaces of the connecting rod bearings are
shown in Fig. 4.
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c) d)

Fig. 4. Internal combustion engine connecting rod bearings: a — without the formation of a regular micro-relief; b —
with the formation of a regular micro-relief using a ©3.5 mm deforming element and a relative micro-relief area of
14.9%; ¢ — with the formation of a regular micro-relief using a ¥4.0 mm deforming element and a relative micro-
relief area of 14.9%; d — with the formation of a regular micro-relief using a 33.5 mm deforming element and a
relative micro-relief area of 28.5%

The depth of the grooves in the formed micro-relief is related to their width, as the grooves are formed
by a spherical deforming element. Therefore, by varying the diameter of the deforming element and positioning it
on different parts of the tool's conical surface, grooves can be formed within a relatively narrow yet sufficient
range of geometric parameters. An increase in the diameter of the deforming element widens the groove but
reduces its depth, and conversely, a decrease in the deforming element's diameter narrows the groove and increases
its depth. Altering the diameter of the deforming element changes not only the groove parameters but also the
physics of the interaction between the contacting surfaces. A smaller diameter of the deforming element results in
a smaller contact area, which consequently increases the specific pressures within the contact zone.

This groove shape in the formed micro-relief correlates with the optimal groove design for plain bearings,
which feature a "herringbone" geometry that ensures a guaranteed level of lubricant in the friction zone [25]. The
eccentricity ratio, number of grooves, spiral angle, groove width ratio, and groove depth are selected as the key
factors for designing a spiral-groove plain bearing. Under normal operating conditions, the heat generated by
friction is dissipated and absorbed by the engine housing; wear debris is minimal and is continuously removed by
the lubricant circulating within the friction zone.

Although the groove formation operation demonstrated excellent results regarding the shape of the
formed micro-relief grooves, this process leads to the destruction of the antifriction coating and the formation of
material pile-ups at the edges of the created grooves, which can negatively affect operational performance.
Therefore, the process of forming the regular micro-relief grooves should be carried out prior to the application of
the antifriction coating.

Conclusions

A technological operation was developed for the formation of Type II regular micro-reliefs on the inner
cylindrical surfaces of a pair of connecting rod bearings by machining in a split holding fixture using a vibration-
free method in a single pass. To implement the process of forming the regular micro-relief (RMR) on the working
surfaces of Volvo V50 1.6 HDI connecting rod bearings, a special tool was designed and manufactured based on
dimensional analysis. The operating parameters of the tool were calculated in accordance with the required value
of the relative micro-relief area to be achieved. The implementation of this operation made it possible to form the
designed regular micro-relief with the specified geometric parameters.
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J3opa B.O., Ixusak T.P. Pearnizamis nporecy ¢hopMyBaHHS PEeryIIpHUX MiKpopenbediB Ha poO0INX

TMOBEPXHAX MATYHHUX HiZ[IIII/IHHI/IKiB

B crarTi HaBemeHO pe3yNbTATH NMPOCKTYBaHHSA TEXHOJOTIUHOI omepamii (opMyBaHHS PETYISPHOTO
ciTyacroro Mikpopenbsedy Il Tumy i3 kanaBkamu TpUKyTHOT (hopmu Oe3BiOpaniitHUM cr1ocoOOM 3a OMH POOOYHIA
Xil Ha BHYTPIIIHIM LWIIHIPUYHINA MOBEPXHI MIATYHHHMX BKJIaIUIIIB. TeXHOJIOTIYHY ONepaliio peati3oBaHo 3
BUKOPUCTAHHS CIICHiaTbHO PO3POOICHOTO IHCTPYMEHTYy OOpoOKOr0 B po30ipHiil 00oiiMi mapw mIaTyHHHX
BKJIQIWIIIB. B siKOCTi 000MH BHKOPHUCTAHO KOPITYC IIATyHa VIS JAHOTO THUIIOPO3MIpPY IIATYHHUX BKJIAIHIIIB.
HeoOxinny rauOuHy KaHaBOK Mikpopenbedy peanizoBaHO 3a paxyHOK pPO3MIPHOTO aHaili3y KOHCTPYKIIi
CIPOEKTOBAHOTO CIEHIaIbHOTO IHCTPYMEHTY [UISl IIIACTHYHOTO e(hOpMyBaHHS MOBEPXHI MIATYHHOTO BKJIAJHIIA.
BigaocHy momy mikpopenbedy y 14,9% Tta 28,5% mocarayTo BU3HAYEHHSM BiJIOBIIHOI BEIWYMHHU MOAAYI Ta
4acTOTH 0OepTaHHs IHCTpyMeHTY. OTpHMaHO JOCIIIHI 3pa3Ky IATYHHUX BKJIQAUILIB U1 aBToM0oO1Is Volvo V50
1.6 HDI Ta mapamerpamu Dying = 47,0 mm; Bring = 16,9 mm i3 copMOBaHUM pEryJIsipHUM MIKpOpETbe(POoM.
[Ipouec peanizoBaHO IpH OCBOBIH MOAadi IHCTPYMEHTY ckiaznae fi, = 19,43 MM/00, a it miomi 14,9% — fi, =
39,56 mM/00 Ha BepTuKanbHO-(pesepromy Bepctati 3 UIIK HAAS VF-B/40HE. BceranoBneHno, mo naHy
TEXHOJIOTIYHY OIlepallilo MOXKHa BHMKOHYBAaTH sIK Ha craiaii (iHinHOi 0OpOOKM MiIHO-CBUHIIEBOI OCHOBHU
BKJIQ/IIIIA, TOBIIUHA SKOi cTaHOBHUTH 250-400 MKM, Oe3mocepeqHbO Mepea HAHECEHHSIM 3aXHCHHUX METalleBHX
IIapiB HIKEIO, Mifi Ta/ab0 KOMITO3UTHHUX MaTepialliB Tak 1 MicIs HaHECEHHS 3aXUCHOTO MOKPUTT. CTBOpEHHS
peryssipHOro Mikpopeabedy 3a0e3Meuyroud BUCOKY eKCIUTyaTaliiHy HaJifiHiCTh, JOBrOBIYHICTh Ta CTAOILIbHY

po0OTY MIATYHHMX BKJIAJUIIIB i ABUTYHA BHYTPIIIHHOTO 3TOPSHHS B LIIJIOMY.

Kaw4oBi ciaoBa: matyHHI BKIAIWIN, TEXHOJOTiS, IHCTPYMEHT, MapaMeTpH, peXuMu (HopMyBaHH,
peryspHUil MiKpopemsed
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Abstract

The transformation of the groove shape in a rotary-type regular micro-relief with varying degrees of groove
loop overlap, simulated by an increase in the rotary tool feed rate, is considered. A search was conducted to find
the optimal groove shape for partially regular micro-reliefs formed by the rotary method, subject to ensuring the
optimal value of the planar heterogeneity coefficient of the groove area distribution. Graphs illustrating the planar
heterogeneity of the groove area distribution were constructed for groove shapes formed at tool feed rates of f, =
2,2.5,and 3.5 mm/s. It was established that as the longitudinal spindle feed rate increases, the planar heterogeneity
coefficient of the groove area distribution, k,, decreases in both the axial direction and the direction perpendicular
to it. Concurrently, the parameters Rxmax and Ryaver increase, whereas Rymqr and Ryaver decrease. The relative area
of the micro-relief also decreases as a result. Thus, it is proven that increasing the tool feed rate at a constant
rotational speed leads to an increase in the heterogeneity of the groove area distribution for a partially regular
micro-relief formed by the rotary method. Optimization of the micro-relief creates a favorable profile of
compressive residual stresses, preventing the propagation of microcracks. As the tool feed rate increases, the
number of groove intersections decreases from 4 to 2, and the shape itself becomes elongated in the axial direction.
Correspondingly, the planar heterogeneity coefficients kgx decrease from 0.69 to 0.48, and gy decrease from 0.71
to 0.6. The overall relative area of the micro-relief, F,,, drops sharply from 68.48% to 45.9%, which is a critical
parameter for determining the load-bearing capacity of the component surfaces.

Keywords: regular micro-reliefs; grooves; planar heterogeneity; area distribution; coefficient; quantitative
assessment; parameters

Introduction

Enhancing the operational characteristics of the working surfaces of machine components through
technological methods is a highly relevant objective for researchers in the field of surface engineering. In this
context, novel types of surface structures capable of providing the required level of operational properties over a
specified service period are being investigated. One of the effective approaches to achieving such properties is
surface regularization. It involves the creation of asperities with a predetermined shape, dimensions, and spatial
arrangement, which contributes to the improvement of the physical and mechanical characteristics of the surface.
The primary purpose of regularization is to reduce the proportion of random asperities with uncontrolled shapes
and sizes. The fraction of ordered micro-asperities is characterized by the relative area of the micro-relief, which
is defined as the ratio of the area of the regular micro-asperities to the total area of the surface on which they are
formed. It is this specific parameter that significantly influences the operational properties of the surface, and its
optimal value is determined taking into account specific operating conditions. In this regard, investigating the
features of new types of regular and partially regular micro-reliefs represents a crucial stage in the search for
rational forms of regular micro-asperities capable of ensuring the specified operational characteristics for the
working surfaces of machine components.

Literature review
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The creation of new types of regular and partially regular micro-reliefs opens up new possibilities for
ensuring enhanced operational properties of the working surfaces of machine components. Traditional micro-relief
groove shapes—triangular and sinusoidal-although providing a high degree of micro-relief regularity, still remain
difficult to form on general-purpose machine tools. This is associated with the challenge of ensuring the regularity
of the micro-relief grooves, which is particularly evident on long surface sections. Furthermore, the mechanisms
that provide a periodic groove profile with a specific amplitude and a symmetrical arrangement of the groove
elements necessitate special tooling and require additional balancing, which consequently complicates the design
of the respective equipment.

Working surfaces in the form of cycloidal curves are widely used in cycloidal drives [1], which are
employed as actuators in industrial robots, machine tools, aerospace, and other industrial sectors. These
transmissions provide a high gear ratio, low weight, compact dimensions, high precision, and impact resistance
[2,3].

As is known, the primary parameter determining the operational properties of a surface with a regular
micro-relief—specifically, the coefficient of mutual friction—is the relative area of the micro-relief, which depends
on the total area of the micro-relief grooves [4].

While the area of micro-relief grooves of standard shapes and their intersections can be relatively easily
determined analytically [5, 6], calculating the area for complex groove shapes remains an unresolved task.

From the perspective of creating various types of micro-reliefs using a rotary tool, the study [7] is of
particular interest. The authors developed a mathematical model of the tool's kinematics and the resulting micro-
relief profiles formed by it, depending on its operating parameters. It has been demonstrated that face milling
allows for the formation of partially regular micro-reliefs featuring various groove shapes and spatial
arrangements—specifically, parallel grooves and grooves offset by a fraction of the pitch. Additionally, a 2-DOF
(degrees of freedom) vibration platform was developed to provide oscillation along the feed and cross-feed
directions during the micro-milling process.

The study [8] investigates the characteristics of forming trochoidal and elliptical grooves. Trochoidal and
elliptical modified trochoidal tool trajectories were analyzed, along with the distance between loops, overlap, feed
rate, and spindle speed. The proposed method for forming a micro-relief with such groove shapes allows for the
optimization of the tool trajectory in order to reduce surface roughness.

The formation of trochoidal micro-relief grooves ensures enhanced operational parameters of the surface,
specifically its microhardness [9], which can be increased by 60% relative to the initial value. This machining
method yields lower surface roughness parameters compared to conventional milling.

The positive impact on the uniformity of the distribution of surface micro-asperities during machining with
a rotary tool utilizing spherical deforming elements is presented in [10]. It has been proven that a radical
improvement in the degree of surface isotropy—specifically, an increase of over 80% — could be achieved by
employing tools that, in addition to the primary burnishing feed motion, feature an additional rotational movement
of the burnishing head (equipped with a greater number of burnishing balls or rollers).

The aim of this work is to determine the variation in the heterogeneity of the groove area distribution for
a rotary-type partially regular micro-relief with an increase in the axial pitch, as well as to identify the optimal
groove shape of a partially regular micro-relief formed by a rotary method, for which the value of the groove area
distribution uniformity coefficient is as close to the optimum as possible, i.e., to 1.

Research materials and methodology

An increase in the productivity of forming partially regular micro-reliefs is associated with an increase in
the feed rate of the deforming tool $f3. Increasing the feed rate while maintaining a constant tool rotational speed
leads to a change in the groove shape of the partially regular micro-relief formed by the rotary method. Altering
the micro-relief groove shape results in a redistribution of microhardness in the vicinity of the groove, which
significantly affects the uniformity of the groove distribution across the plane where the micro-relief is formed.
Thus, the uniformity of the groove area distribution across the plane leads to a uniform distribution of surface
microhardness. With a dense arrangement of grooves, corresponding to low feed rate values, the plastic
deformation zones from adjacent indenter passes overlap. This leads to the formation of a continuous or more
uniformly hardened layer with increased microhardness. When the loops are stretched, corresponding to high feed
rate values, the hardening becomes local (only within the zone of the grooves themselves), while areas with the
initial hardness remain between them.

Plastic deformation generates beneficial compressive residual stresses in the surface layer. Modifying the
shape of the groove mesh allows for the formation of a specific framework of compressive stresses. The optimal
loop density creates a favorable stress distribution profile that prevents the initiation and propagation of
microcracks.

There is an optimal value for the relative groove area (typically within the range of 25-40%, depending on
operating conditions). Deviations from the optimal trajectory shape (excessive overlap or, conversely, an
excessively sparse mesh) lead to a reduction in wear resistance due to decreased load-bearing capacity or
insufficient lubrication, respectively.
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As is evident, an increase in the feed rate results in a decrease in the number of micro-relief groove
intersections. In Fig. 1a, the number of intersections is 4; in Fig. 1b, it is 3; and in Fig. lc, it is 2. The number of
groove intersections and the distance between them, /; (Fig. 1), constitute some of the most critical parameters
determining the surface topology. At the intersection points of the tool trajectories, specific nodes are formed
where the material is subjected to a dual deforming impact. This creates distinct conditions that differ significantly
from areas featuring isolated grooves. At the groove intersection points, the indenter passes twice, which leads to
more intensive plastic deformation. Consequently, at the intersection nodes, the microhardness of the material
reaches its maximum values, and the depth of the hardened layer is the greatest compared to other regions of the
surface. If the number of intersections is excessively high (indicating a very dense mesh), the repeated plastic
deformation of the same metal micro-volumes can lead to the exhaustion of its plasticity — a phenomenon known
as over-work hardening. This causes the formation of microcracks, the flaking of the surface layer, and a sharp
reduction in fatigue strength.

To determine the variation in the uniformity parameters of the groove area distribution on the plane where
the partially regular micro-relief is formed, we will simulate an increase in the tool's traverse speed — that is, an
increase in its feed rate — which will result in a corresponding increase in the axial pitch 7, of the micro-relief
grooves. The formed grooves possess an identical amplitude value, 4,, but differ in their axial groove pitch values,
T,. The coordinate grid in the figure is specified in millimeters (Fig. 1).
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] Fig. 1. Transformation of the groove centerline
0 trajectory of a rotary-type regular micro-relief with
an increase in feed rate: a — f; = 2 mm/s;
1 b — fe =2.75 mm/s; ¢ — f; = 3.5 mm/s.
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The essence of the method for determining the planar heterogeneity of the groove area distribution in
regular or partially regular micro-reliefs is described in detail in [11]. This method allows for determining the
optimal mutual arrangement of the micro-relief grooves, at which their area will be distributed most uniformly.
This will ensure consistent operational properties of the surface with a regular micro-relief across any of its regions.

The method for determining the planar heterogeneity of the groove area distribution involves determining
several parameters, specifically the planar heterogeneity coefficient k,, and the parameters R,uux and Raver.

The heterogeneity coefficient k, is defined as the ratio of the average value Ray.r to the maximum groove
height Ryax.

Raver
“T R v
X

The value of this coefficient is determined in the axial or transverse directions. Under the condition of a
completely uniform distribution of the groove area, the value of the coefficient will be 1. The degree of proximity
to this value reflects the level of uniformity of the groove area distribution in the selected direction.
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The average value of the groove cross-section is determined by the formula:

R, == )

where hygi (hxgi) — height of the i-th segment on the corresponding planar heterogeneity graph, mm.

The calculated height values /Ay are determined within the axial pitch 7 for the axial planar heterogeneity
graph, whereas the height values /iy, are determined within the transverse pitch of magnitude 244+b, for the
transverse planar heterogeneity graphs. The value A; corresponds to the groove amplitude, and b, to its width.

For comparison, we will simulate the groove shape of a rotary micro-relief during its transformation as
the feed rate increases. The parameters of the micro-relief groove are as follows: R, = 2 mm; ng = 1 rev/s, and
groove width by= 0.5 mm.

To determine the main parameters of the uniformity of the groove area distribution, it is necessary to

construct graphs of their planar distribution (Fig. 2).
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The results of determining the parameters of the graphs of planar heterogeneity of their area distribution,
obtained by increasing the axial pitch through an increased tool feed rate, are presented in Table 1.

As is evident from Table 1, the coefficients of planar heterogeneity of the groove area distribution
decrease with an increase in the tool feed rate and the axial groove pitch.

Table 1
Values of parameters and coefficients of planar heterogeneity for grooves of a rotary-type partially
regular micro-relief

Measurement parameters Feed rate
Je=2 mm/s f2=2,75 mm/s £=3,5 mm/s
Rotas 171 1,99 2.97
Rxaver 1,18 1,08 1’41
ke 0,69 0.54 0.43
Rymax 3,76 3,26 2’86
Ryaver 2,66 2,1 1 1’72
key 0,71 0,65 0.6
Fu, % 68,48 54,33 459

Moreover, this decrease occurs both along the axial line of the groove and in the perpendicular direction.
This indicates that, despite the groove amplitude remaining constant at 0.5 mm, the heterogeneity coefficient of
the groove area distribution along the Y-axis, kgx, decreased from 0.69 to 0.48. At the same time, the increase in
the tool feed rate led to an increase in the axial groove pitch. As a result, its shape stretched in the axial direction,
which also led to a decrease in the uniformity coefficient of the groove area distribution, k.y, from 0.71 to 0.6.
Accordingly, the relative area of the micro-relief, F,, also decreased from 68.48% to 45.9%.

Conclusions

Based on the text of the provided article, the following conclusions can be formulated:

With an increase in the feed rate of the rotary tool (from 2 to 3.5 mm/s) at a constant rotational speed, the
heterogeneity of the groove area distribution for the partially regular micro-relief formed by the rotary method
increases.

As the longitudinal spindle feed rate increases, with a corresponding increase in the axial groove pitch, the
coefficients of planar heterogeneity of the groove area distribution decrease both in the perpendicular direction,
kex, from 0.69 to 0.48, and in the axial direction, kgy, from 0.71 to 0.6. The increase in the tool feed rate affects the
uniformity parameters of the groove area distribution; specifically, Rxymq increases from 1.71 to 2.97, and Rxaver
grows from 1.18 to 1.41. Conversely, Rymqx decreases from 3.76 to 2.86, and Ry, decreases from 2.66 to 1.72.

An increase in the feed rate from f, = 2 to 3.5 mm/s leads to a reduction in the number of micro-relief
groove intersections from 4 to 2. However, this simultaneously causes the groove shape to stretch in the axial
direction, which results in a substantial decrease in the overall relative area of the micro-relief, F,, from 68.48%
to 45.9%.
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3inuenko L.B., CaBuyk A.M., ®enis B.5., Kpyk O.}O. Tpancdopmariiss HEOTHOPIAHOCTI PO3IOALTY
TUTOIII KAHABOK YaCTKOBO PETYILIPHOTO MIKpopenbedy pOTAIIfHOTO TUIY 31 301IBIIEHHSIM OCBOBOTO KPOKY

PosrasiayTo Tpanchopmariii GpopMu KaHaBOK poTaiiitHoro PMP i3 pi3HHM CTyleHEM MEPEeKPUTTS BHUTKIB
KaHaBKH, sIKe 3MOJIEJIbOBAHO 30UIBIIEHHSAM MIBUAKOCTI IoJaui poTaliifHoro iHcTpymeHTy. [IpoBeneHo momryk
ONTHMAJILHOT (JOPMHU KaHABOK YAaCTKOBO PEryJSIPHUX MiKpopeibediB copMOBaHMX poTaliiHUM criocoOoM, 3a
YMOBH 3a0e3Me4YeHHs] ONTUMAaJIbHOIO 3Ha4YeHHs Koe(ili€HTa IUIOMIMHHOT HEePiBHOMIPHOCTI PO3MOALTY IUIOLI
kaHaBoK. [ToOynoBaHo rpadiky IIOMIMHHOT HEPIBHOMIPHOCTI PO3MOALTY IUIONI KaHABOK sl (hOPM KaHABOK
chopMoBaHUX NpH Tojadi iHCTpyMeHTy fz = 2, 2,5 ta 3,5 mMm/c. BeTaHOBNIEHO, IO 13 3pOCTaHHSM BEJIWYHUHH
TIOB3JIOBXKHBOI TMOJaui HIMUHJENS KOe(illieHT IUIOMMHHOI HEpPiBHOMIPHOCTI PO3MOALTY IUIONI KaHABOK K,
3MEHIIYETHCS K B OCbOBOMY TaK 1 B HEPIEHANKYJISIPHOMY /10 HBOTO HanpsMKy. [Ipu 1ibomy mapameTpu Rxmax T2
Rxaver 3pocTatoTb, @ Rymax Ta Ryaver 3MeHIIyIOTbCSA. BigHocHa muroma Mikpopenbedy HpH IbOMY TaKOX
3MEHIIYEThCS. TaKkMM YMHOM JIOBE/IEHO, IO NMpH 30UIBIIEHHI MIBUAKOCTI Mojadi iHCTPYMEHTY NpH HE3MiHHIN
yacToTi 0OepTaHHS HEPIBHOMIPHICTH PpO3MOJUTY IUIONI KAaHAaBOK YACTKOBO PETYJSIPHOTO MiKpopensedy,
c(hOPMOBAHOTO POTALIHHUM CITOCOOOM 301TBITYETHCS.

KurouoBi cjioBa: peryisipHi MikpopenbedH; KaHABKH; TUIOMIWHHA HEOJHOPITHICT; PO3MOALT TUIOIINH;
Koe]imieHT; KUTbKiCHA OI[iHKA; ITapaMeTpH
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Abstract

A numerical rheological model of a thin lubricating oil film was developed and verified to account for
polymolecular adsorption, pseudo-solid adsorption layers, and the influence of zinc dialkyldithiophosphate
(ZDDP) on the rheological properties of the lubricating film. The model adapts the concept of the Polanyi
adsorption potential to describe the viscosity distribution across the film thickness, incorporating pseudo-solid
adsorption layers adjacent to both friction surfaces, while the effective viscosity is determined by harmonic
averaging with numerical integration performed using the trapezoidal rule (n = 200) implemented in Microsoft
Excel. Shear-thinning of the bulk lubricant is described by the Carreau—Yasuda model. Model parameters were
identified by fitting calculated friction coefficients to experimental data obtained for base oil I-20A and oils
containing 1.25 and 2.5 wt% ZDDP. The identified adsorption layer parameters increased systematically with
ZDDP concentration: surface viscosity ps rose from 0.14 to 1.68 Pa-s, the characteristic decay length /, from 2.1
to 4.6 nm, and the optimum pseudo-solid layer thickness /s from 0.8 to 1.9 nm. The average relative deviation
between calculated and experimental friction coefficients was 6.9-10.2%. The calculated pressure corresponding
to the minimum friction coefficient shifted from approximately 5 MPa for the base oil to about 8 MPa for ZDDP-
containing oils, indicating an expansion of the hydrodynamic lubrication regime. The developed model represents
a novel numerical approach that combines polymolecular adsorption, pseudo-solid adsorption layers and non-
Newtonian lubricant behaviour for thin-film lubrication, suggesting that—beyond tribochemical processes—an
increase in the effective viscosity of the polymolecular adsorption layer makes a significant contribution to friction
reduction in the mixed lubrication regime. The proposed Excel-based methodology enables identification of model
parameters and comparative prediction of lubricant tribological performance without specialized numerical
software, and may be used as an engineering tool for assessing the influence of ZDDP concentration on the
tribological performance of lubricating oils for plain bearings.

Keywords: thin-film lubrication, polymolecular adsorption, ZDDP, pseudo-solid adsorption layer, effective
viscosity, rheological modeling, friction coefficient.

Introduction

Current developments in internal combustion engines are focused on improving energy efficiency, reducing
fuel consumption, and lowering exhaust emissions. One of the principal approaches to achieving these objectives
is the use of low-viscosity engine oils, with a transition from conventional SAE 4050 grades to SAE OW-16 and
even lower viscosity grades. However, reducing the bulk viscosity of the lubricant (o) inevitably decreases the
thickness of the hydrodynamic lubricating film and expands the mixed lubrication regime in heavily loaded
tribological contacts, particularly in connecting-rod and main journal bearings, where contact pressures may reach
10-20 MPa [1, 2].

When the lubricant film thickness decreases to the submicrometre and nanometre scales, the rheological
behaviour of the lubricant may differ significantly from its bulk properties. Experimental studies based on the
surface forces apparatus (SFA) and molecular dynamics simulations have demonstrated that, when the separation
between solid surfaces becomes smaller than approximately six to seven molecular layers, the apparent viscosity
of the confined lubricant increases by several orders of magnitude and the lubricant may exhibit pseudo-solid
behaviour [3, 4]. This phenomenon, commonly referred to as confinement-induced non-Newtonian behaviour, is

Copyright © 2026 1. Drach, M. Dykha, D. Tovstiuk. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.
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generally attributed to the molecular ordering of the lubricant under adsorption forces and to the restricted
molecular mobility normal to the solid surfaces.

Zinc dialkyldithiophosphate (ZDDP) is one of the most widely used anti-wear additives in modern engine
oils. Its effectiveness has traditionally been attributed to the formation of protective tribochemical phosphate-based
films on metallic surfaces during sliding contact [5, 6]. However, several experimental studies have reported a
noticeable reduction in friction at the early stages of loading or under mixed lubrication conditions, where
tribofilms are not yet fully developed [7]. These observations suggest that, in addition to tribochemical reactions,
other physical mechanisms associated with changes in the structure and rheological properties of the adsorption
layer may contribute to friction reduction.

Despite considerable progress in thin-film lubrication research, no engineering model is currently available
that simultaneously accounts for polymolecular adsorption, the formation of pseudo-solid adsorption layers, the
non-Newtonian rheology of the lubricant, and the influence of ZDDP on the rheological behaviour of thin
lubricating films. Addressing this gap is essential for predicting the tribological performance of modern low-
viscosity engine oils operating under mixed lubrication conditions.

The aim of this study is to develop and verify a numerical rheological model of a thin lubricating oil film
based on the concept of polymolecular adsorption, incorporating pseudo-solid adsorption layers and non-
Newtonian lubricant behaviour, and to validate the proposed model using experimental friction data obtained for
the base oil I-20A and oils containing different concentrations of ZDDP. The numerical implementation was
developed in Microsoft Excel to provide an engineering-oriented methodology suitable for practical tribological
analysis without specialized computational software.

Literature review

Classical elastohydrodynamic lubrication (EHL) theory, developed by Dowson and Higginson [8], assumes
that the lubricant viscosity is uniformly distributed across the film thickness. This assumption provides satisfactory
accuracy for conventional hydrodynamic contacts; however, its applicability decreases as the lubricant film
thickness approaches the submicrometre and nanometre scales. Experimental investigations using surface forces
apparatus (SFA) techniques and nanoscale rheological measurements have demonstrated a pronounced increase in
the apparent viscosity of lubricants confined between closely spaced solid surfaces [3, 4, 9]. These findings indicate
that the rheological behaviour of thin lubricating films differs substantially from that of the bulk lubricant and
cannot be adequately described by conventional EHL models. Several approaches have been proposed to account
for viscosity inhomogeneity within thin lubricating films. Tichy [10] introduced a surface-layer model based on a
stepwise increase in viscosity adjacent to the solid surface, whereas Ono [11] developed a modified Reynolds
equation for lubrication with a highly viscous boundary layer. These models improved the description of thin-film
flow; however, they do not consider polymolecular adsorption, the symmetric formation of adsorption layers on
both friction surfaces, or the influence of lubricant additives on the rheological properties of the adsorption layer.
The concept of the Polanyi adsorption potential [12] provides a theoretical framework for describing
polymolecular adsorption on solid surfaces. Although this concept has been widely applied to adsorption
phenomena in gases and porous materials, its adaptation to thin-film lubrication offers a physically justified basis
for modelling the continuous variation of lubricant viscosity within the adsorption layer. Such an approach makes
it possible to represent the gradual transition from highly structured near-surface regions to the bulk lubricant
instead of assuming an abrupt change in material properties. Most contemporary studies devoted to zinc
dialkyldithiophosphate (ZDDP) focus on the mechanisms of tribofilm formation and their influence on friction
and wear [5—7, 14]. Correlations between tribofilm morphology, chemical composition, adhesion properties, and
tribological performance have been extensively investigated. However, considerably less attention has been paid
to the possible contribution of adsorption-induced changes in lubricant rheology to friction reduction under mixed
lubrication conditions. Recent studies of confined lubricants and boundary films [13, 15, 16] indicate that
molecular ordering and non-Newtonian behaviour may significantly influence friction, although these effects have
rarely been incorporated into engineering lubrication models.

Therefore, the available literature indicates the absence of an engineering-oriented model that
simultaneously considers polymolecular adsorption, the formation of pseudo-solid adsorption layers on both
friction surfaces, the non-Newtonian rheology of the lubricant, and the influence of ZDDP on the rheological
properties of thin lubricating films. Developing such a model is expected to improve the physical interpretation of
friction processes in the mixed lubrication regime and provide a practical numerical tool for analysing the
tribological performance of modern low-viscosity engine oils.

Problem statement

Existing thin-film lubrication models primarily describe the lubricant either as a homogeneous Newtonian
continuum or by introducing simplified high-viscosity boundary layers with prescribed properties. Although such
approaches improve the prediction of lubrication performance under certain operating conditions, they do not
simultaneously account for polymolecular adsorption, the gradual variation of viscosity across the lubricant film,
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non-Newtonian shear-thinning behaviour, and the influence of anti-wear additives on the rheological properties of
the adsorption layer.

Experimental observations reported in the literature indicate that lubricant molecules confined within
nanometre-scale films exhibit pronounced structural ordering, resulting in a substantial increase in apparent
viscosity and the formation of highly structured adsorption layers adjacent to solid surfaces. At the same time,
ZDDP additives are known not only to promote tribochemical film formation but also to modify intermolecular
interactions within the lubricant. These observations suggest that changes in the rheological properties of the
adsorption layer may contribute to friction reduction under mixed lubrication conditions. Based on these
considerations, the lubricating film is represented as a heterogeneous medium consisting of a bulk lubricant region
and adsorption layers formed on both friction surfaces. The viscosity within the adsorption layer is assumed to
vary continuously according to a function derived from the concept of the Polanyi adsorption potential, while the
near-surface regions are represented by pseudo-solid adsorption layers characterized by restricted molecular
mobility. The rheological behaviour of the bulk lubricant is described using the Carreau—Yasuda model to account
for shear-thinning effects. The objective of the proposed model is to establish a physically justified relationship
between the rheological characteristics of the adsorption layer and the experimentally observed friction behaviour
of lubricants with different ZDDP concentrations. The model is intended to provide an engineering-oriented
numerical framework suitable for parameter identification and comparative analysis of lubricating oils operating
under mixed lubrication conditions.

Theoretical Model and Numerical Calculation Methodology

To describe the friction processes in the mixed lubrication zone, the lubricating film is regarded as a non-
uniform medium consisting of bulk oil and near-surface adsorption layers formed on both friction surfaces. It is
assumed that, as a result of polymolecular adsorption, the viscosity of the lubricant varies continuously across the
film thickness. In the immediate vicinity of the surfaces, a pseudo-solid adsorption layer is formed in which the
mobility of molecules is substantially restricted. The rheological properties of the bulk oil are described by the
Carreau—Yasuda model, whereas the viscosity distribution in the adsorption layer is determined by the adapted
concept of the Polanyi adsorption potential [12].

It is assumed that the change in viscosity is of a continuous nature and is determined by the degree of
structuring of the lubricant molecules in the adsorption layer. For the mathematical description of this process, an
exponential dependence is used, which reflects the gradual decrease in the influence of the surface with increasing
distance from it:

w&)=u, +(ﬂrﬂg)-{lfexr{flgﬂ’ (1

h

where {'is the distance from the current point in the film to the nearest surface; yo is the dynamic viscosity
of the bulk oil; s is the viscosity of the adsorption layer near the surface; 1, is the characteristic decay length of
the adsorption potential.

At =0, the viscosity equals us. At {>> I, the viscosity approaches the bulk value uo. The parameter I, is
physically interpreted as the thickness of the zone in which surface adsorption forces significantly affect the
mobility of lubricant molecules. For low-molecular-weight hydrocarbon oils, /; is 1-3 nm, whereas for oils with
complex additive packages this value may reach 5-10 nm [3, 13].

For a symmetric contact with identical adsorption layers on both surfaces, the distance {'is determined as

{(z)=min(z—h, h—hy—2), 2)

where z is the coordinate in the direction normal to the surface, measured from the lower boundary of the
pseudo-solid layer; & is the total thickness of the lubricating film; 4 is the thickness of the pseudo-solid adsorption
layer on each surface.

The effective thickness of the fluid film, in which hydrodynamic flow occurs, is

h=h—2h. 3)
The friction force is determined by shear in the fluid part:

u

F=pH-A- s
h—2h,

'

where A is the contact area; u is the relative sliding velocity; z is the effective viscosity of the film.
The optimal thickness of the pseudo-solid layer is determined from the condition of minimum friction force:
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This criterion reflects the competition between two opposing trends: on the one hand, an increase in hg
reduces the effective thickness of the fluid film, which at constant 7z leads to an increase in the velocity gradient
and friction force; on the other hand, pseudo-solid layers increase the effective viscosity zz due to high-viscosity
adsorption layers and enhance the hydrodynamic lifting force, which promotes an increase in h and a reduction in
the velocity gradient.

The effective viscosity of the lubricating film is determined by harmonic averaging of the local viscosity
over the thickness of the fluid part:

__h=2n . @
_ B2k,

e
i u(z)

Harmonic averaging is employed because individual layers of the lubricant material act as elements
connected in series that resist shear deformation. This approach is widely used for multilayer media with a non-
uniform distribution of rheological properties.

For a symmetric contact with the viscosity profile (1), the integral in the denominator of (4) is calculated
analytically:
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In the general case, when the adsorption potentials from both surfaces overlap or the contact conditions are
asymmetric, the integral is computed numerically.

Accounting for Non-Newtonian Behaviour. The rheological properties of the bulk oil are described by
the Carreau—Yasuda model [17]:

o)== ) 1+ (7P 7 ©

where ¥ =u/h, is the average shear rate in the fluid part of the film; 4 is the relaxation time; a is the transition
parameter; n is the power-law index; /. is the limiting viscosity at high shear rates. At low shear rates the model
reduces to the Newtonian flow law, whereas at high shear rates it describes shear thinning of the lubricant.

The numerical implementation of the model was performed in the Microsoft Excel environment. Integration
of the viscosity distribution across the thickness of the lubricating film was carried out using the trapezoidal method
with n=200 nodes, which ensured convergence of the results. The model parameters (us, I, hs) were determined
by minimising the root-mean-square deviation between the experimental and calculated values of the friction
coefficient.

The parameters subject to identification include:

s — viscosity of the adsorption layer near the surface;

I, — characteristic decay length of the adsorption potential;

h — thickness of the pseudo-solid adsorption layer.

The other parameters (uo, 4, a, n, u.) were taken in accordance with the experimental conditions and
literature data for base oil I-20A.

Results of Numerical Modeling and Model Verification

The model parameters ys, /, and the optimal thickness of the pseudo-solid layer A, Were identified by
approximating the calculated values of the friction coefficient to the experimental data for base oil I-20A and oils
containing 1.25 and 2.5 wt.% ZDDP using the least-squares method. The optimisation was carried out by the
method of successive approximations in Microsoft Excel, using as the objective function the minimum of the sum
of squared deviations between the calculated and experimental values of the friction coefficient. The identification
results are presented in Table 1.
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Table 1
Model parameters for the investigated oils
Parameter | Base oil I-20A (0% ZDDP) | 1.25 % ZDDP | 2.5 % ZDDP
s, Pass 0.14 0.98 1.68
Hslio 5.0 35.0 60.0
I, nm 2.1 3.8 4.6
s ope NM 0.8 1.4 1.9

Although the identified surface viscosity is one to two orders of magnitude higher than the bulk viscosity,
this parameter characterizes the rheological response of the highly structured adsorption layer rather than the bulk
lubricant and therefore should not be interpreted as the viscosity of the liquid phase.

With increasing ZDDP concentration, a systematic increase in surface viscosity ps, characteristic decay
length 1, and optimal thickness of the pseudo-solid adsorption layer h; is observed.

Calculation of the x({) profile using equation (1) at a fixed bulk viscosity of o = 0.028 Pa-s showed that
for base oil I-20A with the fitted parameters x; = 0.14 Pa-s and /; = 2.1 nm, the viscosity reaches 95% of the bulk
value at a distance of {~ 6 nm from the surface. For oils with ZDDP, the transition zone expands: at z; = 0.98 Pa-s
and /; = 3.8 nm (1.25% ZDDP) and x, = 1.68 Pa-s and /, = 4.6 nm (2.5% ZDDP), the viscosity approaches s only
at a distance of 15-20 nm. This indicates the formation of a thicker and denser polymolecular adsorption layer
upon the introduction of ZDDP, which is consistent with data on the formation of phosphate adsorption complexes
on iron surfaces [5, 13].

Figure 1 presents a comparison of the experimental and calculated dependences of the friction coefficient
on contact pressure.
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0,025 4

= 0,02 -
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For oil with 2.5% ZDDP (calc)

Fig. 1. Dependence of the friction coefficient on contact pressure for base oil
and oils with various ZDDP concentrations

For all investigated oils, the model correctly reproduces the shape of the curves, the position of the friction
coefficient minimum, and the character of the transition between lubrication regimes.

The average relative deviation between calculated and experimental values was 10.2% for the base oil, 7.8%
for the oil with 1.25% ZDDP, and 6.9% for the oil with 2.5% ZDDP.

Based on the experimental and calculated f(P) curves, the characteristic points of the Stribeck diagram have
been determined (Table 2). The data are presented as calculated examples typical for similar tribosystems.

The pressure corresponding to the minimum friction coefficient shifts towards higher values for oils
containing ZDDP. The hydrodynamic lubrication range, defined as the interval from the minimum to the onset of
the sharp increase in friction, expands upon introduction of the additive. The relative expansion of the
hydrodynamic lubrication range is approximately 60% for 1.25% ZDDP and 100% for 2.5% ZDDP compared
with the base oil.

For the oil with 2.5% ZDDP, the friction minimum is flatter (a plateau in the range of 6—10 MPa), indicating
an extended zone of stable hydrodynamic lubrication due to the formation of a thick adsorption—tribochemical
layer with enhanced load-carrying capacity.
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Table 2
Characteristic points of the Stribeck diagram
Parameter Base 0il I-20A (0% ZDDP) | 1.25 % ZDDP | 2.5 % ZDDP
P1 (minimum f), MPa 4-6 6-10 6-10
finin 0.008-0.010 0.005-0.007 | 0.004-0.006
P; (start of f increase), MPa 5-7 8-10 9-12
P; (boundary regime plateau), MPa 9-12 12-16 14-18

The obtained parameters demonstrate a monotonic increase with growing ZDDP concentration. The most
substantial growth is observed for surface viscosity ps: the ratio ps/po changes from 5.0 for the base oil to 35.0 and
60.0 for oils with ZDDP. This indicates enhanced structuring of the lubricant material in near-surface layers upon
introduction of the antiwear additive.

To generalise the results of numerical modelling, dependences of the effective viscosity of the lubricating
film on its thickness have been constructed for the base oil and oils with various ZDDP concentrations (Fig. 2).
The calculated dependences show that at a film thickness 4 < 0.3 um, the effective viscosity of oils with ZDDP
exceeds the corresponding value for the base oil by a factor of 2—4. As the film thickness increases, this effect
gradually decreases: at 4> 1 um the difference is only 5-10%, and at 4 > 2 um all curves practically coincide with
the bulk viscosity of the oil 0 = 0.028 Pa-s. The obtained results indicate that adsorption effects are decisive at a
lubricating film thickness of less than approximately 0.3 pm for the base oil and 0.6-0.8 pum for oils with ZDDP.

0,12 4
0,1 —For base oil (0% ZDDP)
2 =~ For oil with 1.25% ZDDP
o
*E; 0,08 4 = For oil with 2.5% ZDDP
'z
=y
8 0,06
2
>
o
£ 0,04 -
L
i
0,02 4
0 T T T T T T T
0 0,25 0,5 0,75 1 1,25 1.5 1,75
h, pm

Fig. 2. Calculated dependence of the effective viscosity on the lubricating film thickness for the base oil and oils
containing different ZDDP concentrations

A parametric analysis has been conducted of the influence of the characteristic length of the adsorption
layer (/;) and the surface viscosity (u) on the effective viscosity of the lubricating film and the friction coefficient.
At a lubricating film thickness of 2 = 0.5 pm, an increase in /; from 1.0 to 6.0 nm at a fixed value of y; = 0.98 Pa-s
leads to an increase in the effective viscosity from 0.033 to 0.061 Pa-s. At & =5 pum the influence of this parameter
decreases substantially: the effective viscosity exceeds the bulk viscosity zo by only 1.8% and 28.6%, respectively.
Thus, the sensitivity of the model to the parameter /, is greatest in the mixed lubrication region (0.1 < 2 < 1.0 um),
where adsorption phenomena determine the rheological properties of the lubricating film.

A sensitivity analysis performed using normalised partial derivatives at the operating point (P = 8 MPa,
ZDDP concentration 1.25 wt.%) showed that the surface viscosity y (normalised sensitivity coefficient —0.65) and
the characteristic length of the adsorption layer /, (—0.48) have the greatest influence on the friction coefficient,
whereas the influence of the bulk viscosity uo is less pronounced (—0.28). The obtained results indicate that the
tribotechnical characteristics of the oil under thin-film mixed lubrication conditions are determined to a
considerable extent by the structural-rheological properties of the adsorption layer, and not solely by the viscosity
of the base oil.

The average relative deviation between calculated and experimental values of the friction coefficient was
6.9-10.2%. The largest deviations were observed in the region of transition from mixed to hydrodynamic
lubrication regime, which may be associated with the simplified assumptions of the model regarding the properties
of the adsorption layer.
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The proposed model is based on a one-dimensional description of viscosity distribution and does not
account for local temperature non-uniformities, elastic deformation of surfaces, and the kinetics of tribochemical
growth of ZDDP films. The obtained results should be regarded as a description of the rheological contribution of
polymolecular adsorption to the change in the friction coefficient. Further development of the model may be
associated with accounting for elastohydrodynamic effects, temperature dependence of adsorption layer
parameters, and tribochemical kinetics of protective film formation.

Conclusions

1. A numerical rheological model of a thin lubricating oil film has been developed based on the concept of
polymolecular adsorption. The model combines a continuous viscosity distribution within the adsorption layer,
pseudo-solid adsorption layers adjacent to both friction surfaces, and the non-Newtonian rheology of the bulk
lubricant described by the Carreau—Yasuda model.

2. The proposed methodology enables identification of the adsorption-layer parameters from experimental
friction data. The identified parameters demonstrate a systematic increase with increasing ZDDP concentration,
indicating enhanced molecular structuring of the lubricant in the near-surface region.

3. Comparison between calculated and experimental friction coefficients confirmed that the proposed model
adequately reproduces the characteristic shape of the friction—pressure relationship over the investigated range of
contact pressures. The obtained agreement indicates that the model captures the principal rheological features
governing friction under mixed lubrication conditions.

4. The obtained results suggest that, in addition to the well-established tribochemical action of ZDDP,
adsorption-induced changes in the rheological properties of the lubricating film may contribute to friction
reduction. The proposed model therefore provides a complementary physical interpretation of the influence of
anti-wear additives on tribological behaviour.

5. The developed numerical approach is implemented in Microsoft Excel and does not require specialized
computational software. Owing to its engineering-oriented formulation, the model may be applied for comparative
evaluation of lubricant formulations, identification of adsorption-layer parameters, and preliminary prediction of
tribological performance in plain bearings operating under mixed lubrication conditions.

Future work will focus on incorporating elastohydrodynamic effects, temperature-dependent rheological
properties, and tribochemical film growth kinetics to extend the applicability of the proposed model to a wider
range of operating conditions.
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Jlpau L., lnxa M., Toeriok JI, UncenbHe peosioriune MoJIENOBAHHs TOHKOTO IIapy MOTOPHOI OJIMBHU 3
ypaxXyBaHHAM MOJIIMOJIEKYILIPHOT ancop6iiil Ta BBy ZDDP

Po3pobieHo Ta BepHdikOBaHO UHCEIbHY PEOJOTIYHY MOJENb TOHKOIO IIAPy MOTOPHOI OIMBH 3
ypaxyBaHHSAM TMOJIMOJIEKYIAPHOI aJcopOIii, NCEeBIOTBEPANX aACOPOIIMHMX WApiB i BIUIMBY HPOTH3HOCHOT
npucanx ZDDP Ha peoJoriuHi BIacTHBOCTI 3Ma3yBalbHOTO mIapy. i omucy po3Mmoaily B'S3KOCTi B TOBIIHI
3Ma3yBalbHOTO WAPY aJalTOBAHO PEOJOTidHY MOJENIb, MOOYTOBaHY HAa OCHOBi KOHIEMNIl ancopOiiitHoro
noteHiany ITomani. Jlo Momeni BBEIEHO MCEBROTBEPAL ajcopOiiiiHi mapu Ha 000X MOBEPXHAX TEpTs, a
e(eKTUBHY B'I3KICTh BU3HAYCHO METOJIOM TapMOHIIHOTO YCEPEIHEHHS 3 YHUCEIbHHM iHTEIPYBaHHAM METOJIOM
Tpaneniit (n = 200), peanizoBanum y Microsoft Excel. HeHploTOHIBCbKe 3piKeHHS MacTia BpaxoBaHO 3a
momemmo Kappo—Slcymn. Ilapamerpu Mozmeni BH3HAYWANM IUIAXOM — Y3TO/DKCHHS —PO3PAaXyHKOBHX 1
EKCHEePUMEHTAILHUX 3HaUCHb koedirienTa TepTs mist 6a3oBoi oymsu I-20A Ta onus i3 BMictom ZDDP 1,251 2,5
Mac. %. BcTaHOBICHO 3pocTaHHs MapaMeTpiB ancopOiiiiHoro mapy 3i 36imbuIeHHAM KoHIEHTparii ZDDP:
B'3KiCTh NPUMOBEPXHEBOTO WAPY (s 30inbIumnacs Bix 0,14 1o 1,68 Ia-c, xapakTepHa JJoBxHHa cnaty /, —Bin2,1
710 4,6 HM, a ONTHMabHa TOBIIMHA ICEBIOTBEpIOro mapy /i — Bin 0,8 mo 1,9 um. CepenHe BimHOCHE BiIXMICHHSL
MK PO3paxyHKOBMMH Ta €KCHEPHMEHTAIbHUMM 3HaYEHHAMM koedillieHTa TepTsa cranoBwmio 6,9-10,2 %, mo
MITBEP/DKY€E 3aTOBUIBHY Y3TOKCHICTh MOJEN 3 EKCIEPHUMEHTAIbHUMH JaHUMH. P03paxyHKOBHIl THCK, IO
BiamoBinae MiniMyMy KoedirieHTa TepTs, 3MityeTbes npudnu3Ho 3 5 MITa st 6a30B0i onusH Jo 61m3bko 8 MIla
Juist onus i3 ZDDP, 1110 cBiMYHTH PO po3iIMpeHHs o6JacTi rizpoguHaMitHoro MarmeHHs. HaykoBa HOBH3Ha.
Po3po6iieHa YHCENbHA PEONIOT{YHA MOJENb TOHKOTO 3Ma3yBaJbHOTO WIAPY € HOBUM YHCJIOBHM IIiJXOJOM, IO
MOEHY€E TOTIMOJICKYIISPHY aJCcopOILifo, KOHIENIHI MCEBIOTBEPANX aICOPOIIHHMX IIapiB i HEHBIOTOHIBCHKY
peotorito Mactiia. OTpuMaHi pe3yisTaTH CBiYaTh, 1110 MOPAL i3 TPHOOXIMIYHUMH MPOIECaMH iCTOTHHIT BHECOK
y 3HIDKCHHS TepTsS B 30HI 3MIlIAHOTO MaIlCHHA MOXE 3a0e3ledyBaTH MiABUINCHHA e(hEKTUBHOI B'A3KOCTI
MOJIIMOJICKYJISIPHOTO acopOIiiiHoro mapy. 3amponoHOBaHa METOJMMKA, pealizoBaHa B cepenoBuii Microsoft
Excel, mae 3mory imeHTH}ikyBaTH mapaMeTpd MOJENi Ta HPOTHO3yBAaTH TPHUOOTEXHIUHI XapaKTEPHCTHUKU
MAacCTHIBHHX MaTepiani 6e3 BUKOPHCTAHHS CHeIliali30BaHOTO MPOrpaMHoOro 3abesnedeHts. Po3pobuennii miaxin
MoOe OYTH BHKOPUCTAHMH I iHXKCHEPHOTO OIiHIOBaHHA BIUIMBY KoHIeHTpanii ZDDP na TpuborexHiuni
BJIACTUBOCTi MOTOPHHX OJIMB JUIs MiMIIUITHUKIB KOB3aHHA.

KurrouoBi cjioBa: TOHKOLIApOBE MalleHHs, MOJIMOJNEKyIsipHa ancopOis, ZDDP, mcesnoTBepauit
a/IcopOIiiiHNMii map, eeKTHBHA B'S3KICTh, PEOJIOTiYHE MOJIEIIOBAHH, KOSIIHEHT TepTsL.
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Abstract

The dynamic behavior of a journal bearing during sudden rotor stoppage is investigated using a
mathematical model that accounts for the inertial properties of the rotor and the pressure dependence of lubricant
viscosity. The lubricant viscosity is described by the Barus law, and the pressure distribution in the lubricant film
is determined from the Reynolds equation for one-dimensional flow with variable viscosity. The resultant
hydrodynamic force is incorporated into the second-order equation of motion of the rotor—bearing system. A
sinusoidal half-wave is used to represent the external impact load, and the resulting nonlinear differential equation
is solved numerically. The transient variation of lubricant-film thickness and maximum lubricant-film pressure is
analyzed during the impact and after removal of the load. For the investigated conditions, the maximum pressure
in the lubricant film reaches approximately 74 MPa and subsequently decreases to low-amplitude oscillations
around a mean value of about 14 MPa. The lubricant-film thickness remains sufficient to preserve film integrity
throughout the considered transient process. Comparison with the approximate approach shows that the latter
overestimates the displacement, velocity, and pressure responses. The proposed model can be used to assess the
dynamic behavior and impact resistance of journal bearings under sudden rotor stoppage and impact loading

Keywords: journal bearing, sudden rotor stoppage, impact loading, rotor inertia, lubricant viscosity,
pressure dependence, lubricant film, dynamic analysis, impact resistance.

Introduction

Rapid stoppage of rotating machinery can generate transient impact loads in journal bearings and cause a
substantial reduction in the hydrodynamic load-carrying capacity of the lubricant film. The resulting transient
motion of the rotor relative to the bearing may lead to a significant decrease in lubricant-film thickness and a
corresponding increase in pressure within the lubricating layer. Therefore, the dynamic behavior of journal
bearings during sudden rotor stoppage is an important factor in assessing their reliability and resistance to impact
loading. The analysis of transient processes in journal bearings traditionally relies on hydrodynamic lubrication
theory based on the Reynolds equation. In many engineering calculations, the lubricant viscosity is assumed to be
constant and the inertia of the rotor is neglected. Such assumptions simplify the governing equations but may limit
the accuracy of the predicted transient response, particularly under relatively high impact loads.

An important factor affecting the dynamic characteristics of the lubricant film is the pressure dependence
of lubricant viscosity. This effect can be described using the Barus relation, according to which lubricant viscosity
increases with pressure. Accounting for this dependence makes it possible to obtain a more realistic description
of the pressure distribution and load-carrying capacity of the lubricant film under transient conditions. The
influence of lubricant viscosity on the impact resistance of journal bearings has been considered in previous
studies, including approaches based on approximate solutions.

At the same time, the inertia of the rotor may play a significant role in the transient response of the rotor—
bearing system. When rotor acceleration is neglected, the governing equation is reduced to a first-order nonlinear
differential equation, whose numerical implementation may be associated with computational instability.
Including the inertial force of the rotor leads to a second-order equation of motion that provides a direct description
of the dynamic process and is convenient for numerical solution.

Copyright © 2026 D.D. Marchenko, K.S. Matvyeyeva. 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
E properly cited.
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Literature review

The performance of journal bearings is strongly influenced by lubricant properties, which affect the load-
carrying capacity, minimum lubricant-film thickness, maximum pressure, and dynamic characteristics of the
bearing [1]. These relationships provide a theoretical basis for determining the initial operating conditions of a
journal bearing and remain widely used in engineering analysis.

The dynamic response of journal bearings under rapidly changing loads has subsequently attracted
considerable attention. Transient behavior under dynamic and suddenly applied loads has been investigated, with
particular attention to journal misalignment, lubricant-film thickness, maximum film pressure, and journal motion
[2]. The dependence of lubricant viscosity on pressure has also been considered, and an approximate solution for
the transient problem has been obtained [3]. These studies established the basis for assessing the influence of
lubricant properties on the impact resistance of journal bearings.

More recent studies have significantly expanded the range of physical effects considered in transient
journal-bearing models. An analytical solution for the dynamic forces generated by lubricated long journal
bearings under dynamic loading has been developed. By analytically integrating the Reynolds equation using
Sommerfeld variables, expressions for dynamic lubricant forces have been obtained and squeeze-film and
hydrodynamic contributions have been separated, reducing the dependence on classical approximate solutions [4].

Particular attention in recent research has been given to the coupled dynamics of the rotor and bearing under
nonstationary loading. A dynamic misalignment model coupled with rotor dynamics and transient mixed
elastohydrodynamic lubrication has been proposed. The results demonstrated that dynamic misalignment can
substantially influence the transient lubrication characteristics, particularly under nonstationary operating
conditions. The model incorporated journal-center translation, surface roughness, cavitation, and elastic
deformation of the bearing [5]. The influence of bearing deformation under impact loading has also been
investigated. A transient mixed-lubrication model accounting for the coupled effects of journal misalignment and
bearing viscoelastic deformation was developed in [6]. The results showed that the effects of deformation become
particularly important at high rotational speeds, heavy loads, and rapidly changing impact loads, where neglecting
the compliance of the bearing structure may lead to less realistic predictions of lubrication performance. For
marine applications, the nonlinear tribo-dynamic behavior and transient stability of offset-halves journal bearings
under sudden loading have been investigated [7]. The thermo-elasto-hydrodynamic model considered load
amplitude, bearing geometry, and lubricant properties and demonstrated that these parameters significantly affect
the transient response and stability of the bearing—rotor system. Recent research has also demonstrated the
importance of considering thermal effects and time-varying operating conditions. A transient thermal
elastohydrodynamic model of a journal-thrust coupled bearing subjected to time-varying loads was developed [8].
The study showed that the coupled thermal-pressure effects can significantly influence transient lubrication
characteristics and therefore should not be neglected when analyzing bearings under realistic dynamic operating
conditions. In addition, transient lubrication models are increasingly being coupled with wear and surface-contact
phenomena. This development is associated with the fact that the operating conditions of journal bearings during
start-up and other nonstationary regimes are accompanied by significant changes in the lubricant-film thickness,
local contact conditions, and hydrodynamic pressure distribution. Under such conditions, the interaction between
the bearing surfaces may become more pronounced, and the simultaneous consideration of lubrication, mechanical
contact, and wear becomes important for a reliable assessment of bearing performance. A tribo-dynamic model of
a hydrodynamic bearing—rotor system under start-up conditions has been developed, accounting for misalignment,
wear, rotor imbalance, surface contact, and elastic deformation [9]. The results demonstrate that these factors are
mutually coupled and may considerably affect the transient response of the bearing—rotor system. In particular,
the interaction between transient lubrication and rotor dynamics becomes important during nonstationary
operating regimes, when the journal position, lubricant-film characteristics, and mechanical loading change
continuously with time. These approaches indicate that the analysis of journal bearings under transient conditions
should consider not only the hydrodynamic pressure field but also the changes in contact and surface conditions
associated with wear and deformation. The influence of piezoviscous effects on journal-bearing characteristics
has also been investigated for different bearing configurations. The pressure dependence of lubricant viscosity
becomes especially important in regimes characterized by high local pressures, because an increase in pressure
leads to a corresponding increase in lubricant viscosity and therefore changes the hydrodynamic resistance and
pressure distribution within the lubricant film. This effect may alter the load-carrying capacity of the bearing and
influence the dynamic characteristics of the lubricated contact. Modern lubrication models incorporating
piezoviscous behavior have therefore been used to obtain a more realistic description of pressure generation in the
lubricant layer under elevated-pressure conditions [10]. The results indicate that pressure-dependent viscosity
affects lubricant-film pressure, stiffness, damping, and friction characteristics. Consequently, the assumption of
constant lubricant viscosity may lead to deviations in the predicted dynamic response of a journal bearing,
particularly when the bearing operates under high transient loads. This confirms the relevance of incorporating
pressure-dependent viscosity into mathematical models intended for the analysis of short-duration dynamic and
impact processes.

Recent tribo-dynamic models have also incorporated additional coupled effects, including journal axial
motion and misalignment, to describe complex transient behavior under dynamic loading [11]. Such approaches
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extend conventional two-dimensional descriptions of journal-bearing operation by considering additional degrees
of freedom of the journal and the possibility of simultaneous translational and axial motion. Misalignment may
modify the local lubricant-film geometry and produce a nonuniform pressure distribution along the bearing width,
while axial motion may further alter the temporal evolution of the lubricant-film state. Accounting for these effects
allows a more comprehensive representation of the actual transient behavior of bearing systems subjected to
dynamic loading. The results of such studies demonstrate that the response of a lubricated bearing may depend on
the coupling between the journal motion, bearing geometry, and lubrication conditions, which should be taken
into account when developing more general rotor—bearing dynamic models.

Wear-related effects are also important for assessing the long-term performance of sliding bearings. In
addition to the instantaneous hydrodynamic response, the reliability of a sliding bearing is determined by the
ability of the friction surfaces to maintain their functional characteristics during repeated loading and sliding. Wear
changes the geometry of the contacting surfaces and may consequently alter the lubricant-film thickness, contact
pressure, and operating conditions of the tribosystem. A calculation-experimental approach based on contact
pressure and sliding velocity has been proposed for predicting wear and evaluating the wear resistance of
cylindrical sliding bearings [12]. Such approaches make it possible to relate the kinematic and loading parameters
of the tribosystem to the evolution of wear and provide additional information for assessing bearing durability.
Although wear is not directly considered in the present transient model, the results of these studies indicate that
the evolution of the friction surfaces is an important factor in the long-term assessment of sliding-bearing
performance and should be considered in further development of dynamic models.

The wear resistance of friction elements is also affected by the conditions of surface interaction and
lubrication. The state of the surface layer, the characteristics of the contact interaction, and the availability of
lubricant may determine the intensity of material removal and the stability of the friction process. Experimental
investigations of surface plastic deformation have demonstrated that the technological conditions of surface
treatment can significantly influence the wear resistance of friction tools and contacting surfaces [13]. These
results are relevant to the analysis of sliding bearings because the functional characteristics of the mating surfaces
are directly related to the ability of the lubricant film to separate the surfaces during operation. Therefore,
consideration of the condition and wear resistance of the friction surfaces complements the hydrodynamic analysis
and provides a more comprehensive basis for evaluating the reliability of tribological systems.

Transient tribo-dynamic analysis has also been coupled with wear modeling to evaluate the evolution of
lubricant-film and wear characteristics during nonstationary operation. Such models make it possible to analyze
the mutual influence of the changing lubricant-film state and the gradual modification of the friction surfaces
during transient processes. The influence of acceleration mode, acceleration time, external load, lubricant
viscosity, and operating time on the transient response has been analyzed [14]. The results demonstrate that the
transient behavior of a bearing is determined not only by the instantaneous value of the external load but also by
the manner in which the loading is introduced and by the duration of the transient regime. These findings are
particularly relevant to start-up and other rapidly changing operating conditions, where the lubricant film does not
immediately reach a steady state and the bearing response is governed by coupled dynamic and tribological
processes. Recent studies have further considered viscosity variation in rough and non-conventional bearing
configurations, demonstrating the influence of viscosity variation on pressure distribution and load-carrying
capacity [15]. Consideration of variable lubricant viscosity allows the influence of pressure and other physical
effects on the formation of the lubricant film to be described more accurately than in models based on the constant-
viscosity assumption. At the same time, bearing surface roughness and deviations from conventional geometry
may alter the local film profile and pressure field, thereby affecting the overall load-carrying behavior of the
lubricated contact. These results further confirm that the rheological properties of the lubricant and the geometric
characteristics of the bearing should be considered jointly when analyzing bearing operation under nonstationary
and elevated-pressure conditions.

Despite these advances, the specific problem of sudden rotor stoppage in a journal bearing with
simultaneous consideration of rotor inertia and pressure-dependent lubricant viscosity remains insufficiently
investigated. Most recent models focus on misalignment, thermal effects, viscoelastic deformation, wear, or
complex bearing geometries, whereas the combined influence of rotor inertial loading and piezoviscous effects
during the short transient following sudden stoppage requires further study. In particular, the interaction between
the rapidly changing motion of the journal and the pressure-dependent rheological response of the lubricant may
substantially affect the evolution of the Iubricant-film thickness and the maximum pressure during the impact
event. This provides the motivation for the present work, which develops and numerically analyzes a dynamic
model of a journal bearing during sudden rotor stoppage with pressure-dependent lubricant viscosity and rotor
nertia.

Purpose
The purpose of this study is to develop and numerically investigate a mathematical model of the transient

dynamics of a journal bearing during sudden rotor stoppage, taking into account the rotor inertial properties and
the pressure dependence of lubricant viscosity. Particular attention is given to determining the transient variation
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of lubricant-film thickness and pressure during impact loading and after its removal, as well as to assessing the
influence of the considered physical factors on the impact resistance and serviceability of the journal bearing.

Research methodology

The study is based on the hydrodynamic theory of lubrication and numerical analysis of the transient motion
of a rotor—journal bearing system subjected to sudden rotor stoppage. An infinitely long journal bearing with a
rigid bearing liner is considered. The lubricant viscosity is assumed to depend on pressure according to the Barus
law:

1= poe®,

where p, — is the lubricant viscosity at atmospheric pressure, @ — is the piezoviscosity coefficient, and p — is the
local pressure in the lubricant film.

The pressure distribution in the lubricant film is determined from the one-dimensional Reynolds equation
for a lubricant with variable viscosity. The equation is transformed from the linear coordinate to the angular
coordinate of the journal, while the time-dependent lubricant-film thickness and the velocity of approach between
the journal and bearing liner are taken into account. The resulting equation is integrated subject to the
corresponding boundary conditions, yielding the pressure distribution in the lubricant film.

The resultant hydrodynamic force generated by the lubricant film is obtained by integrating the pressure
distribution over the bearing surface. To describe the transient motion of the rotor, the inertial force of the rotor is
included in the equation of motion. This results in a second-order differential equation governing the relative
motion of the rotor and bearing liner. The rotor mass is expressed in terms of the initial mean pressure in the
bearing and the gravitational acceleration.

The impact load is represented by a sinusoidal half-wave characterized by an overload factor k and an
impact duration At. A dimensionless time variable is introduced to facilitate the numerical solution of the
governing equation. The initial relative eccentricity is determined using relationships between the eccentricity
ratio and the Sommerfeld number derived from classical hydrodynamic lubrication theory. Since sudden rotor
stoppage produces a soft impact, the initial rate of change of relative eccentricity is taken to be zero.

The resulting nonlinear differential equation is solved numerically over a time interval covering both the
impact stage and the subsequent post-impact response. The principal quantities evaluated are the time-dependent
lubricant-film thickness and the maximum pressure in the lubricant film. The calculated results are then used to
assess the transient behavior and impact resistance of the journal bearing.

Research results

The calculation scheme is shown in Fig. 1. Assume that the lubricant viscosity follows the Barus law.
® = uo exp(aop), (1)
where i, — is the viscosity at atmospheric pressure; @, — is the piezoviscosity coefficient; p — is the pressure at an
arbitrary point of the lubricant film.

Fig. 1. Computational model of a journal bearing subjected to sudden rotor stoppage

The Reynolds equation for one-dimensional flow of a lubricant with variable viscosity has the form:

. . . a
where h = h(¢p) — is the lubricant-film thickness; ﬁ
velocity component directed normal to the surface at the given point; V — the velocity of approach of the journal
to the bearing liner; x — is the linear coordinate.

— is the pressure gradient; W,, = V cos ¢ — is the journal
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Passing to the angular coordinate ¢ and substituting the expressions for the lubricant-film thickness and
the approach velocity of the surfaces:

h=rp(1 — ycos ), )
V=202 eyt 3)
dt dt

where ¢ = (R — r)/r — is the dimensionless radial clearance; y = e/(R — r) — is the dimensionless eccentricity;
t — is time.

Integrating the resulting equation twice with respect to ¢, taking into account the boundary conditions
dp/0p =0ate =0andp = 0 at ¢ = + /2. We obtain the pressure distribution function:

pp;0) = —-in{1 - 252 [ — 1] ],

Introduce a change of variable by defining the dimensionless time 7 according to:
_ 6uoao
£= oy, )

2

then the pressure distribution function takes the following form:

plo0) = ——inf{1 -2 [c——s-1]} 5)

where y' = dy/dt.
The projections of the pressure forces onto the vertical axis produce the resultant force of the lubricant film,
equal to

/2 2rl /2 ’ 1
A = 2017 (g0 cos p dp = — (1 in{1 = F{emiis — 1} cos o,
where [ — is the bearing liner length.

The integral appearing on the right-hand side of the last expression can be found in analytical form. Thus,

we obtain
2rl

B =700 x), (6)
where
Tx) = leﬁ G + arcsin)() - J1b—27b2 (n + arcsin bz) \/11)7( + arcsin b3) (7)

by =x+x"—vJx&x+x") by =x+x"+Jx' (x+x").

If, as is customary in practical calculations, acceleration and, consequently, the inertial load of the rotor are
neglected, the resultant force F; (7) of the lubricant film should be equated to the external dynamic load F (7). As
a result, a first-order differential equation is obtained that is not solved explicitly for the derivative y'. In most
practically important cases, it can be solved with respect to the independent variable 7 and therefore admits a
parametric representation of the solution:

{T = f1(0);

X' = f00-

It should be noted, however, that the numerical implementation of this solution method is complicated by
the instability of the computational process, requiring, at a minimum, calculations with double precision. On the
other hand, the equation accounting for the inertial force of the rotor, although it is of second order, can be solved
on a computer without any difficulty. Taking the above into account, write the equation in the following form:

dzh(o) 2rl

e T Tx)=FQ, ®)

where m — is the rotor mass; F(t) — is the prescribed external excitation.
Passing to dimensionless time according to relation (4) and taking equation (2) into account, we obtaint

h(0) = rp(1 =),

d%h(0) da?x s,
= = _ 9
dt? dt? 36;130(%)( > ©)

where y" = d2y/dz?.
Let the rotor mass be represented as
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m=G/g=po2rl/g, (10)

where p, — is the initial, at T = 0, mean pressure on the bearing liner; g = 9.81 ms? — is the gravitational
acceleration.
Substituting expressions (9) and (10) into equation (8), we obtain

por® 2L +2 =
36udaog 060 T(X X) F(T)
or
Poﬁl’ "
X"+ TC0X) = f(0), (1n)

where f (1) = agF(t)/(2rl).
If, for example, the external impact F (t) is specified in the form of a sinusoidal half-wave

k si i <t<
G(1+ smEt) npu 0 <t < At,

F(t) = {
0 nput > At,

where k — is the overload factor, At — is the duration of the impact load; then the function f(7) takes the

corresponding form

T
f@) = {poao (1 +k sin?) mpu0<71<T,

Polo nput>T,
where
_ Y3At
" empoao’

Then the equation of motion (11) can be written in the following form:

36#0“0!] 36“0‘7‘09
BT (1) = (1+ksin2), (12)

where as at 7 > T one should set k = 0.

It remains to determine the initial conditions for integration of equation (12). The initial value of the relative
eccentricity can be obtained from the classical hydrodynamic theory of lubrication of a rotating rotor. In practice,
the values y, are determined from tables, which is inconvenient when solving problems on a computer.

For practical calculations, approximate relationships can be used, since, within the considered range of
relative eccentricities 0.3 < y, < 0.7, a simple relationship exists between the values of y, and the Sommerfeld
numbers

_ po?
SO - ﬂ—w,
where w — is the angular velocity of the rotor before its sudden stoppage. For the specified range, the value y, can
be determined with sufficient accuracy from the formula

Xo = Qg + bo lnSO,

where the constants a, and b, depend only on the ratio of the bearing liner length to its diameter.

Let us determine the initial value of the derivative y,. The sudden stoppage of the rotor causes the load-
carrying capacity of the lubricant film associated with circumferential velocity to instantly decrease from a certain
steady-state value to zero. A corresponding finite discontinuity is also experienced by the acceleration of the rotor
center of gravity. Thus, a “soft” impact occurs, in which the velocity does not change discontinuously. Therefore,
the initial value ', should be taken as zero.

The results of the numerical solution of the equation for the following parameter values are given below:
r=0.075m,l/2r = 1,p = 6MPa,u, = 0.03Pa s, a, = 0.14-1077Pa 1,3y = 1-1073,w = 31457 %,a, =
0.5329, b, = 0.25.

The duration of the impact load was At = 0.02 s, the overload factor was k = 5, the initial value of the
relative eccentricity y, = 0.399.

The calculation was performed for a time interval equal to 2At in order to investigate the behavior of the
shaft-bearing dynamic system during the impact and after removal of the load. Simultaneously with determining
the values of y Ta ¥’ the maximum pressure in the lubricant film corresponding to these values was calculated

@ =0:
1 x' 1
Pmax = 74" x LA = x)?
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The graphs y(t), x'(t), i Pmax (t) are shown in Figs. 2 and 3. As can be seen from the figures, the lubricant-
film thickness initially decreases rather rapidly, but then the rate of its change decreases sharply and, after the
impact ceases, is ' = 0.005, which corresponds to a linear approach velocity of the shaft and bearing liner of less
than 0.15 mm/s. At large values of t the lubricant-film thickness remains sufficient (h,,; > 10 pm) to maintain
its integrity, significantly exceeding the height of the surface roughness of the friction surfaces. The maximum
pressure in the lubricant film initially increases to 74 MPa, then decreases sharply and, after removal of the impact,
oscillates with a small amplitude around the mean value of 14 MPa.
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Fig. 2. Dependence of the lubricant film thickness on time under impact loading
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Fig. 3. Dependence of the maximum pressure in the lubricant film on time under impact loading

Comparison with calculations based on an approximate approach shows differences in the predicted
displacements, velocities, and pressures, with the approximate approach providing higher values. Thus, the
approximate approach can be used for assessing the serviceability of journal bearings under impact loading.

Finally, it should be noted that calculating the impact resistance of bearings at high overload factors requires
taking the elasticity of the bearing liner into account. Such studies will be carried out in the future; however, it can
already be noted that the compliance of the foundation leads to an increase in lubricant-film thickness and
improves the impact resistance of bearings.

Conclusions

A mathematical model of the transient dynamics of a journal bearing during sudden rotor stoppage has been
developed, accounting for rotor inertia and the pressure dependence of lubricant viscosity described by the Barus
law.

The numerical results demonstrate a pronounced transient response of the rotor—bearing system after rotor
stoppage. The lubricant-film thickness initially decreases rapidly, while the rate of its reduction subsequently
decreases, allowing the lubricant film to remain continuous during the considered impact event.

Under the investigated impact conditions, the maximum lubricant-film pressure reaches approximately 74
MPa and subsequently decreases to low-amplitude oscillations around a mean value of about 14 MPa. These results
indicate that the bearing retains its load-carrying capacity after the impact load is removed.

Comparison with the approximate approach shows that the approximate method overestimates the
displacement, velocity, and pressure responses. Nevertheless, it can be used for preliminary engineering
assessment of the serviceability and impact resistance of journal bearings. For higher overload factors, the model
should additionally account for the elastic compliance of the bearing liner and its support.
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Mapuenko 1./1., MaTtBeeBa K.C. /luHaMika MiIIIMITHUKA KOB3aHHS MPH PaNTOBil 3YNMUHII poTOpa 3
ypaxyBaHHsIM IHEPI[IHHUX BIACTHBOCTEH Ta TUCKO3AJICKHOI B I3KOCTI MacTHIIa

JocmimkeHo THHAMIYHY MTOBEIIHKY ITiANTHITHAKA KOB3aHHS IIPU PAITOBii 3yIHHII pOTOpa 3 YpaxyBaHHIM
IHepIIHUX BIACTHBOCTEH pPOTOpa Ta 3aJISKHOCTI B S3KOCTI MacTHWia Biff TUCKY. B’A3KiCTh MacThia OMHUCAaHO
3akoHOM bapyca, a po3momin THCKYy B MacTHIBHOMY IIapi BH3HAYCHO Ha OCHOBI piBHSHHA PeltHonpnaca mis
OJTHOBHMIPHOTO PyXy MacTHIIa 31 3MiHHOIO B’ SI3KICTIO. Pe3yIpTyIody riipoiHaMivHy CHITy BpaXxOBaHO B PiBHSHHI
PYXY pOTOpa—TIiJIINIHUKA APYTOTO MOPAIKY. 3OBHIIIHIO yIApHY IO 3aJaHO y BUTJIAAL MIBXBWII CHHYCOiIH, a
OTpUMaHe HeJiHiifHe audepeHmianpHe PIiBHAHHSA pO3B’s3aHO umcenbHO. [IpoaHanizoBaHO 3MiHY TOBIIMHHU
MacTHJIBHOIO Iapy Ta MaKCHMaJbHOTO THCKY B HBOMY IiJ 4ac yaapHoi aii Ta micns 1 npunuHeHHs. 3a
JOCHIDKYBAaHUX YMOB MaKCUMAaJbHUH THCK y MacTWJIBHOMY Iapi gocsirae npubmusHo 74 Mlla, micns voro
3MEHILYETHCS Ta 3/1IHCHIOE KOJIMBAHHS 3 MAJIOI0 aMILIITYIO0 HaBKOJIO CEepeIHbOro 3HaueHHs O0mm3bko 14 MIla.
ToBImMHA MAaCTUIILHOTO APy MPOTSTOM JOCIIKYBAaHOTO MEPEXiJHOTO MPOLECY 3aJIUIIAETHCS JOCTATHBOIO LIS
30epexKCHHST WOro IUTICHOCTI. [IOpiBHAHHS 3 HaONM)KEHUM METOJOM II0Ka3ajo, IO OCTaHHIA Jla€ 3aBHUINCHI
3HA4YEHHS MePEMIIeHb, IIBUAKOCTEH 1 THCKIB. 3alIpOIIOHOBaHAa MOJENb MOKe OyTH BUKOPHCTaHAa JJIsl OL[IHIOBaHHS
JTUHAMIYHOI MTOBEIIHKU Ta yIAPOCTIMKOCTI IiAMIMITHUKIB KOB3aHHS IIPH PaNTOBil 3YIMUHII pOTOpa Ta YAAPHOMY
HaBaHTAXCHHI.

KarouoBi ciioBa: MiIIMITHUK KOB3aHHS, pPAaNnTOBa 3YMHUHKA POTOpPA, yAApHE HABAHTAKCHHS, 1HEPILis
poTopa, B’A3KICTb MAacCTHJA, 3aJEKHICTh B’SI3KOCTI Bi THUCKY, MACTHIBHHK MIap, AWHAMIYHUHN aHai3;
YAapOCTIHKICTh
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Abstract

Based on the newly developed interferometric test stand for evaluating lubricant film thickness — which
enables the high-precision recording and analysis of transient processes under EHD lubrication conditions in the
local friction contact zone of the non-conforming assemblies with varying actual contact geometries — across a
wide range of operating (kinematic and load) parameters, an assessment was made of the influence of velocity,
contact load, friction pair materials, the rheological properties of the lubricants and the geometry of the contact
shape on the process of forming the minimum and central thicknesses of the lubricant film and the lubricating
action of oils within the framework of determining the lubricant film parameter.

Key words: lubricating action of oils, elastohydrodynamic (EHD) lubrication, interferometric test stand,
lubricant film thickness, local friction contact zone, non-conforming assemblies, contact geometries, actual contact
shape, rheological properties, elliptical contact, point contact, ellipticity parameter.

An overview of unresolved issues based on the latest research and publications

Improving the lubricating performance of oils in bearing assemblies with localized contact is currently a
promising and effective method for optimizing the design of rolling bearings by modifying the geometry of the
contact patch and rationally selecting lubricants based on their viscosity and rheological properties. Ultimately,
this leads to an increase in the service life of rolling bearing friction pairs (Fujita et al., 2019; Morales-Espejel &
Félix-Quifionez, 2021).

Theories of contact mechanics and lubrication, particularly the EHD theory, were originally based on the
mechanics of continuous media, which assumes homogeneous and continuous (Newtonian) properties of
lubricants regardless of scale in space and time. This approach is often valid when solving scientific and
engineering problems related to surface interactions on a macroscopic scale. However, it has become clear that
macroscale phenomena-such as load-carrying capacity, performance, efficiency and durability/reliability of
various machines and their components-depend to a significant extent on the properties of interfaces at the macro-
and microscales, where approaches that go beyond the mechanics of continuous liquid are required. Using existing
EHD models, for example, it is possible to numerically simulate the entire transition from full-film (liquid)
lubrication to mixed lubrication, or to boundary lubrication and surface contact, and the calculated thickness of
the lubricant film can be as small as a few micrometers or even a few nanometers.

However, key questions remain unanswered, such as: Can we reliably predict interphase mechanisms using
a model based on continuum mechanics if the thickness of the lubricating film is of the same order of magnitude
as the oil molecules? What is the scope of application of the EHD theory? How can we model microfilms, which
are commonly found under EHD and mixed lubrication conditions?

Comprehensive models and methods are currently being developed that combine continuum mechanics
with the simulation of events at the micro- and even molecular levels. Recent studies include the work of Faraji et
al. (2023) and Liu et al. (2020), among others. This appears to be a new and promising area of interfacial research.
The mechanics of interphase regions allows for a better description of the complex nature of future studies and
may be closely linked to research projects that delve into surface interactions. Today, there is a modern approach
to lubrication regimes based on the consideration of two main physical aspects: elastic deformations of friction
surfaces and the piezo viscosity coefficient of lubricant films (Kaneko, 2022, 2023, 2024a, 2024b, 2025). Thus,
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the characteristics of the EHD lubrication regime lie in the formation of high pressure in the local friction contact
zone, which leads to an increase in oil viscosity and elastic deformation of the interacting friction surfaces, thereby
promoting the formation of a hydrodynamic lubricating film. This lubrication regime is predominantly observed
in non-conformal friction assemblies (bearing assemblies) with a localized contact configuration. Under heavy
loads, the pressure generated in the contact zone reaches 1 GPa. Since the lubrication regime is a complex
phenomenon, there is a need to improve experimental methods for measuring lubricant film thickness and to
conduct a comparative evaluation of calculated and experimental data on lubricant film thickness during the
development of a mathematical model.

Problem Statement

The analysis of the characteristics of EHD lubrication discussed above showed that this operating regime
is typical of non-conformal contact lubrication, which ensures minimal friction and a long service life for machine
components. This occurs due to the formation of a continuous lubricating film, which prevents direct contact
between the micro-irregularities of the contacting friction surfaces, as determined by the lubricating film parameter
A according to the following expression:

A= hmin ’ (])

2 2
R31tR32

where hmin — minimum thickness of the lubricating film in the local contact zone for EHD friction
conditions;

VR%; + RZ, — the arithmetic mean deviation of the roughness profile from the centerline for each surface
of a friction pair.

In this regime, the lubricating action of oils in the local contact zone will depend on the geometry of the
actual contact shape and the rheological and viscosity properties of the lubricant film, since the pressure increases
significantly under load, especially in the zone at the exit from the contact. Therefore, considering the geometry
of the contact shape by evaluating the ellipticity coefficient and selecting the elastic-piezo viscous regime by
evaluating the piezo viscosity coefficient will allow for a more accurate assessment of the lubricant film thickness
under real operating conditions for bearing friction assemblies.

Thus, solving the multifactorial problem of estimating the lubricant film thickness under EHD lubrication
conditions for non-conforming (bearing) friction assemblies requires the use of modern automated equipment
capable of evaluating the transient processes occurring in the lubricant film within the actual local friction contact
zone. Experimental methods for measuring the thickness of the lubricant film in the EHD lubrication systems in
the local contact zone can be divided into the following groups: electrical, X-ray, acoustic, and optical methods.

Currently, optical measurement methods are the most accurate and visually representative methods for
studying lubricant film thickness under EHD lubrication conditions for local friction contacts (Kazuyuki et al.,
2021; Sperka et al., 2016). These methods allow for real-time measurement of film thickness with nanometer-level
accuracy. Among them, the optical interference method is exceptionally effective, as it allows for measuring film
thickness with an accuracy of 0.05 um or less. The difference between theoretical and experimental film thickness
values typically does not exceed 1%.

Four optical interference methods can be identified that are optimally suited for estimating the thickness of
the lubricating film under EHD lubrication conditions: the traditional optical interference method, the spatial layer
imaging method (SLIM), thin-film colorimetric interferometry and the method for determining the relative
intensity of optical interference.

The traditional optical interference method reveals the complete relative topographical distribution of the
contact area. Typically, this technique is used to measure film thicknesses of 0.05 um and greater, with a 1%
difference between theoretical and experimental values for the SAE 40 medium-viscosity oil.

The Spatial Layer Imaging Method (SLIM) measures lubricant film thickness at the nanoscale by
incorporating a solid interlayer (Wolf et al., 2022) with a refractive index like that of the oil. The thickness of the
intermediate layer is subtracted from the total thickness (oil and intermediate layer) to measure film thickness
down to 10 nm. The difference between the theoretical and experimental values for the minimum and central film
thicknesses at low shear rates is approximately 30% and 25%, respectively. In thin-film colorimetric
interferometry, computer software is used for comprehensive image processing, which allows for the real-time
determination of the film thickness distribution using colorimetric interferometry. The measurement range for this
method is from 1 to 800 nm, with a resolution of 1 nm and a spatial resolution of 1 pm. The presence of the EHD
film with a thickness on the order of several tens of molecular dimensions has been confirmed using this method.

The method for determining the relative intensity of optical interference uses monochromatic light, which
produces Newton’s interference rings. To measure the thickness of the lubricating film at a specific location, the
relative intensity of light at the locations of the maximum and minimum Newton’s rings is examined by analyzing
a digitized image, where it was found that the thickness of the lubricating film is approximately 1 nm (Khan et al.,
2021). This method was refined by Khan et al. (2021) for measuring film thickness, but it has certain limitations.
For example, in the case of point (circular) contact, the film takes on a horseshoe shape, and the point of minimum
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film thickness is located on one of the sides distant from the centerline due to the use of a reflective sphere and a
transparent disk with a high-precision coating.

The above considerations regarding experimental studies of the lubricating action of oils indicate that
optical methods are widely used for measuring film thickness, as they allow for the measurement of lubricant layer
thickness down to 1 nm or even less. However, according to the specified task, the complete test setup must have
the following characteristics:

1) Visual observation of changes in the geometry of the actual contact shape, from point (circular) to
elliptical contact with a wide range of ellipticity;

2) Color chromatic and filtered illumination of the entire local friction contact zone.

3) Computer software for comprehensive image processing and automated control of the operating
characteristics of friction pairs, like the results obtained using thin-film colorimetric interferometry.

4) Stroboscopic illumination for photo and video recording of the interference pattern to evaluate transient
processes occurring in the thin-film lubricant layer.

Thus, taking into account the specific nature of the research described above in accordance with the stated
task, it is necessary to develop test equipment that implements the traditional method of optical interference using
software for comprehensive image processing and automated control of the operating characteristics of friction
pairs, as is characteristic of thin-film colorimetric interferometry.

Methodological tools for evaluating the lubricating performance of oils under EHD lubrication conditions
in the local friction contact zone

The necessary information regarding the nature of many phenomena in local friction contact zones can be
obtained only by applying a fundamentally new and modern approach to enhancing the lubricating performance
of oils for specific operating conditions and lubrication regimes, as well as predicting the service life of friction
assemblies for the range of lubricants under study. This is achieved by selecting an effective conceptual framework
for conducting experimental research, utilizing the necessary modern and automated equipment, applying modern
methods of mathematical analysis of research results, and implementing the findings of experimental studies at
lubricant manufacturers or operators of friction assemblies.

To implement the above concept and taking into account the necessary requirements for testing equipment,
an interference testing stand was developed based on the method of optical light interference, which allows for the
assessment of the lubricant film thickness and lubrication regime in the local and elastic zones of the actual contact
area, as well as beyond its boundaries at the entry and exit points of the contact, taking into account changes in the
geometry of the contact shape due to the ellipticity coefficient and the viscous and rheological properties of the
tested series of lubricants. The use of photo and video equipment makes it possible to record and analyze, with
high precision, the transient processes under EHD lubrication conditions that occur in the micro zones of local
friction contact in ball and barrel-shaped roller bearings, ball friction gears, ball bearings with an external self-
aligning support and slewing ring over a wide range of operating (kinematic and load) parameters.

A general view of the test stand is shown in Fig. 1.

1 — D-38T electric motor; 2 — base plate; 3 — frame; 4 — centering device;
5 — carriage assembly with freely moving supports for the “glass outer ring (indenter 1) — steel ball (counterbody)” friction
pair; 6 — perforated disc for determining rotational speed (linear velocity); 7 — glass outer ring (indenter 1);

8 — lighting unit; 9 — frame; 10 — specimen stage with a carriage featuring freely moving supports, assembled for the friction

pair “glass disc (indenter 2) — steel ball (counterbody)”; 11 — glass outer disc (indenter 2);
12 — illumination lamp ignition unit; 13 — power supply unit; 14 — MMU-3 microscope; 15 — RS775 electric motor;
16 — camera; 17 — primary data processing unit (load, rotational speed, and temperature);
18 — power supply unit for the RS775 and D-38T electric motors
Fig. 1. Test setup for interference studies of lubricant film thickness, considering changes in the geometry of the actual
local friction contact shape

The object of study (Fig. 2a, b) is the contact zone between an outer glass ring (see Fig. 2a) serving as
indenter 1 or a glass disc (see Fig. 2b) serving as indenter 2, both made of the K7 optical glass with a surface finish
of Ral =0.02 um (roughness class — 12b) and a standard steel ball serving as the counterbody, made of SHKH-15
steel with a surface finish of Ra2 = 0.1 um (roughness class — 10b); the ball’s diameter is 25.4 mm.
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Thus, the arithmetic mean deviation of the roughness profile from the mean line of the friction pairs,

VRZ, +R2,, will be 0.102 pum for determining the lubrication mode parameter A using equation (1). The K7
optical glass, from which indenters 1 and 2 are made (see Fig. 2a, b), is a type of colorless crown optical glass
(crown class) characterized by a refractive index of approximately ng = 1.511. It belongs to the classic light crown
glasses and is used for manufacturing lenses and other components of optical instruments.

The design of the carriage with freely moving supports (see Fig. 2a, b) allows the counterbody to be
repositioned relative to the corresponding indenters 1 and 2 to change the geometry of the friction contact shape
(the ellipticity coefficient k). Thus, this configuration enables rolling friction conditions for the “steel ball—glass
ring” friction pair to simulate the operating conditions of ball and barrel-shaped roller bearings and ball friction
gears, as well as for the “steel ball — glass disc” friction pair to simulate the operating conditions of ball bearings
with an external self-aligning support and swivel ring (plate). Ball carriages with freely moving supports 2 (see
Fig. 2a) for elliptical contacts and 3 (see Fig. 2b) for point contacts consist of a metal housing, two freely moving
shafts onto which four small MR-series ball bearings (supports) measuring 4x8x3 mm are pressed to accommodate
the ball as a counterbody, and the Type K thermocouple to determine the bulk temperature of oil.

To experimentally measure the optical thickness of the lubricating film, an MMU-3 microscope was used,
as shown in the diagram (Fig. 3). This microscope is designed for examining opaque objects in reflected light and
is used for both bright-field and dark-field observation under polarized light.

14

a b
a — “Glass outer ring (indenter 1) — steel ball (counterbody)” friction pair: 1 — glass outer ring (indenter 1); 2 — carriage with
freely moving supports; 3 — thermocouple; 4 — steel ball (counterbody)
b — “Glass disk (indenter 2) — steel ball (counterbody)” friction pair: 1 — steel ball (counterbody); 2 — glass disk (indenter 2);
3 — carriage with freely moving supports; 4 — thermocouple

Fig. 2 a, b. Friction pairs of the test rig for interference studies of lubricant film thickness as the geometry of the
actual local friction contact shape changes

To avoid having to reposition the microscope 14 (see Fig. 1), the following procedure was followed: the
stand on which the microscope is mounted was raised an additional 200 mm from its baseline position using a
special screw. This compensates for the difference in height between the disk and the ring. Additionally, the
microscope can rotate 360° on the stand. If the upper power supply unit 13 (see Fig. 1) is in the way, it can be
removed; the length of the wires allows for this. When performing point-contact experiments, the microscope is
rotated 90° from its initial position (see Fig. 1). The high-speed camera 16 (see Fig. 1), mounted on the microscope,
is used to transmit the image from the microscope’s eyepieces to PC.

Power supplies 18 for motors (see Fig. 1) are connected to 230 V, 50 Hz power supply and feature switch
buttons 15 for motor (RS775), a powerful brushed DC motor, and motor 1 (D-38T), an aviation DC motor. Power
supply unit 13 (see Fig. 1), rated for 12 V, 5 V and 3.3 V, respectively, powers the rest of the system’s electrical
components: the lighting lamp ignition unit 12 and the primary data processing unit 17 (see Fig. 1).

The lighting lamp ignition unit 12 (see Fig. 1) features a dimmer for smoothly adjusting light brightness
and saving electricity and provides an uninterrupted power supply to the lighting lamp unit 8 (see Figs. 1 and 3).

The primary data processing unit 17 (see Fig. 1) consists of:

— the type K thermocouple with a digital amplifier based on the MAX6675 integrated circuit (see Figs. 2a,
b);

— the flat “Kvasolina”-type strain gauge for the low platform based on the HX711 (Fig. 4);

— the compact HW-201 infrared obstacle sensor based on reflected light, with adjustable range and a supply
voltage from 3.3 to 5 V, which is also used in robotics for obstacle avoidance and in simple control systems (see
Fig. 4);
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— the compact and popular Arduino Nano V3.0 development board based on the ATmega328P
microcontroller, which operates at 16 MHz at 5 V and can be easily mounted on a breadboard (see Fig. 4).
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Fig. 3. Schematic kinematic and optical diagram of a test rig for interference studies of lubricant film thickness,
considering changes in the geometry of the actual local friction contact shape

k=2...8: Compression spring (pos. 5)

The initial results are transmitted to PC, where the input parameters are processed (see Figs. 3 and 4). The
software used includes Windows 11 Pro 25H2 x64, the built-in “Camera” app, and Arduino IDE 2.3.5 to automate
the measurement equipment.

To determine the rotational speed, a perforated disk for elliptical contacts 6 (see Fig. 1) with the ellipticity
coefficient k > 1 (see Fig. 2a) and markings on a glass disk 11 (see Fig. 1) for point contacts for k = 1 (see Fig.
2b).
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Fig. 4. Schematic electrical diagram of a test bench for interference studies of lubricant film thickness, considering
changes in the geometry of the actual local friction contact

The HW-201 infrared obstacle sensor (see Figs. 3 and 4), which is part of the primary data processing unit
17 (see Fig. 1), is repositioned and mounted in a special hole in the base 3 or frame 9, depending on which contact
shape is being tested: elliptical (base) or point (frame). The base 3 is mounted on a special plate 2 and has a
centering device 4, which centers the entire “glass outer ring (indenter 1) — steel ball (counterbody)” friction pair
system.

To study elliptical contacts, where k > 1, the “glass outer ring (indenter 1) — steel ball (counterbody)”
friction pair is used (see Fig. 2a), in which the load is applied via a carriage and a lever system 5 (see Fig. 1). To
study point contacts, where k = 1, a friction pair consisting of a “glass disk (indenter 2) — steel ball (counterbody)”
is used, in which the load is applied via a specimen stage with a carriage assembly 10 (see Fig. 2b), which allows
the stage to be moved within certain limits in the x and y directions, as well as rotated 360°. A membrane is
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mounted on the stage, on which the carriage is positioned and beneath which the “Kvasolina”-type load cell for
the low platform on the HX711 is located (see Figs. 3 and 4).

The actual shapes (micro-interferograms) of elliptical and point contacts under dynamic friction conditions,
shown in Fig. 5a, b, respectively, were obtained using the optical interference method on an interference testing
bench.

a b
hmin — minimum lubricant film thickness; ho — central lubricant film thickness

Fig. 5 a, b. Actual shapes (micro-interferograms) of elliptical (a) and point (b) contacts under dynamic friction
conditions

Fig. 5a, b shows all the characteristic features of lubrication under varying contact geometry, as observed
on the developed interferometric test bench. The elliptical and point contact shapes (see Fig. 5a, b) have
corresponding lubricant film thickness distributions with minimum thickness values at the contact exit (hmin) and
in the central contact region (ho), which arise between the contact surfaces of friction bearing assemblies.

Results of the assessment of the influence of key parameters on lubricant film thickness

The most important practical aspect of lubrication analysis for local friction contact is determining the
minimum (%) and central (%,) lubricant film thicknesses in the local friction contact zone, since maintaining the
required lubricant film thickness is crucial for the operational reliability of various friction bearing assemblies.
The influence of the contact geometry—expressed in terms of ellipticity—and the dimensionless parameters of
velocity, load, and materials on the corresponding lubricant film thicknesses and parameters is investigated for a
local contact that is fully immersed in the lubricant (i.e., for a heavily lubricated contact).

Changes in the main input and dimensionless parameters used for the experimental studies are presented in
Table 1.

The input and dimensionless parameters for the implementation of the EHD lubrication regime, as shown
in Table 1 and considering changes in ellipticity in a point friction contact, do not cover all real-world lubrication
conditions for local friction contacts. From a practical standpoint, it is important to estimate the thickness of the
lubricant film, taking into account the influence of changes in the geometry of the contact shape—that is, its
ellipticity—the rheology of lubricants, and the wear of the friction pair surfaces due to roughness, in order to
achieve an optimal lubrication regime that enhances the lubricating effect of the oils.

1. Assessment of the effect of lubricant film thickness on rolling velocity

By varying one of the parameters, it is possible to determine the optimal lubricant film thickness that affects
the lubricating performance of oils in the local contact zone of rolling bearings when using transmission oils for
various technical applications.

The range of linear rolling velocity V varied from 0.05 to 1.0 m/s; the oil temperature 7 remained at 343 K
throughout the experiment; the maximum contact pressure P.x = 474 MPa. The minimum thickness %,» and the
thickness of the lubricant film in the central contact zone 4, were measured using the optical interference method
on an interference testing stand for EHD point-contact (R/R, = 1) based on a sample of micro-interferograms
(Fig. 6).

A graphical interpretation of the experimental results showing the effect of rolling velocity ¥ on the
minimum lubricant film thickness /., and the central lubricant film thickness 4, in the point contact zone (R,/R.
= 1) for the entire range of oils studied is presented in Fig. 7a, b, respectively.

Fig. 7c shows the dependence of the lubricant film parameter A on rolling velocity ¥, which demonstrates
the need to ensure EHD friction conditions whilst maintaining linear rolling velocity / within the range of 0.1 to
0.5 m/s for ATF-III and SAE 75W-80 transmission oils, SAE 75W-90 and within the range of 0.05 to 0.2 m/s for
SAE 80W-90 transmission oil.
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Table 1
Key input and dimensionless parameters for the implementation
of the EHD lubrication regime for local friction contact
Ne Parameter Symbol Formula Measurement Dimension
range
1) Geometric parameters of the local friction contact
1 Ratio of Curvature Radii Ry/Rx - 1-25 -
Relative radius of curvature
2 along the direction of rolling R ) 0,01 m
n
3 Contact ellipticity k K = [Ry/R ] 1-8 ;
X
2) Friction pair parameters
E'= 2
. , 1-v2 1-v2
4 The modulus of elasticity E E 14 E_Z 150 - 250 GPa
1 2
3) Specifications for lubricants (transmission oils)
5 Dynamic viscosity at 20°C 7o - 0,15-0,5 Pa-s (cP)
6 Kinematic viscosity at 100°C u - 6,4-24,0 mm?/s (cSt)
— =5,
ap=a|G=5)
7 Piezo-viscosity coefficient a 0 (1,4-1,6)108 Pa!
51|
4) Operating parameters
8 Linear rolling velocity Vv - 0,05-1,0 m/s
9 Contact load F - 5-50 H
10 Maximum pressure in the P ) 600 MPa
contact zone
1 Volume tem}:i)ezlr:;lture in the oil T ) 293 - 343 K
5) Measured lubricant film thicknesses and the calculated lubricant film parameter
Minimum lubricant film .
12 thickness hmm - 0,08 (ml]fl) pum
13 | Central lubricant film thickness ho - 1,77 (max) um
Lubricant film parameter within Romin
14 | the range of contact ellipticity A S 2-4 -
variation VRas + Rz,
6) Dimensionless parameters in the local EHD zone of friction contact
15 Dimensionless velocity U MoV 6,3-1012 - i
parameter " E'-R, 4,2-10°10
16 | Dimensionless load parameter w W——F 6,5-107 - -
ensionless load paramete _E’~Rf 4,0-10°
17 Dimensionless material G G=a- E 1500 - 4000 )
parameter
Dimensionless minimum _ 10 (e
18 lubricant film thickness Hnin 0.8:10% (min) )
Dimensionless central lubricant 104
19 film thickness Ho 1,8:107 (max) )

Fig. 6. Selection of micro-interferograms for point EHD contact (R)/R: = 1) over a range of linear rolling
velocity V from 0.05 to 1.0 m/s (SAE 80W-90 transmission oil)

The presented selection of micro-interferograms (see Fig. 6) and the graphical interpretation of the
dependence of the minimum and central thicknesses in the EHD contact zone on the rolling velocity (see Fig. 7a,
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b) quite clearly indicate the dominant influence of the rolling speed under EHD lubrication conditions. Moreover,
the SAE 80W-90 transmission oil, which has the highest viscosity grade, is characterized by greater sensitivity to
high- velocity (high-RPM) operating conditions of rolling bearings.
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Fig. 7 a—c. Dependence of the minimum lubricant film thickness 4ui» (a), the central lubricant film thickness /4, (b)
and the lubricant film parameter 4 (¢) in the point contact zone on the rolling velocity V'

2. Assessment of the effect of contact load on the thickness of the lubricating film

By increasing the contact load from 7.78 to 46.68 N, corresponding to maximum contact pressures P
ranging from 330 MPa to 600 MPa, at an oil temperature T of 343 K, the minimum and central thicknesses of the
lubricant film in the point contact zone were determined on an interference measurement bench using a sample of
micro-interferograms at R,/R. = 1 (Fig. 8).

Fig. 8. Selection of micro-interferograms for a point EHD contact (R,/R. = 1) across a range
of contact loads F from 7.78 to 46.68 N (the SAE 75W-90 transmission oil)

A graphical interpretation of the experimental results showing the effect of load 7 on the minimum lubricant
film thickness /., and the central lubricant film thickness 4, in the point contact zone (R,/R = 1) for the entire
range of oils studied is presented in Fig. 9a, b, respectively. Fig. 9c shows the dependence of the lubricant film
parameter A on the contact load F, which demonstrates the need to ensure the EHD friction conditions whilst
maintaining the proposed contact load values F within the range of 7.78 to 46.68 N for all the transmission oils
under investigation.

—— ATEI ——75W-80 75W.30 ——ATEII —— 7sw80 75w 90
—— 50W-90 ATl pena 75W-80 rpenn ) ATF lli Tpema, 75W-80Tpens 45
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Fig. 9 a—c. Dependence of the minimum lubricant film thickness /mi» (a), the central lubricant film thickness
ho (b) and the lubricant film parameter A (c) in the point contact zone on the contact load F

The sample micro-interferograms presented (see Fig. 8) and the graphical interpretation of the relationship
between the minimum and central thicknesses of the lubricant film in the EHD contact zone as a function of contact
load (see Figs. 8 and 9a, b), clearly indicate that the load has a negligible effect on the respective thicknesses,
which do not decrease significantly, as can also be seen from the color. Furthermore, as the contact load increases,
the zone of central thickness expands in the transverse direction, whilst the minimum thickness at the exit from
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contact moves progressively further away from the central axis of the point of friction contact; this is, in our
opinion, associated with the rheological effect of the oil’s compressibility.

3. Assessment of the influence of materials on the lubricant film thickness

Unlike the determination of the influence of rolling velocity V' and contact load F' on the respective
thicknesses under investigation, the influence of materials cannot be determined by simply changing just one
parameter, since the dimensionless material parameter G comprises two variables (see Table 1), one of which
characterizes the properties of the friction pair surfaces — the reduced modulus of elasticity £’ — and the other —
the rheological properties of the lubricant via the piezo-viscosity coefficient a. Therefore, four groups of materials,
G1-G4, were formed, comprising three friction pairs made of different materials when using the range of
lubricating oils under investigation, which have different viscosity classes and operational purposes and are used
for the lubrication of modern rolling bearing assemblies. Three friction pairs, which are used in many rolling
bearings for automotive and agricultural applications, were used as the friction pairs under investigation; their
properties are given in Table 2.

Table 2
Input parameters for friction pair materials
Th
Modulus of | Modulus of . , . . , . ¢ reduced
-y . . . Poisson’s ratio | Poisson’s ratio modulus of
Ne | Name of the friction pair elasticity elasticity elasticity
Vi V2
E;, GPa E> GPa E' GPa
1 St40KH — SHKH15 210 220 0,25 0,3 235
2 BrO10F1 — SHKHI5 120 220 0,33 0,3 170
BrOCS-4-4-17 - SHKH15 99 220 0,37 0,3 160

Experimental studies involving four groups of materials were conducted at an average rolling velocity of V
= 0.4 m/s under EHD friction conditions, with an average contact load of F' =30 N; a temperature of 7'= 343 K,
where the minimum thickness and the central thickness of the lubricant film in the point contact were determined
on an interference measurement bench based on a sample of micro-interferograms at R /R, = 1.

The experimental results showing the effect of material groups G/—G4 on the minimum thickness %, and
the central thickness /4, of the lubricant film at R,/R, = 1 for the entire spectrum of oils studied are presented as a
graphical interpretation of the data in Fig. 10a, b, respectively, for the four oils studied.

Based on the results of experimental studies of the effect of the material parameter G on the minimum
thickness /.i» and the central thickness 4, of the lubricating films in the point contact zone, a negligible effect—
up to 3%—was found, specifically of the friction pair materials based on the reduced modulus of elasticity £, as
indicated by the slight slope of the linear dependencies relative to the x-axis with respect to the dimensionless
material parameter G. It is precisely the piezo-viscosity coefficient a that has a significant influence on the
formation of film thicknesses under EHD conditions, as confirmed by the significant divergence of the
dependencies for four transmission oils differing in viscosity class and intended use. If we take the material data
for the groups (see Table 2) for the St40KH — SHKHI15 friction pair, which experiences a maximum pressure P
=474 MPa in the point EHD contact zone, we obtain the following: for ATF II transmission oil, o = 0. 014 MPa™!,
and the dynamic viscosity # will increase by a factor of 762; for SAE 75W-80 transmission oil, & = 0.015 MPa™!,
and the dynamic viscosity 7 will increase by a factor of 1 224; for SAE 80W-90 transmission oil — a = 0.016
MPa!, and the dynamic viscosity # will increase by a factor of 1 970. In other words, the dynamic viscosity # of
the high-viscosity SAE 80W-90 transmission oil increases by nearly three times compared to that of the low-
viscosity ATF III transmission oil, which underscores the importance of the rheological properties of lubricants.
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Fig. 10a, b. Effect of the dimensionless material parameter G on the minimum thickness hmin (2)
and the central thickness ho (b) lubricant films in the point contact zone for different of material groups G1-G4
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From the perspective of the influence of materials G on the lubricant film parameter 4, this is not correct,
since this parameter determines the lubrication regime, rather than the quality characteristics of the materials,
which specifically affect the strength of the lubricant films and the durability of the friction pairs.

4. Assessment of the patterns of how contact ellipticity affects lubricant film thickness

One of the least studied aspects of the EHD theory of point contact lubrication is the effect of changes in
contact geometry due to an increase in its ellipticity k. The ellipticity k£ depends on the dimensions of the contact
ellipse in the Y and X directions (the rolling direction) and on the ratio of the relative radii of curvature R/R, of
the friction pair, ranging from unity for a disk—ball pair to approximately eight when the contact geometry is close
to linear contact.

Thus, by varying the ratio of curvature radii R,/R, of the friction pair, while keeping the rolling velocity V,
contact load F, and material groups G/—G4 constant to ensure the friction conditions specified in Table 1, the
minimum and central thicknesses of the lubricant film in the point-contact zone were determined on an interference
measurement bench based on a sample of micro-interferograms at R/R; = 1 (Fig. 11a) and at R,/R. = 8 (Fig. 11b)
when maximum rolling velocities were reached.

Fig. 11 a, b. Selection of micro-interferograms in the point EHD contact zone at Ry/R. =1 (a)
and at R)/R. = 8 (b), while keeping the rolling velocity, contact load and material groups constant

At first glance, based on a sample of micro-interferograms (see Fig. 11a, b), it can be seen from the color
that, while keeping the rolling velocity V, contact load F and material groups G/—G4 remain constant, the
minimum and central thicknesses of the lubricant film in the friction contact zone remain virtually unchanged as
the contact ellipticity increases due to a change in the ratio of curvature radii from R,/R, =1 (a) to R,/R. = 8 (b).
However, if we look closely at the micro-interferograms taken at the maximum rolling velocity (see Fig. 11a, b)
and compare the minimum thicknesses at the exit from the contact zone, we see that when maximum rolling
velocities are reached, the minimum thickness at the exit from the contact zone for the elliptical EHD contact
(R,/Rx = 8) will be slightly higher than that for the EHD point contact (R,/R. = 1). This effect is explained by the
fact that as the ellipticity of the contact shape increases, the peak pressure decreases, which leads to a slight increase
in the minimum thickness at the exit from the contact — this parameter that is more sensitive to changes in the
contact geometry. The observed effect of reduced peak pressure can be a very important aspect of optimizing the
design of friction bearing assemblies.

Experimental results showing the effect of contact ellipticity k£ on the minimum thickness /., and the
central thickness /, of the lubricant film across the entire range of the curvature radius ratio R/R, —from point-
contact (R,/R. = 1) to practically linear (R,/R. = 25) contact, for the entire spectrum of oils studied, are presented
in graphical form in Fig. 12a, b for the four oils under investigation.

Fig. 12c shows the dependence of the lubricant film parameter 1 on the contact ellipticity k, with regard to
ensuring the EHD friction conditions, where it is necessary to adhere to the proposed values of contact ellipticity
ranging from 1 to 8 and the curvature radius ratio R,/R, ranging from point (R,/R. = 1) to practically linear (R,/Rx
= 25) contact for all the transmission oils under study.
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Fig. 12 a—c. Dependence of the minimum lubricant film thickness /uin (a), the central lubricant film thickness
ho (b) and the lubricant film parameter 4 (c) on the contact ellipticity £ across the entire range of the curvature
radius ratio Ry/Rx

Conclusions

1. The dominant influence of rolling velocity under EHD lubrication conditions on the formation of the
lubricant film thickness was established, with the dimensionless rolling velocity parameter varying by nearly two
orders of magnitude when using four transmission oils differing in viscosity class and rheological properties.
Furthermore, it was determined that transmission oils with a high viscosity class are characterized by greater
sensitivity to high-speed (high-RPM) operating conditions of rolling bearings.

2. As the contact load increases by nearly one order of magnitude of the dimensionless load parameter when
using four transmission oils differing in viscosity class and rheological properties, the manifestation of oil
compressibility was observed, which is associated with the expansion of the central thickness zone in the transverse
direction and the minimum thickness at the exit from contact becomes increasingly distant from the central axis
of the point contact, which confirms the importance of taking into account the rheological properties of the studied
series of transmission oils.

3. Using four groups of materials—comprising three pairs of friction materials and four transmission oils
differing in viscosity class and rheological properties — we demonstrated a significant influence of the piezo-
viscosity coefficient on the lubricant film thickness, as confirmed by the substantial divergence in the dependencies
for the four transmission oils studied, in contrast to the negligible influence (up to 3%) of the friction pair materials.

4. It was established that transmission oils differing in viscosity class and rheological properties respond
differently to the actual pressure exerted by the lubricating film formed within the point contact friction zone; for
example, it was determined that the dynamic viscosity of a high- viscous SAE 80W-90 transmission oil compared
to low-viscosity ATF III transmission oil under all other operating conditions being equal.

5. The effect of reduced peak pressure has been observed upon reaching maximum rolling velocities, when
the minimum thickness at the exit from contact for an elliptical EHD contact exhibits a relative increase in
thickness; that is, it is more sensitive to changes in contact geometry than for a point EHD contact.
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Minanenko O., Bornanos L., Jleycenko /I., BancoBchkmii O. Oco0IMBOCTI MacTUIBHOT il OJIMB B
ymoBax EI'J] 3maiiryBaHHs B JIOKaJIbHiit 30HI KOHTAKTy TEpTsI

Ha 6a3i cTBopeHOro cTeHay iHTephepeHIIIHHNX TOCTIKSHD M[0/10 OIIHKH TOBIIUHH MAaCTHILHOTO IIapy,
IO JI03BOJISIE PEECTPYBATH Ta aHANI3yBaTH 3 BHUCOKOIO TOYHICTIO IIBHIKOIUIMHHI mpouecu B ymoBax EIJI
3MalllyBaHHS B 30Hi JIOKAQJIFHOTO KOHTAKTY TEpPTs HEKOH(OPMHHUX BY3IIIB 31 3MIHEHOIO T€OMETpi€0 (PaKTUYHOT
(opMH KOHTaKTy, B IIMPOKOMY Jiara3oHi poOounx (KiHEMaTHYHHMX Ta HaBaHTAXYBAJIbLHHX) MapaMmeTpiB, Oyio
3pO0JICHO OMLIHKY BIUIMBY MIBUAKOCTI, KOHTAaKTHOTO HABaHTa)KCHHS, MaTepialliB map TepTs, PEoJOTIYHUX
BJIACTHBOCTEH MACTHJIBHOTO Marepiaiy, reoMeTpii (opMu KOHTakTy Ha mporecc (popMyBaHHS MiHIMAlBHOI i
HEHTPAIBHOT TOBIIMHA MAacTHJILHOTO LIapy Ta PEXUM MacTHIIBHOI Jii OJIMB B paMKax BH3HAUCHHS HapaMmeTpy
MacCTHJILHOTO HIapy.

Krouosi cioBa: mactinbHa 1ist onuB, enacrorigponuHamiude (EI'J]) 3mamnyBanHs, iHTepdhepeHIiiHNI
BUIPOOYBAIbHUI CTEH]I, TOBIIMHA MAaCTHIIBLHOTO IIaPY, JIOKAJIbHA 30HA KOHTAKTY TEPTs, HEKOH(POPMHI BY3IH,
TEeOMEeTpisi KOHTaKTy, ¢akThdHa (OpMa KOHTAKTy, PEOJIOTIUHI BJIIACTUBOCTI, €NINTHYHUA KOHTAKT, TOUYKOBHM
KOHTAKT, TapaMeTp eTiNTHIHOCTI.
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Abstract

This study investigates the tribological behavior of polyether ether ketone (PEEK) composites with
polytetrafluoroethylene (PTFE) as a solid lubricant filler under dry reciprocating sliding conditions. Polymer
specimens (80% PEEK/20% PTFE and 30% PEEK/70% PTFE) were tested against a steel counterpart using a
linear reciprocating tribometer. The Taguchi L4 (2%) orthogonal array was employed to evaluate the effects of load
(100 N, 150 N), frequency (1.20 Hz, 2.30 Hz), and temperature (40°C, 80°C) on frictional force, coefficient of
friction, and wear rate. Results showed that adding PTFE significantly reduced wear, with the 30% PEEK/70%
PTFE composite achieving a minimum coefficient of friction (0.037) and wear rate (0.001 g) at 150 N, 30 Hz, and
40°C. ANOVA revealed load as the dominant factor for friction (61.28% contribution) and temperature for wear
rate. Regression models predicted tribological outcomes with 99% accuracy. These findings highlight the potential
of PEEK/PTFE composites for high-performance applications like bearings and seals.

Keywords: Hybrid composites, friction, wear, frictional force, orthogonal array

Introduction

Composite materials have emerged as a superior alternative to traditional monolithic materials due to their
enhanced functional properties and diverse applications, ranging from sports equipment to aerospace systems.
Ongoing global research continues to focus on developing advanced composites with improved performance.
Among these, glass fiber-reinforced polymer (GFRP) composites have gained prominence, particularly in
tribological applications such as bearings, gears, bushes, piston rings, and riders, where the use of liquid lubricants
is often limited. Natural fiber-reinforced composites, such as abaca fiber-based fiber metal laminates (FMLs),
have shown promising mechanical performance, as reported by Igbal et al. [1], where a 5.18% fiber content
achieved a flexural strength 19.5% higher than conventional glass fiber FMLs. Similarly, in high-performance
polymer composites like PEEK/PTFE, tailoring the composition—such as increasing PTFE content—has
demonstrated significant improvements in tribological behavior, emphasizing the importance of optimizing
material constituents to enhance specific functional properties. Wakchaure and Abhang [2] conducted an
experimental investigation on the tribological performance of PEEK/PTFE composites reinforced with fillers
such as glass fibers, MoS., and bronze, highlighting that filler composition significantly influences wear resistance.
Their findings support the trend observed in the present study, where an increased PTFE content in PEEK
composites led to a reduction in wear rate, demonstrating that strategic modification of composite formulations
can enhance performance in tribological applications such as oil-less compressor piston rings.
Polyetheretherketone (PEEK) is a high-performance, semi-crystalline thermoplastic known for its exceptional
combination of thermal and mechanical properties. It exhibits high strength, toughness, and excellent resistance to
wear, creep, and fatigue. PEEK maintains stability under high temperatures, with a typical glass transition
temperature around 143°C, melting point near 338°C, and continuous service temperature up to 250°C. Its inherent
processability, including suitability for injection molding, allows for ease of manufacturing. Additionally, the
incorporation of short fibers such as glass or carbon can further enhance its mechanical and tribological
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performance, making PEEK a versatile material for demanding engineering applications.

Research has shown that increasing the PTFE content in PEEK composites significantly improves their
tribological behavior. For example, Burris et al. [3] and Escobar Nunez & Polycarpou [4] observed that
PEEK/PTFE composites with higher PTFE content exhibit lower friction coefficients and improved wear
resistance. Similarly, other studies have highlighted the effectiveness of fillers such as MoS., bronze, and glass
fibers in enhancing the tribological performance of PEEK composites. Additionally, the tribological behavior of
PEEK composites under varying operational conditions, such as temperature and load, has been widely
investigated, but the influence of these parameters on wear rate and friction coefficient remains inadequately
characterized.

Leyu Lin and Alois K. Schlarb [5] developed and optimized high-performance PEEK/CF/nanosilica hybrid
composites, evaluating their mechanical properties through tensile testing and their tribological behavior using
block-on-ring (BoR) tests under dry sliding conditions. Worn surfaces and transfer films were analyzed using
scanning electron microscopy (SEM) with energy-dispersive X-ray (EDX) spectroscopy. Their results showed that
PEEK composites reinforced with carbon fibers (CF) and nanosilica exhibited significantly improved friction and
wear performance compared to unfilled PEEK (PEEK-Tr), with the best performance observed at 2 wt.%
nanosilica across the full range of pressure-velocity (pv) conditions. The morphology and composition of the
transfer film remained consistent regardless of nanosilica content or pv values, and the dominant wear mechanisms
were identified as abrasive and adhesive wear.

Mr. Mankar N.A. et al. [6] aimed to develop self-lubricating PEEK-based composites suitable for applications
such as piston rings, bearings, and impellers under both room and elevated temperatures. Using disc-on-pin wear
tests, they found that pure PEEK exhibited a high wear rate, while the addition of MoS: and bronze significantly
improved its tribological performance. The PEEK/PTFE/MoS: composite demonstrated the lowest specific wear
rate (5.38 X 1077 mm?*Nm) under ambient and low-load conditions, while the PEEK/PTFE/bronze composite
showed favorable wear resistance (4.28 x 107 mm?/Nm) under harsher conditions. They concluded that solid
lubricants like MoS: and bronze enhance transfer film stability and reduce wear by filling surface asperities,
thereby increasing the wear life of PEEK composites.

Prashant Vishwas Parab et al. [7] conducted a comprehensive review on the friction and wear performance
of PTFE and its composites, considering parameters such as sliding velocity, applied load, temperature, counter
surface roughness, and contact area. They concluded that wear behavior was more sensitive to applied load than
sliding velocity within the tested range. The coefficient of friction for pure PTFE and its composites was
observed to decrease with increasing load. However, the addition of fillers such as bronze, carbon, glass fibers,
graphite, or MoS: enhanced hardness and wear resistance, though it slightly reduced the self-lubricating property
and marginally increased the coefficient of friction.

R. R. Neela Rajan et al. [8] investigated the tribological behavior of piston rings and cylinder liners lubricated
with Jatropha Curcas oil and SAE 15W40 heavy-duty oil using response surface methodology (RSM) under
varying test conditions. Reciprocating wear tests were performed on cast iron piston rings (chrome-coated) against
cast iron cylinder liners, with test load, sliding velocity, and oil quantity as input parameters, and piston ring
weight loss as the output response. Predictive models for weight loss were developed using polynomial regression
equations for both lubricants, revealing that the lowest wear occurred at low load, low sliding velocity, and high
oil quantity. The study concluded that Jatropha oil resulted in less piston ring wear compared to SAE 15W40, and
that sliding velocity was the most significant factor influencing wear behavior.

S. Gokulakannan [9] reviewed the wear behavior of clutch plates made from PEEK composite materials, using
pin-on-disc tests on samples with a 96 mm outer diameter and 56 mm inner diameter. He found that PEEK
composites exhibited superior mechanical and tribological properties compared to pure PEEK, with wear rate
influenced by the stacking structure and counter surface roughness. The addition of solid lubricants like MoS: and
bronze helped reduce wear by filling surface asperities and stabilizing the transfer film, thereby extending the
component’s wear life. Sasa Milojevi¢ et al. [10] studied the effect of tribological plugs as reinforcements on the
tribological behavior of patented aluminum cylinders used in air brake compressors. They compared aluminum
alloy base materials with ferrous and graphite-based reinforcements, concluding that friction and wear could be
reduced by applying tribological coatings, surface texturing, and using low-viscosity oils with additives. This
approach, by transferring piston ring contact to reinforced areas, significantly extends the service life of both
cylinders and piston rings. T.J. Hoskins et al. [11] investigated the rolling—sliding wear behavior of poly-ether-
ether-ketone (PEEK) discs running against each other to better understand the dynamic response of high-
performance polymeric gear teeth. They found that PEEK showed promising wear resistance under low slip ratio
conditions across a range of loads, even at high temperatures, despite some increase in wear. Wear, friction, and
temperature all increased with higher slip ratios and loads, with failure mechanisms such as surface melting and
contact fatigue occurring mainly under severe conditions. Their study suggests that optimizing gear tooth
geometry to reduce slip ratios near the pitch point could enhance service life and minimize wear in polymeric gear
systems. Zainab M. Shukur et al. [12] studied the tribological behavior of poly-ether-ether-ketone (PEEK) and its
composite with 30% carbon fiber (PEEK CA30%) sliding against AISI 52100 steel under dry and marginal
lubrication conditions using various lubricants including deionized water, ethylene glycol, silicone, and SN100
oil. They found that the highest coefficient of friction (CoF) occurred during dry sliding for both materials, while
lubricated tests generally showed lower CoF values. Silicone lubricant resulted in the lowest CoF, about 50%
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better than SN100 oil for PEEK, whereas water lubricant showed the highest CoF among lubricated tests. The
volume of wear track was greatest under dry sliding and lowest with silicone lubrication, with PEEK CA30%
showing better friction performance than pure PEEK when lubricated with water and ethylene glycol. David L.
Burris et al. [13] studied functionally graded polymer composites based on PEEK and PTFE, primarily molded from
Victrex 450 PF PEEK with a sliding interface containing 50 wt% cryoground PEEK filled with DuPont 7C PTFE.
Samples were compression molded in layers with increasing PEEK content, milled, CNC machined, and finished
to an average surface roughness (Ra) of about 50 nm. Tribological tests were performed using a linear reciprocating
tribometer, a rotating pin-on-disk tribometer, and a custom thrust washer tribometer with 304 stainless steel
counterfaces, showing friction coefficients of p=0.11, 0.09, and 0.07 respectively. The functionally graded PEEK
composites exhibited friction coefficients equal to or lower than bulk components, with the thrust washer
configuration having the lowest friction due to its flat continuous sliding profile minimizing deformation. Kharat
Amol et al. [14] investigated the friction and wear properties of PEEK and its composites filled with PTFE,
Bronze, and MoS: under heavy loading conditions at ambient temperature to improve tribological behavior
without compromising mechanical properties. They developed hybrid polymer composites combining Polyether-
ether-ketone (PEEK) and Polytetrafluoroethylene (PTFE) and studied the effects of contact temperature and
pressure on friction and wear under dry and wet conditions. PEEK, a semi-crystalline engineering plastic, has
excellent mechanical, chemical, and thermal stability but suffers from high friction and wear rates, limiting its
wider application. The addition of PTFE improved the tribological performance of PEEK composites, making
them suitable for heavy-duty applications like compressor piston rings, bearings, and impellers operating under
harsh conditions. Penin et al. [15] explored the enhancement of mechanical and tribological properties of PEEK
composites by incorporating 0.3 wt.% of various nanoparticles: carbon nanofibers (CNF), copper (Cu), copper
ferrite (CuFe204), and silicon dioxide (Si0O:). The addition of nanoparticles resulted in a 10—-15% increase in elastic
modulus, with Shore D hardness slightly increased for SiO- and marginally decreased for Cu. Tensile strength
remained comparable to neat PEEK for SiO: and CuFe204 composites, while elongation at break decreased by 5—
10% across all samples. Tribological tests under dry sliding conditions showed a reduction in friction coefficients
from 0.34 (neat PEEK) to 0.23—0.28 for metal counterparts, with the CNF composite exhibiting the lowest friction
(~0.20) on ceramic surfaces. Wear resistance improved by 1.5-2.3 times in metal-polymer contacts, attributed to
polymer transfer film formation that protected contacting surfaces from micro-abrasive wear and oxidation. These
results demonstrate that low concentrations of nanofillers can significantly enhance the stiffness and tribological
performance of PEEK composites, making them suitable for demanding engineering applications. B. Suresh et al.
[16] studied the mechanical and tribological properties of polyamide66/polypropylene (PA66/PP) blends filled
with graphite, nanoclay (NC), and NC plus short carbon fiber (SCF). Samples were prepared by drying, mixing,
and injection molding, then tested for tensile, flexural, impact, and wear properties. Results showed that NC + SCF
composites had improved flexural strength and modulus, while NC and graphite fillers caused a decrease. Impact
strength was highest in unfilled and graphite-filled composites. Overall, 5 wt.% graphite addition provided the
best mechanical performance. Jayashree Bijwe et al. [17] investigated the effect of PTFE content on the
mechanical and tribological properties of PEEK-PTFE blends. Samples were prepared by melt blending PEEK
with varying PTFE amounts, followed by injection molding. Low Amplitude Oscillating Wear tests showed that
blends exhibited no measurable wear under low loads and significantly improved wear resistance and friction
performance at higher loads compared to neat PEEK. The PEEK-PTFE blends demonstrated up to 30 times
reduction in wear rate and five timeslower friction coefficient, with no scuffing observed, indicating enhanced
durability due to PTFE addition. J.R. Vail et al. [ 18] studied the tribological behavior of PEEK and ePTFE/PEEK
composites using a linear reciprocating tribometer under controlled lab conditions. The addition of PTFE
significantly reduced the friction coefficient from an average of 0.37 for unfilled PEEK and lowered the wear rate
by forming thin, stable transfer films containing carbon, oxygen, and fluorine. The interfacial shear strength
between ePTFE fibers and the PEEK matrix was found to be approximately 7.7 MPa based on filament pull-out
tests. The ePTFE/PEEK composites showed consistent low friction and wear over extended cycling (over 2
million cycles), demonstrating that PTFE inclusion effectively improves the durability and tribological
performance of PEEK by acting as a lubricant reservoir. E.Z. Li et al. [19] investigated the mechanical and
tribological properties of neat PEEK and 30% short glass fiber-reinforced PEEK (GF/PEEK) composites.
Injection-molded samples were tested for tensile and flexural properties at room temperature, showing that
GF/PEEK composites exhibited higher tensile strength, tensile modulus, flexural strength, and flexural modulus
compared to pure PEEK. Tribological tests using a ball-on-disc setup under dry conditions revealed that friction
coefficient and wear loss increased with sliding time and load for all samples; however, GF/PEEK composites
demonstrated superior wear resistance relative to neat PEEK. Surface morphology was examined via SEM, and
thermal stability was analyzed using TGA, confirming improved mechanical and tribological performance due to
glass fiber reinforcement. Mankar N.A et al. [20] investigated the tribological behavior of PEEK and PTFE-based
composites reinforced with MoS: and Bronze. The composites were prepared by melt blending and processed via
compression and injection molding. Tribological tests conducted under ambient conditions on a pin-on-disc setup
following ASTM G99 revealed that pure PEEK exhibited a higher wear rate, while the addition of MoS: and
Bronze significantly improved wear resistance. The PEEK/PTFE/MoS: composite showed a low coefficient of
friction and a specific wear rate of 4.70 x 10~® mm?*/ Nm under low load (20 N), whereas the PEEK/PTFE/Bronze
composite demonstrated a low friction coefficient and superior wear resistance with a specific wear rate of 4.28
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x 107 mm?*/Nm under higher loading conditions.

Felipe Darabas et al. [21] studied the tribological behavior of a PEEK composite filled with 10% PTFE, 10%
graphite, and 10% carbon fiber under varying temperatures (30°C and 80°C) and atmospheres (air and
tetrafluoroethene). Using a cylinder-on-plate configuration against AISI 304 stainless steel, tests were performed
under a constant 175 N load with linear reciprocating motion. Surface roughness was carefully controlled and
characterized by white-light interferometry. Results showed that wear rates of the PEEK composite increased
significantly with temperature, while the atmosphere had little effect. The stainless steel counterface experienced
surface roughening but no volumetric wear. Elevated temperatures promoted tribo-layer formation, and humid air
caused graphite structures to become more disordered, lowering the friction coefficient. Abhang et al. [22]
critically reviewed the mechanical and tribological characteristics of hybrid polymer composites and emphasized
that the inclusion of fillers such as PTFE, glass fibers, MoS:, and bronze significantly improves wear resistance
and reduces friction in polymers like PEEK and polyamide 66. Their review aligns with the current investigation,
which also demonstrates that tailored filler content in PEEK/PTFE composites plays a vital role in optimizing
tribological performance for demanding applications. The tribological performance of PEEK/PTFE polymer
composites under variable operational parameters—such as load, temperature, sliding frequency, and humidity—
remains inadequately characterized, limiting their optimization for high-demand engineering applications like
bearings, oil seals, and actuators. Current literature lacks comprehensive studies on the wear mechanisms and
frictional behavior of these composites at elevated temperatures and varying loads. Furthermore, there is a
deficiency in systematically optimized processing and testing protocols to correlate composite composition with
wear resistance and friction coefficient. This study aims to fill these gaps by quantitatively evaluating the wear and
frictional behavior of PEEK/PTFE composites using a linear reciprocating tribometer. The study will apply the
Taguchi orthogonal array design to optimize key parameters and enhance the performance of these composites
under different operating conditions. Through this approach, we aim to provide valuable insights into the potential
of PEEK/PTFE composites for high-performance tribological applications, contributing to their optimization for
use in critical engineering systems.

Methodology

The wear behavior of PEEK/PTFE composites was systematically evaluated using a state-of-the-art linear
reciprocating tribometer under controlled dry sliding conditions, adhering to ASTM G99 standards for wear
testing. Specimens were precisely machined to specified dimensions and thoroughly cleaned before initial
weighing using a high-precision digital electronic balance to ensure accurate mass loss measurements. The
tribometer setup as shwn in figure 1, equipped with a pivoted lever mechanism, applied controlled normal loads
of 100 N and 150 N against a hardened ENS steel plate with a surface roughness of 0.4 um, providing a consistent
and reproducible contact interface. Test parameters such as stroke length (5 mm), frequency (1.20 Hzand 2.30 Hz),
temperature (ambient 40°C and elevated 80°C), and humidity (maintained at 30% RH) were precisely regulated
through integrated software control. Post-test wear loss was determined gravimetrically, complemented by frictional
force and coefficient of friction data acquired in real time. Additionally, the experimental design was optimized using
the Taguchi L4 orthogonal array method to systematically assess the influence of multiple variables on tribological
performance, thereby enhancing experimental efficiency and reliability. This rigorous approach ensures
comprehensive characterization of the tribological properties and provides critical insights for optimizing
composite formulations for advanced engineering applications. The wear behavior of the composites was
evaluated using a linear reciprocating tribometer under dry sliding conditions. Figure 2 illustrates the schematic
of the tribometer setup. The materials were tested in mating pairs under nominally non-abrasive conditions. Wear
was quantified by measuring the weight loss of the specimens before and after testing, using a high-precision
electronic balance. Tests were conducted over a fixed reciprocating distance and under selected load values to

ensure consistency and repeatability of results.
o . e U O
- : N |

Fig 1: Schematic Linear Reciprocating Tribometer Fig 2: Schematic Linear Reciprocating Tribometer
fixture plate
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In the test apparatus, the normal load was applied via a pivoted lever arm loaded with calibrated dead weights,
as shown in Figure 3. A pin specimen was pressed against a stationary ENS steel plate, with the contact surface of
the pin machined flat to ensure uniform contact. This method of load application offers key advantages, including
minimal frictional losses within the loading mechanism and improved mechanical efficiency, which contributes
to more accurate and reliable test conditions.

Prior to testing, the specimens were thoroughly cleaned and their initial weights were recorded using a
high-precision digital electronic balance. Each specimen was then securely mounted on the holder or mounting
block, ensuring that the flat face of the composite was in direct contact with the stationary hardened ENS steel
plate, as illustrated in Figure 3. The tribometer setup was software-controlled, allowing precise adjustment of
testing parameters such as temperature, stroke frequency, duration, and ambient humidity, based on specific
experimental requirements.

The reciprocating track on the counter plate was carefully selected to avoid overlapping wear paths. Stroke
distance, frequency, and temperature were defined accordingly. After completion of each test, the specimens were
cleaned and their final weights were measured. The wear loss was calculated as the difference in weight before
and after testing, expressed in grams.

The counterface material used was EN8 steel with a surface roughness of 0.4 um. A series of wear tests
was conducted using a fixed reciprocating stroke length of 5 mm, under two different normal loads of 100 N and
150 N.

Fig 3. Linear Reciprocating Tribometer: Specimen & ENS Plate

Raw material and rubbing plate /bottom plate have purchased directly from supplier as per requirement.
Raw Material: PEEK & PTFE; Sizes: Diameter 8 x15mm length; Disc-EN8 — 40x40x5 mm.

Commercially available Polyetheretherketone (PEEK) and polytetrafluoroethylene (PTFE/Teflon) was
supplied by M/s. Ayush Enterprises. Here PTEF plays a role of filler. According to the requirement, required sizes
are manufactured (Diameter- 8mm & Length- 15mm). Corresponding EN8 plate (40x40x5 mm) was supplied
AM Technology and Engineering as a counterpart.

Table 1
Designation of Specimens
Specimens Compositions Quantity
1 PEEK (80%) + PTFE (20%) 04
2 PEEK (30%) + PTFE (70%) 04

a b c

Fig 4. Specimens 1(a) and 2(b) & EN-8 Plate (c)

Test are performed on Linear Reciprocating Tribometer at different temperatures and frequencies with
ambient humidity (30 %Rh) but varying load. Operating parameters were set as per test requirements and they are
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mentioned as below.

Stroke: 5 mm

Table 2
Operating Parameters of Linear Reciprocating Tribometer
Stroke Length Smm
Frequency 1.20 Hz, 2.30 Hz
Humidity 30 %Rh
Load 100N. 150N
Temperature 40°C, 80°C
Duration of Experiment/Specimen 20min
Raw material Specimen Initial cleaning Reciprocating Post-test cleaning Data analysis
procurement preparation and weighing wear test and weighing
« PEEK and PTFE « Compression o Clean specimens + Load: 100-150 N oS Clean spEcimens lneatione T
s &> T < ¢ Coefficient of friction
« ENS steel plate molding * Record initial ¢ Frequency: 20-30 Hz & ‘Record final Wearat
. o . ar rate
¢ Cut specimens weight (m,) ¢ Temperature: 40-80 °C weight () e c_ -
u ‘ =, 2

(#8 mm x 15 mm)

£y ) Taguchi L4 (2%)
| Duration: 20 min and ANOVA

— =

| Repeat for all experimental runs |
| (as per Taguchi L4 design) |

Fig.5. Flowchart of Experimental Methodology for Wear Test of PEEK/PTFE
Composites

The time-dependent behavior of the PEEK and PEEK/PTFE composites under different operating
conditions is discussed in the following section.

Results and discussions

The tribological behavior of PEEK and PEEK/PTFE composites was investigated under various operating
conditions, including two different temperatures (40 °C and 80 °C), frequencies (20 Hz and 30 Hz), and normal
loads (100 N and 150 N). Tests were conducted using a linear reciprocating tribometer to evaluate the wear rate of
various pin specimens. The variation in coefficient of friction, wear rate, and frictional force was analyzed with
respect to time.

The results clearly demonstrated that the wear resistance of PEEK was significantly enhanced by the
addition of PTFE as a filler. In the absence of fillers, the base PEEK material exhibited substantial material removal
due to the abrasive action of the hard asperities on the ENS§ steel counterface, resulting in high wear loss. In
contrast, when PEEK was blended with PTFE, a transfer film formed on the surface of the EN8 disc. This
polymeric film reduced direct metal-to-polymer contact, thereby lowering both friction and wear loss.

Time vs Frictional Force of Pins 1 to 4

25p
—e— Pin 1 (80% PEEK & 20% PTFE)@40°C
— Pin 2 (80% PEEK & 20% PTFE)@80°C
—e— Pin 3 (80% PEEK & 20% PTFE)@40°C
55 Pin 4 (80% PEEK & 20% PTFE)@40°C
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Fig.6. Effect of Time on Frictional Force of Pins 1 to 4

The frictional behavior of four pins, each composed of 80% PEEK and 20% PTFE, was analyzed by
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plotting frictional force (N) against time (s) over a 1200-second duration, as depicted in the figure 5 graph titled
"Time vs Frictional Force of Pins 1 to 4." Each pin was tested under distinct operating conditions: Pin 1 (100 N
load, 20 Hz speed, 40°C temperature, blue line), Pin 2 (100 N load, 30 Hz speed, 80°C temperature, orange line),
Pin 3 (150 N load, 20 Hz speed, 80°C temperature, gray line), and Pin 4 (150 N load, 30 Hz speed, 40°C
temperature, yellow line). Initially, all pins exhibited a sharp increase in frictional force within the first 60 seconds,
with values rising from near 0 N to 4.5 N for Pin 1, 15.9 N for Pin 2, 12 N for Pin 3, and 10 N for Pin 4. In the
steady-state phase (60 to 1200 s), Pin 1 showed a gradual increase to 8.3 N, Pin 2 fluctuated significantly before
stabilizing at ~9 N, Pin 3 remained stable at ~11.9-12.0 N, and Pin 4 stabilized around 9-10 N with a slight peak at
600 s. The analysis revealed that higher loads increased friction (e.g., Pin 3 vs. Pin 1), higher speeds reduced
it (e.g., Pin 4 vs. Pin 3), and temperature effects varied—higher temperatures increased friction at lower speeds
(Pin 3 vs. Pin 1) but had less impact at higher speeds (Pin 2 vs. Pin 4). These findings highlight the interplay of
operating parameters on the tribological performance of PEEK/PTFE composites, offering valuable insights for
optimizing material applications in frictional environments.

Time vs Frictional Force of Pins 5 to 8
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Fig. 7. Effect of Time on Frictional Force of Pins 5 to 8

The frictional behavior of four pins, each composed of 30% PEEK and 70% PTFE, was evaluated by
plotting frictional force (N) against time (s) over a 1200-second duration, as illustrated in the figure 6 graph titled
"Time vs Frictional Force of Pins 5 to 8. Each pin was subjected to distinct operating conditions: Pin 5 (100 N
load, 20 Hz speed, 40°C temperature, blue line), Pin 6 (100 N load, 30 Hz speed, 80°C temperature, orange line),
Pin 7 (150 N load, 20 Hz speed, 80°C temperature, gray line), and Pin 8 (150 N load, 30 Hz speed, 40°C
temperature, yellow line). All pins exhibited a sharp increase in frictional force within the first 60 seconds, starting
near 0 N and peaking at approximately 19.0 N for Pin 5, 7.6 N for Pin 6, 16.8 N for Pin 7, and 4.0 N for Pin 8. In
the steady-state phase (60 to 1200 s), Pin 5 decreased steadily to ~12.2 N, Pin 6 stabilized around 7.5-8.5 N with
minor fluctuations, Pin 7 showed a gradual increase to ~19.5 N, and Pin 8 remained stable at ~4.0-4.9 N. The
analysis revealed that higher loads significantly increased friction (e.g., Pin 7 vs. Pin 5), higher speeds reduced it
(e.g., Pin 6 vs. Pin 5, Pin 8 vs. Pin 7), and temperature effects were pronounced—Ilower temperatures combined
with higher speeds minimized friction (Pin 8 vs. Pin 6). These findings underscore the sensitivity of 30% PEEK
and 70% PTFE composites to operating conditions, providing critical insights for optimizing their tribological
performance in high-friction applications. The graphs depicting time versus frictional force for Pins 1 to 4 (80%
PEEK & 20% PTFE) and Pins 5 to 8 (30% PEEK & 70% PTFE) provide significant insights into the tribological
performance of these polymer composites under varying operating conditions. For Pins 1 to 4, the frictional force
ranged from 8 to 12 N in the steady-state phase, with Pin 1 showing a gradual increase, Pin 2 stabilizing after
initial fluctuations, and Pins 3 and 4 maintaining relatively stable values, highlighting the material's moderate and
predictable frictional behavior. In contrast, Pins 5 to 8 exhibited a broader range of frictional forces (4 to 19.5 N),
with Pin 5 decreasing over time, Pin 6 stabilizing, Pin 7 increasing steadily, and Pin 8 maintaining the lowest
friction, underscoring the material's higher sensitivity to operating parameters. Across both sets, higher loads
consistently increased friction, while higher speeds generally reduced it, particularly for the PTFE-rich composite.
Temperature effects were complex, with lower temperatures often minimizing friction at higher speeds, especially
for Pins 5 to 8. These findings emphasize the critical role of material composition and operating conditions in
dictating frictional behavior, offering valuable guidance for optimizing PEEK/PTFE composites in applications
requiring tailored tribological properties, such as in high-performance bearings or seals. Further studies could
explore additional parameters, such as surface roughness or environmental humidity, to enhance the understanding
of these composites' performance.



Problems of Tribology 55

048 Time vs Coefficient of Friction Pins 1 to 4
’ —e— Coefficient of Friction - Pin 1 @40°C
Coefficient of Friction - Pin 2 @80°C
—e— Coefficient of Friction - Pin 3 @80°C
Coefficient of Friction - Pin 4 @40°C

N W
0.10
7*\*\"*‘0‘.

0.16

Coefficient of Friction
o
o
«©

4 o
o 1<)
o &

o
o
=]

0 200 400 600 800 1000 1200
Time (sec)

Fig. 8. Effect of Time on Coefficient of Friction of Pins 1 to 4

The frictional behavior of four pins, each composed of 80% PEEK and 20% PTFE, was evaluated by plotting
the coefficient of friction against time (s) over a 1200-second duration, as shown in the figure 7 graph titled "Time
vs Coefficient of Friction Pins 1 to 4." The x-axis represents time (0 to 1200 s), while the y-axis spans the
coefficient of friction from 0 to 0.18. Each pin was tested under distinct operating conditions: Pin 1 (100 N load,
20 Hz speed, 40°C temperature, blue line), Pin 2 (100 N load, 30 Hz speed, 80°C temperature, orange line), Pin 3
(150 N load, 20 Hz speed, 80°C temperature, gray line), and Pin 4 (150 N load, 30 Hz speed, 40°C temperature,
yellow line). All pins exhibited a sharp increase in the coefficient of friction within the first 60 seconds, starting
near 0 and peaking at approximately 0.045 for Pin 1, 0.159 for Pin 2, 0.08 for Pin 3, and 0.067 for Pin 4. In the
steady-state phase (60 to 1200 s), Pin 1 gradually increased to ~0.083, Pin 2 fluctuated significantly before
stabilizing at ~0.09, Pin 3 remained stable at ~0.079, and Pin 4 stabilized around 0.061 with minor fluctuations.
The analysis revealed that higher loads increased the coefficient of friction (e.g., Pin 3 vs. Pin 1), higher speeds
reduced it (e.g., Pin 4 vs. Pin 3), and temperature effects varied—higher temperatures increased the coefficient at
lower speeds (Pin 3 vs. Pin 1) but had less impact at higher speeds (Pin 2 vs. Pin 4). These findings highlight the
influence of operating parameters on the frictional performance of 80% PEEK and 20% PTFE composites,
providing critical insights for their application in tribological systems.

Time vs Coefficient of Friction Pins 5 to 8
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Fig. 9. Effect of Time on Coefficient of Friction of Pins 5 to 8

The frictional behavior of four pins, each composed of 30% PEEK and 70% PTFE, was assessed by plotting
the coefficient of friction against time (s) over a 1200-second duration, as depicted in the figure 8 graph titled
"Time vs Coefficient of Friction Pins 5 to 8." The x-axis represents time (0 to 1200 s), while the y-axis spans the
coefficient of friction from 0 to 0.16. Each pin was tested under distinct operating conditions: Pin 5 (100 N load,
20 Hz speed, 40°C temperature, blue line), Pin 6 (100 N load, 30 Hz speed, 80°C temperature, orange line), Pin 7
(150 N load, 20 Hz speed, 80°C temperature, gray line), and Pin 8 (150 N load, 30 Hz speed, 40°C temperature,
yellow line). All pins exhibited a sharp increase in the coefficient of friction within the first 60 seconds, starting
near 0 and peaking at approximately 0.19 for Pin 5, 0.076 for Pin 6, 0.112 for Pin 7, and 0.027 for Pin 8. In the
steady-state phase (60 to 1200 s), Pin 5 decreased steadily to ~0.122, Pin 6 stabilized around 0.075-0.085 with
minor fluctuations, Pin 7 showed a gradual increase to ~0.129, and Pin 8 remained stable at ~0.027-0.033. The
analysis revealed that higher loads significantly increased the coefficient of friction (e.g., Pin 7 vs. Pin 5), higher
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speeds reduced it (e.g., Pin 6 vs. Pin 5, Pin 8 vs. Pin 7), and temperature effects were pronounced—Ilower
temperatures combined with higher speeds minimized friction (Pin 8 vs. Pin 6). These findings underscore the
sensitivity of 30% PEEK and 70% PTFE composites to operating conditions, offering critical insights for
optimizing their tribological performance in high-friction applications.

The graphs illustrating time versus coefficient of friction for Pins 1 to 4 (80% PEEK & 20% PTFE) and
Pins 5 to 8 (30% PEEK & 70% PTFE) offer critical insights into the frictional performance of these polymer
composites under varied operating conditions. For Pins 1 to 4, the coefficient of friction stabilized between 0.061
and 0.09 in the steady-state phase, with Pin 1 showing a gradual increase, Pin 2 stabilizing after initial fluctuations,
Pin 3 maintaining consistent values, and Pin 4 exhibiting the lowest friction, reflecting the material's moderate
and relatively stable frictional behavior. Conversely, Pins 5 to 8 displayed a wider range of coefficients (0.027 to
0.129), with Pin 5 decreasing over time, Pin 6 stabilizing, Pin 7 increasing steadily, and Pin 8 maintaining the lowest
friction, highlighting the material's greater sensitivity to operating parameters. Across both sets, higher loads
consistently increased the coefficient of friction, while higher speeds generally reduced it, particularly for the
PTFE-rich composite. Temperature effects varied, with lower temperatures at higher speeds significantly
minimizing friction, especially for Pins 5 to 8. These findings underscore the pivotal influence of material
composition and operating conditions on frictional behavior, providing essential guidance for optimizing
PEEK/PTFE composites in tribological applications such as bearings or seals. Future research could explore
additional variables, such as surface treatments or environmental factors, to further enhance the performance of
these materials in diverse engineering contexts.

Wear Rate vs. Time (in seconds) for PEEK/PTFE Composites (Enhanced Visibility)
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Fig 10. Wear rate for various composition of PEEK &PTFE composite

The wear behavior of eight pins, composed of either 80% PEEK and 20% PTFE (Pins 1-4) or 30% PEEK
and 70% PTFE (Pins 5-8), was analyzed by plotting wear rate (in grams) against time (in seconds) over a 1200-
second duration, as shown in the figure 9 graph titled "Wear Rate vs. Time (in seconds) for PEEK/PTFE Composites
(Enhanced Visibility)." The x-axis represents time (0 to 1200 s), while the y-axis spans wear rate from 0 to 0.40
g. Each pin was tested under distinct operating conditions: Pin 1 (100 N load, 20 Hz speed, 40°C, blue circles),
Pin 2 (100 N load, 30 Hz speed, 80°C, orange triangles), Pin 3 (150 N load, 20 Hz speed, 80°C, red diamonds), Pin
4 (150 N load, 30 Hz speed, 40°C, green triangles), Pin 5 (100 N load, 20 Hz speed, 40°C, purple circles), Pin 6
(100 N load, 30 Hz speed, 80°C, brown crosses), Pin 7 (150 N load, 20 Hz speed, 80°C, gray stars), and Pin 8
(150 N load, 30 Hz speed, 40°C, pink stars). All pins exhibited a linear increase in wear rate over time, starting
near 0 g at t=0. By 1200 seconds, the wear rates reached approximately 0.18 g for Pin 1, 0.22 g for Pin 2, 0.28 g
for Pin 3, 0.31 g for Pin 4, 0.14 g for Pin 5, 0.19 g for Pin 6, 0.37 g for Pin 7, and 0.09 g for Pin 8. The analysis
revealed that higher loads significantly increased wear rates (e.g., Pin 3 vs. Pin 1, Pin 7 vs. Pin 5), higher speeds
also increased wear (e.g., Pin 2 vs. Pin 1, Pin 4 vs. Pin 3), and higher temperatures exacerbated wear, particularly
at lower speeds (e.g., Pin 3 vs. Pin 1, Pin 7 vs. Pin 5). Notably, the 30% PEEK and 70% PTFE composite showed
greater variability, with Pin 8 exhibiting the lowest wear rate due to high speed and low temperature, while Pin 7
had the highest due to high load and temperature.

SEM Analysis
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The scanning electron microscopy (SEM) analysis provides clear evidence of the differing wear behaviors
between specimens Pin 8 and Pin 4. Specimen Pin 8, which exhibited a lower coefficient of friction and reduced
wear rate during tribological testing, shows a relatively smooth and uniform surface morphology. The worn surface
of Pin 8 lacks deep grooves or cracks and displays minimal debris formation, indicating excellent wear resistance
and effective load distribution during sliding. In contrast, specimen Pin 3, associated with higher wear and friction,
reveals pronounced surface damage characterized by deep wear tracks, micro-cracks, and fragmented debris.
Higher magnification image of clearly illustrate material pull-out and severe surface degradation. These
observations confirm the superior tribological performance of the Pin 8 composite, which may be attributed to its
optimized microstructure and material composition that contribute to enhanced surface integrity under operational
stress.

Taguchi Analysis and Optimization

The effects of load, sliding frequency, and temperature on the tribological behavior of PEEK/PTFE
composites were evaluated using a Taguchi L4 (2%) orthogonal array. Three control factors were considered at two
levels: load (100 and 150 N), frequency (20 and 30 Hz), and temperature (40 and 80 °C). The evaluated responses
were frictional force, coefficient of friction, and wear rate. The experimental results obtained for both composite
compositions are summarized in Table 3.

Table 3
Experimental results according to the Taguchi L4 design
Composite Specimen | Load, | Frequency, | Temperature, | Frictional | Coefficient Wear
N Hz °C force, N of friction rate, g
80% PEEK / | Pin 1 100 20 40 8.33 0.088 0.002
20% PTFE
Pin 2 100 30 80 9.09 0.100 0.003
Pin3 150 20 80 12.62 0.110 0.004
Pin 4 150 30 40 12.36 0.080 0.003
30% PEEK / | Pin 5 100 30 80 8.29 0.089 0.002
70% PTFE
Pin 6 100 20 40 7.78 0.088 0.002
Pin 7 150 30 40 18.46 0.136 0.001
Pin 8 150 20 80 4.87 0.037 0.001

The 80% PEEK/20% PTFE composite exhibited frictional forces of 8.33—12.62 N, coefficients of friction
of 0.080-0.110, and wear rates of 0.002—0.004 g. For the 30% PEEK/70% PTFE composite, the corresponding
ranges were 4.87-18.46 N, 0.037-0.136, and 0.001-0.002 g, respectively. The lowest coefficient of friction
(0.037) and wear rate (0.001 g) were recorded for Pin 8, indicating the favorable tribological behavior of the PTFE-
rich composite under this combination of operating conditions. The relative effects of the investigated operating
parameters were evaluated using the Taguchi response analysis and ANOVA. The percentage contributions
obtained from the original analysis are summarized in Table 4.

Table 4
Summary of ANOVA results for the investigated tribological responses
Composite / response Load, Frequency, Temperature, Dominant
Y% % Y% factor

80% PEEK / 20% PTFE — frictional force | 51.28 45.73 2.99 Load

30% PEEK / 70% PTFE — frictional force | 97.01 2.17 0.82 Load

30% PEEK / 70% PTFE — wear rate 64.56 21.58 13.86 Load

30% PEEK / 70% PTFE — coefficient of | 21.84 52.32 25.84 Frequency
friction

For the 80% PEEK/20% PTFE composite, applied load showed the largest contribution to the variation in
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frictional force (51.28%), followed by frequency (45.73%) and temperature (2.99%). For the 30% PEEK/70%
PTFE composite, the contribution of load to frictional force was 97.01%, indicating a substantially stronger
dependence of this response on the applied load.

For the PTFE-rich composite, load was also the dominant factor affecting wear rate, with a contribution of
64.56%, followed by frequency (21.58%) and temperature (13.86%). In contrast, the coefficient of friction was
primarily affected by frequency (52.32%), followed by temperature (25.84%) and load (21.84%).

Linear regression models were additionally used to describe the relationships between the operating
parameters and the tribological responses. For the 80% PEEK/20% PTFE composite, the frictional force was
described by:

F = —0.2400 + 0.07560L + 0.02500f + 0.011275T

where Fis the frictional force (N), Lis the applied load (N), fis the frequency (Hz), and T'is the temperature
(°C). The confirmation experiment reported a difference of approximately 0.70% between the predicted and
experimental frictional-force values.

For the 30% PEEK/70% PTFE composite, the corresponding regression relationships reported in the
experimental analysis were:

F =11.09 4+ 0.06277L + 0.02888f + 0.01174T
W = 0.004000 — 0.000020L
u = 0.1440 — 0.000040L — 0.005000f + 0.001225T

where Wis the wear rate (g) and pis the coefficient of friction. The reported differences between predicted
and experimental values were approximately 0.59% for frictional force, 4% for wear rate, and 0.45% for the
coefficient of friction.

Overall, the Taguchi analysis demonstrates that the tribological behavior of PEEK/PTFE composites
depends on both composition and operating conditions. Increasing the PTFE content from 20% to 70% provided
lower minimum values of wear and coefficient of friction. Among the investigated conditions, Pin 8 exhibited the
lowest coefficient of friction (0.037) together with a wear rate of 0.001 g. The factor analysis further showed that
load predominantly affected frictional force and wear rate, whereas frequency had the greatest contribution to the
coefficient of friction for the 30% PEEK/70% PTFE composite.

Conclusion

The study systematically explored the tribological behavior of PEEK/PTFE composites under various
operational conditions, focusing on both low and high temperatures. The results demonstrated a significant
enhancement in wear resistance with the incorporation of PTFE, particularly in the 30% PEEK and 70% PTFE
composite, which outperformed the 80% PEEK and 20% PTFE composite in terms of frictional force, coefficient
of friction, and wear rate. Pin 8, in particular, exhibited the most favorable performance, with the lowest frictional
force, coefficient of friction (0.03), and wear rate, which can be attributed to its high PTFE content, high speed
(2.30 Hz), and low temperature (40°C). SEM analysis further confirmed that Pin 8 had minimal wear and
maintained a smooth surface morphology, whereas Pin 3 showed significant surface degradation, highlighting its
lower wear resistance and higher frictional effects.

This study reinforced the positive impact of increasing PTFE content on the tribological properties of PEEK
composites, particularly in enhancing wear resistance. The use of the Taguchi L4 (2%) orthogonal array successfully
identified load as the primary factor influencing the coefficient of friction, with temperature being the main driver
of wear rate. As load and temperature increased, both the wear rate and coefficient of friction also increased,
further supporting the higher efficiency of hybrid polymer composites over conventional alloys. ANOVA analysis
confirmed the statistical significance of the findings, with p-values below 0.05, and the confirmation tests
validated the predictive power of the Taguchi L4 model.

This study also highlights the effectiveness of the Taguchi method as a robust and efficient approach for
analyzing and optimizing tribological properties, including frictional force, coefficient of friction, and sliding
wear rate. The findings provide essential insights for the design and application of PEEK/PTFE composites in
high-performance tribological systems, particularly in industrial applications that demand superior wear resistance
and reduced frictional performance.
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Aéxanr JI. B., Cambape A. A., Kapanaikap I1. M., lanse 51. [Iporao3yBaHnHs Ta aHaii3 TpuOOJIOTi4HOT
MOBE/IiHKYU T1OpUAHUX TOJIIMEPHUX KOMITO3MTIB IPH BHIIPOOYBAaHHSX Ha TPUOOMETPI 3BOPOTHO-TIOCTYIAIBLHOTO
pPyxy

Y po6oTi mochimKeHo TpUOOIOTiYHy MOBEAiHKY KOMIO3HTIB Ha ocHOBI momiedipedipkerony (PEEK) 3
noniterpadroperunenom (PTFE) sx TBepauM MacTHIBPHHM HAIOBHIOBAYEM B yMOBaX CYXOTO TepTsS IIPHU
3BOPOTHO-TIOCTyNAJIbHOMY pyci. 3pa3ku nBox cknanis — 80 % PEEK/20 % PTFE Ta 30 % PEEK/70 % PTFE —
BUTIPOOOBYBAJIH B KOHTAKTI 31 CTAJIEBUM KOHTPTIJIOM Ha JIHIHHOMY TPHOOMETPi 3BOPOTHO-IIOCTYIATBHOTO PYXY.
s onintoBanHs BIomBY HaBaHTaxkeHHs (100 1 150 H), wacrorn (1,20 1 2,30 I'm) ta remnepatypu (40 i 80 °C) Ha
CHILy TepTsl, KoeillieHT TepTs Ta IHTEHCUBHICTh 3HOLYBAaHHS 3aCTOCOBAHO OpPTOrOHaNbHUH ruaH Taryui L4 (23).
Bcranosneno, 1o 36inpuenHs BMicty PTFE cyTTeBo nokparnye Tpu0osoriuHi XapakTepHuCTHKA KOMIO3UTY. J{i1s
ckmany 30 % PEEK/70 % PTFE orpumano miHiManbHui koedinieHt Teptst 0,037 Ta BTpaTy Macu BHAcCiiJIOK
snomyBaHHs 0,001 r. Meron ANOV A BUKOPUCTaHO JUTs OLIHIOBAHHS BHECKY JIOCIIPKYyBaHUX (PaKTOPIB y 3MiHY
TPUOOJIOTIYHUX XapaKTEPUCTUK, a PperpeciiiHi Mojaeni — Juisi NPOTHO3YBAHHS pe3yJbTaTiB BUIPOOYBaHb.
OTpuMaHi pe3yiabTaTH MiATBEPUKYIOTh mnepcnektuBHicTs komnosutiB PEEK/PTFE mns 3acrocyBaHHsS y
BHCOKOHABAHTA)XCHUX BY3JIaX TEPTA, 30KpeMa IiIIMIHUITHUKAX 1 YOIUIFHEHHAX, ¢ HeOoOXiTHI HHU3BbKE TepTsS Ta
MABUIIIEHA 3HOCOCTINKICTD.

Karwuosi ciaoBa: riopunni momimepHi kommosutn, PEEK, PTFE, tepts, 3HOmIyBaHHS, cHia TepTH,
Koe(ilieHT TepTs, TpPHOOMETp 3BOPOTHO-TIOCTYHAIBFHOTO pyXy, opToroHansHu tiaH Tarydi, ANOVA.
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Abstract

In this work, the effect of the deposition method on the wear mechanisms of NiAl-15% CrB, composite
coatings was investigated. The wear rates of coatings produced by Plasma spraying, Detonation spraying and
Electric-Spark Alloying (ESA) were evaluated using room-temperature “pin-on-disc” tribological tests. The worn
surfaces and corresponding wear mechanisms were analyzed via SEM. The results demonstrate that incorporating
CrB; into the NiAl matrix significantly enhances the wear resistance of the composite coatings, shifting the
dominant wear mechanism from abrasive-adhesive to oxidative wear, regardless of the deposition technique.

Keywords: Plasma coatings, APS, Detonation coatings, D-gun, Electric-Spark Alloying coatings, ESA,
intermetallic, NiAl, chromium diboride, CrB., friction, wear resistance

Statement of the problem (Introduction)

Due to its low density, high melting point, and excellent resistance to oxidation and corrosion, nickel
aluminide (NiAl) is widely used in the aerospace industry as a protective coating for gas turbine engine components
[1], [2], [3]. However, the application of NiAl as a high-temperature wear-resistant material is limited due to its
thermal softening at temperatures above 500 °C [4], [5]. Under thermal and mechanical stress, high plastic
deformation of the intermetallic compound leads to the destruction of protective Ni- and Al-based oxide films
formed on its surface. The destroyed oxide films fail to prevent direct metal-to-metal contact of the friction pair
components, triggering severe adhesive wear.

Analysis of recent research and publications (Literature review)

To improve wear resistance, intermetallic matrices are dispersion-reinforced with refractory compounds,
which increase the strength and stiffness of the composite at elevated temperatures while acting as wear-resistant
phases [6], [7], [8], [9], [10], [11], [12], [13], [14]. Based on previous studies of physicochemical interactions in
NiAl-MeB; systems (where Me is Cr, Ti, or Zr), chromium diboride (CrB,) was identified as a promising
reinforcing phase [15]. Prior research has investigated the high-temperature friction behavior of NiAl-CrB;
composite coatings deposited via Plasma, Detonation, and Electric-Spark methods. The introduction of chromium
diboride was shown to enhance the strength and stiffness of the composite coating, preventing the degradation of
surface oxide films on the intermetallic matrix and facilitating a transition to an oxidative wear mechanism [16],
[17],[18], [19].

Highlighting previously unresolved parts of the general problem

Despite existing studies on the behavior of NiAl-CrB; coatings under high-temperature friction conditions,
the specific wear mechanisms occurring under room-temperature testing, especially for Electric-Spark Alloyed
coatings, remain insufficiently understood. During sliding contact, intense frictional heating leads to a significant
localized temperature rise within the friction zone [20], [21], [22]. The dissipation of this heat is dictated by a
range of factors, including coating morphology.
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Coatings deposited by Plasma spraying, Detonation spraying, and Electric-Spark Alloying (ESA) exhibit
fundamentally different microstructural characteristics (porosity, phase distribution, defect density, and interface
boundary features) [16], [17], [19]. Consequently, these structural variations can result in substantial differences
in their wear mechanisms.

Formulation of the purpose of the article (Purpose)
The purpose of this work is to investigate the effect of the coating deposition method on the wear
mechanisms of NiAl-15% CrB; (wt. %) composite coatings under friction conditions at room temperature.

Methods

Commercial NiAl powders with a particle size of -40 um and CrB powders with a particle size of — 12 um
were used to deposit the coatings. NiAl coatings were obtained from the as-received powder, whereas composite
powder materials for deposition of NiAl-15% CrB: coatings were manufactured by mixing intermetallic and
boride powders in the required proportions, followed by hot pressing at 1300 °C. The sintered CPM briquettes
were either crushed and classified to the required size for Plasma and Detonation spraying or cut to the required
size for Electric-Spark Alloying. Further details on the deposition parameters of Ni and NiAl-15% CrB; coatings
can be found in previous works [16], [17], [19].
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Fig. 1. Microstructure of Plasma (a), Detonation (b) and ESA (c) coatings: 1 — coating; 2 — substrate; 3 — bond layer

To investigate wear resistance, the coatings were deposited onto steel pins (@ 5 X 15 mm) made of Steel
20. In case of the Plasma spraying bond coating of NizAl was used. The sprayed coatings were polished to a surface
roughness of R, =2.5...0.63 ym.
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Fig. 2. Wear rate of NiAl-15% CrB: coatings (NiAl data provided for comparison)
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Fig. 3. Worn surfaces of NiAl-15%CrB: Plasma coatings: 1 — coating, 2 — wear debris, 3 — wear tracks
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The wear resistance of the coatings was determined by “pin-on-disc” scheme using a CETR UMT-2 micro-
tribotester (Fig. 4). The pins were positioned at a distance R, pressed against the coating surface 4 with a specified
force, and the disc holder 6 began to rotate at a programmed speed. The pins and counterbodies were mounted on
the tribotester using custom-designed holders. Tribological testing was carried out at room temperature under the
following conditions: S'= 1.0 km, V'=0.157 m/s, P =1 MPa.
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Fig. 4. Schematic of tribological testing: 1 — pin, 2 — NiAl-15% CrB: coating, 3 — pin holder, 4 — NiAl coating, 5 — disc,
6 — disc holder

To determine weight loss, the samples were cleaned before and after tribotesting in an ultrasonic bath filled
with isopropyl alcohol (99.9%) and weighed on electronic scales with an accuracy of 0.0001 g. The determined
weight loss of the coatings and the linear wear of the tribopair were converted to wear rate 7, using the following
formula:

av
w, =22 (1)

where AV is the volume of worn material, mm?; P is the normal load on the rod, N; S is the friction path,
m.

Steel discs @ 40 x 10 mm (Fig. 4, 5) with a NiAl Plasma coating [17] (Fig. 4, 3) and a roughness of R, =
2.5...0.63 um were used as a counterbodies. Two tests were conducted on each disc. Initially, the pin was
positioned at a distance R = 10 mm for the first test. After cleaning and taking all necessary measurements, disc 5
(Fig. 4) was reinserted into holder 6, and the holder with the new pin was positioned at a distance of R =5 mm for
the next test.

The composite coatings and worn surfaces were examined by scanning electron microscopy using REM-
1061, Thermo Fisher Scientific Quanta 3D FEG, and Hitachi TM-1000 microscopes.

201312113 11:30 L D22 x1.0k 100 um . 2013/12/13 11:10 L D

a b c
Fig. 5. Worn surfaces of NiAl-15%CrB: Detonation coatings: 1 — coating, 2 — wear debris, 3 — wear tracks

Results

The microstructures of deposited coatings are shown in Fig. 1. Plasma and Detonation coatings exhibit a
microstructure typical of thermally sprayed coatings: particles of CrB, evenly distributed in NiAl matrix.
Detonation coating (Fig. 2, b) typically has noticeably smaller size of NiAl particles compared with Plasma coating
(Fig. 1, a).

The different nature of the ESA method compared to thermal spraying results in a distinct microstructure.
ESA coating is formed by an array of crystalized welding pools of different shapes and sizes (Fig. 1, ¢) without
clear segregation of NiAl and CrB; particles. Additionally, it contains Steel 20 components, mainly Fe (around
10%). The coating is more than two times thinner than those produced by Plasma or Detonation spraying.

As expected, different microstructure of coatings resulted in difference of their wear behavior (Fig. 2).
NiAl-15% CrB: Detonation coatings have the lowest wear rate. NiAl-15% CrB; Plasma and ESA coatings
demonstrated similar wear rates, with the ESA coating performing slightly better. As expected, composite coatings
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showed a wear rate ~7 times lower than NiAl ones which goes in line with the previous studies [16], [17], [18],
[19]. It is worth noting that intense tribo-oxidation was observed during testing of the NiAl-15% CrB: Detonation
coating. The surfaces of both the pin and disc were covered with pale-green films.

In order to investigate the nature of the processes that took place during the friction of NiAl-15% CrB,
composite coatings, the worn surfaces were examined by SEM-EDX (Figs. 3—6). The worn surface of the plasma-
sprayed coating is covered with conglomerates of wear debris (Fig. 3, point 2). The wear debris predominantly
consists of Ni and Al oxides formed on the NiAl counterbody. Evidently, small volumes of the NiAl counterbody
material in the contact zones were plasticized, leading to the shearing of oxide films and metallic NiAl fragments
by the pin, which were then transformed into wear debris. During further sliding, this debris accumulated in surface
defects of the composite coating (Fig. 3c, point 2). In some cases, either large individual defects or clusters of
closely spaced defects trapped significant quantities of debris (Fig. 3b, point 2). These conglomerates of wear
debris acted as a solid lubricant, thereby reducing the wear of the plasma-sprayed NiAl-15% CrB; coating.
Evidently, a fraction of the wear debris not trapped by surface defects acted as an abrasive, leaving characteristic
wear tracks on the NiAl matrix of the composite coating (Fig. 3c, 3).

The wear mechanism of the detonation coating is similar to that of the plasma-sprayed coating; however,
in this case, the wear debris was predominantly trapped within surface grooves remaining from the polishing
process (Fig. 5c¢, 2). On the leading edge (Fig. 5a), besides the wear debris (point 2) covering nearly the entire area,
characteristic wear tracks (point 3) are also present. Intensive tribo-oxidation of the counterbody, followed by
material transfer, resulted in almost the entire surface of the NiAl-15% CrB; detonation coating being covered
with wear debris (Fig. 1b, 2). This debris acted as a solid lubricant, significantly reducing composite wear.
Consequently, the NiAl-15% CrB; detonation coating exhibited the lowest wear rate.
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Fig. 6. Worn surfaces of NiAl-15%CrB: ESA coatings: 1 — coating, 2 — wear debris, 3 — wear tracks

NiAl-15% CrB; Electric-Spark Alloyed (ESA) coatings exhibit a distinctly discrete surface topography,
where variations in weld pool heights result in large depressions that accumulate wear debris (Fig. 6a, point 2).
Additionally, regions with minor surface defects also trap wear debris (Fig. 6b and 6c, point 2). Furthermore,
noticeable wear tracks and localized plastic deformation zones are observed within the ESA coating (Fig. 6a, point
1 and Fig. 6c, point 3). Evidently, owing to this discrete morphology, the normal load—and consequently the
frictional heat—in certain contact zones is sufficiently high to induce plastic deformation of the NiAl matrix.
However, this remains a localized phenomenon, as the majority of the coating surface is covered with wear debris
acting as a solid lubricant.

Conclusions

In conclusion, the addition of CrB: into the NiAl matrix enhances its strength and suppresses noticeable
plastic deformation, effectively shifting the primary wear mechanism from abrasive-adhesive (typical of the plain
NiAl counterbody) to oxidative wear in the NiAl-15% CrB; Plasma, Detonation or ESA coatings. As a result, the
wear rate of the composite coatings is ~7 times lower than that of the initial intermetallic ones.

NiAl-15% CrB; Detonation coating exhibited the highest wear resistance primarily due to the formation of
a protective wear debris film covering nearly its entire surface. Despite differences in surface topologies and
content both Plasma and Detonation composite coatings exhibited a similar level of wear resistance.
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Yxpainens M.C., Ymancekuii O.I1., [Hoasipyc O.M.>, Konosan B.IL., Jlesuyk T.O. Brnus meroxy
0Ca/DKEHHsI Ha MeXaHi3MHU 3HoIIyBaHHs HOKpUTTiB NiAl-15 mac.% CrB2

Y 1iii poOOTI IOCHIPKEHO BIUIMB METOJNY HAHECEHHS Ha MEXaHIi3MH 3HOUIYBaHHS KOMITO3MIIIHHUX
nokputTiB NiAl-15% CrB,. IHTeHCHBHICTP 3HONIYBaHHA MOKPHUTTIB, OTPUMAHUX MUIIXOM IIJJa3MOBOTO
HaNWJICHHS, IETOHAIIMHOTO HANWICHHS Ta eJekTpoickposoro jeryBanHs (ELJI), omiHroBamm 3a DONMOMOTOIO
TpPHUOOJIOTIYHIX BUIPOOYBAaHB 32 CXEMOIO «CTPWKEHB—IHCK» 3a KiMHATHOI TemmepaTypu. [loBepxHi TepTs Ta
BIJIIOBiZTHI MeXaHI3MH 3HOIITYBAaHHS aHANi3yBaJId 32 AONOMOTOI0 PacTPOBOi eleKTpoHHOI Mikpockormii (PEM).
Pesymbraten  memoHCTpyroTh, mo BBeaeHHS CrB, y wmatpumio NiAl 3HauHO WiABHINYE 3HOCOCTIHKICTH
KOMIIO3UIIITHUX TOKPHUTTIB, 3MIHIOIOUM IOMIHYIOUAH MEXaHi3M 3HOIIYBaHHS 3 aOpa3smMBHO-aAre3iifHOTO Ha
OKHCHIOBaJIbHUH, HE3aJI€KHO BiJ TEXHOJIOTIT HAHECEHHSI.

KarouoBi cioBa: mnna3smMoBi NOKpPUTTS, JETOHALIWHI TOKPUTTS, €JIEKTpoickpoBe JjeryBaHHs, ELJL,
inrepmeranin, NiAl, nu6opun xpomy, CrB2, TepTs, 3HOCOCTIHKICT
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Abstract

This article is dedicated to determining the analytical relationships between the quality indicators of
transient processes in the hydraulic drive of the manipulator arm rotation mechanism of a garbage truck, taking
into account the wear of friction pairs, which can be used to develop an improved method for the design calculation
of the parameters of the manipulator arm rotation mechanism during the loading of municipal solid waste. The
drive for the working components of the garbage truck manipulator arm rotation mechanism is hydraulic, powered
by the garbage truck’s pump station. During the operation of this drive, transient processes inevitably occur,
associated with the operation of the control unit, the activation of the positive-displacement hydraulic pump,
changes in the load on the actuator, and so on. Graphical dependencies of the quality indicators of transient
processes in the hydraulic cylinder of the garbage truck manipulator arm rotation mechanism on the wear of friction
pairs were plotted based on initial data corresponding to the parameters of a real production model of the KO 436
garbage truck manufactured by Turbivskyi Machine-Building Plant LLC (Ukraine). These results showed that
accounting for friction pair wear significantly affects the quality indicators of transient processes in the hydraulic
drive of the garbage truck manipulator arm rotation mechanism. It was established that an increase in the wear of
the friction pairs in the garbage truck manipulator arm rotation mechanism leads to a decrease in the quality
indicators of the transient processes of its hydraulic drive.

Keywords: transient processes, quality indicators, consideration of wear, hydraulic drive, wear, friction
components, arm rotation mechanism, manipulator, garbage truck, municipal solid waste.

Introduction

One of the key directions in the development of modern municipal machinery in Ukraine is the
improvement of mobile manipulator-type machines, which include garbage trucks [1]. Within this field, particular
attention is paid to improving the wear resistance, reliability, and durability of the design elements of these
machines, as these operational characteristics significantly influence their performance. Improving these indicators
makes it possible to reduce costs associated with repairs and maintenance, increase the serviceability of the
machines, and ensure a longer service life under conditions of long-term and intensive operation [2, 3]. In Ukraine,
the majority of work involved in collecting and transporting municipal solid waste (MSW) to sites for further
processing, recycling, or disposal is carried out using body-type garbage trucks [4, 5]. An integral part of the design
of these specialized vehicles is the loading mechanisms [6—8], which enable the mechanized performance of
operational tasks such as gripping, lifting, and tilting waste containers to empty them into the garbage truck’s body.
The vast majority of such devices are implemented as manipulator mechanisms of various designs [9—13], which
are operated by a hydraulic drive [14—16]; during operation, transient processes inevitably occur at startup [17]
associated with the activation of a positive-displacement hydraulic pump, the operation of the control mechanism,
changes in the load on the actuator, and so on. Currently, there are approximately 3,700 garbage trucks in operation
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in Ukraine, which, in addition to transporting municipal solid waste, mechanically compact it directly in the truck
body. Implementing this process makes it possible to significantly increase the mass of waste transported per trip,
reduce the number of transport cycles, and, consequently, lower transportation costs. In addition, compacting
MSW contributes to a more efficient use of landfill capacity by reducing the area required for disposal, which
provides a significant economic benefit while also positively impacting the environment through a more rational
use of land resources. During the process of loading municipal solid waste into the body of a garbage truck, the
friction components of the manipulator mechanism—yprimarily its hinged joints and hydraulic cylinders—are
subjected to the highest mechanical loads. The rate of wear on these components is determined by the combined
effect of operational factors. The main factors include the significant weight of waste containers, which in some
cases can reach 500 kg; the operation of the mechanism under conditions of frequent reversing loads with repetitive
reverse-rotational movements of the links; and the performance of a large number of work cycles during a single
transport trip. The combined effect of these factors leads to accelerated wear, deterioration of the technical
condition of the manipulator’s components, increased clearances in the couplings, and, as a result, reduced
reliability and operational efficiency of the garbage truck’s loading equipment. Operating conditions for the
manipulator mechanism are further complicated by the influence of unfavorable environmental factors, including
significant fluctuations in temperature and relative humidity, as well as high dust levels in the work area. The
combined effect of these factors accelerates the wear of friction assemblies and the mechanism’s working parts,
leading to a deterioration in their technical condition, a decrease in operational reliability, and a reduction in the
service life of garbage trucks. In addition, the deterioration of the tribological properties of the materials used in
the parts, as well as insufficient lubrication, cause an increase in friction forces in the hinged joints of the
manipulator mechanism. The rapid progression of wear processes in the friction assemblies of the manipulator
mechanism not only leads to a deterioration in its technical and operational characteristics but also significantly
affects the overall operational safety of the garbage truck. Increased clearances in mating surfaces, increased
internal leakage in the hydraulic drive, and higher levels of vibration and dynamic loads can disrupt normal
equipment operation, cause individual components to fail, or lead to emergency situations. In accordance with the
provisions of Resolution No. 265 of the Cabinet of Ministers of Ukraine [18], one of the priority tasks for the
development of the housing and utilities sector is the introduction of modern, high-performance garbage trucks,
which serve as the basic technical equipment for the mechanized collection, transportation, and initial compaction
of municipal solid waste. Equipping municipal utilities with modern specialized equipment ensures greater
efficiency in carrying out technological processes, optimization of transportation and logistics operations, a
reduction in operating costs, and a more rational use of material and energy resources. Planning the modernization,
maintenance, and repair of garbage trucks is facilitated by identifying analytical dependencies of the quality
indicators of the transient processes in the hydraulic drive of the garbage truck’s manipulator-arm rotation
mechanism, taking into account the wear of friction pairs, which can be used to develop an improved methodology
for the design calculation of the parameters of the manipulator arm rotation mechanism during the loading of municipal
solid waste.

Analysis of recent research and publications

The scientific article [19] presents an algorithm for determining the key quality indicators of transient
processes to optimize the components of a system and improve control quality. The key quality indicators of
transient processes that were considered include: relative overshoot, the number of overshoots, and the settle
duration. For high-quality transient processes, relative overshoot should not exceed 30%, and the number of
overshoots during the settling time period should not exceed 2—3 [20].

The results of the structural analysis of garbage truck components subject to intense wear are presented in
the scientific paper [21]. In the study [22], a design for a robotic manipulator was proposed, along with its three-
dimensional geometric model in SOLIDWORKS, and a motion analysis was also performed. During the structural
optimization of the design, a detailed analysis of the manipulator’s key parameters was carried out; in particular,
the stresses and strains of its components were evaluated, and the objective functions and system of constraints
necessary for improving the design were formed. This approach helps reduce the probability of failures in the
manipulator mechanism under conditions of prolonged operation under high loads and ensures more efficient
interaction of its components with other systems of the garbage truck, which ultimately increases the productivity
of MSW collection and transportation processes.

In the paper [23], the effect of an increase in radial clearance due to wear on the quality characteristics of a
servo valve’s transient processes was investigated using MATLAB/Simulink. The following changes were
analyzed: overshoot, settling time, damping, and dynamic accuracy. It was found that an increase in the servo
valve’s flow rate as the clearance increases due to wear leads to a reduction in overshoot and a shorter settling
time. An analysis of the correlation between wear progression and performance degradation will enable the
formulation of maintenance strategies and proposals for design improvements, thereby ensuring the durability and
operational efficiency of servo valves.

The authors of [24] proposed a mathematical model for determining the optimal geometric parameters of
the manipulator’s structural elements, taking into account the maximum boom reach, load capacity, and other
kinematic characteristics of the machine. Particular attention is paid to hinged joints operating in a cyclic mode,
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which is characteristic of manipulator-type machines. It has been established that under such conditions, the
hydrodynamic friction mode is practically nonexistent, and the friction process occurs predominantly in the semi-
dry or boundary friction modes. In this regard, the properties of the materials, the quality of surface finishing, and
the effectiveness of the lubrication system are of decisive importance for ensuring the wear resistance and
durability of the hinge assemblies. The operation of sliding bearings under these conditions is accompanied by
accelerated wear of the contact surfaces, a decrease in kinematic accuracy, and the occurrence of additional
dynamic loads and vibrations. To reduce friction forces, it is recommended to apply special coatings to the contact
surfaces (lead, phosphate, or indium-based), use grease, as well as phosphate and anodic coatings, which improve
lubricant retention and increase the service life of hinge assemblies.

In the paper [25], the effect of wear on the throttle edges after a certain period of operation on the transient
processes of a servo system based on a hydraulic servo-spool valve was experimentally investigated. It was found
that the diameter of the hydraulic servo valve opening increases due to erosive wear caused by contamination with
solid particles in the oil, which leads to a decrease in the valve’s static and dynamic characteristics and a
deterioration in performance. A control method with a variable amplification coefficient is proposed to address
the problem of erosive wear of the valve opening. After applying variable amplification control, the static and
dynamic characteristics of the servo valve closely resemble those of an ideal servo valve, with a maximum
deviation between the flow characteristics and the ideal valve orifice of approximately 1%.

In the article [26], a method for optimizing the operation of a robotic cell is proposed, which involves
selecting an optimal position for the robotic manipulator within the work area for programs with a specified end-
effector motion trajectory. The aim of the study was to reduce the total wear of the manipulator’s joints and to
balance their loads by preventing excessive mechanical stress on individual joints. Wear was assessed based on an
approximation of the integral of the mechanical work of each joint along the motion trajectory, using values of
angular velocities and torques. The proposed approach is based on dynamic modeling, which enables the
determination of rotational velocities and torques at various positions of the manipulator. The research results
show that optimizing the robot’s base configuration reduces the total wear of its joints by 22—53%, depending on
the motion trajectory configuration.

In the scientific article [27], which investigates the deterioration in the performance of hydraulic servo-
spool valves caused by erosive wear of the valve opening, the micromorphological characteristics of the spool’s
working edge were investigated, the transient process of solid-particle erosion was visualized, and the factors
influencing the erosion rate of the working edge were modeled.

The study [28] analyzes the main mechanisms of wear in the hinged joints of forestry manipulators and
identifies promising approaches for improving their wear resistance depending on operating conditions. It has been
established that the operation of manipulators under significant temperature fluctuations significantly affects the
properties of structural materials and lubricants. At low temperatures, the brittleness and stiffness of materials
increase, friction conditions deteriorate, and lubricants lose their fluidity or become significantly more viscous,
which accelerates wear. At high temperatures, the lubricant thins, is less effectively retained in the friction zone,
and fails to provide adequate cooling of the contact surfaces, resulting in increased wear rates. To increase the
service life of hinge assemblies, it is recommended to use combined contact-labyrinth seals, which effectively
protect them from the ingress of dust, moisture, and other contaminants and ensure that the lubricant is retained in
the friction zone.

In the paper [29], the effect of erosive wear of the spool pair on the dynamic characteristics of an
electrohydraulic servo valve was investigated. It was found that as wear increases, the following parameters
deteriorate: pressure amplification factor, internal leakage, characteristic linearity, and dynamic performance of
the control system.

A study [30] justified the feasibility of applying a comprehensive approach to the selection of scientific and
technical solutions when designing new hinged joint structures. It is shown that their performance is determined
by the combined effect of design features, the properties of the friction pair materials, loading conditions,
lubrication modes, and the operating environment. Taking these factors into account makes it possible to create
designs with improved reliability, durability, and wear resistance. This comprehensive approach improves both
the mechanical and tribological characteristics of hinged joints, optimizes their thermal behavior, and contributes
to increased operational efficiency of forestry machines, reduced maintenance costs, and extended service life of
manipulator systems.

The paper [31] proposes a method for synthesizing the motion trajectory of a manipulator robot, taking into
account its kinematic characteristics and the degrees of freedom of its links. The effect of rod bending on the
formation of support reactions and contact loads in the interaction zone between the hydraulic cylinder, the rod,
and the ground bushing is examined to assess the distribution of forces and predict the wear rate of friction surfaces.
It has been established that, in the absence of a risk of rod failure, contact stresses accounting for about one-third
of the material’s tensile strength can significantly accelerate wear due to cyclic loading. It has also been shown
that the contact pressure and the wear rate depend on the angle of the rod’s extension, its velocity, and the
manipulator’s operating mode.

The paper [32] investigates the design features of the grippers on garbage truck manipulators and evaluates
their reliability. Based on the results obtained, a computational model of the garbage truck as an oscillatory system
was developed, which made it possible to analyze the vibrations of the frame and the regularities of load
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distribution in the “gripper—bin—gripper” system. It was found that the highest loads are received by the pull rod
and the hydraulic cylinder rod, and their magnitude increases with the increase in the container’s mass, whereas
the mass of the garbage truck affects only the frequency characteristics of the oscillations. Operational studies
have shown that the main causes of garbage truck failures are wear and corrosion of working equipment
components, and approximately 32% of hydraulic drive malfunctions are attributable to hydraulic cylinders. Their
failures are caused by wear on mating surfaces, deformation of the piston rod and cylinder, uneven loading, and
abrasive wear. The spools and housings of hydraulic distributors, as well as the hydraulic cylinder rods, are subject
to the most intense wear. The deterioration of technical condition is promoted by hydro-abrasive damage caused
by contamination of the working fluid and wear of seals. To restore the performance of the parts, it is recommended
to use chrome plating in a cold, self-regulating electrolyte, which ensures the formation of wear-resistant coatings
and helps extend the service life of the hydraulic drive components.

In the article [33], an improved nonlinear mathematical model of the hydraulic drive for the mechanism
that loads municipal solid waste into a garbage truck during container tipping was developed. Unlike other models,
it accounts for the wear of the friction pairs in the main components of the hydraulic drive, which ensures a more
accurate representation of real operating conditions. Based on the results of numerical simulations, the dynamic
characteristics of the system during the startup phase were investigated, and the effect of wear on its key parameters
was evaluated. It was found that increased wear significantly worsens the speed and force characteristics of the
hydraulic drive and prolongs the duration of the operational cycle. It was shown that the duration of container
tipping increases in a power-law relationship with the degree of wear on the hydraulic cylinder, confirming the
nonlinear nature of the effect of wear on the mechanism’s performance. The results obtained can be used to predict
the operational performance of the hydraulic drive, determine optimal maintenance schedules, and improve the
reliability of MSW loading systems.

In the paper [34], an analytical study was conducted of an improved mathematical model of the hydraulic
drive for a garbage truck container-tipping mechanism, taking into account wear of the friction pairs. Based on the
linearized model, approximate analytical dependencies of the pressure in the hydraulic cylinder’s pressure line,
the angular velocity, and the container’s rotation angle as a function of time were obtained for the first phase of
tipping—its rotation to the equilibrium position. A regression equation was also derived, which allows for an
approximate determination of the duration of this phase, taking into account the wear of friction pairs. The
proposed relationships can be used in the design of new garbage truck configurations and the optimization of
hydraulic drive parameters without the need to analyze a full nonlinear mathematical model.

In the paper [35], using a first-order experimental design methodology that accounts for the effects of factor
interactions according to the Box-Wilson method, an adequate mathematical dependence was obtained that
describes the influence of the properties of anti-friction materials on the wear rate of the friction components in
the garbage truck’s loading mechanism. In the study [36], using a similar approach, an adequate dependence was
established for the variation of maximum dynamic impact stresses in the most heavily loaded section of the garbage
truck manipulator’s boom, depending on the degree of wear of the hinged joint and the manipulator’s load level.

However, during their analysis of the available literature, the authors did not identify any specific analytical
dependencies between the quality indicators of the transient processes in the hydraulic drive of the garbage truck’s
manipulator arm rotation mechanism, taking into account the wear of the friction pairs.

Aims of the article

Determination of analytical dependencies of the quality indicators of transient processes in the hydraulic
drive of the manipulator arm rotation mechanism of a garbage truck, taking into account the wear of friction pairs,
which can be used to develop an improved method for the design calculation of the parameters of the manipulator
arm rotation mechanism during the loading of municipal solid waste.

Methods

The following methods were used in this study: analysis of scientific literature; mathematical modeling of
processes in hydraulic drives using the fundamental laws of solid-body mechanics, the theory of hydraulic drives
and hydropneumatic automation, and the theory of modeling; synthesis of mathematical interdependencies of the
main geometric, force, and velocity parameters of the equipment; a systematic approach to account for the
interaction of all the machine’s subsystems.

Analytical dependencies of the quality indicators of transient processes in the hydraulic drive of the
manipulator-arm rotation mechanism of a garbage truck, without accounting for wear of friction pairs, are
determined in [37]:
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ne o— relative pressure overshoot of the working fluid in the rod-side chamber of the hydraulic cylinder of
the arm-rotation mechanism of the waste collection vehicle, %; J — moment of inertia of moving parts, kg-m?;
Op — actual flow rate of the hydraulic pump, m%/s; R — radius of rotation of moving parts, m; G — weight of moving
parts, N; Sc1 — rod-side chamber area of the hydraulic cylinder, m?; /, — distance between the centers of rotation of
the manipulator arm and the hydraulic cylinder rod, m; A, — the average angle of inclination of the hydraulic
cylinder axis relative to the horizontal,®; & — angle between the arm axis and the horizontal, °; o; — the coefficient
of working fluid loss due to flow from a high-pressure region to a low-pressure region m>/(N-s); K — compressibility
coefficient of the working fluid, Pa’'; Wi, — the volume of the piping between the hydraulic pump and the rod
chamber of the hydraulic cylinder, m*; N — the number of pressure overshoots of the working fluid in the rod-side
chamber of the hydraulic cylinder of the arm-rotation mechanism of the waste collection vehicle manipulator
during the settling time, times; f,.; — the settling time of the working fluid pressure in the rod-side chamber of the
hydraulic cylinder of the arm-rotation mechanism of the waste collection vehicle, s (Fig. 1).

EEDA

Fig. 1. Schematic diagram of the linearized mathematical model of the hydraulic drive for the manipulator arm
rotation mechanism of a garbage truck

Fig. 1 also includes the following designations: HC — hydraulic cylinder, L — lever, HD — hydraulic
distributor, SV — safety valve, P — hydraulic pump, T — tank with working fluid, F — filter. The coefficient of
working fluid loss due to flow from the high-pressure region to the low-pressure region, taking into account wear
caused by friction pairs, can be determined using the formula [34]:

#D(8, +u-10°

— 5/ . , 4
o, 120l [m*/(N-s)] “4)

where D — hydraulic cylinder piston diameter, m; 9 — nominal clearance, m; u — wear on the manipulator
hinge, pm; v — kinematic viscosity of the working fluid, m?/s; p — density of the working fluid, kg/m?; / — length
of the annular gap, m.

Results
Substituting formula (4) into expressions (1)—(3), we obtain the relationships for the quality indicators of the

transient processes in the hydraulic drive of the garbage truck manipulator’s arm rotation, taking into account the
wear of the friction pairs:
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The proposed analytical dependencies (5)—(7) for the quality indicators of transient processes in the
hydraulic drive of the manipulator arm rotation mechanism of a garbage truck, taking into account the wear of
friction pairs, can be used to develop an improved method for the design calculation of the parameters of the
manipulator arm rotation mechanism during the loading of municipal solid waste, which will significantly reduce
design time and avoid unnecessary costs associated with labor-intensive experimental and theoretical studies.

Using expressions (5)—(7), graphical dependencies of the quality indicators of transient processes in the
hydraulic cylinder of the garbage truck manipulator’s arm rotation mechanism as a function of friction pair wear
were obtained, as shown in Figs. 2—4, based on the following initial data, which correspond to the parameters of a
real production model of the KO 436 garbage truck manufactured by Turbivskyi Machine-Building Plant LLC
(Ukraine): K = 10 Pa’'; Wi, =1.98-10° m?; S¢; = 4.222-10° m?, D = 80 mm; Op = 55 I/min; GR = 4627 Nm;
6= 6% [, =450 mm; A, = 54° J = 1151 kg-m? & = 0,136 mm; v = 1.83-10° m%s; p = 890 kg/m?; [ = 35 mm.
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Fig. 2. Dependence of the relative overshoot of the working fluid pressure in the rod chamber of the hydraulic
cylinder of the garbage truck manipulator’s arm rotation mechanism on the wear of the friction pairs
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Fig. 3. Change in the number of overshoots of the working fluid pressure in the rod chamber of the hydraulic cylinder of
the garbage truck’s manipulator arm mechanism during the during the settling time due to wear of the friction pairs
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Fig. 4. Dependence of the settling time of the working fluid pressure in the rod chamber of the hydraulic cylinder of
the garbage truck manipulator’s arm rotation mechanism on the wear of the friction pairs

Figs. 2—4 show that accounting for wear on friction pairs significantly affects the quality indicators of the
transient processes in the hydraulic drive of the garbage truck manipulator’s arm rotation mechanism. It has been
established that an increase in the wear of the friction pairs in the garbage truck manipulator arm rotation
mechanism leads to a decrease in the quality indicators of the transient processes of its hydraulic drive.

The development of an improved method for the design calculation of the parameters of the manipulator
arm rotation mechanism during the loading of municipal solid waste into a garbage truck, taking into account
friction pair wear, requires further research.

Conclusions

Analytical dependencies of the quality indicators for the transient processes of the hydraulic drive of the
manipulator arm rotation mechanism on a garbage truck, taking into account the wear of friction pairs, have been
proposed. They can be used to develop an improved method for the design calculation of the parameters of the
manipulator arm rotation mechanism during the loading of municipal solid waste, which will significantly reduce
design time and avoid unnecessary costs associated with labor-intensive experimental and theoretical studies. For
a garbage truck with the actual parameters of the KO 436 production model manufactured by Turbivskyi Machine-
Building Plant LLC (Ukraine), graphical dependencies of the quality indicators of transient processes in the
hydraulic drive of the manipulator arm rotation mechanism were established. The obtained dependencies revealed
a significant influence of wear on the quality of transient processes in the hydraulic drive of the garbage truck’s
manipulator arm rotation mechanism. It was found that the development of an improved method for the design
calculation of the parameters of the manipulator arm rotation mechanism for loading municipal solid waste into a
garbage truck, taking into account the wear of friction pairs, requires further research.
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Bepesok O.B., Xap:keBcskuii B.O., Ivanov S.Cv., SIBopcbkuii B.C. 3aiekHICTh MOKa3HUKIB SKOCTI
MEPEXiTHUX MPOLECIB TiPONPUBOY IOBOPOTY BAXKEII MAHIMYJIATOPA CMITTEBO3A BiJl 3HOCY Map TEPTS

CrarTs NpUCBSYECHA BU3HAYCHHIO aHAJTITUYHUX 3aJE€KHOCTEH IMOKAa3HMKIB SIKOCTI NEPEeXiJHHUX IPOLECIB
TiAPOIIPUBOY MEXaHI3My TOBOPOTY BaXKENIA MAHIIyJSATOpa CMITTEBO3a i3 ypaxXyBaHHS 3HOCY ITap TepTs, SKi
MOXYTh OYTH BHKOPHCTaHI I PO3pOOKH yIOCKOHAJIICHOI METOIWKH IPOEKTHOTO PO3PAXYHKY IapaMeTpiB
MeXaHi3My TIOBOpPOTY Ba)KeJsl MaHIMyJATOpa IIiJ Yac 3aBaHTa)KCHHS TBepANX MoOyToBHX BimxoniB. [IpmBox
poOOYNX OpraHiB MeXaHi3My MOBOPOTY BaXKeIsI MAHIITyIATOPa CMITTEBO3a — TiAPABIIYHUNA 3 JKUBJICHHSAM BiX
HACOCHOI CTaHIIi cMiTTeBo3a. [lim wac poOOTH maHOTO MPHWBOXY HEMHHYYE BHHHKAIOTH IMEPEXifHI MpPOIECH,
MOB's13aHI 3 poOOTOI0 OpraHy yNpaBIiHHS, BKIIOYSHHSM TipoHAcoca 00'€MHOTO THILY, 3MiHOIO HAaBAaHTAXKCHHS
BUKOHABUOrO oprany Ttomo. [loOynoBaHo rpadiyHi 3aieKHOCTI MMOKAa3HUKIB SKOCTI MEPEXiIHUX IPOILECIB B
T1IpOLMITIHAP] MEXaHI3My TIOBOPOTY BajKEJsl MaHIITyJISITOpa CMITTEBO3a Bijl 3HOCY Iap TEepTsl, HA OCHOBI BUXIJHUX
JIaHWX, 10 BIANOBINAIOTH MapameTpaM peasibHOI cepiliHoi mozeni cmitteBo3a KO-436 BupoOHuursa TOB
“TypOiBchkuit MammHOOyAiBHUI 3aBox” (YKpaiHa), sIKi MMOKa3ajd, IO BpaxyBaHHS 3HOCY Iap TEPTS CYTTEBO
BJIMBAa€ HA 3HAYCHHS IOKa3HUKIB SKOCTI MEPEXiTHUX NPOLECIB TiIPONPHBOLY MEXaHi3My IOBOPOTY BaKes
MaHIMyJIATOpa CMITTEBO3a. BCTaHOBIEHO, 10 30UIBIICHHS BEIMYMHU 3HOCY Tap TEPTS MEXaHi3My ITOBOPOTY
Ba)KeJIsl MaHIITYJIATOPa CMITTEBO3a MPU3BOIUTH 0 3HWKECHHS 3HAYCHD IMOKA3HUKIB AKOCTI MEpeXiTHUX MPOIIECiB
foro rizponpuBoxny. BusiieHo, mo po3poOka yIOCKOHAIEHOI METOIUKH MIPOEKTHOTO PO3pPaxyHKy MapaMeTpiB
MeXaHi3My ITOBOPOTY BaKeJsl MaHIIMyJIATOpA i 9ac 3aBaHTAKCHHS TBEPINX MOOYTOBUX BiIXOMIB Y CMITTEBO3 13
ypaxyBaHHSM 3HOCY I1ap TEPTS BUMarae MpoBEJCHHS MOJAIbIINX TOCITIKEHb.

KuarouoBi ciioBa: mepexigHi mpoecH, NOKa3HUKH SIKOCTI, ypaxyBaHHs 3HOCY, TJPONIPUBOI, 3HOC, BY3IJIH
TEPTsl, MEXaHi3M IMOBOPOTY BaXkeJisl, MAHIMyJISITOP, CMITTEBO3, TBEPAl NOOYTOBI BigX0qH
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Abstract

The paper presents an analysis of the use of titanium alloys for spherical bearings with antifriction
composite materials. An analytical assessment of the use of titanium in spherical bearings is given. A model of the
stress-strain state of spherical bearings with composite antifriction materials is presented. It was determined that
Zedex ZX324VMT and Iglidur TX1 composite materials, when modeling the stress-strain state, reduce the
maximum specific stress by 50 % in the material at loads of 3, 100 and 200 kN, compared to the base bearing on
steel. Modeling the stress-strain state of spherical plain bearings with composite antifriction materials proved a
reduction in specific stresses in the surface layers of bearing materials when using titanium alloys
Ti5AI5V5MolCrlFe instead of bearing steel X105CrMol7 up to 20 %, depending on the material and load
conditions. Economic calculations of the use of spherical plain bearings made of titanium alloys for aircraft were
carried out. It was determined that under the conditions of operation of spherical plain bearings for 3000 hours of
operation, the economic benefit is about 150 thousand dollars per aircraft. It was also determined that modified
maintenance-free bearings with composite materials allow the operation of equipment to be closer to its technical
condition by reducing maintenance costs when using aircraft.

Keywords: titanium alloys, spherical bearings, wear resistance, stress-strain state, composite coatings,
economic calculations

Introduction

The use of titanium alloys in the aviation industry has been an urgent task for decades. However, the use
of titanium alloys for spherical bearings is a revolutionary task that will allow reducing the weight of the aircraft,
as well as, for example, the use of titanium alloy bolts in aircraft. Of course, given that titanium alloys do not work
well on friction, they will be used together with protective coatings and modern composite materials.

One of the main tasks of the aviation industry is also to reduce the cost of aircraft maintenance. This is
achieved either by optimizing maintenance costs or by transferring some components and assemblies of equipment
to maintenance according to the actual condition. In turn, this is implemented in several ways:

1. By introducing a large number of sensors and an on-board computer to monitor the technical condition
of the equipment.

2. By using special diagnostic devices for non-destructive testing and automatic drones for quick and
effective detection of defects.

3. By developing modular structures and components for quick replacement.

4. Using special virtual models (digital twins, information storage and processing systems, etc.) and
maintenance strategies.

5. Replacing components and creating maintenance-free structures.

The creation of new components that do not require maintenance during the operation of equipment is one
of the main tasks of transferring equipment to maintenance according to the actual condition. The use of titanium
alloys with anti-friction composite materials allows for immediate reduction of aircraft weight and the creation of
components that last their entire service life without the need for maintenance.

Copyright © 2026 A. Khimko, M. Khimko, O. Mikosyanchyk. This is an open access article distributed under the Creative
@I}. Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
C original work is properly cited.
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Literature review

Titanium alloys are widely used in aircraft as a material with low weight, high strength and excellent
corrosion resistance [1-3]. The growing demand for titanium alloys in the aviation industry is also due to their
effective compatibility with carbon plastics in terms of their corrosion resistance and thermal expansion coefficient
[4]. The use of titanium alloy-composite material combinations is widely used in the latest generation of aircraft,
although this contact has certain problems [5-10] in the conditions of aircraft operation. According to works [6, 8,
11], it is the titanium alloy that is 2-10 times more damaged than composite materials. The authors of works [9-
12] note the formation of fatigue cracks on the surfaces of titanium alloys during contact, and therefore it is
necessary to use antifriction composite materials or appropriate technological treatment of the metal in such joints
[13-15].

The amount of titanium alloys used in Airbus A320, A350, A380, etc. series aircraft with low fuel
consumption has increased more than twice that of conventional aircraft [16, 17]. In addition, at the general
meeting of ITA (International Titanium Association), it was reported that the demand for titanium alloys for the
aviation industry will remain stable in the future [18, 19]. The global size of the aerospace titanium processing
market is expected to reach 7.9 billion US dollars by 2033, accounting for 4.89 % during the forecast period from
2023 to 2033 (Fig. 1).

The maintenance costs of aircraft airframes can be effectively reduced by using titanium alloys, which have
excellent characteristics of fatigue strength, crack propagation resistance, fracture toughness and corrosion
resistance. The advantages of using titanium alloys for aircraft are: weight saving, heat resistance, low brittleness
at low temperatures, high corrosion resistance, low thermal expansion. The external temperature during flight can
be minus 60 °C or lower; however, titanium is resistant to brittleness at low temperatures. In addition, there is no
concern about corrosion even when dew condenses after the temperature drops. Moreover, since its low thermal
expansion is close to that of carbon fiber, titanium alloys are ideal materials for aircraft [20].
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Fig. 1. Global market demand trend (billion USD) for aerospace titanium alloy products in the United States
through 2033 [11].

Currently, the percentage of titanium alloy in the weight of the aircraft structure has become one of the
important indicators. Titanium alloys occupy 39 % of the F-22 aircraft structure, 42 % for the F-35A/B and F-35C,
and close to 40 % for the J-20 and Su-57. The use of titanium alloys increases with the improvement of the aircraft
structure and its characteristics. It is used for about 50 % of the structure for fighter aircraft TF-X KAAN, J-31,
X-2 (ATD-X) [21]. High resistance to damage is an important indicator of the characteristics of the material for
durability, high mobility, low cost and resistance to damage of the structure of new generation fighters [22-24].

Spherical bearings in the aviation industry are used extensively. In aircraft such as: An-124, An-225, B-
777, B-787, A330, A340, etc. more than a thousand such bearings are used. Spherical bearings are used in the
bearings of rocket and gas turbine engines in civil aircraft. They are used in landing gear bearings and aircraft
control systems. The design of spherical bearings with composite materials has not changed for decades.

With the development of modern technologies, many highly engineered composite materials have appeared
on the market. Standardized bearings and sliding bushings with composite materials are produced by a number of
companies: INA, SKF, FLURO, Koyo, FAG, etc. There are also companies (IGUS, ZEDEX, ELGES) that offer
antifriction materials for use in friction units. The range includes almost 250 types of antifriction materials for one
company.

Thus, conducting research aimed at evaluating the use of titanium alloys in spherical bearings with
composite materials is a relevant task for the aviation industry.

Purpose

The aim of the work is to develop a model of a spherical bearing with titanium alloys and modern composite
materials and to study its stress-strain state depending on the combination of materials.

Development of a model of the stress-strain state of spherical plain bearings with composite materials
The process of friction and wear of tribosystems with composite materials can be considered as a process

of sequential change in the structure and properties of materials in the contact zone under external energy influence.
External influences consist of forces and energy (mechanical, electrical, thermal). For some tribosystems, the
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spectrum of external influences can be described with quite high accuracy. But for most tribosystems, this is
practically impossible, because the forces change at each point of the system and in time [25, 26]. A tribopair
(tribological system) must have a certain structure and a set of interconnected elements that determine its
composition. These elements are in a certain mutual relationship that determines their belonging to the tribosystem
and structure. Friction includes a complex of physicochemical processes and is determined by a large number of
parameters, therefore, to simplify and streamline their description, it is advisable to use system analysis [27-30].
The structural diagram of a tribological system, which corresponds to the system approach in tribology, is
presented in Fig. 2. This structural diagram includes elements that are in relative motion and mutual connections
between the elements of the system. The input characteristic of the tribological system is the work, which is
determined by the parameters of the mechanical effect on the material in the contact zone. The output characteristic
of the system is the useful work, which is realized in the transmission of force by the spherical bearing and its
rotation by a certain angle. The output characteristics of the tribosystem are also the results of the friction and wear
processes, which ultimately lead to the destruction of the tribosystem (separation of wear particles, irreversible
change in the shape of the contacting elements, heat generation, noise, accumulation of defects in the material
structure, etc.). Additional factors act on the tribosystem, for example: increased temperature, vibration, pollution,
corrosion, disturbances in the kinematics of motion (for example, radial runout of rotating machine parts), etc. The
properties of tribosystems are determined by their composition and structure and are characterized by wear
resistance, friction coefficient, heat resistance, and compatibility of materials of the tribological system.

Work

(load, speed, path, type of

movement) Useful work of

mechanisms
Tribological system >

Materials (friction pairs, surface
(physical and mechanical properties, interaction of
properties and structure) tribosystem components,

environment) Friction, corrosion,
Additional factors wear products, surface
(temperature, pollution, destruction
vibrations)

Fig. 2. Structural diagram of a tribological system that corresponds to the systems approach in tribology.

Analysis of a tribological system allows us to determine the internal connections, input and output
parameters in the implementation of the purpose of its functioning, which can be the transformation of motion,
energy, information and mass. In this case, the system is characterized as an open, dynamic, limit-controlled system
[26]. Tribosystems, as a rule, are multiphase (material properties differ) and heterogeneous (properties are not
uniform). Tribological systems can be open or closed. Open systems can exchange energy, matter and information
with the environment, closed systems - only energy. There are also isolated thermodynamic systems that do not
exchange energy or matter with the environment. In tribological systems, various friction and wear processes are
implemented, the nature and intensity of which are determined by the functional characteristics of materials. In
the general case, functional characteristics describe the transformation of input parameters X into output ¥ during
the interaction of elements of the tribological system (Fig. 3).

The input to the tribological system is equivalent to the influence of the environment on the system,
including a combination of mechanical and electrical forces, chemical reactions and thermal effects. External
influences have the main influence on tribological processes and are of an energetic nature. Mechanical influences
directly affect the parts of the friction pair and through them the lubricants (if any). Thermal influences can cause
changes in the properties of the materials of the parts and thermochemical changes in the lubricants (if any).

Tribological system
constant interaction of elements:
E1 — surface of the first part
E2 — surface of the second part

Input parameters
X=® VT

Output parameters
Y=(Fi, Z P1)

4 I S — lubricant (if available)
A — environment

Fig. 3. Scheme of the functioning of the tribological system.

The output of the tribological system can be considered as the system's reaction to an external influence
and as a result of tribological processes: friction resistance F;, wear Z, accompanying processes P;, for example,
an increase in the temperature of the friction surface, triboelectric, tribochemical, thermomechanical, etc.
processes. When energy is applied to the friction zone, friction work occurs in the system and the actual contact
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surface is formed. As a result of the interaction, energy dissipation (dispersion) occurs, which includes the
processes [29-31]:

1. Energy accumulation: formation of local defects and dislocations, energy accumulation in the deformed
volume of the material.

2. Emission of acoustic waves, light, electrons (Cramer effect).

3. Conversion of accumulated energy into heat, increase in entropy production and dissipation.

When a tribological system transitions from a static state to a dynamic state, processes arise and develop
that affect the structure of the system. As a result of the action of the dynamic state, changes occur in the properties
of the materials of the parts and the lubricant (if any) and their interaction: ¥ = (F;, Z, P;). There is feedback
between the output and the input, the effect of which is manifested in a change in the speed of mechanical-physical-
chemical processes when the force changes.

A tribological system can change its functional characteristics in the process of operation, and its state also
changes. The period of running-in of the parts of the tribological system (the first state of the system) is a non-
stationary state. During this period, the system automatically adapts to the optimal conditions of interaction of the
parts (E; and E>) and it can be called the period of self-regulation (running-in). The properties of the parts and the
interaction between them change in such a way that, with a constant external energy impact, the intensity of wear
decreases. During this period, the formation of the optimal microgeometry of the mating surfaces and favorable
changes in the structure and material properties of the parts, which are called tribological adaptations, occur.

After the period of running-in and adaptation, a period of steady state with constant wear intensity (the
second state of the system) begins. This period is the main one for the tribological system and has the longest
duration compared to other periods of system operation. The longer the steady state lasts, the longer the period of
normal operation of the tribosystem.

With the accumulation of defects and degradation of the elements of the tribological system, it enters a state
characterized by high and increasing wear intensity (the third state of the system), which can acquire an avalanche
character. High-intensity wear occurs due to changes in the properties of materials and parts in frictional
interaction, changes in lubricants (aging), the development of adverse side (dynamic) processes, etc. The reliability
and durability of tribosystems largely depend on the properties of materials and the correctness of their selection
for the given operating conditions of the friction unit. When choosing materials for the tribosystem, it is necessary
to take into account their compatibility.

To simulate the stress-strain state of metal-polymer and polymer composite materials in spherical bearings,
the Simulation module, which is part of the SOLIDWORKS software package, was used. SOLIDWORKS
Simulation Premium allows for effective analysis of nonlinear and dynamic responses, dynamic loads in friction
nodes, and also includes three additional types of studies: nonlinear static, nonlinear dynamic, and linear dynamic.

To simulate the stress-strain processes of composite materials in spherical bearings, a bearing model (Fig.
4) was developed with two layers of materials between the metal bearing cages.

Fig. 4. Calculation model of a spherical plain bearing with antifriction composite materials: a — assembled
bearing, b — bearing with an intersection of the outer ring and composite materials

To simplify the calculations and modeling processes, it was determined that the total thickness of the
antifriction composite material is 1 mm, which corresponds to a real GE30EW-2RS bearing, and consists of two
main layers of material. The first layer of material, which is located closer to the inner ring, has a thickness of 100
microns, is made of PTFE material and remains the same in all study variants. This is the so-called running-in
layer, which helps in the running-in processes of the composite materials and in the future helps to reduce the
friction coefficient and the displacement moment of the bearing. The second layer of the composite material has a
thickness of 0.9 mm and is the main material that works on friction during the operation of the spherical bearing.

Choice of materials

For the production of plane bearings with metal-polymer filling, metal-fluoroplastic tape is usually used. It
consists of: a surface made of PTFE+MoS, with a thickness of 0.01-0.05 mm, a layer of babbitt (for example, B-
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83) with a thickness of 0.20-0.5 mm, a steel base with a low carbon content with a thickness of 0.25-2.70 mm.
Provides reliable adhesion between layers, improves heat dissipation during operation.

Thus, the first and basic material for our study is PTFE+15%C+5% MoS; or F-4K15M5 material applied
to the B-83 babbitt base.

Analyzing the materials of the Zedex series, it should be noted that the company offers mainly two materials
for the use of plain bearings, under our bearing operating conditions: ZX-100K and ZX-324.

The base material ZX-100 K is proposed to be used up to temperatures of +110 °C. This material is created
on the basis of PET with modifying fillings, which are the secret of the company. If we compare it with PTFE,
then the material has the following differences: greater dimensional stability under load (not cold); higher wear
resistance due to strength (5 times stronger than fluoroplastic); the maximum operating temperature is also lower
(for PTFE +250 °C versus +110 °C for ZX-100K); lower chemical resistance than PTFE.

The ZX-324 material is also offered by the company for the use of plain bearings. ZX-324 thermoplastic
polycrystalline polymer is designed as a modification of PEEK and has all the advantages of this polymer. The
ZX-324VMT material is a modification of this material for difficult working conditions. The material can be used
for a long time at temperatures from -50 to +250 °C, while maintaining high mechanical properties. This polymer
is characterized by a high tensile strength and a bending endurance limit for the alternating cycle.

Thus, we can say that the ZX-100K material is an analogue of the F-4K15MS5 material, and the ZX-
324VMT material is an analogue of a metal-polymer tape. In our case, the second material for research was chosen
ZX-324VMT, as an analogue of the intermediate material between the races of the plane bearing.

IGLIDUR materials are divided into the following base materials: G, A350, M250, P210, J, TX1, X, P,
J260, J350, J3, L250, R, D, Z. All these materials can work as full-fledged plain bearings, but depending on the
operating conditions and load, it is necessary to determine the most optimal material for research. The IGLIDUR
line of materials includes both pure polymer materials PTFE, PEEK, PEK, PA, and their combinations with various
fillers.

After analyzing the material characteristics and operating conditions of the plane bearing, it was determined
that the most suitable materials for such operating conditions are IGLIDUR G (for heavy duty, static load up to
200 MPa, dynamic load 140 MPa, high wear resistance and geometry stability, good resistance to liquid media)
and IGLIDUR TXI1 (exceptionally long service life in extreme conditions, wear resistance and impact resistance
even under high loads and temperatures, high wear resistance, especially under high loads, high heat resistance,
the material is recommended for extreme loads).

For use in plane plain bearings, taking into account the operating conditions and loads that the bearing
perceives, the optimal of those considered will be the IGLIDUR TX1 material, which is chosen as the third material
for research.

FLURO specializes in the production of plain bearings and hinge heads. Bearings of this manufacturer
work in modern machines around the world: the operating temperature range is from -50 to +150 °C.
FLUROGLIDE materials are divided into two types: WEAR SOLID (for maximum static and dynamic loads) and
MEDIA SOLID (for heavy dynamic loads). For example, the GE30EW-2RS bearing is a complete analogue of
the CH30UT aircraft bearing. A distinctive feature of all bearings is that the special FLUROGLIDE material works
in the contact of a polished chrome coating, which is applied to the inner race of the bearing.

Thus, the fourth material for the study was chosen FLUROGLIDE WEAR SOLID, which best meets the
conditions of bearing operation in the aviation industry.

Therefore, the following materials were selected for the study:

1. Metal-polymer tape with PTFE+15%C+5%MoS; material, with babbit (B-83) on a steel tape.

2. ZX-324VMT material, which is a polymer composite material with a PEEK matrix reinforced with
nanocarbon fiber with the addition of PTFE, MoS, and other functional additives.

3. IGLIDUR THI1 is a polymer composite material (engineering plastic) reinforced with long fibers with
the addition of functional additives. In its composition, it is similar to the design of the ZX-324VMT material.

4. FLUROGLIDE material is a composite material: a reinforced fabric that includes PTFE material and
other fillers that are the company's secret.

Analysis of the results of modeling the stress-strain state of spherical plain bearing elements with
composite antifriction materials

For the completeness of the simulations of the plane bearing, it is necessary to determine, in addition to
combinations of polymeric materials, also options with a change in the materials of the bearing races. Therefore,
two sets of planes bearing with materials of the races of steel X105CrMol7 and titanium alloy
Ti5A15V5Mol1CrlFe were determined for modeling. Also, all materials and combinations of the plane bearing
must be matched to the original bearings. Figure 5 shows the material layers for modeling processes in plane
bearings, and Table 1 shows the material options that we used to simulate stress-strain state processes of
antifriction composite materials. Sample No. 1 corresponds to real bearings, which use metal-polymer tape as an
anti-friction material and are mass-produced for aircraft. Samples No. 2, 3, 4 are combinations of high-
performance anti-friction materials for plane bearings, which are located between the steel cages of X105CrMo17
bearing steel. Samples No. 5, 6, 7 are the same materials, but the outer and inner clips are titanium alloy
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Ti5AISV5MolCrlFe. In reality, titanium alloy performs very poorly on friction due to its tendency to set.
Therefore, the friction surface of the bearing cage must be covered with a layer of molybdenum, about 100 microns
thick, to increase wear resistance. For studies of the stress-strain state of bearings, molybdenum coating was not
taken into account because the main attention will be paid to the distribution of the load during the operation of
the bearing with titanium alloys and anti-friction composite materials.

Fig. 5. Layers of materials for modeling the stress-strain state in a spherical bearing, general view (a) and
cross-section (b): 1 - inner bearing cage, 2 - inner layer of composite anti-friction material (PTFE), 3 - main layer of
composite anti-friction material, 4 - outer bearing cage.

Table 1
Variants of combinations of plane bearing elements with composite antifriction materials for
research

Sample Bearing layer material
Ne Element 1 Element 2 Element 3 Element 4
1 X105CrMo17 PTFE Bronze leads. X105CrMo17
2 X105CrMo17 PTFE ZX-324VMT X105CrMol7
3 X105CrMo17 PTFE TX1 X105CrMol7
4 X105CrMo17 PTFE Carbon fibers X105CrMo17
5 Ti5SAISV5MolCrlFe PTFE ZX-324VMT Ti5A15V5Mol1CrlFe
6 Ti5SAISV5MolCrlFe PTFE TX1 Ti5A15V5Mol1CrlFe
7 Ti5SAI5V5MolCrlFe PTFE Carbon fibers Ti5AI5V5MolCrlFe

As a basis for calculating the stress-strain state of bearing options, a GE30EW-2RS bearing was chosen,
which was calculated at loads of 3, 100 and 200 kN and dimensions of 30x47x22 mm. The load on the bearing
occurred over a distributed area from the outer cage to the inner one. The location of the bearing on the shaft with
the external distributed load from the lever of the aircraft structure is simulated. Simulation of the stress-strain
state of composite coatings was carried out with the reverse movement of the inner cage relative to the outer one
at a frequency of 3 Hz and an oscillation amplitude of £15 °. The physical and mechanical properties of materials
for modeling the stress-strain state are given in Table 2.

Having analyzed the results of the stress-strain state of plane bearing models with different variants of anti-
friction composite materials and cages, it is possible to neglect element 2 (PTFE) when analyzing the stress
distribution and safety margin of the model elements, since at loads of 100 and 200 kN, PTFE material with a
thickness of 100 um completely loses its bearing capacity relative to load distribution (Fig. 6) and acts in a real
bearing, as a layer for running in the main composite material (element 3).

Table 2
Physical and Mechanical Properties of Materials of Plane Bearing Elements
Characteristics of materials Xl\l/[(:)SISr Bronze | PTFE C;;l;:n 7X324VMT X1 Drf[:,sfclfﬁfe

Modulus of elasticity, 10'°, Pa 20.4 11 0.5 14 0.78 1.2 11.5
Poisson's ratio 0.27 0.33 0.4 0.25 0.3 0.3 0.3
Shear modulus, 10°, Pa - 37 0.75 6.0 - - 43
Material density, kg/m? 7750 8300 2320 1750 1480 2100 4620
Tensile strength, MPa 770 262 27 490 142 203 470
Compressive strength, MPa - - 12 2000 120 220 -
Yield strength, MPa 420 110 4.24 - - 184 380
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Fig. 6. Safety margin of element 2 of the composite antifriction material of the bearing model (sample No.
3) under loads: a - 100 kN, b - 200 kN.

Also, when analyzing the results of the introduction of titanium cages in models of samples No. 5, 6, 7,
we see a decrease in specific stresses in the surfaces of plane bearings, compared to the material X105CrMo17 for
samples No. 2, 3, 4. This effect is observed at all stages of modeling the stress-strain state of bearings when
comparing samples No. 2-5 (Fig. 7), 3-6 (Fig. 8), 4-7 (Fig. 9) at loads of 3, 100 and 200 kN.

With an increase in the load, stress distribution is more efficiently implemented over all elements of a
plane bearing with titanium races than with steel ones. Stress reduction in models reaches up to 20% at loads of
200 kN for individual sections of elements of plane bearing models. This effect can be explained by the fact that
the titanium alloy is more ductile than the X105CrMo17 material (see Table 2) and damps and redistributes the
load among the elements of the plane bearings.

A 2 0 s
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Fig. 7. The nature of the stress distribution in the bearing model at a load of 200 kN: a - sample No. 2, b -
sample No. 5.

Fig. 8. The nature of the stress distribution in the bearing model at a load of 200 kN: a - sample No. 3, b -
sample No. 6.

Fig. 9. The nature of the stress distribution in the bearing model at a load of 200 kN: a - sample No. 4, b -
sample No. 7.

In works [32-35] the advantages of titanium materials in terms of load distribution during wear resistance
tests are shown. Thus, in work [32] the authors investigated the wear resistance of gas-thermal coatings on titanium
alloy and steel. The work indicates that the titanium alloy TiSAISV5MolCrlFe, on which the wear-resistant
VKNA coating was applied, can increase the wear resistance of the plasma coating at loads up to 30 MPa in fretting
corrosion studies due to a more ductile base. On harder steels, wear-resistant high-strength coatings had lower
wear resistance at moderate loads.

This is confirmed by the analysis of stresses and the margin of safety of composite materials (element 3)
when modeling the stress-strain state of plane bearings, if we compare races made of titanium alloy and steel.
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When analyzing the stresses and safety margin of composite materials of materials (element No. 3, samples No.
2-4) in comparison with the model of the original bearing (element No. 3, sample No. 1), it can be stated that at
stresses of 3 kN, materials ZX-324VMT and TX1 have stresses 50 % less, compared to the original bearing and
material of the model based on carbon fibers, without a conjunction. The carbon fiber model has even 10-15 %
higher stresses compared to the metal-polymer tape. This is due to the high physical and mechanical characteristics
of carbon fibers (see Table 2), namely the compressive strength of 2 GPa, which is the highest among the materials
under study. At the same time, this model lacks a conjunction, the function of which is to redistribute stresses over
the entire surface of the material combination. A similar picture can be traced at loads of 100 and 200 kN. There
is a decrease in specific stresses in the surfaces of ZX-324VMT and TX1 composite materials by 30-50 %
compared to carbon fiber and bronze [7].

Having analyzed the safety margin of composite materials (element No. 3, samples 1-4) at a load of 3 kN,
it can be argued that composite materials with carbon fibers have the highest safety margin among the tested
materials of 98.4 at the point of maximum load. ZX-324VMT and TX1 materials have a safety margin of 31.7 and
46.2, respectively. These values are higher than those of the material with bronze (15.1) and may indirectly indicate
the wear resistance of composite materials.

At loads of 100 and 200 kN, a similar dependence is maintained when calculating the safety margin of
composite materials. At loads of 200 kN, the calculations show the safety margins of materials of samples No. 1-
41in 0.2: 0.47: 0.69 and 1.48 units, respectively, at the point of maximum load. That is, theoretically, all materials,
except for carbon fibers, have a value of less than one, which means plastic deformation of composite materials in
the contact zone.

For a more visual analysis of the stress-strain state of plane bearings using races made of materials
X105CrMo17 and Ti5A15V5MolCrlFe, we present histograms for a bearing with a metal-polymer tape (sample
No. 1) and carbon fiber (sample No. 4 and 7). Figure 10 shows the maximum values of the distribution of normal
stresses in composite materials (element No. 3) at loads of 100 and 200 kN. A similar relationship occurs at a load
of 3 kN.

The generalized results of modeling the stress-strain state are presented in Table 3 [7]. Based on the
results of the assessment, it was found that the use of carbon fibers in their pure form increases the normal
equivalent stresses according to Miser by 1.27 times and 1.2 times when modeling the location of fibers of this
type on a cage made of X105CrMol7 steel and alloy Ti5SAI5V5MolCrlFe, respectively, compared to a metal-
polymer tape. The increase in stresses is due to the stiffness of carbon fibers, their low relaxation capacity, the
absence of a connector that provides high damping properties in polymer composite materials. These factors are
not taken into account in modeling, the safety factor increases by 5-6 times.

The use of polymer composite materials Zedex ZX-324VMT and Iglidur TX1 on X105CrMo17 steel
provides a reduction in normal stresses along the Miser by 1.45 and 1.27 times, respectively, compared to metal-
polymer tape. In the case of using a titanium alloy bearing TiSAISV5MolCrlFe as a material of the inner and
outer race, the normal stresses in Miser in models made of polymeric materials Zedex and Iglidur are reduced by
2.08 and 1.55 times, compared to metal-polymer tape on steel. It should be noted that when using the alloy
Ti5AI5V5MolCrlFe, the reduction of normal stresses during modeling was set by 11 and 7 % for Zedex and
Iglidur polymeric materials, compared to the stresses in these polymer materials on steel cages. The safety factor
for the model with these polymer composite materials increases by 2.1 and 3 times for Zedex ZX-324VMT and
Iglidur TX1 on the Ti5SAI5V5MolCrlFe alloy, compared to the metal-polymer tape on steel [7].

6 Distributed load on the Miser, MPa 525,2
I 470,6
500
398,8 I
400
300 262,6
I 235,3
199,4 I
200
b -
0 I
100 kH 200 kH
Load, kN
H Sample 1 m Sample 4 m Sample 7

Fig. 10 — Histogram of stress distribution in composite materials (element No. 3) when modeling the stress-
strain state of plane bearings under loads of 100 and 200 kN: Sample No. 1 — bronze tin, bearing cage material
X105CrMo17; Sample No. 4 — carbon fiber, bearing cage material X105CrMo17; Sample No. 7 - carbon fiber,
bearing cage material TiSAISV5Mo1Cr1Fe.
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Table 3
Results of Simulation of the Stress-Strain State in a Plane Bearing Model
Sample Materials of the .elements of the plane Distributed load on the Miser, MPa Saf.ety factor
bearing model (by maximum stresses)
3 kN 100 kN 200 kN 100 200
N 3 1,4 min/max min/max min/max 3 kN kN kN
1 Bronze X105CrMol7 5.458/6.365 | 199.4/232.5 | 398.8/465.0 | 15.1 | 0.463 | 0.232
2 ZX-324VMT X105CrMol7 2.902/3.869 | 96.75/129.0 | 193.5/258.0 | 30.9 | 0.816 | 0.463
3 TX1 X105CrMol7 3.792/4.738 | 126.4/157.9 | 252.8/315.8 | 444 1.33 0.66
4 Carbon fibers X105CrMol7 7.879/8.863 | 262.6/295.4 | 525.2/590.9 | 76.1 2.28 1.14
5 ZX-324VMT Ti5AISV5MolCrlFe | 2.481/3.708 | 82.72/123.6 | 165.5/247.2 | 31.7 | 0.951 | 0.475
6 TX1 TiSAISV5MolCrlFe | 3.521/4.688 | 117.4/156.3 | 234.8/312.5 | 46.2 1.39 0.693
7 Carbon fibers Ti5SAISV5MolCrlFe | 7.059/7.939 | 235.3/264.6 | 470.6/529.3 | 98.4 | 2.95 1.48

Thus, the results of simulation of the stress-strain state indicate the effectiveness of using polymer
composite materials Zedex ZX-324VMT and Iglidur TX1, reinforced with carbon fibers, as wear-resistant anti-
friction composite materials for the outer cage of the plane bearing. Replacing the steel cage with a cage made of
surface-reinforced titanium alloy provides more effective stress relaxation and an increase in the safety factor
during modeling.

Calculation of the economic feasibility of replacing steel races of plane bearings with titanium alloys

The calculation of the economic feasibility of introducing titanium alloys into the plane bearing cages
will be calculated using the example of a medium-haul aircraft of the Boeing-737 type, which is the most massive
and in demand for 2025 for the countries of the European Union.

Plane bearings are used in aircraft everywhere to connect the arms of units to the hull. The purpose of
using bearings is to compensate for distortions that may occur during the operation of aircraft under the influence
of external forces - they are also used in movable joints, which during operation make oscillatory movements with
an amplitude of up to 60 degrees.

Any version of the aircraft uses plane bearings that require maintenance and those that do not require
maintenance during the overhaul period. In the presented calculations, it is assumed that all plane bearings that are
on the aircraft will be maintenance-free. Since more and more parts and assemblies have recently transferred
maintenance to their actual condition, the idea of replacing bearings with maintenance-free ones is relevant.

A feature of the Boeing-737 aircraft families and their modifications is the use of a large range of plane
bearings from 6 mm to 35 mm. small diameter plane bearings (up to 12 mm) are used mainly for static objects in
aircraft control systems. Medium-diameter plane bearings (up to 20 mm) are used in hydraulic reinforcement
systems for control systems and tail units of aircraft. Bearings with diameters up to 35 mm are used in fasteners
for landing gear assemblies and power elements of the aircraft. The total number of all bearings is very dependent
on the dimensions and modifications of the aircraft and has about 1000 pcs. all options.

For the selected calculation option, we take the average diameter of the bearings equal to 20 mm.
Because, for example, a bearing with a diameter of 20 mm weighs 0.1 kg, a bearing with a diameter of 10 mm
weighs 0.01 kg, and a bearing with a diameter of 35 mm weighs 0.25 kg. We calculate the weight of bearings from
steel cages:

Witeer = 1000%0.1 = 100 kg.

We determine the weight of the bearing, which is made of titanium alloy. The density for steel is 7.9
g/cm?®, and for titanium alloy - 4.5 g/cm3. Assuming that the volume of the plane bearing is the same, we have that
titanium alloy is 57 % lighter than steel. Then the weight of the bearing with a diameter of 20 mm will be 0.57 kg.
We calculate the weight of bearings made of titanium alloys:

Wiitanium = 1000%0.57 = 57 kg.

That is, the weight advantage for an aircraft, provided that a titanium alloy is used, will be 43 kg.

The price of X105CrMo17 stainless steel in the form of a pipe costs from 150 UAH/kg.

The price of titanium alloy TiSAISV5Mo1Crl1Fe in the form of a pipe costs from 1200 UAH/kg.

We determine that the price of steel bearings will cost 15 thousand UAH, and the price of titanium
bearings will cost 68.4 thousand UAH. The difference in cost is 53.4 thousand UAH or 1335 $ USA.

A Warsaw-Amsterdam ticket for April 2026 will cost about $200 with a flight length of 2 hours for a
Boeing-737 aircraft. That is, an hour of flight for a person will cost $100. When calculating aircraft, a person's
weight is considered to be 70 kg plus the weight of luggage. If simplified, it can be said that a gain of 43 kg is
approximately 50 $ per hour of commercial aircraft flight. That is, the cost of using titanium bearings for the
aircraft will be compensated for in the first 27-30 hours of flight.

We believe that the service life of the plane bearing will be about 3000 hours of operation, then we
calculate the net profit from the use of races made of titanium alloys will be equal to:

Profit = 2970*50 = 148.5 thousand dollars of profit for the aircraft.

Conclusions
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1. A model of the stress-strain state of plane bearings with composite antifriction materials has been
developed. It was determined that the composite materials Zedex ZX324VMT and Iglidur TX1 when modeling
the stress-strain state reduce the maximum specific stress by 50 % in the material at loads of 3, 100 and 200 kN,
compared to metal-polymer tape.

2. Simulation of the stress-strain state of plane bearings with composite antifriction materials has proven
a decrease in specific stresses in the surface layers of bearing materials when using titanium alloys
Ti5AI5V5Mol1Cr1F instead of X105CrMol7 bearing steel up to 20 %, depending on the material and load
conditions.

3. The calculation of the economic feasibility of using titanium alloys for bearings with composite
materials established that the benefit is about 150 thousand dollars per aircraft, provided that the plane bearings
operate for 3000 hours.
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Ximko A.M., Ximko M.C., Mikocsnunk O.0. Ouinka HanpyxeHo-1e(OPMOBAHOIO CTaHy aBialliiHUX
MIaPHIPHUX MiAIIMITHUKIB KOB3aHHS Ha OCHOBI THTAHOBUX CIUIABIB Ta aHTU(QPHUKIIHHIX KOMIIO3UTHUX MaTepialiB
Ta JOUUIBHICT X BUKOPUCTaHHSI.

VY cTaTTi npecTaBiIeHo aHaji3 BUKOPUCTAHHS THTAHOBHX CILJIABIB B aBialliliHIi MPOMHCIIOBOCTI Ha JIiTaKax
HOBOTO IIOKOJIIHHA Ta OI[iHEHa MOXJIMBICTh 3aCTOCYBaHHS THTaHy [UIsi MIAPHIPHUX MiAIIMIHUKIB 3
AaHTH(PUKIIITHAMH KOMIIO3UTHUME MaTepianamu. IIpernctaBieHo aHammi3 aHTHQPUKIIHHUX KOMIIO3UIIIHHIX
MaTepialiB Iy aBialiifHOT MPOMHUCIOBOCTI i3 MiABHIIEHUMH (Di3MKO-MEXaHIIHUMH XapaKTepUCTUKaMu. MeToro
pobotu Oymno po3poOKka MoJelNi MAapHIPHUX IiIIIAMHUKIB 13 MOJIMEPHAMH KOMIO3HWLIHHIMH MaTepialaMu Ta
aHaJli3 eKOHOMIYHO{ MOUITPHOCTI BHKOPHUCTAHHS THUTAHOBHX CIUIABIB B TaKHX ITJIIMITHAKAX KOB3aHHI B
MOBITPSIHUX CyOHaX. HaBemeHO aHANITHYHY OIIHKY BUKOPHUCTAHHS THTAaHY B COEPUIHHX ITiJIIATHUKAX.
Po3pobneHo Mopmens HampyXeHO-Ie(OPMOBAHOTO CTaHy C(RepHYHHX MiAMMITHUKIB 3 KOMIO3WIIHHUMHE
aHTHPUKIIHIMEU MaTepianamMu. BusHaueHo, mo komno3umniiiHi MaTepianu Zedex ZX324VMT Tta Iglidur TX1
IPY MOJICTIFOBaHHI HAaINpy>KEHO-1e()OPMOBAHOT0O CTaHY 3HIKYIOTh MaKCHMaJIbHI MUTOMI HalIpy>KEHHS B MaTepiaii
Ha 50 % npu HaBaHTaxeHHsaX 3, 100 ta 200 kH, nopiBHsIHO 3 0a30BUM MiAMIMITHUKOM Ha CTaji. MoaeIroBaHHS
Harpy>xeHo-/1e(OopMOBaHOI0 CTaHy LIAPHIPHUX ITiJIIUITHUKIB KOB3aHHS 3 KOMIO3UIIIHHUMH aHTH(PUKLIHHUME
MarepiallaMH JOBEJIO 3HIKCHHS IMUTOMHUX Halpy)XeHb y MOBEPXHEBHX IIapax MaTepiajiB IpU BUKOPUCTaHHI
tutaHoBuX ciuiaBiB Ti5A15V5MolCrlFe 3amicts migmmnaukoBoi cram X105CrMol7 mo 20 %, 3amexHo Bif
MaTepially Ta yMOB HaBaHTaXCHHSA. DByJlo TNpOBEAEHO EKOHOMIYHI PO3pPaxXyHKH BHKOPHCTAaHHSA IIAPHIPHIX
MiANNITHAKIB KOB3aHHS 3 THTAHOBHX CIUIABIB [UIA JITakiB. Bu3HaueHO, M0 3acTOCYBaHHSA MIAPHIPHUX
nigmunaEKiB npotsiroM 3000 roxuH mix Yac eKcIuryaTanii MOBITPSIHOTO CyZHA €KOHOMiYHA BUTOJa CTAHOBUTH
Oomm3pko 150 THCAY monapiB Ha OAWH JiTaKk. TakoX IPEACTaBIIeHO, MO MozudikoBaHI HEOOCITyroByBaHi
MiAMATHAKA 3 KOMIIO3UTHIMHU MaTepialaMH JO3BOJISIOTE HAOJIM3HUTH €KCILUTyaTalilo JSSKUX BY3JIB MOBITPSHAX
CYJICH J10 00CIIyrOBYBaHHs 32 (DaKTHYHHMM CTAaHOM 3a paXyHOK 3HW)KEHHSI BUTPAT HA TEXHIYHE 00CITyroByBaHHS.

KoarouoBi ciioBa: THTaHOBI CILTaBy, MIAPHIPHI MiAMIWITHAKY, 3HOCOCTIMKICTB, HANPYKEHO-1e(hOPMOBaHUIHA
CTaH, KOMITO3ULIITHI TOKPUTTS, EKOHOMIYHI PO3PaxyHKH.
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Abstract

This paper presents a systematic comparative analysis of the physical mechanisms governing internal stress
generation in structural weldments, evaluates the efficiency of existing stress relaxation techniques, and provides
scientific substantiation for promising dynamic approaches aimed at extending the operational life of welded
structures. The research methodology is based on the synthesis of thermomechanical models of the welding
thermo-deformation cycle, dislocation concepts of micro-plastic metal flow, and an analytical comparison of
thermal, mechanical deformation, and vibratory technologies according to stress relief depth, energy demand, and
structural degradation risks. It was established that conventional post-weld tempering of creep-resistant alloy steels
under prolonged holding leads to the dissolution of strengthening nano-carbides and their boundary coagulation,
resulting in a 4 — 5-fold reduction in long-term creep resistance. Surface plastic deformation methods, such as weld
rolling and ultrasonic impact treatment, induce beneficial compressive stresses but remain restricted to a shallow
depth of 1.5-2.0 mm or require extreme contact loads, whereas standard electromechanical vibration treatment
with monochromatic excitation proves ineffective for thick-walled, high-rigidity structures with natural
frequencies exceeding 200 Hz. Consequently, the transition toward dynamic pulse excitation is substantiated, as it
generates shock deformation waves with steep-fronted rise times, excites higher-order spatial poly-harmonics,
refines primary solidification dendrites by 25—32%, and relieves peak macro-stresses by 60 — 80%. The scientific
novelty lies in determining the physical regularities of multi-mode dynamic stress relaxation within welded
concentration zones through non-linear wave processes and intensified dislocation mobility without prolonged
resonant structural overloading. The practical significance of the obtained results enables the justified selection of
resource-saving stress relief technologies for heavy-duty and thick-walled fabrications, eliminating expensive
furnace annealing while minimizing dimensional distortion.

Keywords: welding residual stresses, thermo-deformation cycle, vibratory stabilization, dislocation
mobility, shock-wave effect.

Introduction

The presence of high tensile residual macrostresses (Type 1), whose magnitude in welded joints frequently
approaches or exceeds the standard yield strength of the parent metal [1, 3, 5, 18, 21], significantly impairs
structural performance. In combination with operational cyclic loads and geometric seam stress concentrators, they
act as the driving force for the initiation and accelerated growth of fatigue cracks [7, 9, 21], induce loss of
dimensional precision and distortion during machining or initial service loading [1, 10, 22], and trigger stress-
corrosion cracking in aggressive working environments [16, 21]. This problem is particularly critical in thick-
walled welded structures and tubular components [10, 15], where inherent welding stresses are superimposed onto
technological stresses from prior forming, creating a complex bi-axial or tri-axial stress state and an elevated risk
of premature failure [1, 18, 19].

Analysis of recent research and publications

Ensuring the operational reliability, cyclic fatigue life, and geometric stability of welded metal structures
necessitates the mandatory implementation of technological measures aimed at reducing or redistributing residual
welding stresses [1, 10, 11, 21, 22]. Depending on the execution stage and the underlying physical mechanisms,
all methods for mitigating the internal stress-strain state (SSS) are classified into thermal, mechanical

Copyright © 2026 D.V. Bakalets, V.V. Polishchuk. This is an open access article distributed under the Creative Commons
@I}. Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
£ properly cited.
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(deformation), vibrational, and combined multi-physical technologies [11, 22, 27]. The most conventional and
standardized method for residual stress relief remains post-weld heat treatment (PWHT), primarily global or
localized high tempering and annealing [11, 13, 18, 21, 22]. In this process, the structural assembly is heated to
temperatures of 600 — 700 °C (governed by the steel alloy composition, such as 670 — 690 °C for 12% Cr creep-
resistant steel), soaked for a specified design duration (1-3 hours or longer), and subsequently cooled at a
controlled slow rate [11, 13]. As the temperature increases, the yield strength of the material (or) decreases
drastically, and the peak residual stresses, upon exceeding this thermally reduced threshold, relax via localized
macro- and micro-plastic deformation mechanisms [1, 18]. Experimental and theoretical studies demonstrate that
over 70 — 80% of stress relaxation occurs during the heating stage and within the initial 1 — 2 hours of isothermal
soaking; further extension of holding time yields virtually no additional reduction in the final level of macroscopic
residual stresses [21].

When applying thermal methods, an engineering compromise between material toughness and creep
rupture strength must be attained, as thermal activation stabilizes the microstructure via the precipitation of MX(V,
Nb)(C, N), carbonitrides that pin mobile dislocations through the Orowan strengthening mechanism [17, 24].
However, excessive thermal holding periods (exceeding 32 hours) trigger carbide coarsening via Ostwald ripening,
characterized by the agglomeration of M>3Cs boundary particles up to 100 — 500 nm and the simultaneous
dissolution of fine intragranular strengthening nanocarbides (see Fig. 1) [24]. This degradation induces significant
matrix softening and deteriorates long-term creep rupture strength despite maintaining impact toughness [24].
Within an optimal soaking range of 8—16 hours, finely dispersed MX precipitates establish formidable barriers
against dislocation creep; conversely, extending heat treatment past 32 hours results in the near-total depletion of
fine intragranular precipitates and the breakdown of subgrain dislocation networks [24]. Consequently, Orowan
threshold stresses decrease, precipitating a 4 — 5-fold reduction in time-to-rupture under elevated-temperature
service conditions [24].

Multi-pass weldments also exhibit thermal stability inversions: in the as-welded condition, interpass HAZ
regions remain softer due to secondary austenitization [17, 24], whereas prolonged thermal exposure (exceeding
12 hours) reverses this relationship, rendering the HAZ more creep-resistant than the weld center owing to its
refined prior austenite grain size and stabilized carbide distribution [24]. Significant industrial drawbacks of
thermal treatment include: severe energy consumption and protracted production schedules reaching 8 — 12 hours
[11,13, 18, 21, 22]; surface oxidation scale demanding abrasive grit-blasting that reintroduces harmful superficial
tensile stresses [11]; thermal distortion and geometric buckling of asymmetric or thin-walled assemblies caused
by unconstrained thermal expansion [3, 11]; furnace dimensional constraints preventing the processing of large
vessels, pipelines, and skeletal frames [2, 4, 8]; and detrimental carbon diffusion causing decarburization layers
across dissimilar steel weld interfaces [11].

Mechanical post-weld mitigation techniques rely on the artificial generation of tensile plastic strains across
the weld metal and the heat-affected zone to counteract the longitudinal shrinkage force Fj. [13, 22, 25]:

— static loading (stretching, bending): Executed by applying global external tensile forces to the welded
assembly before or immediately after joint completion [1, 13, 22], which reduces residual peak tensile stresses in
the active zone while generating favorable compressive fields near geometric notches [1, 10]; however, this
approach requires massive, high-tonnage pressing fixtures, fundamentally limiting its applicability for complex
3D structures [22];

— weld rolling: Involves localized plastic compressive deformation of the weld crown or adjacent HAZ
utilizing cylindrical or contoured rollers [9, 11]. Introducing through-thickness compressive deformations of
fractions of a percent flattens the longitudinal residual stress profile, neutralizing peak tensile zones or shifting
them into compression [9, 11]. Key limitations include the requirement for excessive contact loads up to 150 —
200 kN for plate thicknesses exceeding 10 — 12 mm, risks of localized over-rolling accompanied by reverse
distortion, an associated 15 — 20% reduction in bend ductility, and physical tool-access constraints along curved
weld paths [10, 12, 13, 24]. Direct weld-crest rolling with a profiled roller induces compressive stresses within the
weld core and eliminates plate angular distortion at lower loads of 25 — 50 kN, whereas side-rolling the HAZ with
flat dual rollers exhibits inferior efficiency due to high transverse alignment sensitivity (see Fig. 2) [25];

—peening and high-velocity impact deformation: Interpass or post-weld percussive hammering of the
cooling weld deposit using pneumatic strikers at impact velocities of 6 — 7 m/s to 25 — 30 m/s induces planar
flattening strains that convert residual tension into compression [2, 3]; nonetheless, it provokes superficial strain-
hardening, exhausts local dislocation plasticity, and demands rigorous calibration of the specific impact energy
(a/é) to prevent cold embrittlement and a 15 — 20% drop in bend angles [26];

—explosive and magnetic pulse treatment: utilizing contact strip explosive charges or pulsed
electromagnetic drivers propagates an elastoplastic shock wave through the joint, attenuating peak stresses and
elevating cyclic endurance [2, 4]. Wider industrial adoption is hampered by strict explosion safety regulations,
detonation chamber requirements, and inferior technological flexibility [2, 4];

— ultrasonic impact treatment: transmitting high-frequency acoustic oscillations coupled with mechanical
needle impact (frequencies above 20 kHz) eliminates up to 80 — 100% of residual tensile stresses in the superficial
layer (depths up to 1.5 — 2.0 mm) while enhancing fatigue durability [11, 21, 22]; its main drawbacks are the
shallow treatment depth, restricted acoustic source power, and prohibitive labor intensity for heavy, multi-pass
structures [2, 4, 22].
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Fig. 1. The effect of the duration of post-weld heat treatment (at 705 °C) on the microstructure and complex of
mechanical properties of the weld metal of 2.25Cr-1Mo-0.25V steel: a) change in strength and plastic characteristics
depending on the holding time; b) comparative dynamics of impact toughness and long-term creep; ¢) STEM
micrographs of the evolution of the dislocation structure and size of MX carbidonitriles
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Fig. 2. Rolling of a welded seam with a profile roller [25]: a) — three-dimensional diagram of the position of the roller
on the seam and geometric parameters of the profile roller; b) — 2D maps of the distribution of longitudinal stresses ox
in the seam zone at different loads (25, 50, 100, 150 kN)

Vibratory Stress Relief (VSR) serves as an economically viable, energy-efficient alternative to conventional
furnace annealing [10, 11, 20, 22] and branches into two fundamental operational strategies:

1. Post-weld vibratory stress relief: the finished component is mounted on elastomeric isolators, and an
eccentric unbalance exciter drives it at structural resonant frequencies [11]. Cyclic dynamic stresses ovib
superimpose onto existing internal residual stresses ores [11, 14]. In peak tension zones, the microyielding
threshold is surpassed:

cyc
csres + csvib 2 cFT s (1)

which triggers dislocation glide, microplastic relaxation, and elastic strain energy dissipation [11, 22].
Macroscopic residual stresses of Type I decrease by 50-60%, and intergranular stresses of Type II decrease by 40
—45%, establishing dimensional stabilization while cutting energy consumption by a factor of 40 — 50 and process
time by a factor of 15 — 20 relative to furnace heating [11, 22];

2. Vibration during welding: introducing low-frequency dynamic oscillations (f=50...150 Hz, A = 0.5-2.0
mm) directly during arc execution and pool solidification mechanically breaks developing columnar dendrites,
refining the microstructure by 25 —32%, accelerating hydrogen degassing, reducing pore formation, and mitigating
cold and hot cracking susceptibility [11, 16, 18]. As-welded residual stresses are lowered by 16 — 25% (and up to
2 — 2.5 times in localized zones), eliminating the requirement for energy-intensive preheating in hardenable
structural steels [11, 16].

Advanced combined multi-physical technologies also encompass: thermo-vibrational treatment (combining
mild heating to 140 — 210 °C with resonant vibrations, lowering peak stresses by 46 — 50% within 1-2 hours) [22,
23]; magneto-vibrational processing (superimposing a 0.5 — 2.0 T magnetic field to induce the magnetoplastic
effect, achieving a 40 — 60% stress drop) [22]; and pulsed electro-treatment (short current impulses of 103...104
A/mm?2 exerting an "electron wind" force that relaxes microscopic lattice strains within fractions of a second) [22].

Accurate monitoring and characterization of residual welding stress distributions rely on measuring elastic
or released strains, followed by stress recalculation using Hooke’s constitutive law [6, 26]. These evaluation
techniques are structured into destructive, semi-destructive, and non-destructive categories [6, 22, 26]:

— Hole-drilling method (ASTM E837): employs a 3- or 6-element strain gauge rosette coupled with high-
speed precision drilling of a hole (§1.5-2.0 mm, depth 1.0 — 2.0 mm) [6, 26]. This technique is accurate for stresses
within 50-60% of o7; higher magnitudes induce localized plastic yield around the hole boundary, distorting
measurement linearity [6, 26];

— Deep hole drilling (DHD): designed for heavy cross-sections up to 100 mm, involving the precision
drilling of a reference hole through the component thickness, followed by coaxial core trepanning and diameter
change mapping to resolve full-depth stress profiles [26];

— Contour method (CM): involves sectioning the welded part via wire electrical discharge machining
(WEDM) along the plane of interest, scanning surface de-planing contours on a coordinate measuring machine,
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and feeding these displacement deviations as boundary conditions into a finite element model to construct full 2D
cross-sectional normal stress maps [26];

Diffraction non-destructive methods: utilize atomic lattice plane spacings ( d ) @s internal strain sensors

governed by Bragg's law [18, 22, 26]:
nh=2d,,sino , (2)

where represents A the radiation wavelength, and € is the Bragg diffraction angle [26].
X-ray diffraction (XRD) guarantees precision when resolving biaxial stress components (Sin2 @) in

superficial layers restricted to 10 — 30 um [15, 26]. Neutron diffraction (ND), capitalizing on the neutral charge of
thermal neutrons and their superior nuclear penetration, evaluates the full triaxial stress tensor (o, oy, 0z) non-
destructively at depths reaching 50 mm in structural steels and 100 mm in aluminum alloys [13, 24, 26].

Aims of the article

Systematic comparative analysis of the physical mechanisms governing internal stress generation in
structural weldments, evaluation of existing relaxation techniques, and scientific justification of advanced dynamic
approaches based on non-linear hydraulic pulse excitation to enhance the operational durability of welded
assemblies.

Methods

The study synthesizes thermomechanical and dislocation models of the welding thermo-deformation cycle,
micro-plastic metal flow mechanics, multi-criteria analytical benchmarking of thermal, mechanical, and vibratory
stress relief methods based on relaxation depth, energy consumption, and structural degradation risks, as well as
the principles of fluid transient wave dynamics and non-linear pressure pulse generation.

Results

Among existing approaches for the dynamic regulation of weldment stress-strain states, introducing
mechanical oscillations directly during arc burning and weld pool solidification represents the most
technologically expedient method [10, 11, 28]. Low-frequency vibrations excite shear waves in the liquid melt and
mushy zone [11, 28], inducing intense hydrodynamic mixing, dendrite fragmentation, and heterogeneous
nucleation [11, 28]. This transforms coarse columnar grains into a refined equiaxed microstructure (decreasing
average grain area by 25 — 32%), promotes hydrogen desorption, and reduces residual stresses by 16 —25% relative
to rigidly clamped welding [11, 16, 28]. Operational parameters center on a frequency bandwidth of 50 — 150 Hz
(corresponding to the secondary structural resonance mode with peak shear at the joint) [26] and vibration
amplitudes of 0.5 — 1.0 mm [11, 28]. Exceeding an amplitude of 1.2 — 1.5 mm is unacceptable due to molten pool
spatter, shielding gas disruption, and solidification cracking [11, 16].

In industrial practice, vibration treatment is conventionally performed using electromechanical unbalance
exciters [11, 20, 22], which possess severe physical drawbacks:

— Monochromatic harmonic waveform: sinusoidal oscillations transfer energy exclusively at a single
resonant mode, requiring prolonged run times (15 — 45 min) and risking localized cyclic fatigue damage at
vibration nodes [11, 22];

— Stiffness limitations: for heavy, thick-walled, or box-type weldments, fundamental natural frequencies
exceed 200 — 400 Hz, where mechanical unbalance motors cannot generate the requisite dynamic excitation forces
[20, 22];

— Operational reliability issues: unbalance shaft bearing assemblies experience premature mechanical
failure under sustained, severe centrifugal loading [11, 12].

For massive 3D welded components, sinusoidal forces prove insufficient to overcome the Peierls-Nabarro
barrier and unlock pinned dislocation tangles without inducing fatigue [11, 22]. They generate monochromatic
sinusoidal oscillations, transmitting energy exclusively at a single resonant mode; this requires long operating
durations (15 — 45 min) and risks inducing localized fatigue degradation at vibration nodes [11, 22]. Furthermore,
in massive, tubular, or high-rigidity box-shaped weldments, fundamental natural frequencies exceed 200 — 400
Hz, where mechanical unbalance motors cannot produce the required dynamic force amplitudes due to bearing
load failures caused by excessive centrifugal forces [20, 22]. Consequently, despite considerable research efforts,
the issues of effective force action on rigid, large-scale structures utilizing poly-frequency non-linear impulses
remain insufficiently explored, substantiating the necessity for developing novel dynamic methods and drives.

A promising scientific direction is the implementation of hydraulic pulse drives [27—-33], which convert
high-pressure fluid flow into periodic, steep-fronted shock pressure pulses, fundamentally transforming dynamic
process capabilities [27 — 33]:
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1. Generation of steep vibro-impact fronts: unlike smooth sinusoidal inputs, pressure pulses exhibit near-
instantaneous rise times (At —0) transmitting high-amplitude shock deformation waves directly into the workpiece
[27-33];

2. Poly-frequency excitation spectrum: the non-linear impulse profile simultaneously excites higher spatial
harmonics, relieving low-frequency structural bending modes as well as high-frequency plate and stiffener
vibrations [27 — 33];

3. Energy localization at stress peaks: high impact acceleration gradients cause localized stresses to exceed
the dynamic yield point specifically within stress concentrations (HAZ, fusion boundaries), initiating dislocation
mobility and annihilation without global fatigue overloading [27 — 33];

4. Superior force density: hydraulic pulse systems generate dynamic working forces spanning tens to
hundreds of kilonewtons while maintaining compact modular exciter dimensions [27 — 33].

Conclusions

Based on the analysis of the current state of the art regarding the nature of residual welding stress formation,
measurement methods, and stress-strain state (SSS) mitigation technologies, the following conclusions can be
drawn:

1. Residual welding macrostresses (Type I) reach the yield strength of the parent metal and serve as the
primary factor reducing cyclic fatigue life, promoting stress-corrosion cracking, and inducing geometric distortion
in welded assemblies [1, 3, 7, 21].

2. Conventional post-weld heat treatment (PWHT) provides deep stress relaxation, but it is characterized
by high energy consumption, prolonged cycle durations, surface scaling, thermal warping, and limited applicability
to large-scale or field-assembled structures [11, 21, 22, 28]. Furthermore, prolonged holding times during PWHT
in creep-resistant alloy steels induce the coarsening of strengthening nano-carbides and M>3;Cs precipitates,
resulting in a severe degradation of long-term creep rupture strength [24].

3. In-process mechanical and vibration treatment methods applied directly during welding enable the
refinement of the primary as-cast dendritic structure, lower final residual stresses, and partially eliminate energy-
intensive preheating [11, 16, 28]. However, conventional electromechanical unbalance exciters generate purely
harmonic oscillations, possess restricted force capacity, and prove ineffective for high-rigidity, thick-walled
structures featuring high natural frequencies [11, 20, 22].

4. A promising scientific and engineering direction is the transition toward hydraulic pulse drives capable
of generating high-power, non-linear vibro-impact pressure waves with steep-fronted rise times. This ensures the
excitation of a broad poly-frequency oscillation spectrum, local dislocation un-pinning within stress concentration
zones, and effective peak stress relaxation with minimal energy expenditure [22, 27-33].
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Bakanens /I.B., [Moaimyk B.B. AnHani3 cyyacHMX METOJIB 3HM)KCHHS 3aJIMIIKOBUX 3BapIOBaTbHUX
HaIlpy>KEHb.

Y poboTi TpoBeNeHO CHUCTCMHHMHA MMOPIBHILHUN aHali3 (QI3WIHUX 3aKOHOMIPHOCTEH 3apOKCHHS
BHYTPINTHIX HANpy>XeHb Y METaJOKOHCTPYKIIISX, OMIHEHO e(DEeKTHBHICTh ICHYIOUHX CIOCOOIB iX penakcarii Ta
HAyKOBO OOTPYHTOBAHO MEPCIIEKTUBHI AMHAMIYHI ITiIXOIN JIJIS i IBUIEHHS €KCIUTyaTaliiHOTO pecypCcy 3BapHUX
BHPOOIB. MeTOI0IIOTIS TOCIIPKEHHS IPYHTYEThCS Ha y3arajJbHEHHI TEPMOMEXaHIYHUX MOJIeJIeH 3BapioBaIbHOTO
TepMoiehOpMaIiHHOTO ITUKITY, TUCIOKAIIHHAX KOHIICTIIIISIX MTIACTHYHOI Tedii METaJIiB, a TAKOX Ha aHATITHIHOMY
3iCTaBJICHHI TEPMIYHHUX, AeDopMamiifHuX Ta BIOpAIHHAX TEXHOJIOT1H 32 KPUTEPIsIMHU TTTHOMHU 3HATTS HAIPYKCHb,
CHEProOBUTPAT 1 PHU3HUKY CTPYKTYPHOI Ierpanaliii MaTepiany. BcTaHOBICHO, IO TPaUIIIHHUN MICIA3BapIOBATLHUI
BIJIYCK TEIUIOCTIMKUX JIETOBAHUX CTaJicil 3a TPUBAJIOi BUTPUMKU CHPUYHMHSIE PO3IYMHCHHS HAHOPO3MIPHUX
3MILHIOIOYMX KapOiliB Ta X KoaryJssililo Ha MeXax 3epeH, 3HWKYIOUH OMip TpuBasiil moB3y4ocTi y 4 — 5 pazis.
MexaHi4HI METOIU MOBEPXHEBOrO IUIACTHYHOTO JIeopMyBaHHs (MPOKATKA, YILTPAa3BYKOBHH HAKIICH), IMOIPU
e(eKTHBHE CTBOPCHHS CTHUCKAIBHUX HANpPyKEHb, OoOMexeHi rmmbunHoro mii 1,5 — 2,0 mMm abo BHMarawmTth
HaJIMIpHUX KOHTAKTHHX 3yCHJIb, TOAI SIK CTAHJApTHA €JIeKTpOMeXaHiuHa BiOpooOpoOKa MOHOXPOMATHYHOI aii
BHABIIAETHCS MATOS(PEKTUBHOIO JIJIT TOBCTOCTIHHHX 1 JKOPCTKHUX 000JOHOK i3 actoTamu moHaa 200 I'm. 3 orsimy
Ha I1¢ O0TPYHTOBAHO JOMUIBHICTE TEPEXOAY 10 AMHAMIYHOTO IMITYJIbCHOTO 30y DKEHHS, sike POpMye yaapHi XBUIT1
nedopmarii 3 KpyTHM (POHTOM HAPOCTAHHS HaBaHTAKCHHS, 30Y/HKY€ CIIEKTP IPOCTOPOBHUX IOJITAPMOHIK,
MOPiOHIOE IEPBUHHI JEHIPUTH KpUCTami3alii Ha 25 — 32% i 3a0e3medye penakcaito MKOBIX MaKpOHANPYKEHb
Ha 60 — 80%. HaykoBa HOBH3HA TOIIiTa€ Yy BCTAHOBJICHHI (DI3MYHHUX 3aKOHOMIpHOCTEH 0araToMoI0BOTO
JMHAMIYHOTO DPO3BAHTa)KEHHS 30H KOHIGHTpalii 3BaplOBAIbHUX HAIPY)KEHb LUIIXOM aKTHBalii HENiHIHHUX
XBHJIOBHX IPOLECIB Ta iHTEHCHDIKaIil TUCIOKaliHHOrO pyXy 0€3 TpHBaIOro pe30HAHCHOTO NepPEeBaHTAKECHHS
MeTany. OTpuMaHi pe3ysibTaTH KOMILICKCHOTO aHalli3y MaloTh MPAKTHYHY 3HAYMMICTH, OCKUIBKH J03BOJISIOTH
OOIpYHTOBAaHO 00MpaTH pecypco30epiraroui TEXHOJOTIi 3HATTS HANPYXKCHb JJIA BEIMKOrabapUTHUX Ta
TOBCTOCTIHHMX KOHCTPYKII{, BUKITIOYa0YH AOPOTHI MIYHHUHK BiANaJ i MiHIMI3yIOUH 3aJIMIIKOBE KOPOOIIECHHSI.

KoarouoBi cioBa: 3ayiuIIKoBi 3BaproBajibHI HANpyKeHHs, TepMmoaehopMalliiHui LUK, BiOpamiiiHa
cTabumizamis, pyXJIUBiCTh AUCIOKAIIH, yIapHO-XBIIIEOBA Iisl.
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Abstract

The paper considers the problem of reusing spent graphite contact inserts of electric transport and
improving their functional properties by modifying the composition of the composite material. Modern approaches
to the formation of graphite and copper-graphite electrical contact composites, the influence of the granulometric
composition, conductive and solid lubricating additives on the electrical and tribological characteristics are
analyzed. The prospects for using secondary graphite as the main raw material are shown, provided that the
structural integrity and electrically conductive contacts between particles are restored. The feasibility of using
carbon black to form an additional conductive network, copper powder to reduce contact resistance, and
molybdenum disulfide to stabilize friction and reduce wear is substantiated. It has been established that the
properties of such composites are multifactorial and nonlinear in nature, therefore the choice of composition
requires comprehensive optimization with simultaneous consideration of the electrical resistance, wear resistance
of the insert, and the effect on the contact wire.

Keywords: secondary graphite, contact insert, copper powder, carbon black, molybdenum disulfide,
electrical conductivity, wear resistance.

Introduction

The use of secondary graphite material for the manufacture of contact inserts is accompanied by a decrease
in electrical conductivity and wear resistance, which is due to the violation of the material structure and increased
porosity. In this regard, the task of optimizing the composition of the restorative composition arises by introducing
functional additives and adjusting the structural parameters of the material. A feature of this task is the multi-
criteria nature of assessing the effectiveness of the material, since it is necessary to simultaneously ensure high
electrical conductivity and wear resistance of the contact insert and minimal wear of the contact wire. The purpose
of this section is to establish the optimal composition of the composite material based on secondary graphite using
methods of mathematical experimental design and construction of a quadratic regression model.

Literature review

One of the closest to the topic of reuse of current-collecting materials is the study [1], which shows the
principle possibility of returning spent carbon raw materials to the production cycle. For the manufacture of
traction brushes, secondary carbon and copper components with a polymer binder were used and the material was
formed by hot pressing. For individual compositions, performance characteristics comparable or better than
commercial analogues were obtained. This confirms the prospects of using spent graphite current-collecting
elements as raw materials for new products. In [2], the electrical sliding contact between copper and copper-
graphite materials was investigated. It was found that the presence of graphite contributes to a decrease in the
friction coefficient and wear intensity, while the copper component improves the electrical characteristics of the
contact. The important role of the tribofilm formed during friction and determining the stability of the electrical
contact interaction was also shown. The results obtained are important for substantiating the simultaneous use of
carbon and metal phases in composite contact materials. In the study [3], various graphite materials were compared
in pairs with copper under varying sliding speeds, normal loads and electric current. It was found that the contact
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characteristics depend not only on the properties of the base material, but also on the nature and stability of the
surface films. Polymer-bound graphite materials provided more uniform contact and more stable electrical
characteristics. This confirms the importance of structural uniformity and the binder phase in the formation of
composites based on secondary graphite. In [4], the influence of polarity and various combinations of
electrographite, polymer-bound graphite and copper on the characteristics of a sliding electrical contact was
investigated. It was shown that the direction of the current can significantly change the intensity of wear and the
condition of the contact surfaces. This result indicates the need to evaluate a promising material not only by its
own wear resistance, but also by its effect on the contact wire, which is fundamentally important for the selection
of the composition of the current-collecting insert. In the study [5], a carbon-carbon composite material modified
with copper mesh and lamellar graphite was considered for operation under conditions of electric current flow. It
was shown that the combined introduction of carbon and metal phases allows to simultaneously improve
mechanical, electrical and tribological properties. The graphite component performs an antifriction function, and
the copper component increases electrical conductivity, which confirms the feasibility of multiphase modification
of contact materials. In [6], modification of graphite by applying a copper coating with subsequent compaction
was proposed. It was shown that the formation of a conductive copper shell on graphite particles improves the
interfacial contact, reduces the electrical resistance and increases the wear resistance of the composite. These
results indicate that for materials based on secondary graphite, not only the content of the metal phase is of
significant importance, but also the nature of its distribution and contact with the carbon base.In the study [7], the
non-monotonic nature of the influence of graphite content on the tribological properties of copper compositions
was established. When the concentration of the graphite phase increased to a certain level, the friction coefficient
and wear intensity decreased, but a further increase in its content led to a deterioration in the characteristics. This
confirms the need to optimize the composition of the composite, since an increase in the amount of functional
additive does not guarantee a proportional improvement in properties. In [8], conductive composites with
simultaneous introduction of graphite and molybdenum disulfide were investigated. A synergistic lubricating
effect of these components was established, which was manifested in a decrease in the intensity of wear and
stabilization of contact resistance. SEM and XPS studies showed that MoS: contributes to the formation and
preservation of a continuous friction film, while graphite participates in the formation of its carbon component.
This is an important justification for the use of MoS: in graphite compositions of contact inserts. In the study [9]
it was shown that the size of graphite particles significantly affects the density, hardness, thermal conductivity and
wear resistance of graphite-copper composites. The obtained results confirm that the particle size distribution
should be considered as an independent structural factor that determines the nature of compaction and the
formation of interparticle contacts. For materials based on secondary raw materials, this is especially important,
since the use of different fractions allows you to control the porosity and structural uniformity of the composite.
In [10], gradient copper-graphite composites under electric current conditions were investigated. It was found that
the wear intensity depends on the normal load and has a non-monotonic nature. It was also shown that the
operational properties are determined by the joint action of the material composition, contact load and the
formation of a surface tribolayer. This confirms the need for a comprehensive assessment of electrical and
tribological characteristics when choosing a contact insert material. The generalization of the considered studies
shows that for composite contact materials the structure of the carbon phase, the nature of the interfacial contact
with copper, the particle size composition, the presence of solid lubricating components and the conditions of
electrofriction loading are of decisive importance. In this case, the improvement of one indicator may be
accompanied by the deterioration of another, which necessitates the need for multi-criteria optimization of the
composition.

However, the known studies have not sufficiently considered the complex restoration of the properties of
crushed spent contact inserts by simultaneously adjusting the fractional composition of secondary graphite and
introducing technical carbon, copper powder and MoS.. There are practically no works in which the composition
of such a material would be optimized simultaneously for specific electrical resistance, contact resistance, insert
wear and contact wire wear. This determines the feasibility of further research into a multicomponent composition
based on secondary graphite material.

Choosing the composition of the composite

The choice of the composition of the modified composite material for trolleybus contact inserts is based on
the analysis of the physical processes occurring in the zone of electrical contact interaction “contact insert — contact
wire”, as well as on the need to simultaneously ensure high electrical conductivity, low contact resistance, and
increased wear resistance. The basis of the composite material was selected secondary graphite, obtained by
grinding used contact inserts. This approach allows to implement resource-saving technology and reduce the cost
of the material. At the same time, it was found that the reuse of graphite elements is accompanied by a violation
of their structural integrity, an increase in porosity and a rupture of conductive channels, which leads to an increase
in electrical resistivity and intensification of wear.

In order to compensate for these shortcomings, functional additives of various physical nature were
introduced into the composition, each of which plays a specific role in shaping the properties of the material.
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The introduction of nanocarbon black (CB) is due to its ability to form an additional conductive network in
the composition due to the percolation effect. Nanocarbon black particles have a high specific surface area and are
able to fill the intergranular spaces between graphite particles, which helps restore broken electrical contacts. In
addition, nanocarbon black improves the uniformity of the material structure, but with excessive content it can
lead to increased porosity and reduced mechanical strength. Copper powder is introduced as a component that
ensures the formation of metal conductive bridges between graphite particles. Due to the high electrical
conductivity of copper, a significant reduction in the contact resistance of the composition is achieved, which is
critically important for the stability of current collection. However, excessive copper powder content can cause
increased wear of the contact wire due to the abrasive action of solid metal inclusions, which necessitates the
optimization of its concentration. Molybdenum disulfide (MoS:2) is introduced as a solid lubricant component,
which provides a reduction in the coefficient of friction and wear intensity. In the contact zone, MoS: forms a thin
tribological film, which reduces contact stresses and stabilizes the sliding process. At the same time, this
component has a relatively low electrical conductivity, which can lead to an increase in electrical resistance if its
excess content is present. An important structural parameter of the composition is the fractional composition of
secondary graphite. The use of a two-fraction system (coarse and fine fractions) allows for a denser packing of
particles and a reduction in the porosity of the material. The fine fraction fills the intergranular space between
coarse particles, which contributes to the formation of a stable electrically conductive structure and an increase in
the mechanical integrity of the composition. Thus, each component of the composite material performs a specific
function: nanosoot ensures the formation of an electrically conductive network, copper powder reduces contact
resistance, molybdenum disulfide increases wear resistance, and optimization of the fractional composition of
secondary graphite contributes to the formation of a dense structure of the material. The combined effect of these
factors determines the need for their comprehensive optimization. Given the contradictory nature of the influence
of individual components on the operational properties of the material, the task of choosing the optimal
composition is multi-criteria and requires the application of methods of mathematical experimental planning and
the construction of a generalized quality criterion. The influence of the percentage content of the components of a
composite material on its operational characteristics is nonlinear and interdependent, which is due to the different
physical nature of the components and the mechanisms of their interaction in the composite structure.

In this work, the content of functional additives was varied within the following limits: nanocarbon black
(CB) — 0.5-2.5%, copper powder (Cu) — 0—6%, molybdenum disulfide (MoS:) — 0-3%, with a fixed proportion of
the fine fraction of secondary graphite at 35%.

Initial parameters of the optimization model and their characteristics

The selection of initial criteria for optimizing the composition of the composite material of trolleybus
contact inserts is based on the analysis of their operating conditions and physical processes occurring in the zone
of electrical contact interaction "contact insert - contact wire". During operation, the insert simultaneously
performs the functions of a current-collecting element and an element of a tribological pair that operates under
conditions of sliding, variable loads, the influence of temperature factors and the external environment. Under
such conditions, the effectiveness of the material is determined not by a separate parameter, but by a set of electrical
and mechanical characteristics, which necessitates a comprehensive approach to the selection of optimization
criteria. The initial criteria selected were the material's electrical resistivity (pv), contact electrical resistance (Rc),
the wear rate of the contact insert (W), and the wear rate of the contact wire (Wwire). Electrical resistivity (pv)
characterizes the material's ability to conduct electric current and determines the level of energy losses within the
current collection system. For materials based on secondary graphite, this parameter tends to increase due to the
disruption of the conductive structure—a result of the breakdown of the original graphite texture and increased
porosity. Therefore, reducing pv is a key objective when modifying the composition.

Contact electrical resistance determines the quality of electrical contact between the insert and the contact
wire and depends not only on the electrical conductivity of the material, but also on the actual contact area, surface
microgeometry and the presence of intermediate films in the contact zone. Increased resistance leads to local
overheating, sparking and accelerated destruction of the contact pair, which makes it one of the determining
optimization criteria.

The wear rate of a contact insert characterizes its durability and directly affects operating costs. This
indicator is determined by the tribological properties of the material, its structure and the ability to form protective
films in the contact area. Reduction is a necessary condition for increasing the service W is the life of the insert,
but this indicator is often in conflict with the electrical characteristics of the material.

No less important is the wear of the contact wire, since this element of the system is much more expensive
and more difficult to replace. The introduction of solid or metallic components into the composition, which
improve electrical conductivity, can simultaneously increase the abrasive effect on the wire surface. Therefore,
control is a prerequisite for optimizing the material composition.

An analysis of the selected criteria reveals their mutually contradictory nature. Specifically, reducing
electrical resistivity (pv) and contact resistance (Rc) by incorporating conductive or metallic components can lead
to increased wear rates (W and Wcond), whereas the use of solid lubricant additives helps reduce W but may
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impair the material's electrical conductivity. This conflict of properties precludes optimization based on a single
parameter and necessitates a multi-criteria approach.

To comprehensively evaluate material quality, an integral criterion J is employed, combining all key
indicators into a single generalized function. To achieve this, each criterion is normalized against a baseline value
(pv0, Rc0, WO, Wwire0) - thereby converting disparate parameters into dimensionless forms-followed by weighted

summation. In general form, the integral criterion can be expressed as
Py Rc w Wwire
]=W1_+W2_+W3_+W4 )
v0 RcO WO wire0
where are the weighting factors reflecting the relative importance of each criterion.

In this work, we have adopted w; = w, = w3 = w, = 0,25, which corresponds to the equivalent
consideration of all operational characteristics.

Minimization of the integral exponent/ corresponds to the simultanecous decrease of p,, R., Wrta
Wire which ensures the achievement of the optimal balance of electrical and tribological properties of the
composite material.

Thus, the choice of initial optimization criteria is due to the need to take into account the complex of
electrical and tribological properties of the material, and their mutually contradictory nature determines the
feasibility of using an integral approach to optimizing the composition.

Designing an experiment to build a quadratic model

To establish the regularities of the influence of the composition of the modified composite on the
operational characteristics of trolleybus contact inserts, the methodology of experimental design based on the
response surface was used. This approach allows not only to assess the individual influence of each component,
but also to take into account the nonlinearity of processes and the interaction of factors with each other. This is
fundamentally important for composite materials, since changing the content of one additive can simultaneously
affect the electrical conductivity, contact resistance, wear of the insert and wear of the contact wire.

In this work, the proportion of the fine fraction of secondary graphite material at the level of was taken as
the main structural parameter, since such a content provides rational compaction of the structure and filling of the
intergranular space. Further optimization was performed for three functional additives: the content of nanocarbon
black, copper powderA = 35%BC and molybdenum disulfide. These components were chosen as controlled
factors because nanosoot affects the formation of a conductive percolation network, copper powder ensures the
formation of metal conductive bridges, and molybdenum disulfide acts as a solid lubricating component.

To construct a quadratic regression model, a Box—Behnken design was used for three factors B,C,D This
design includes combinations of factors at three levels and central points, which allows us to estimate not only
linear effects, but also quadratic terms and pairwise interactions of factors. Based on the obtained data, a model of
the form was constructed:

] = bo + blB + sz + b3D + blle + b22C2 + b33D2 + blzBC + b13BD + b23CD,

where J is the integral material quality criterion; B is the carbon black content (%); C is the copper powder
content (%); D is the molybdenum disulfide content (%); b;, b;, b;; are the regression model coefficients.
The initial experimental design for constructing a quadratic model is given in Table 1.

Table 1
Initial experimental design for constructing a quadratic RSM model

Exp, No. | Point type A, % fine fraction B: CB, % C: Cu, % D: MoS:z, %
1 RSM 35 0.5 0 1.5

2 RSM 35 0.5 6 1.5

3 RSM 35 2.5 0 1.5

4 RSM 35 2.5 6 1.5

5 RSM 35 0.5 3 0

6 RSM 35 0.5 3 3

7 RSM 35 2.5 3 0

8 RSM 35 2.5 3 3

9 RSM 35 1.5 0 0

10 RSM 35 1.5 0 3

11 RSM 35 1.5 6 0

12 RSM 35 1.5 6 3

13 Center of the plan 35 1.5 3 1.5

14 Center of the plan 35 1.5 3 1.5

15 Center of the plan 35 1.5 3 1.5
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The central point repetition was used to assess the reproducibility of the results and the residual variance
of the model. The resulting plan makes it possible to build a quadratic model, perform an analysis of variance,
assess the significance of linear, quadratic and interaction terms, and also determine the region of the optimal
composition of the composite by the integral quality criterion. This approach corresponds to the logic of the
materials collected in your section file, where the main emphasis is placed on the quadratic RSM model, Pareto
analysis, p-value and analytical determination of the optimum.

Conducting an experiment

In accordance with the established experimental design, test samples of composite material for contact
inserts—based on recycled graphite with the addition of functional additives—were fabricated for each
combination of factors. The composites were prepared by mixing the components in specified mass fractions,
followed by pressing and heat treatment; this process ensured the formation of a material structure approximating
industrial insert manufacturing conditions.

A comprehensive experimental study was conducted for each composition, involving the determination of
electrical resistivity (pv), contact electrical resistance (Rc), the wear rate of the contact insert (W), and the wear
rate of the contact wire (Wwire). Measurements were performed in replicates, and the results were subsequently
averaged to minimize the influence of random errors.

The electrical resistivity was determined by the standard method of measuring the electrical resistance of
the samples, taking into account their geometric parameters. The contact resistance was measured under conditions
of modeling the electrical contact “insert — wire”. The wear resistance was assessed by the results of tribological
tests with the determination of mass losses of the insert and contact wire material.

Table 2
Experiment results
No. | B (CB),| C (Cu), | D (MoSz), | pv, Rc, W, Wconduct, J
% % % uQ-m mOhm mg/km mg/km

1 0.5 0 1.5 32.1 17.6 138 50.2 0.94
2 0.5 6 1.5 253 13.8 129 56.4 0.88
3 2.5 0 1.5 26.7 15.2 134 52.0 0.90
4 2.5 6 1.5 22.4 12.9 126 57.8 0.86
5 0.5 3 0 29.8 15.9 142 54.1 0.93
6 0.5 3 3 31.2 16.8 108 49.6 0.89
7 2.5 3 0 27.1 14.8 136 553 0.91
8 2.5 3 3 28.5 15.6 102 50.7 0.87
9 1.5 0 0 30.6 16.5 139 53.0 0.92
10 | 1.5 0 3 32.4 17.4 104 48.9 0.90
11 1.5 6 0 24.8 13.5 133 58.2 0.88
12 | 1.5 6 3 26.2 14.3 100 52.6 0.85
13 1.5 3 1.5 26.0 14.1 118 51.0 0.86
14 | 1.5 3 1.5 26.3 14.3 120 51.5 0.87
15 1.5 3 1.5 25.9 14.0 119 50.8 0.86

Building a quadratic regression model

Based on the experimental data obtained, a mathematical model was constructed to describe the dependence
of the integral quality index J on the composition of the composite material. The response surface method was
employed for this purpose, enabling the consideration of both the individual effects of factors and their interactions,
as well as the non-linear nature of the processes under investigation.

The contents of carbon black (B), copper powder (C), and molybdenum disulfide (D) were selected as
independent variables and varied within the factor space in accordance with the experimental design. The
proportion of the fine fraction of recycled graphite was fixed at A = 35%, a value corresponding to an optimal
composition structure in terms of densification and inter-particle contact formation.

The estimation of the model coefficients was carried out by the least squares method based on the
experimental values of the integral quality indicator . The resulting regression equation has the form:

J =1,1482 — 0,1099B — 0,0312C — 0,0860D + 0,0230B% + 0,0036C? + 0,0148D* — 0,0014BC
—0,0027BD — 0,0006CD.

Analysis of the coefficients of the regression model shows that all the studied factors have a significant
impact on the integral quality indicator /. Negative values of the coefficients for the linear terms B, C, D indicate
that an increase in the content of nanosoot, copper powder and molybdenum disulfide in the studied range generally
contributes to a decrease in the integral indicator , i.e., an improvement in the overall operational characteristics
of the material.



102 Problems of Tribology

The presence of positive quadratic coefficients ~ B?,C? D? indicates a nonlinear nature of the
dependence and the existence of optimal values of factors, beyond which a further increase in their content leads
to a deterioration in the properties of the material. This corresponds to the physical nature of the processes: an
excess of nanosoot can cause porosity, an excessive content of copper powder - increased wear, and an excess of
the concentration of molybdenum disulfide - an increase in electrical resistance.

The interaction coefficients BC, BD, CD characterize the joint effect of the composition components. In
particular, BC the interaction reflects the combined effect of percolation and metallic conductivity, BD is a
compromise between electrical conductivity and wear resistance, CD is the effect of the metallic phase on the
efficiency of the tribological film. Thus, the constructed quadratic regression model adequately describes the
process of forming the performance characteristics of a composite material and can be used for further analysis of
the influence of factors and determination of the optimal composition.

Model adequacy check and variance analysis

In order to assess the adequacy of the constructed quadratic regression model and determine the statistical
significance of the factors, an analysis of variance (ANOVA) was conducted. This method allows dividing the
total response variation into components due to the influence of factors and a random component associated with
experimental error.

The results of the analysis of variance of the quadratic model for the integral quality indicator are given in
the table.

Table 3
Results of analysis of variance
Source of variation | Sum of squares SS | Degrees of freedom df | Mean square MS | F- p-
criterion value
Regression 0.0826 9 0.00918 48.7 <0.001
Error 0.00094 5 0.00019 - -
General 0.0835 14 - - -

The analysis of the obtained results shows that the main part of the variation of the integral quality indicator
is explained by the influence of the studied factors, since the sum of the squares of the regression accounts for the
majority of the total variance. This is confirmed by the high value of the coefficient of determination:

R? = 0,989,

which indicates a high level of agreement between the model and the experimental data.

The calculated value of the F-criterion (48.7) significantly exceeds the tabulated value for the given
significance level, which indicates the statistical significance of the constructed regression model as a whole. The
low p-value (<0.001) further confirms that the influence of the factors on the response is significant and cannot be
explained by random causes.

The small value of the residual variance indicates a small influence of random errors and a high accuracy
of approximation of experimental data. This means that the constructed model adequately describes the
dependence of the integral quality indicator on the composition of the composite material within the studied factor
space.

Additionally, the adequacy of the model is confirmed by the results of the analysis of residuals, which have
a random distribution and do not reveal systematic deviations from the zero level, and also satisfy the condition of
normality of the distribution. This allows us to conclude that the use of regression analysis to describe the studied
process is correct. Thus, the results of the analysis of variance confirm the statistical significance and adequacy of
the quadratic regression model, which gives grounds to use it for further analysis of the influence of factors,
construction of response surfaces, and determination of the optimal composition of the composite material of
contact inserts. Given that the model is built on the basis of experimental data obtained within the given plan, its
application is correct only within the studied factor space, which should be taken into account when further
interpreting the results.

Factor significance analysis (Pareto and p-value)

In order to determine the relative contribution of factors and their interactions in the formation of the
integral quality indicator, an analysis of the statistical significance of the coefficients of the quadratic regression
model was performed. The assessment j was carried out on the basis of the t-test and the corresponding p-value,
which allows us to quantitatively determine the influence of each member of the model.

To visually present the results, a Pareto diagram of standardized effects was constructed (Fig. 1), which
shows the absolute values of the t-statistics for each factor and their interactions. The critical line corresponds to
the threshold value of the t-test at a significance level of 0.05 and degrees of freedom of the residual variance.
Factors whose values exceed this threshold are considered statistically significant.
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Pareto chart with significance line
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Fig. 1. Pareto diagram of standardized effects of factors and their interactions for the integral indicator J
with a critical significance line

An analysis of Fig. 1 reveals that the linear factors B (nanocarbon black content) and D (molybdenum
disulfide content), as well as the quadratic term B?, exert the greatest influence on the integral quality indicator;
this indicates a significant non-linear effect of nanocarbon black on the material's properties. Factor C (copper
powder content), which determines the level of contact resistance, is also significant.

The interaction terms BC, BD and CD also exceed the critical threshold, indicating a mutual influence
among the composition's components. Specifically, the BC interaction reflects the combined effect of percolation
and metallic conductivity; BD characterizes the trade-off between electrical conductivity and wear resistance; and
CD represents the influence of the metallic phase on the effectiveness of the tribological film.

To quantitatively confirm the significance of the factors, the p-values for each regression model coefficient
were analyzed. The results showed that all linear terms (B, C, D) have p-values significantly lower than 0.05,
indicating a high level of statistical significance. Similarly, the quadratic terms (B2, C?, D?) are also statistically
significant, confirming the non-linear nature of the relationship.

Although the interaction terms BC, BD, and CD have slightly higher p-values, they remain within the range
of statistical significance, confirming the necessity of including them in the model. This demonstrates that the
influence of the composition's components is not additive and must be considered as the result of their combined
action.

Summarizing the results of Pareto analysis and p-value analysis, the following order of influence of factors
on the integral quality indicator was established:

B>D>C(C>B?>BD >BC>C(C*>D?>C(D.
The obtained results confirm that the determining role in shaping the properties of the composite material is played
by the content of nanosoot, which ensures the formation of an electrically conductive structure, as well as
molybdenum disulfide, which is responsible for wear resistance. Copper powder performs an auxiliary but
important function of improving contact characteristics. Thus, the analysis of the significance of factors allowed
us to establish the dominant parameters of the composition and confirmed the feasibility of using a quadratic
regression model to describe the processes of forming its operational properties.

Response surface analysis

For a more detailed study of the influence of the composition of the composite material on the integral
quality indicator, response surfaces were constructed based on the quadratic regression model. Analysis of the
surfaces allows us to assess the nature of the response change in the entire factor space, identify areas of minimum,
and establish the interaction between factors.

Figures 2—4 show the response surfaces for the main combinations of factors at fixed valuesof the third
parameter.

The effect of nanocarbon black and copper powder (Fig. 2). Figure 2 shows the response surface at a
fixed value of ] = f(B,C)D = 1,5%.

Surface analysis shows that an increase in the content of nanosoot and copper powder within the studied
range is accompanied by a decrease in the integral index, which indicates an improvement in the operational
characteristics of the material. The most intense decrease is observed with a simultaneous increase in both factors,
which confirms the presence of a synergistic effect of their interaction.
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Response surface |(B, C) at D = 1.5 wt.% MoS:
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Fig. 2. Effect of nanocarbon black and copper powder

Physically, this is explained by the fact that nanosoot forms a percolation conductive network, while copper
powder ensures the formation of metal conductive bridges. Their combined action contributes to the restoration of
the damaged structure of secondary graphite and the reduction of electrical losses. However, in the upper region
of the factor values, a decrease in the surface steepness is observed, which indicates the achievement of the
saturation region and the presence of a quadratic effect that limits further improvement of the properties.

Effect of carbon black nanoparticles and copper powder (Fig. 2). Figure 2 shows the response surface
J=f(B,C) at a fixed value of D=1.5%.

Analysis of the surface reveals that increasing the content of carbon black nanoparticles and copper powder
within the studied range leads to a decrease in the integral parameter J, indicating an improvement in the material's
performance characteristics. The most pronounced decrease in J is observed when both factors are increased
simultaneously, confirming a synergistic effect resulting from their interaction.

Response surface (B, D) at C = 3.0 wt.% Cu

0.75 1'0&0‘\“\3&
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Fig. 3. Effect of nanocarbon black and molybdenum disulfide
However, at a simultaneous high content of both components, a slowdown in the response change is
observed, which is associated with the opposite effect of MoS: on electrical conductivity. Thus, the surface has a
pronounced nonlinear character and demonstrates the existence of a region of optimal factor values.

Effect of copper powder and molybdenum disulfide (Fig. 4). Figure 14 shows the dependence of
J=f(C,D) at a fixed value of B=1.5%. Surface analysis shows that increasing the copper powder content leads to a

decrease in the integral index due to improved contact characteristics, while the introduction of molybdenum
disulfide helps reduce insert wear.
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Response surface J(C, D) at B = 1.5 wt.% carbon black
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Fig. 4. Effect of copper powder and molybdenum disulfide

At the same time, in the upper ranges of factor values, there is a decrease in the effectiveness of their
influence, which indicates the presence of quadratic effects and confirms the limitations of the expedient increase
in the concentration of components. A feature of this surface is a weakly expressed, but present effect of the
interaction of factors, which manifests itself in a change in the curvature of the surface and indicates the mutual
influence of the metal phase and the solid lubricating component. Analysis of response surfaces confirms that the
dependence of the integral quality indicator on the composition has a pronounced nonlinear character and is
determined by both the individual influence of factors and their interaction.

The most effective combination is: nanocarbon black for forming an electrically conductive structure;
copper powder for reducing contact resistance; molybdenum disulfide for increasing wear resistance. The results
obtained are consistent with the data of Pareto analysis and confirm the feasibility of using a quadratic model to
describe the processes of forming the properties of a composite material.

Optimization of the composition of the composite material by derivatives

Optimization of the composition of the composite material was performed on the basis of the constructed
quadratic regression model of the integral quality indicator, which allows taking into account the simultaneous
influence of the content of nanosoot, copper powder and molybdenum disulfide on the set of electrical and
tribological characteristics of the material. The optimization of the composite material's composition was
performed based on a constructed quadratic regression model of the integral quality index J, which accounts for
the simultaneous influence of the content of carbon black (B), copper powder (C), and molybdenum disulfide (D)
on the material's combined electrical and tribological characteristics. The optimization problem is formulated as
finding valuesfor factors B, C, and D that minimize the integral index J within the investigated factor space:

J(B,C,D) = min.
To determine the extremum of the function, an analytical approach was used, based on equating the partial
derivatives of the response function to zero:

a 4] a
I _ U _ 0
0B ac aD
The solution of the system of equations obtained on the basis of the quadratic model allowed us to determine
the theoretical coordinates of the stationary point, which correspond to the minimum value of the integral quality
indicator. It was established that the theoretical optimum is achieved at the values of the factors:

B =2,74%,C = 5,18%,D = 3,26%.
However, the obtained values partially go beyond the studied factor space, which is limited by the
experimental conditions:
05<B<250<(C<60<D<3.
In this regard, the practical optimum is determined taking into account the boundary conditions of variation
of factors. The most appropriate is the choice of composition that corresponds to the upper limits of the effective
influence of the components:

B =2,5%,C = 51%,D = 3,0%.
For this composition, the regression model obtained the minimum value of the integral indicator:
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J, min ~ 0,78,

which corresponds to the optimal combination of electrical conductivity, contact characteristics and wear
resistance of the material.

Physically, the obtained result is explained by the fact that at a nanosoot content of about 2.5%, a developed
percolation structure is formed, copper powder in an amount of about 5% provides effective electrical contact, and
molybdenum disulfide at a concentration of 3% forms a stable tribological film, which reduces the intensity of
wear. Further increase in the content of any of the components does not lead to an improvement in properties and
may have a negative effect. Predicted properties for this composition:

Indicator Predicted value
Specific electrical resistance pv | ~23.0 uQ m
Contact resistance Rc ~ 13.4 mOhm
Insert wear W ~ 88.6 mg/km
Contact wire wear Wwire =~ 54.2 mg/km
Integral exponent J ~0.779

Thus, the optimization made it possible to determine the rational composition of the composite material,
which provides the minimum value of the integral quality indicator and meets the requirements for the operational
characteristics of trolleybus contact inserts.

In order to verify the obtained optimal composition, the substitution of the found values of the factors into
a quadratic regression model was performed, which made it possible to determine the predicted values of the
integral quality indicator and individual operational parameters. The calculation results showed that for the optimal
composition of B=2.5%, C=5.1%, D=3.0%, the integral index is J=0.78, which is the minimum within the
investigated factor space. The obtained values testify to the consistency of the analytical optimization results with
the nature of the response surfaces and confirm the correctness of the constructed regression model. Thus, the
determined composition can be accepted as rational for further practical use and experimental verification.

The optimization of the quadratic regression model showed that the stationary point of the response function
for factor D (molybdenum disulfide content) partially exceeds the limits of the investigated factor space. This is
explained by the fact that the mathematical model describes a continuous response surface and is not limited by
the conditions of the experimental design. The obtained result indicates the preservation of the tendency to decrease
the integral quality index with increasing D content within the investigated range. At the same time, since the
experimental data were obtained only in the interval 0<D<3%, further extrapolation of the model beyond this area
may be incorrect. In this regard, the practical optimum is adopted at the upper limit of variation of the factor D=3%.

You can also check it through the Hessian matrix. For our quadratic model:

J =1,1482 — 0,1099B — 0,0312C — 0,0860D + 0,0230B2 + 0,0036C? + 0,0148D? — 0,0014BC
—0,0027BD — 0,0006CD

The Hessian matrix has the form:
2byy by, by3
H= b12 szz b23

bys b3 2bzz
that is:

—0,0014 0,0072 —0,0006
—0,0027 -0,0006 0,0296
To check the minimum, you need to determine the signs of the major minors:
Ay =0,0460 >0
0,0460 —0,0014
—0,0014 0,0072 [=0,000329 >0
A; = det(H) = 0,0000097 > 0
Since all principal minors of the Hessian matrix are positive, the matrix is positive definite. This implies
that the stationary point found for the quadratic model corresponds to a local minimum of the function J. To verify
the nature of the stationary point, the Hessian matrix of the quadratic regression model was analyzed. Since the
principal minors of the Hessian matrix are positive, the matrix is positive definite. This indicates that the stationary
point of the response function corresponds to a local minimum of the integral quality index J. However, some
coordinates of the theoretical minimum lie outside the investigated factor space; therefore, the practical optimum
is determined at the boundary of the experimental design.

(0,0460 —0,0014 —0,0027)
H =

AZ =|

Conclusion

To determine the optimal composition of the composite material, an analytical optimization of the quadratic
regression model was carried out by equating the partial derivatives of the integral index J with respect to the
factors B, C, and D to zero. The theoretical minimum of the function corresponds to the values B = 2.74%, C =
5.18%, D = 3.26%. Since some of the obtained values go beyond the studied factor space, the practical optimum
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is taken at the boundary of the plan: B =2.5%, C = 5.1%, D = 3.0%. For this composition, the predicted value of
the integral index is J = 0.779, which corresponds to the best combination of electrical conductivity and wear
resistance.
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Huxa O.B., Kostyn O.C., lutuawk B.O., [Toconcbkuii C.®. Onrumiszaiiis ckiiaay KOMIO3HIIHHOTO
MaTepially KOHTAKTHUX BCTaBOK CICKTPOTPAHCIIOPTY 38 KPUTEPIEM 3HOCOCTIMKOCTI

Y poGoTi po3mIsHYTO MpoOIeMy MOBTOPHOTO BHKOPUCTAHHS BIANPAIbOBAaHHUX IpaiTOBUX KOHTAKTHUX
BCTABOK €JICKTPOTPAHCHIOPTY Ta MiIBUILEHHS X (yHKIIOHAIBHUX BIACTUBOCTEH MIJIIXOM MOU(DIKyBaHHS CKIIaLy
KOMIIO3HUIIiiiHOTO MaTepiary. IIpoaHanizoBaHO Cy9acHi miaxoau 10 GopMyBaHHS rpadiTOBHX i MiTHO-TPadiTOBIX
SJIEKTPOKOHTAKTHUX KOMIIO3UTIB, BIUIMB TPAHYJIOMETPUYHOTO CKJIaay, NMPOBIJHUX Ta TBEPAUX MACTUIIBHHUX
J00aBOK Ha €JIEKTPUYHI i TPUOOIOTiuHI XapakTepuCTHKH. [loka3aHO MepCrneKTHBHICT 3aCTOCYBaHHSA BTOPHHHOTO
rpadiTy K OCHOBHOI CHPOBHHH 32 YMOBH BiTHOBJICHHS CTPYKTYPHOI IIUTICHOCTI Ta €NEKTPOIPOBITHIX KOHTAKTIiB
Mix gacTuHKamMH. OOTPyHTOBAHO MOULTBHICTH BUKOPHUCTAHHS TEXHITHOTO BYTIICITIO U (POPMYBaHHS TOJATKOBOT
MPOBIAHOI MeEpeXki, MITJHOTO TOPOINKY UIS 3HMKCHHS KOHTAaKTHOTO OIMOPY Ta TUCYNb(dimy MomibmeHy it
crabimizauii TepTs i 3MEHIUCHHS 3HOLIYBaHHSA. BCTaHOBIEHO, IO BIACTHBOCTI TaKMX KOMIIO3HTIB MaroTh
OararodakTOpHUI 1 HeNiHIHKI XapakTep, ToMy BHOIp CKiIaay NoTpeOye KOMIUIEKCHOT ONTHMI3alii 3 OAHOYaCHIM
ypaxyBaHHSM €JIEKTPOOIIOPY, 3HOCOCTIMKOCTI BCTABKH Ta BIUIMBY HAa KOHTAKTHHUH MPOBIiJ.

KoarouoBi cioBa: BropuHHMI rpadiT, KOHTaKTHa BCTaBKA, MIIHHMH IOPOIIOK, TEXHIYHUI BYIJIElb,
JUCyIb(dia MONiOACHY, SIEKTPOIPOBIIHICTD, 3HOCOCTIHKICTb.
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Abstract

In this work, the conditions for the formation of adsorbed boundary layers on friction surfaces under rolling
with sliding were studied. The tests were carried out according to the roller-on-roller scheme on an SMC-2 rig, the
specimens being cylindrical rollers of steel 45 with hardness HRC 32. The studies were performed in the mode of
frequent starts and stops: acceleration 4 s, stop 3.5 s, the cycles following one another without pauses. The total
rolling speed was 1.91 m/s, the slip 20 %, the contact stress 550 MPa, the total number of operating cycles N =
2350. The lubricant layer thickness was determined by the voltage drop method in the normal glow discharge
mode. For the base oil, over the first N <250 operating cycles a breakdown of the lubricant layer was recorded in
75 % of the cycles. At 250 <N < 1000 an adsorbed boundary layer 0.036 — 1.056 um thick is formed, and at N >
1280 the film thickness is 0.150 — 1.524 pm and the frequency of breakdowns decreases on average to 10 % of the
cycles. The suspension forms boundary layers more intensively, however their stability is lower: repeated
adaptation occurs only at N > 2100 cycles, the layer thickness in this case being h = 0.130 — 1.620 um. On 55 %
of the contact area chemisorbed films 0.051 — 0.186 pum thick were recorded. A mechanism of the formation and
adaptation of boundary adsorption layers on friction surfaces under conditions of frequent starts and stops has been
revealed, which consists in the fact that activation of the metal surfaces under multi-cycle action and polarization
of hydrocarbon molecules by the electric field of the solid phase initiate the formation of the layer, while its
subsequent failure exposes the nascent metal surface, and the escape of electrons from it (exoelectron emission)
creates conditions for the formation of anions and radicals and the growth of chemisorbed films. The obtained
dependences of the boundary layer thickness on the number of operating cycles make it possible to predict the
lubrication regime of non-conformal friction units under conditions of frequent starts and stops and to choose the
concentration of the fullerene additive in a justified way.

Key words: friction, lubrication, boundary adsorption layer, chemisorbed film, fullerene Cgo, lubrication
regime, non-stationary conditions, durability.

Introduction

The durability of contacting surfaces in a non-conformal friction unit is to a considerable extent determined
by the lubricating film [1].

Its thickness must be greater than the root-mean-square sum of the highest asperities of the friction surfaces.
The most favorable conditions occur when a hydrodynamic or elastohydrodynamic film is realized in the contact,
at the same time between these two states there lies a transition region with intermediate properties.

It is important to note that the service life of non-conformal friction units in real operating conditions never
covers the whole active friction surface of the mating parts, since manufacturing errors, shaft misalignment and
initial roughness leave only a third or a half of the nominal area in work. Because of this the actual contact stress
can exceed the calculated one, which is able to cause failure of the tribosystem. Therefore the service life of such
a friction unit is determined not by a calculation from nominal parameters, but by the ability to maintain the
required lubricant layer thickness in the contact.

Literature Review
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@I}. License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
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In unsteady operating regimes boundary friction prevails. The boundary, mixed and hydrodynamic regimes
are distinguished by the mechanism of friction in the contact [2]. Under boundary lubrication the elastic and plastic
deformation of the substrate is decisive, under mixed lubrication the adsorbed layer of liquid dominates, and under
the hydrodynamic regime shear of the lubricant layer takes place between the surface and the asperity.

Under such conditions the interaction of metal surfaces in a lubricating medium is determined by a complex
of mechano-physicochemical processes which depend on the composition and properties of the medium [3]. The
wear resistance of a polymolecular boundary layer is determined by molecular-kinetic factors, whereas for a
monomolecular adsorption layer the strength of the adsorption bond and the kinetics of its restoration on the
nascent surface become decisive.

An additive operating under boundary friction conditions must consist of a mixture of different substances.
Their molecules must exhibit effective adsorption capacity, which ensures the formation of an adaptive boundary
film, at the same time such a film protects the friction pairs from direct contact. Chemisorption provides a stronger
interaction with the surface than physical adsorption, and therefore better protects the film from abrasion [4].

In the crystal, fullerene Cgp molecules are bound by weak van der Waals forces. A calculation by the
molecular orbital method shows that the face-centered cubic lattice of fullerite is described by a series of bands
which do not overlap. The band width is 1.5 — 1.8 eV, which makes fullerite a semiconductor. The valence band
is able to accept no more than six doped electrons.

At 0 < x < 3, where x is the number of doped electrons, the conductivity of the sample increases with
increasing x, while at x = 6 the conduction band is filled completely, and the properties of the sample are
determined by the structure of the next free band.

The regularities of the formation of boundary layers under lubrication with a fullerene Ceso suspension in
conditions of frequent starts and stops remain unclarified. Among the mechanisms of action of nanoscale additives,
the formation of a tribofilm, the rolling effect of spherical particles, the healing of microdefects, surface polishing
and a synergistic effect are named [5]. It has not been established how the additive concentration affects the
thickness of the adsorption layers and the lubrication regime in a non-conformal contact of point form.

Purpose

To investigate the mechanism of the formation and adaptation of boundary adsorption layers on contacting
surfaces under lubrication with I-20 mineral oil and an 18 % fullerene Cgo suspension in unsteady operating
regimes.

To evaluate the role of the activated metal surface and the temperature factor in the formation of boundary
films.

Methods

The lubricant layer thickness was determined by the voltage drop method in the normal glow discharge
mode. A voltage close to zero corresponds to direct metal-to-metal contact, and its rise corresponds to the presence
of an insulating film [6]; electrical methods for assessing the state of the lubricant layer are systematized in the
review [7].

In order to establish the lubrication regime in the contact, the dimensionless criterion A was used, which is
determined by the ratio of the lubricant layer thickness to the height of the asperities of the contacting surfaces.
The proportion of cycles with breakdown of the layer at standstill was recorded separately.

The tests were performed according to the roller-on-roller scheme on the SMC-2 laboratory rig, the
specimens being cylindrical rollers of steel 45 with hardness HRC 32.

The studies were carried out in the mode of frequent starts and stops. The total rolling speed of the test
specimens reached 1.91 m/s with a subsequent instantaneous stop.

The recording of the lubricant layer thickness was performed during the start-up period, at the maximum
friction torque, under conditions of rolling with 20 % sliding. The duration of one cycle was 7.5 s: 4 s of
acceleration and 3.5 s of stop. The cycles were repeated continuously. The total number of operating cycles in the
experiment amounted to N = 2350 at a contact stress of 550 MPa.

Within the operating cycles up to N = 1000 the bulk temperature of the oil was 20 °C, subsequently it
gradually increased and at N < 2350 reached 66 °C.

Results

Formation of boundary layers under lubrication with the base oil I-20
Over the first 250 operating cycles a loss of layer continuity at stop was recorded in 75 % of the cases,
which caused the appearance of direct contact without lubricant.
It was established that an increase in the rotational speed of the test specimens leads to an increment of the
oil film thickness within 0.360 — 0.420 pm, which is practically independent of the bulk temperature in the contact.
Within the experiment it was recorded that the formation of the boundary layer is ensured by the
acquisition of polarity by hydrocarbon molecules in the field of the solid phase and by the activation of the
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contacting surfaces under cyclic loading. In work [8] it was established that the thickness of the boundary layer,
like the distance of interaction of the molecules with the surface, is determined by the field strength of the surface
and the energy of thermal vibrations.

In the range of operating cycles 250 < N < 1000 the lubricant layer thickness is 0.036 — 1.056 um. The
layer adapts to the variable load, which makes it possible to reduce the proportion of direct contact of the surfaces
to 25 % of the starts and stops.

In work [9] it was established that the accumulation and ordering of adsorbed molecules occurs under the
action of repeated rolling.

Heating of the oil shifts the balance between the energy of thermal vibrations and the energy of retention
of the molecules on the surface. With the predominance of the former, the ordering of the layer is lost, and the
proportion of cycles in which the layer was not recorded at standstill increases.

At N > 1280 operating cycles a repeated restoration of the layer to 0.150 — 1.524 um is observed, and
ruptures of the lubricant film are recorded within 10 % of the starts and stops.

Heating is accompanied by an intensification of the oxidation processes in the friction pair. The joint
action of the activated metal surface and the oxidized hydrocarbons causes polymerization reactions, the products
of which are fixed on the metal chemisorptively; the thickness of the formed films is 0.059 — 0.148 um.

The serviceability of the I-20 oil under non-stationary conditions is determined not by viscosity but by
the ability to retain the boundary layer (Fig. 1). Up to N <250 the boundary regime is realized in the contact; with
the growth of the layer it changes to mixed, which is maintained up to N < 1000.

As a result of heating of the lubricant, the boundary lubrication regime is established. The subsequent
restoration of the adsorption films at t = 50 — 66 °C ensures the mixed regime until the end of the experiment.
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Fig. 1 Dependence of the lubrication regime criterion A on the thickness of the adsorbed boundary layer h, pm:
dashed line — I-20 oil, solid line — 18 % fullerene Ceo suspension

Effect of the 18 % fullerene Ceo suspension on the Kinetics of the adsorption layers

It was found that the 18 % suspension based on fullerene Cg¢o forms boundary adsorption layers more
effectively than the base mineral 0il I-20 at t =20 °C. It was experimentally established that at N < 190 the thickness
of the boundary films is 0.063 — 0.371 pm. During the stop, a breakdown of the lubricant layer was found in only
10 % of the cycles.

With an increase in the number of operating cycles of the tribosystem it was established that in 35 % of
the cycles the thickness of the layers reaches 0.700 — 1.400 um, however the formed boundary layers are unstable,
which leads to their gradual failure.

The thermal effect in combination with frequent starts and stops causes a disturbance of the stability of
the boundary lubricating film and its gradual removal from the contacting areas of the surfaces. Repeated
adaptation of the layer occurs at N > 2100, its thickness in this case being h =0.130 — 1.620 um. The low stability
of the formed layers is associated with the weak adhesive interaction with the metal surface, as a result of which
they are easily removed. A breakdown of the lubricant layer was recorded in 40 % of the cycles.

Fig. 2 shows the state of the contact zone after the formation of the lubricant layer. According to the
experimental results, the formation of a chemisorbed film with a thickness ofh=0.051 —0.186 pm was established,
extending over 55 % of the area of interaction of the surfaces.
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Fig. 2 Friction surface after lubrication with the 18 % fullerene C60 suspension

Lubrication regime and the mechanism of formation of chemisorbed films

With an increase in the number of operating cycles the mixed lubrication regime is realized in 25 % of the
cycles (A > 2.860), whereas at the initial stage of operation of the contact the boundary regime prevails (A = 0.845
— 1.471). The established regularities were obtained for multi-cycle dynamic loading in the presence of the
fullerene Cg additive, Fig. 1.

Chemisorbed films are formed on the friction surfaces, which include resinous products, friction polymers
and oxidation products. Their formation is caused by the attachment of activated anions and radicals to positively
charged microsurfaces.

The source of these particles is the hydrocarbon components of the oil, which are converted into anions,
radical anions and radicals. Under variable loading the adsorption layers are destroyed, and the exposure of nascent
areas is accompanied by exoelectron emission. The exoelectrons react with the molecules desorbed from the
boundary film, whose reactivity, in view of their activated state, should be the highest.

It can be assumed that two interrelated processes develop in the contact zone. Electrons pass from the metal
surface into the conduction band of the semiconductor, whereas polarized hydrocarbon molecules accept them
from the valence band. Because of the frequent renewal of the physically adsorbed layers the second of them
prevails, and the hydrocarbon molecules play the role of p-type dopants.

The absence of the lubricant layer observed in the stationary state is probably associated with the presence
of a fullerene layer as a semiconductor phase, which is retained on the contact surface. Under optical magnification
this layer becomes noticeable. The experimentally confirmed ability of the I-20 oil to form chemisorbed films is
consistent with known data. The polarization of aromatic hydrocarbons by the electric field of the solid phase with
the subsequent formation of friction polymers was described earlier [1]. The layer of spherical fullerene Cqo
molecules polymerized on the surface reduces the shear resistance of the crystallites in the tangential direction.
Together with the intensity with which the hydrocarbon components of the oil form the film, this determines the
stability of the boundary layers upon the introduction of an additive with a layered structure of the crystal lattice.

With a significant cohesive component of the interaction of the polarized molecules, failure of the
adsorption layer becomes less probable.

Conclusions

It has been established that the start-stop mode leads to activation of the friction surfaces, which initiates
the formation of boundary adsorption layers and their subsequent adaptation to the variable load. The mechanism
of this process is the polymerization of the hydrocarbon components, characteristic both of I-20 and of the 18 %
fullerene suspension.

A comparison of the lubricating media showed that at the initial stage of the operating cycles the suspension
provides a substantially more stable boundary layer: a breakdown was recorded in 10 % of the cycles against 75
% for the base oil. With further operating cycles the ratio changes to the opposite, and a breakdown of the
suspension layer is observed in 40 % of the cycles against 10 % for the oil, which indicates the predominantly
physical nature of the layers formed by it.

It follows from this that the concentration of the fullerene additive is a means of controlling the composition
of the boundary layer, and the maintenance of a stable lubrication regime under unsteady operating conditions
ensures the durability and reliability of non-conformal friction units.
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Typuusa 10., AxmaroB B. Kinernka rpaHmuHuX mapiB y HEKOH(GOPMHOMY KOHTakTi B YMOBax
HECTAI[IOHAPHOTO PEKUMY

Y po0oTi JOCIiIKEHO YMOBH YTBOPEHHS aACOPOLIHNX I'PaHUYHUX IIApiB Ha MOBEPXHAX TEPTS B YMOBax
KOYEHHS 3 TPOKOB3YBaHHIM. BHUIpoOyBaHHS NPOBONMIN 32 CXEMOIO PONHK-pONIHK Ha ycraHoBdi CMII-2,
3pa3KaMu CIyTYBaJ¥ OIWTIHAPWYHI poiukH 3i ctami 45 tBepaictio HRC 32. JlocnmimkeHHS BUKOHYBAJH B PEXKAMI
YacTUX ITyCKiB-3yIIMHOK: pO3TiH 4 c, 3ymuHKa 3.5 ¢, IMKJIN CIigyBajdW OXWH 3a omHMM Oe3 may3. CymapHa
MBUAKICTh KO4YEHHS cTaHoBmia 1.91 m/c, mpokos3yBanHs 20 %, xoHTakTHa Hampyra 550 MIla, 3arambHe
HanpamroBaHHA N = 2350 nukiiB. ToBIIHY 3MamryBajbHOTO MIapy BH3HAYAd METOAOM IAMiHHSA HANPyTH B
PEeXUMiI HOPMAJIBHOTO TIiF0YOTr0o po3pamy. Jms 6azomoi omumBu Ha mepmux N < 250 mukiax HamparffoBaHHS
3aikcoBaHO 3pHB 3MalryBajgbHOro mapy B 75 % nmuxiis. [Ipum 250 < N < 1000 dopmyerbest ancopOuiitaumit
rpanuuHuil map 3aBToBIIKA 0.036 — 1.056 MxMm, a pu N > 1280 ToBmumHa miiBku ckinagae 0.150 — 1.524 MM i
4acTOTa 3pHBIB 3HWXKYEThCS B cepenHboMy 10 10 % nmkimiB. Cycnensis Gopmye rpaHHYHI MIapy IHTEHCUBHILIE,
npore 1X CTIHKICTh HIDKYA: MMOBTOPHA ajanTauis Hactae jgunie npu N > 2100 nukiiB, TOBIIMHA 1apy IPH LHEOMY
ckmanae h=0.130 — 1.620 mxm. Ha 55 % mutomi koHTakTy 3adikcoBaHO XeMocopOUiiiHi miiBkY 3aBToBIIKH 0.051
—0.186 MxM. BusiBneHo MexaHi3M yTBOpPEHHS 1 ajanraiii 'paHUYHUX aJCOpOLIHHMUX IIapiB HA MOBEPXHSIX TEPTS
332 YMOB YacTUX ITyCKiB-3yIHHOK, SKHH TIOJITAE B TOMY, 10 aKTHBALlisl IOBEPXOHb METANTy NPH 0araToIMKIOBUX
IisIX 1 TOJISIpHU3allis ByTJIEBOOHEBUX MOJIEKYI EIEKTPHYHIM IT0JIeM TBEpZOi (a3 3ammycKaroTh GopMyBaHH mapy,
a rofanplie Horo pyHHYBaHHS OTOJIO€ IOBEHUIbHY IIOBEPXHIO METAILY, 1 BUXIJ €JIEKTPOHIB 3 Hel (€K30eeKTPOHHA
eMICis) CTBOPIOE YMOBH IIJIsl YTBOPCHHS aHIOHIB 1 paJWKajiB Ta HAPOCTAHHSA XeMOCOPOUiHHIX TTiBoK. OnepkaHi
3aJIeKHOCTI TOBIIMHHM TPAaHWYHOTO MIApy BiX HAIPAIfOBAHHS IO3BOJITIOTH MPOTHO3YBAaTH PEXHM MAIICHHS
HEKOH(OPMHUX BY3JIiB TEPTS B yMOBaX YaCTHX IMYCKIB-3yIIMHOK Ta OOIPYHTOBaHO OOHMpaTH KOHIIEHTpALIilo
(hynepeHoBOI PUCAIKH.

Korouosi ciioBa: Teprsi, MallieHHs, TPaHUYHUN aIcOpOLiiHUI map, xeMocopOuiiHa riBka, dynepe Ceo,
PEKHMM MallleHHs, HeCTalliOHAPHI YMOBH, JIOBTOBIYHICTb.
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Abstract

The article addresses the strength of dental composite materials, with particular emphasis on their resistance
to compression. This type of loading is predominant in the anterior and posterior chewing teeth of humans.
Understanding the mechanisms of initiation and development of internal stresses in materials used for restorative
procedures is essential for the informed selection of materials and the further improvement of their properties.

The dental composite materials Estelite Asteria and Estelite Posterior, manufactured by Tokuyama Dental,
were used in the experiments. A specimen preparation technique for compression loading was considered, and
experimental studies were conducted with the recording of ultimate forces and stresses. The fractured specimens
were examined to determine the type of failure. It was established that the plastic component during the
deformation process is practically absent, while the load—deformation relationship is quasi-linear.

For further investigation, fragments of the materials were embedded in epoxy resin, after which cubic
specimens were prepared. Based on these specimens, metallographic sections were produced for a detailed
examination of the mechanisms of damage accumulation and the formation and propagation of microcracks within
the material structure.

It was found that the fracture mechanisms and microcrack configuration depend on the size of the inorganic
fillers in the composites. It was demonstrated that the avalanche-like loss of structural integrity of a composite
material occurs when a certain microcrack density is reached, defined as the total crack length per unit area. At the
same time, the sizes of the fragments bounded by cracks vary within a relatively narrow range. It was also found
that the process of filling cracks with fracture products and substances from the service environment requires
further investigation.

Keywords: composite materials, Estelite Asteria, Estelite Posterior, compression loading, strength,
structure, microcracks, microscopic examination.

Introduction

Modern restorative dentistry is characterized by the widespread use of composite materials for the
restoration of defects in the hard tissues of teeth. The use of such materials makes it possible to accurately restore
the anatomical shape of a tooth while ensuring the required aesthetic and functional characteristics of the
restoration [1-6].

One of the most important properties of dental composite materials is their ability to withstand mechanical
loading [1, 2]. During the functioning of the dentoalveolar system, the dentition and the restorative materials used
in it are subjected to compression, tension, bending, and shear forces [1, 9]. Among these, compressive loading is
one of the major mechanical factors affecting restorations, particularly in the posterior regions of the dentition [1—
3].

The mechanical behavior of a composite material is determined by its structure, the composition of the
polymer matrix, and the characteristics of the inorganic filler [4, 7-9, 23]. The filler content, particle size and
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shape, their distribution within the polymer matrix, and the strength of interfacial bonding are of particular
importance [7-9, 23].

One of the modern composite materials is Estelite Asteria, manufactured by Tokuyama Dental. According
to the manufacturer's information, the material contains 82% filler by weight and 72% by volume; its filler
includes, among other components, silicon dioxide and zirconium dioxide, while the average size of the spherical
particles is approximately 200 nm. Estelite Posterior is recommended for restorations in the posterior regions of
the dentition, including occlusal surfaces. The manufacturer declares high mechanical properties of the material,
which are important for its functional application. According to the manufacturer, the material contains 84% filler
by weight and 70% by volume; the average particle size of the silicon—zirconium filler is approximately 2 pm [20—
22,24].

For composite materials, the composition and morphology of fillers play a critical role in the mechanical
load-bearing and stress-transfer mechanisms, as well as in the distribution of internal mechanical stresses within
the material structure, thereby influencing the kinetics of microcrack initiation and propagation under loading.
[14—-17]. One of the important indicators among the set of physicomechanical properties specified by the
international standard ISO 4049:2019 is resistance to compressive failure. Ultimate compressive forces and
stresses should be complemented by an investigation of the mechanisms of microcrack initiation and propagation,
particularly in the region preceding failure [9—13]. Microscopic analysis of microcracks makes it possible to
identify structural defects and assess their geometric characteristics [1, 9, 16, 25].

Therefore, the combination of mechanical testing and microscopic examination is appropriate for a
comprehensive characterization of modern dental composite materials [20].

The aim of this study is to compare the mechanical strength of light-cured dental composite materials under
compressive loading, based on their ultimate load-bearing capacity and microstructural changes, for Estelite
Asteria and Estelite Posterior.

Materials and Methods. Two dental composite materials manufactured by Tokuyama Dental were
investigated in this study: Estelite Asteria and Estelite Posterior. The materials were examined separately, without
mixing them with each other. Five cylindrical specimens were prepared for each material (Fig. 1).

a

Fig. 1. Specimens of composite materials for mechanical compression testing: a — geometric dimensions; b —
examples of actual specimens

After the specimens had been formed and polymerized, their mass and geometric parameters were
determined. Profield electronic scales with a weighing range of 0.1-500 g (YT02820), with an accuracy of at least
0.01 g, were used for mass measurements, while MK25 micrometers were used to measure the specimen
dimensions.

The width of the microcracks was measured using a Euromex iScope IS.1152-EPL microscope. The area
of the structural components on the surface of the metallographic sections and the lengths of the microcracks
bounding them were measured using SOLIDWORKS software based on images of the metallographic sections
obtained with Euromex iScope IS.1152-EPL microscopes.

To reveal microcracks and improve the accuracy of their measurements, the specimens were immersed in
a 1% aqueous—ethanolic solution of methylene blue.

Table 1

Geometric characteristics of the investigated specimens
Parameter Estelite Asteria Estelite Posterior
Number of specimens 5 5
Mass , r 1,14 +0,01 1,36+0,01
Diameter , MM 8,9+0,01 9,0+0,01
Height , mm 9,75+0,01 10,15+0,01
Cross-sectional area , m? 6,218 x 1073 6,3585 x 107

The cylindrical specimens were placed between the compression platens of a PMM-125 hydraulic press,
and the load was gradually increased until specimen failure occurred. Observation of the compression loading
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process showed that the force—deformation relationship remained linear, while failure occurred almost
instantaneously, which is consistent with the findings of other authors for materials of similar composition [10,
11,17, 18].

The maximum load, expressed in newtons (N), recorded immediately before specimen failure was taken as
the ultimate load. Following compression loading, a microscopic examination of the fracture surface was
performed. The crack network identified on the surface of the metallographic section, as well as the width and
length of the cracks, was evaluated.

Results

The results of the conducted tests demonstrated differences in the ability of the investigated materials to
resist compressive loading. The Estelite Posterior specimens exhibited a higher load-bearing capacity and
withstood a maximum load that was 3 kN higher than the corresponding value for the Estelite Asteria specimens.
In relative terms, the maximum load for Estelite Posterior was approximately 17.7% higher, while its compressive
strength exceeded that of Estelite Asteria by approximately 15%.

Microscopic examination of the fracture surfaces of the failed specimens was performed at x100
magnification using a Euromex iScope IS.1152-EPL microscope. Fragments of the fractured materials were
immersed in a 1% aqueous—ethanolic solution of methylene blue, dried, and embedded in epoxy resin in special
molds to obtain cubic specimens (Fig. 2).

Fig. 2. Fixation of material fragments in epoxy resin

From the samples described above, microsections were prepared for microscopic examination. The analysis
established that compression loading results in the formation of microcracks in the structure of both investigated
materials, characterized by distinct linear structural defects. As the cracks propagate, they become filled with
fracture debris originating from the crack walls. Figure 3 shows an example of such a microcrack.

Fig. 3. Crack in Estelite Asteria material after compression loading, x100

The identified crack propagates in the vicinity of bubble-like defects that formed in the material during its
manufacturing process, but without directly interacting with them. This phenomenon may be explained based on
the findings reported in [20]. It is likely that the stress fields formed around the bubble and the crack tip have the
same sign, resulting in the formation of a potential barrier around the defect that prevents the crack from
propagating directly toward the bubble [1, 9, 16, 25]. Under such conditions, the energetically most favorable
crack propagation path is located at a certain distance from the defect.

Fig. 4 presents the results of measurements of crack opening width performed using a Euromex iScope
IS.1152-EPL optical microscope. Statistical analysis of the results obtained for the Estelite Asteria specimens
showed that the mean crack opening width was 24.50 pm.
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Fig. 4. Defects in Estelite Posterior material after compression loading, X100

Fig. 4 shows a characteristic pattern of the initiation and subsequent development of a microcrack system.
Initial crack formation is observed in the upper left corner of the micrograph, followed by crack branching and a
subsequent increase in the number, length, and opening width of the cracks. As the magnitude of the applied load
increases, the intensity of crack formation increases, resulting in the development of an extensive microcrack
network (Fig. 5), the majority of which propagates along the boundaries of the structural blocks of the material.

Fig. 5. Surface of a metallographic section of a fractured composite material specimen containing 50% Estelite
Posterior and 50% Estelite Asteria, x100

At this stage, the material is in a state of quasi-equilibrium and retains temporary structural integrity due to
the presence of regions not affected by the microcracking process. Relaxation of internal stresses is accompanied
by energy consumption for the initiation of new cracks, as well as for their subsequent propagation, which
manifests itself as an increase in crack length and opening width [19, 24].

The results of measurements of crack opening width in the investigated materials are presented in ~ Table
2.

Table 2
Results of microscopic examination and comparison of the mean crack opening width in Estelite
Asteria and Estelite Posterior materials

parameter Estelite Asteria Estelite Posterior
Magnification x100 x100

Mean crack width , Mkm 24,50 13,01
Absolute difference , MkM — 11,49
Reduction , % — 46,9
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Thus, the mean crack opening width in Estelite Posterior was 11.49 um, or 46.9%, lower than that observed
in Estelite Asteria.

Figure 5 shows the results of measuring the width of individual cracks on the metallographic section after
failure of the material obtained by mixing 50% Estelite Posterior and 50% Estelite Asteria. The resulting dataset
makes it possible to estimate the mean microcrack width in the investigated material during the degradation
process.

Fig. 6. Surface of a metallographic section of a composite material consisting of a mixture of 50% Estelite
Posterior and 50% Estelite Asteria, with approximation lines applied to the microcracks using SOLIDWORKS
software, X100

After the approximation lines have been applied to the microcrack network, it becomes possible to measure
the lengths of individual crack segments and the total length of all visible cracks intersecting the plane of the
metallographic section.

Measurement of the total microcrack length within the plane of the metallographic section (Fig. 6), taking
the actual scale into account, yielded approximately 5.5 mm per 1 mm?. It is at approximately this defect density
that failure of the material consisting of a mixture of 50% Estelite Posterior and 50% Estelite Asteria occurs.

Discussion

The results obtained demonstrated differences in the mechanical and structural behavior of the investigated
dental composite materials. The data from the microscopic analysis of the fracture behavior and morphological
features of crack formation provided an important complement to the results of the mechanical tests.

According to the results of the microscopic examination, the mean crack opening width in the Estelite
Asteria specimens was 24.50 um, whereas for Estelite Posterior this value was 13.01 um, i.e., approximately 1.9
times lower. The absolute difference between the mean crack opening widths was 11.49 pm, while the relative
reduction in this parameter for Estelite Posterior was 46.9%. Thus, the higher mechanical strength of Estelite
Posterior under compression testing was accompanied by a smaller crack opening width after destructive loading.

The observed relationship may be associated with the specific features of structural damage initiation and
development in the investigated materials. Under mechanical loading, stresses are redistributed between the
polymer matrix and the inorganic filler. Localized stress concentrations may lead to the formation of microdefects,
which, with a further increase in load, can transform into microcracks and propagate through the material,
contributing to the formation of a fracture zone.

The nature and propagation path of cracks are determined by a combination of structural and mechanical
factors, including the properties of the polymer matrix, the concentration, size, and morphology of the filler
particles, as well as the strength of the interfacial interaction between the matrix and the filler. Differences in the
structure and characteristics of the filler phase may therefore be one of the factors responsible for the differences
in the mechanical behavior of the investigated composite materials.

At the same time, crack opening width cannot be regarded as an independent absolute criterion of material
strength. Its informative value can only be assessed in conjunction with the results of mechanical tests and an
analysis of fracture behavior. Within the framework of the present study, a comprehensive comparison of the
obtained parameters revealed a consistent trend: the Estelite Posterior specimens exhibited a higher compressive
strength and a smaller mean crack opening width compared with Estelite Asteria. This may indicate greater
structural resistance of Estelite Posterior to crack development and opening under the conditions of the experiment.

Nevertheless, laboratory compression tests cannot fully reproduce the complex mechanical, physical, and
chemical factors that determine the performance of dental restorations in the oral cavity. The service performance
of composite materials may be affected by the nature and frequency of cyclic loading, temperature fluctuations,
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water sorption, polymerization shrinkage, the nature of adhesive interactions with dental tissues, and the
characteristics of occlusal contacts.

Therefore, the results obtained should be interpreted as a characterization of the structural and mechanical
behavior of the investigated materials under the specified laboratory conditions. They confirm the appropriateness
of'a comprehensive approach to the evaluation of dental composite materials, combining the results of mechanical
testing with microscopic examination of fracture behavior and crack morphology on the surfaces of specimens
after failure.

Prospects for further research

Further research should focus on investigating the mechanical and structural behavior of the materials under
repeated cyclic loading, which will make it possible to assess their fatigue strength and damage accumulation
characteristics.

An important area of further research is the performance of thermocyclic tests followed by an assessment
of changes in the mechanical properties, structural state, and crack formation behavior of the investigated
materials.

A promising direction is to perform quantitative morphometric analysis of microcracks, including the
determination of their number, length, opening width, and distribution pattern. In addition, investigation of the
morphology of fracture surfaces using scanning electron microscopy would be appropriate, as this would allow
the mechanisms of crack initiation and propagation to be established in greater detail.

Conclusions

1. A comparative assessment of the mechanical and microstructural characteristics of the dental composite
materials Estelite Asteria and Estelite Posterior was performed based on the results of compression loading tests.

2. Microscopic examination of the fracture surfaces of the specimens at X100 magnification established
that the mean crack opening width for Estelite Asteria was 24.50 um, whereas for Estelite Posterior it was 13.01
pm. Thus, this parameter for Estelite Posterior was 11.49 pm, or 46.9%, lower than for Estelite Asteria.

3. The higher compressive strength values of Estelite Posterior were accompanied by a smaller mean crack
opening width, which may indicate less pronounced structural degradation of the material in the fracture zone
under the conditions of the conducted test.

4. The combined use of mechanical testing and microscopic analysis of fracture surfaces is an appropriate
approach for assessing the structural and mechanical resistance of modern dental composite materials and
determining the specific features of their fracture behavior.
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Casyuisik B.1., BitaBcbknii M. O.IlepioBa A.B., Kopoas A.Il. MikpockoniyHi JOCHIIKEHHS MTPOIIECiB
pyiHYBaHHS CTOMATOJIOTIYHUX KOMITO3MIIIITHUX MaTepiajiB

VY craTTi po3riasHYTO MPOOJIEMH MIITHOCTI KOMITO3UIIIIHAX MaTepialliB CTOMATOJIOTIYHOTO MPHU3HAYCHHS,
30KpeMa IXHbOT CTIIKOCTI 10 cTHCKaHHS. Llel Bu HaBaHTa)KeHHSI € IepeBaXkarounM JUIsl (GPOHTAIBHUX Ta OOKOBHX
JKYBJIBHUX 3yOiB IoanHHU. PO3yMiHHS MeXaHi3MiB BHHUKHEHHS Ta PO3BUTKY BHYTPILIHIX HampyXeHb Y
MaTepianax, OO 3aCTOCOBYIOTHCS U pECTaBpaliiHUX poOIT, Mae BaKIWBE 3HAYCHHSA IUISI OOTPYHTOBAHOTO
BHOOpPY MaTepiaiiB Ta MOJAIBIIOT0 BIOCKOHAIICHHS iXHiX BIACTHBOCTEH. I eKCIIEPUMEHTIB BUKOPHCTOBYBAIN
KOMIIO3HIIiiHI ctomarornoriuni Matepianu Estelite Asteria Ta Estelite Posterior BupoduunTsa Tokuyama Dental.
Po3rnsHyTO METOAMKY BHIOTOBJIEHHS 3pa3KiB MU HABAaHTAKCHHS CTUCKAaHHSAM, NPOBEICHO IOCIIUKCHHS 3
(hikcariero TpaHMYHUX 3YCHIIb Ta HANPYXXEHb. 3PYHHOBaHI 3pa3kd PO3TILIHYTI Ha MpEeAMET BH3HAYCHHS BHUILY
pyiHyBaHHs. BcTaHOBJIEHO, IO MPAKTUYHO BIACYTHS IUIACTUYHA CKJIAJI0BAa MiJ Yac mpouecy JeopMyBaHHS, a
3aJIeXKHICTh HaBaHTXEHHS — Jedopmalis € KBa3iKIiHIHHOI. 3 METOI ITOJAIBIIOIO JOCTIPKCHHS YJIAMKH
MarepianiB (piKCyBali B €MOKCHAHII CMOJI, Hicast YOro BUIOTOBISUIM KyOiuHi 3pasku. Ha iX ocHOBI roryBaiu
MiKponutipu AJsl AETaIBHOTO JOCIIDKEHHS MEXaHI3MIB HAKOIMMYEHHS MOIIKO/KEHb, ()OPMYBAaHHS Ta PO3BUTKY
MIKpOTpILIMH y CTPYKTypi Marepiany. BusBeieHo, o MexaHi3MU pyHHYBaHHS Ta KOHQIryparis MiKpOTpilIUH
3ajJexarb BiJl PO3MIpiB HEOPraHiYHMX HAINOBHIOBAaYiB KOMIO3WTIB. [lokazaHo, 110 JIlaBHMHOMOJIOHA BTpara
IUTICHOCTI BUPOOY 3 KOMITO3UIIIITHUX MaTepialiB BiIOYBa€ThCS MPH JOCATHEHHI TIEBHOT IIITBHOCTI MIKPOTPIIINH
(cymapHa mOBXXWHA TPIMIMH HAa OAWHHUILIO IUiomi). [Ipu mpomy posMipu (parMeHTiB, 0OpaMIIEHUX TpPIOIMHAMH,
3MIHIOIOTBCS B IOCTATHBO BY3bKUX MeXax. BUsBIIEHO, 1110 Ipoliec 3aoBHEHHS TPILIMH IPOAYKTaMHU PYHHYBaHHS
Ta cepenoBHIla QYHKIIOHYBaHHS BUMArae NOJAIBIIHNX J0CTIKCHb.

KawuoBi ciaoBa: xommosumiitai marepiamm, Estelite Asteria, Estelite Posterior, HaBaHTa)kKeHHS
CTHCKaHHSM, MILHICTb, CTPYKTYpa, MIKpOTPIIIMHH, MIKPOCKOIIYHE JOCIIIKSHHS.
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Abstract

This study develops advanced electrochemical synthesis methods for high-performance hard anodic
coatings on Al-Cu-Mg alloy (AA2024/D16) substrates. The research systematically investigates the synergistic
effects of chemical electrolyte modification via hydrogen peroxide or ozone additions, high-voltage pulse hard
anodizing (PHA) modes, and post-synthetic thermal treatments on the coating kinetics and phase composition. It
was established that lowering the electrolyte temperature to -5 °C suppresses acid-induced chemical surface
dissolution, promoting the steady growth of a dense monohydrated boehmite phase (Al20s-H-0O) with significantly
enhanced microhardness. Conversely, elevating the synthesis temperature above 0 °C triggers a structural phase
transition toward a trihydrated gibbsite phase (Al203-3H20). Tribological evaluations under dry sliding and
boundary lubrication conditions (mineral and synthetic oils) revealed a unique self-lubricating mechanism: the
lower-hardness gibbsite phase undergoes mechanical shearing during sliding contact and forms a continuous, self-
replenishing tribo-transfer solid lubricant film on both steel and ceramic counterfaces. Furthermore, a post-
synthetic thermal treatment within 100400 °C followed by hydrothermal boiling induces target matrix
dehydration, doubling the coating's abrasive wear resistance and providing a 5- to 10-fold wear reduction relative
to the untreated AA2024 aluminum substrate. The pulse modulation effectively mitigates local thermal
concentrations within the pore channels, enabling optimal tribomechanical responses under diverse wear modes.
Objective: To enhance the durability of aluminum alloys using surface engineering methods. Research
methodology: A novel approach involving pulse-mode anodizing was employed to form a surface layer on the
aluminum alloy; the physicochemical properties and wear resistance of this layer under friction conditions were
investigated. Scientific novelty: Synthesis conditions and electrolyte composition were determined for forming an
anodized layer with a specific phase composition. Practical significance: Pulse-mode anodizing and heat treatment
ensure improved wear resistance of the aluminum alloy.

Keywords: hard anodizing; aluminum alloys; boehmite; gibbsite; thermal treatment; tribo-transfer film;
boundary lubrication, friction.

Introduction: Problem Statement and Signifigance

Aluminum and its alloys are extensively utilized across diverse industrial sectors for modern equipment
manufacturing. They serve as critical structural materials in aerospace and aviation vehicles, automotive
engineering, rail and maritime transport, and general machinery. However, their inherently low wear resistance
and poor tribological performance severely restrict wider industrial application. Currently, the deployment of
aluminum alloys has become essential for unmanned aerial vehicle (UAV) manufacturing. The rapid advancement
of UAV technologies demands lightweight aluminum alloys (such as Al-Mg, Al-Cu-Mg, and Al-Si series) for
critical components, including internal combustion engine elements, gimbal suspension mounting systems,
transmission components, and gearbox housings. From a military perspective, drones operate under extreme
environmental conditions, such as sandstorms, marine salt fog, and severe engine thermal loads. Conventional
anodization techniques fail to provide sufficient protection against abrasive wear and fragmentation impacts. From
a civilian standpoint, extending the operational lifespan and reducing structural weight by replacing steel
components with surface-hardened aluminum significantly improves payload capacity and flight endurance. To
enhance the physical, mechanical, and tribological properties of structural aluminum materials, high-voltage pulse

Copyright © 2026 V. Hvozdetskyi, D. Yaremchuk. This is an open access article distributed under the Creative Commons
@I}. Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
£ properly cited.
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hard anodization (PHA) is widely adopted. Nevertheless, conventional pulse anodization exhibits significant
drawbacks, including a low growth rate of theoxide/hydroxide layer, insufficient hardness, and suboptimal wear
resistance. To improve the functional performance of the anodized layers, this study proposes modifying the
sulfuric acid electrolyte with hydrogen peroxide H>O, combined with post-synthetic thermal treatment of the
formed anodic oxide layer.

Literature review

Pulse Hard Anodizing (PHA) and Self-Lubricating Tribo-Films. Conventional direct current (DC)
anodizing frequently fails under extreme sliding conditions due to local thermal concentration inside the structural
pores, which leads to macro-defects and micro-cracking. To eliminate this issue, Pulse Hard Anodizing (PHA) has
emerged as a frontline technological breakthrough [1 - 5]. Current publications demonstrate that pulse current
modulations provide a crucial "cooling relaxation time" during the off-period of the pulse cycle. This effectively
mitigates spatial heat accumulation at the pore base, facilitating the uniform synthesis of a less-defective oxide
matrix over extended processing periods. From a tribological standpoint, recent boundary lubrication and dry
sliding investigations (published in Wear and Coatings) indicate a shifting paradigm: high hardness is no longer
the sole requirement for wear mitigation. Researchers have discovered that when a hydrated phase like gibbsite
participates in oscillatory sliding contact against steel or ceramic counterfaces, it undergoes controlled mechanical
shearing [6 - 8]. This process leads to the deposition of a stable tribo-transfer film (solid lubricant) within the
contact interface. This dynamic interfacial film undergoes continuous renewal, dramatically lowering the wear rate
even when working under boundary lubrication with mineral or advanced synthetic oils [8 - 12].

Aim of the Research

The aim of this work is to establish the mechanisms governing parameter variations and to optimize the
high-voltage pulse anodization process during the synthesis of hard anodic oxide layers on an ADO aluminum
alloy as a baseline material.

Materials and Methods

Flat specimens with dimensions of 20 x 20 x 5 mm were prepared from AA2024 alloy. Prior to the
anodization process, the specimens underwent a multi-step surface pretreatment: Degreasing: Immersed in an
aqueous suspension of CaO + MgO to remove organic contaminants. Rinsing: Washed sequentially in cold and
warm tap water. Desmutting: Immersed for 30 s in an aqueous solution of nitric acid 400 g/L HNO3 to remove
intermetallic smuts. Final Rinsing: Thoroughly rinsed in distilled water and dried. Anodization Setup and
Electrochemical Modes. The oxide layers were synthesized using custom-designed electrochemical equipment
(Fig. 1a). A 20 wt % aqueous solution of sulfuric acid H>SO4 prepared with distilled water served as the base
electrolyte. To investigate the effect of temperature conditions, the electrolyte temperature in the setup was
maintained within the range of -5°C to +5°C with an accuracy of £0.1°C. The total duration of the anodization
process was 60 min for all experiments. Anodization was performed in two distinct electrical modes (Fig. 1b):
Steady-State (Direct Current) Mode (II): Conducted at a stabilized current density of 5 A/dm? with a constant
voltage of V = 60 V. High-Voltage Pulse Mode (I-11I): Executed in cycles consisting of three steps:

Step I (Pulse Initiation): High-voltage pulse stage with V = 140 V and an instantaneous current density of
[=1.4 A/dm>

Step II (Main Working Period): Base anodization stage with V=40V and I = 0.4 A/dm.,.

Step III (Pulse Pause): Off-period where both voltage V and current I were reduced to zero.

Troughout the pulse cycling, the effective average current density was maintained at 5 A/dm? via a
specialized control unit.

Electrolyte Modification and Process Intensification. To accelerate the layer growth rate and enhance
the mechanical performance (hardness and wear resistance) of the coatings, the baseline sulfuric acid electrolyte
was modified using two approaches: Chemical modification: Addition of hydrogen peroxide H,O; in
concentrations of 30, 50, 70, and 100 ml/l. Ozone gas sparging: Continuous bubbling of an ozone-air mixture
through the electrolyte at a constant ozone flow rate of 5 mg/min/L.

Microstructural and Physical Characterization. The microstructure, surface morphology, and elemental
composition of the synthesized oxide layers and deposited coatings were analyzed using: Optical Microscopy
Neophot 22 metallographic microscope, Scanning Electron Microscopy (SEM) Carl Zeiss EVO-40XVP system
operated in high-vacuum mode. Energy-Dispersive X-ray Spectroscopy (EDS): INCA Energy 350 microanalysis
system coupled with the SEM for elemental profiling. X-ray Diffraction (XRD): DRON-3 diffractometer to
determine the phase composition of the oxide scales.

Tribological Testing. The mechanical and functional performance of the synthesized layers was evaluated
through comprehensive tribological testing according to standardized methods. The wear resistance was
characterized under the following contact conditions: Three-body abrasive wear: Testing with loose/unfixed
abrasive particles. Two-body abrasive wear: Testing against fixed abrasive media. Oscillatory sliding wear
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(Fretting/Reciprocating): Evaluated under dry friction (unlubricated) conditions as well as in the presence of
various industrial lubricants.

[10 11 | E ;CAVI

o o :

5 I5 i
@_ A T T /:"ZI t, sec

Fig. 1. Schematic representation of the experimental setup and electrical parameters: (a) Schematic diagram
of the custom pulse anodization equipment: /—specimen (anode); 2—counter-electrode (cathode); 3—gas sparger
(bubbler); 4—electrolyte tank 20 wt.% H2SO4 solution); 5—thermal stabilization chamber (operational range from -4
°C to +8 °C ; 6—air compressor; 7—flow control unit for the compressor and sparger; —power supply (maintaining
an average current density of 5 A/dmz; 9—pulse modulation and power control unit; /0—electrode and specimen
fixture; 1/—synthesized anodic oxide layer. (b) Schematic profile of voltage U and current I variations over time t
during the high-voltage pulse anodization cycle

Results and Discussion

Microstructure and Morphological Features of the Anodic Layers

The synthesized anodic oxide layers characteristically consist of a thin, dense inner barrier layer 10—20
nm in thickness and a porous outer layer with fine, vertically oriented pores extending to the surface (Fig. 2). The
highly packed hexagonal columnar cells, each containing a cylindrical pore channel at its center, are composed of
heavily hydrated aluminum oxide Al,O3*nH,O. The hydration degree (the number of water molecules, n highly
depends on the electrochemical synthesis mode and varies from 1 to 3. Specifically, for the layers formed in the
sulfuric acid electrolyte, the structural parameters of the hexagonal cells do not exceed 50 nm, the pore diameters
are limited to approximately 25 nm, and the barrier layer thickness ranges within 10-30 nm.

20 um  AA2024
—b

a b
Fig. 2 Morphological model of the anodic film formation: (a) Schematic diagram of pore development: 7—
aluminum substrate, 2—barrier layer, 3—barrier layer thickness, 4—porous anodic layer, 5—pore channel; (b)
Cross-sectional structural model of the hexagonal cellular oxide matrix

Effect of Electrolyte Composition and Oxidation Mechanisms

Experimental data revealed that the addition of hydrogen peroxide H,O: to the baseline electrolyte, as
well as ozone Oz gas sparging, significantly increases both the total thickness and the microhardness of the
synthesized anodic coatings. By increasing the H,O» concentration in the sulfuric acid bath from 0 to 70 mL/L,
the coating thickness expanded by 33%, growing from approximately (60 to 100 mum (Fig. 3a). Concurrently, the
coating microhardness enhanced by 25%, rising from 400 to 500 HV 3. (Fig. 3b). The most pronounced peak in
mechanical performance was achieved at an H,O» content of 30 mL/L, where the abrasive wear resistance of the
pulse-anodized layer improved by 23%, as evidenced by the lowest mass loss values (Fig. 3b). The simultaneous
growth of coating thickness and microhardness during hard anodization (HA) with H>O, modification or O;
sparging can be attributed to the altered kinetics of oxygen species transport. The introduction of these powerful
oxidizing agents enriches the pore channels with active oxygen ions according to the following decomposition and
ionization pathways: : (Hx0, — 2H™ + 2072 , a6o O3 — O, + O"). The elevated concentration of highly reactive
oxygen ions promotes a structural transition within the aluminum hydroxide/oxide matrix. It drives the dehydration
process, reducing the number of chemically bound water molecules in the film from three to one Al,O3-3H,O
(Gibbsite/Bayerite)— AlO3;-H,O (Boehmit). This partial dehydration yields a more compact, dense, and
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crystalline bohmite-like or low-hydrated alumina structure, which directly accounts for the drastic improvement
in hardness and abrasive wear resistance.
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Fig. 3. Influence of the hydrogen peroxide concentration n in the electrolyte (at a fixed synthesis duration of
60 min on the coating properties: (a) Anodic layer thickness h; (b) Layer microhardness HVo.3 () and mass loss W
during standardized abrasive wear resistance tests (2)

Post-Synthetic Thermal Treatment of Anodic Layers

Post-synthetic thermal treatment of the anodized layers induced further dehydration of the oxide matrix,
driving a significant reduction in the chemically bound water molecules from three to one n = 3—1. Specifically,
as the heat treatment temperature was elevated up to 400 C, the coating microhardness enhanced from the initial
400 HVO0.3 and stabilized at approximately 650 HV 3. Concurrently, this structural alteration led to a nearly 2.5-
fold increase in abrasive wear resistance (Fig. 4).
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Comparative Analysis of Steady-State and Pulse Hard Anodization Kinetic Features

The kinetics of the anodization process played a decisive role in determining the final coating properties.
It was established that regardless of the electrochemical mode applied (steady-state direct current or high-voltage
pulse mode), increasing the synthesis duration led to a substantial improvement in both the coating microhardness
(Fig. 5a) and the corresponding abrasive wear resistance of the AA2024 (D16) aluminum alloy substrate (Fig. 5b).
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Notably, the positive correlation between the synthesis duration and these functional parameters was
significantly more pronounced when the high-voltage pulse mode was employed. The pulse modulation effectively
mitigated local thermal concentrations within the pore channels, enabling the steady growth of a denser, less
defective, and more wear-resistant crystalline oxide structure over extended treatment times compared to the
conventional steady-state method.

Effect of Electrolyte Temperature on the Thickness, Phase Composition, and Tribological Behavior
of the Coatings

It was established that conducting the anodization process at a lower electrolyte temperature -5°C
promotes the synthesis of oxide layers with enhanced microhardness due to the suppressed rate of chemical
dissolution. Conversely, elevating the electrolyte temperature from -5 C to +5 C accelerated the dissolution
processes, which led to a simultaneous reduction in both the total coating thickness (Fig. 6a) and its microhardness
(Fig. 6b). X-ray diffraction and phase analysis revealed that coatings synthesized at lower temperatures 0 °C and
-5 °C were dominated by the boehmite phase Al,O3*H>O, containing a single chemically bound water molecule.
As the electrolyte temperature was increased to +5 °C, a phase transition phase coexistence was observed, with the
dominant phase shifting toward gibbsite Al,O3*3H>0O, which locks three water molecules into its crystal lattice.
For both the steady-state (1) and high-voltage pulse (2) hard anodization modes, decreasing the electrolyte
temperature from +5 °C to -5 °C yielded an increase in the final coating thickness h (Fig. 6a). Specifically, the
coating thickness increased by 12% for the steady-state mode and by 23% for the pulse mode under condition (II).
This temperature-dependent behavior of the coating thickness is governed by the competitive kinetics between
electrochemical oxide synthesis and chemical dissolution by the acid electrolyte. Theoretically, an increase in
electrolyte temperature intensifies ionic transport, which should accelerate oxide growth. However, it
simultaneously accelerates the aggressive surface dissolution of the formed anodic layer, leading to its thinning.
Therefore, the observed thickness profiles reflect the synergistic interplay between accelerated electrochemical
synthesis and the aggressive acid-induced dissolution that becomes dominant at temperatures above 0 °C. The
results demonstrated that the pulse-anodized layer featuring the monohydrate boehmite structure Al,O3*H,0,
synthesized at -5 °C, exhibited the highest microhardness HV 3 and the maximum abrasive wear resistance 1/W
(Fig. 6b). On the contrary, the coating containing the trihydrate gibbsite structure Al,O3*3H,0, synthesized at +5
°C, demonstrated the highest frictional wear resistance 1/S during dry sliding interaction against a steel ball
counterface. Notably, an identical performance trend was maintained when evaluating the tribological pair with a
ceramic ball counterface, proving that the chemical structure of the oxide layer dictates its tribomechanical
response under different wear modes.
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Fig. 6. Effect of electrolyte temperature during a 60-min hard anodization process under steady-state (1) and high-
voltage pulse (2) modes: (a) coating thickness h obtained at +5 oC (I) and -5 oC (I); (b) correlation between the water
molecule content (n) within the anodic matrix and its microhardness HV0.3, abrasive wear resistance 1/W, and
frictional wear resistance 1/S

Tribological Behavior under Boundary Lubrication and the Tribo-Transfer Mechanism

The distinct variations in the microhardness and abrasive wear resistance of the pulse hard anodized layers
(PHAL) as a function of the chemically bound water content are closely related to their dehydration profiles and
structural transitions. To evaluate this performance, the sliding wear tracks of the anodic layers synthesized via
steady-state and high-voltage pulse modes at an electrolyte temperature of -5 °C were compared against a steel
ball counterface under diverse lubrication regimes.

The experimental data revealed that under all tested conditions—including dry sliding, boundary
lubrication with mineral oil (I-20), and lubrication with synthetic oil (EDGE 5W-30)—the PHAL specimens
consistently exhibited the lowest volumetric wear (Fig. 7). Depending on the specific friction pair and the
operational parameters of the oscillatory sliding, the wear resistance of the coatings synthesized in the pulse mode
increased by a factor of 2 to 19 compared to the untreated AA2024 aluminum alloy substrate, and by 1.4 to 5.8
times relative to the coatings formed under conventional steady-state direct current. Surface morphology analysis
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indicated that the steel counterface caused negligible abrasive wear to the anodized layer. Instead, it primarily
induced the smoothing of initial machining asperities (Fig. 8). During this process, the outer hydrated oxide layer
ALOs*nH,O was mechanically sheared and transferred, acting as a solid lubricant film deposited onto the
contacting surfaces of either the steel or ceramic ball counterfaces.
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Fig. 7. Frictional wear profiles of the AA2024 alloy substrate without coating (I), with a steady-state anodic
coating (II), and with a high-voltage pulse anodic coating (III) under oscillatory sliding conditions against steel (a) and
ceramic (b) ball counterfaces tested: (1) without lubrication (dry sliding); (2) under mineral oil (I-20) lubrication; (3)
under synthetic oil (EDGE 5W-30) lubrication.

Element | Weight % Atomic %
(0] 1.22 4.12
Al 0.43 0.87
Cr 1.74 1.80
Fe 96.61 93.22
Total 100.00

Fig. 8. Tribotransfer gibbsite film and its corresponding energy-dispersive X-ray spectroscopy (EDS)
elemental analysis on the wear scar surface of the ceramic ball counterface

Discussion of the Structural-Tribological Synthesis Mechanisms

Energy-dispersive X-ray spectroscopy (EDS) confirmed the formation of a continuous gibbsite-rich tribo-
film on the friction surfaces of both the steel and ceramic counterfaces. This evidence suggests that a dynamic,
self-lubricating interfacial film forms directly within the contact zone. Instead of undergoing work-hardening or
severe delamination during cyclic sliding, this film undergoes continuous tribochemical renewal and
replenishment.

In summary, the abrasive wear resistance and overall tribological behavior of the anodized layers are
heavily dictated by the specific hydration state (the number of chemically bound water molecules) within the oxide
matrix:

- The boehmite phase Al,O3*H>O provides the coatings with high microhardness and superior resistance to
harsh abrasive scratching.

- The gibbsite phase Al,O3*3H,O provides excellent self-lubricating capability, optimizing the friction
coefficient and mitigating wear during sliding contact.

Crucially, the concentration of chemically bound water molecules in the aluminum hydroxide matrix
AlO3nH,0 can be precisely tailored from n = 1 (boehmite) to n = 3 (gibbsite) via three independent processing
routes:

- Chemical modification: Modulating the electrolyte composition by introducing H,O> in concentrations
ranging from 10 to 50 mL/L.

- Thermal control during synthesis: Adjusting the electrolyte operational temperature within the range of -
5°Cto+5°C.

- Post-synthetic thermal treatment: Subjecting the synthesized anodic coatings to controlled heat treatment
within a temperature range of 100 °C to 300 °C.
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Conclusions

A novel electrolyte modification method for synthesizing hard anodic coatings (HACs) on commercially
pure aluminum (AA2024) was developed. The approach involves introducing 3—5% hydrogen peroxide H,O; into
a base electrolyte of a 20% aqueous sulfuric acid H2SO4 solution or systematically purging the bath with ozone
0;. Implementing this oxidizing method effectively enhanced the coating growth kinetics and structural density,
resulting in a 50-60% increase in total coating thickness, a 40-50% enhancement in microhardness, a 15%
improvement in abrasive wear resistance, and a 30% reduction in wear volume when operating within a sliding
friction pair against a bearing steel ball counterface.

A comprehensive post-synthetic thermal treatment protocol for the developed anodic layers was proposed.
The process consists of controlled thermal exposure within a 100400 °C range, followed by subsequent sealing
via hydrothermal boiling in distilled water. This specific post-treatment sequence stimulates target dehydration
and phase transition, driving the formation of a dense boehmite phase Al,O3;*H,O within the oxide matrix.
Consequently, this phase stabilization doubled the abrasive wear resistance of the coatings and provided a 5- to
10-fold increase in wear resistance compared to the untreated AA2024 (D16) aluminum alloy benchmarks.

A high-voltage pulse hard anodizing (PHA) technique was developed to actively regulate the crystal
structure of the anodic matrix, enabling the precise synthesis of either a single-phase oxide or a multi-phase
structural mixture. The phase distribution is dynamically controlled by adjusting the electrolyte operating
temperature within a -5 °C to +10 °C range. Within this system:

The monohydrated boehmite phase yields maximum coating microhardness and superior resistance to
abrasive scratching.

The trihydrated gibbsite phase Al,O3*3H,O provides exceptional self-lubricating tribological behavior.
This is due to the dynamic formation and continuous replenishment of a highly stable gibbsite-rich tribo-transfer
film directly within the contact zone when sliding against steel or ceramic counterfaces.

The coatings synthesized via this PHA method demonstrated a 15-20% higher thickness and a 1.5- to 3-
fold higher wear resistance than those produced via conventional steady-state direct current modes, while
outperforming the untreated AA2024 (D16) substrate by 2.5 to 8 times.
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I'Boznenskuii B., SIpemuyk JI. TpuOosoriuHi XapakTEpUCTUKH IMITYJIbCHO-aHOJOBaHHMX WIapiB Ha
aMOMIHIT

VY mocmimkeHHI pO3pOOJICHO MEPeaoBi EICKTPOXIMIUHI METOJH CHHTE3y BHUCOKOC(HEKTHBHHX TBEPIHX
AHO/IHUX TOKPUTTIB HAa MiJKJIAJKaxX 3 KoMepuiiHo uncroro amominito (AA1050/ADO0) Ta criaBy Al-Cu-Mg
(AA2024/D16). CucreMaTHuHO BCTAHOBJICHO CHHEPTETUYHUIT BIUTMB XiMIUHOT MO iKaLliT €lEeKTPOIITY LUIIXOM
JIOZIaBAaHHS IIEPEKHCY BOJHIO 200 030HY, PEKHMMiB BUCOKOBOJIBTHOTO IMITYJIbCHOTO TBepioro aHoxyBaHHs (PHA)
Ta MOCTCHHTETHYHOI TepMiuHOi 0OpOOKH Ha KiHETUKY HOKPHUTTA Ta (a30BUi cKiIaa. BcraHOBIEHO, 10 3HIKEHHS
TEeMITEpaTypH eIeKTPoIITy 10 -5 °C NpUTHIdye iHyKOBaHE KHCIOTOIO XiMiUHE PO3UMHEHHSI IOBEPXHi, CIPHUSIOUH
CTablIbHOMY pOCTY IIiIbHOT MoHoriparoBaHoi ¢asu ©Oemity (AlLOs-H.O) 31 3Ha4HO TiABHUILEHOO
MikpoTBepaicTio. HaBmaku, minBumieHHs Temrepatypu cuHtedy Bume 0 °C iHIyKye CTpyKTypHHH (a30BHiA
nepexin 1o TpuriaparosaHoi ¢asu rioeury (Al.0s-3H20). Tpubosnoriyni K0ociiHKEHHS B yMOBaX CyXOoro TepTs Ta
IPaHUYHOrO 3MallyBaHHs (MiHEpalbHI Ta CHHTETHYHI OJIMBU) BUSIBUJIM YHIKQJIbHHIA MEXaHI3M caMO3MalllyBaHHs:
(aza ribcuTy 3 HU3BKOIO TBEPHICTIO 3a3HA€ MEXaHIYHOTO 3CYBY Il 4ac TepTS Ta YTBODIOE Oe3lepepBHY,
CaMOBITHOBIIIOBAJIbHY TUIIBKY TBEPOT0 MacTUIIa, IO TPAHCHIOPTYETHCS MK TPHOOEIEMEHTaMH SIK Ha CTaJeBUX,
TaK 1 Ha KepaMiYHUX KOHTaKTHHUX MoBepxHsx. KpiM Toro, mocrcuHTeTHuHa TepMiuHa 00podka npu 100—400°C 3
MOJANBIIAM TiIPOTEPMAIFHUM KHUII'SITIHHAM BHUKJIHKA€ MCTiApATalilo MibOBOI MATPHIi, IOJBOIOIOYH
3HOCOCTIMKICTh IOKPUTTS Ta 3abe3medyroun 5-10-kpaTHe 3HIDKCHHS 3HOCY IIOPIiBHAHO 3 HEOOpOOJICHOIO
amoMiHieBolo migknankoro AA2024. ImmynbcHa MOIynAList €(QEKTHBHO 3MEHINY€E JIOKAIi30BaHi TEIUIOBi
KOHLIEHTpalii B Topax, 3a0e3nedyloud ONTHMaJIbHI TpPUOOMEXaHIYHI XapaKTEpPUCTHKU 32 PI3HUX YMOB
JOCI1DKEHb.

KuarouoBi cjioBa: TBeplIe aHOIYBaHHS, AaNIOMiHIEBI cmiaBu; Oemir; TiOCWT; TepMmiuHa 0OpoOKa;
TpuboTpaHCchepHa MIIiBKa; TPAHUIHE 3MAIIECHHS, TePTS.
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