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The study investigates the efficiency of improving the fretting resistance of tribosystems by
forming oil-retaining discretely textured surfaces (DTS) with regularly arranged microdimples.
Phenomenologically, such surfaces were considered as having a discrete texture, and the mi-
crodimples acted as reservoirs providing continuous regeneration of boundary lubricant lay-
ers in the frictional contact zone. The DTSs in the form of a system of prismatic and spheri-
cal microdimples with specified texture parameters were created on the working surfaces of
samples using an impact—plastic deformation method. Friction pairs with different hardness
of contacting materials were studied. Pairs with DTS formed on samples with hardness higher
than that of their counterbodies were usually called direct pairs. In contrast, pairs with lower
DTS hardness compared to the counterbody were called inverse pairs. It has been established
that under fretting conditions with lubricated polished surfaces, lubrication does not provide
a significant increase in the fretting resistance of the studied materials, both in direct and in-
verse pairs; this indicates insufficient stability of boundary lubricant layers on such surfaces.
Under identical fretting wear and lubrication conditions, friction pairs with DTS demonstrated
significantly increased resistance to fretting-corrosive wear. The most pronounced improvement
in wear resistance was achieved in direct pairs with spherical dimple profiles. Compared to the
baseline version, the wear of samples with pairs of spherical dimples was more than six times
lower. At the same time, the wear of counterbodies and the total wear of the pair also decreased
significantly. It was shown that for given DTS formation parameters and fretting conditions, the
spherical profile ensured the higher lubrication efficiency of microdimples compared to the pris-
matic profile. Based on the experimental results, statistical analysis was performed, and regres-
sion models were developed to describe the dependence of wear on the technological parameters
of surface texturing and fretting conditions.

Keywords: frictional contact, oil-retaining surface, lubrication, fretting, wear, mechanical
energy.
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Bmouiue napaMeTpiB AUCKPETHO-TEKCTY POBAHUX MACTUJIOEMHUX IOBEPXOHBb KOHTAKTY
Ha ¢Qperunrocriiikicts Tpudbocucrem. M. B. Kinopauyk, B. €. Mapuyx, B. B. Xapuerko,
M. C. Cmeuuwun, A. O. Opuyxr, B. B. Mapuyx, M. A. I'nosur,I. B. Kocmeupruii

Buronano mociimskeHHs 3 BH3HAYEHHS e(EKTUBHOCTI ITIBUINEHHS (OPEeTHHIOCTIHKOCTI
TpubocucreM (POPMYBAHHAM IUCKPETHO-TEKCTYPOBAHUX MACJOEMHHUX IIOBEPXOHBL Y BUTJISAII
PeryJisipHO PO3TAIIOBAHUX MiKpo3arianbiieHb. DeHOMEHOJIOrYHO TaKl HOBEPXHI PO3TJIALAJINCH
SIK TUCKPETHO-TEKCTYPOBAHI, 8 MIKPO3aTJIHOJIEHHS — K pe3epByapH, 110 3a0e3medy0Th ITOCTINHY
pereHepario TPpaHUYHUX MACTUJIBHUX IIapiB B 30HI (PPUKINNAHOrNO KOoHTAaKTy. DopMyBaHHS
JIUCKPETHO-TEKCTYPOAHUX IIOBEPXOHD Y BUTJIAIL CUCTEMHU JIYHKOBHX IMipaMIIaJIbHUX 1 chepuIHUX
MIiKpo3arjubJeHb 3 3aJaHMMK IIapaMeTpaMM TEeKCTypH Ha poboviil II0BEepXHI 3pasKiB
3IIHCHIOBAJIOCh METOIOM yOAapPHO-IIACTHYHOTO gedpopMyBaHHA. JocaimKyBaanucy mapu TepTs 3
pi3HUM pO3TaIIyBaHHAM MaTepiasiis B napi 3a teepxaictio. [lapu, y axux qucKkpeTHO-TeKCTypoBaHa
TOBepXHsI (POpMyBaJIach HA 3pa3Kax 3 OLIBIIOI TBEP/ICTIO, HIsK TBEP/IICTh KOHTPTLIA, YMOBHO
HA3WBAJN NPAMUAMH apamMu. [lapu 3 MEHIIOKn TBEPIICTI0 JIHCKPETHO-TEKCTYPOBAHOI IMOBEPXHI
HIYK TBEPJICTh KOHTPTLIA Ha3uBaau obepHeHnMU. BeraHoBiIeHO, 10 y pasi TepTs MUTiPOBAHUX
OBEPXOHb 34 NPUUHATHX yYMOB (PPETUHTY MAallleHHs He 3abealedye CyTTEBOTO IIIBUINEHHS
ppeTHHroCTIMKOCTI JOCTIIFKYBAHUX MaTePIaIiB K y IIPSAMUX, TAK 1 y 00epHEHUX mapax TepTs, 110
CBITUHUTH IIPO HEJOCTATHHO BHUCOKY CTIMKICTD HA TAKUX ITIOBEPXHAX MEKOBUX MACTUJIBHUX IIIApPiB.
3a Takux ke yMOB (PPETUHIY 1 YMOB MAIlEeHHS CTIMKICTD 10 (DPETUHT-KOPO3IAHOr0 3HOITYBAHHS
map Teprsa 13 IHCKPETHO-TeKCTYPOBAHMMU IIOBEPXHSAMHU IIOMITHO 3pociia. Hanblibmmit edext
HIIBUIIEHHS 3HOCOCTIMKOCTI JOCATAEThCA y IPAMUX IIapaxX HpU CPepUIHOMY IIPOpLIi JIyHOK. ¥
HOPIBHAHHI 3 0a30BUM BapilaHTOM 3a a0COJIOTHUM 3HAUYEHHAM BEJIMYHUHU 3HOCY 3HOC 3Pa3KiB 13
chepuyrmrM mpodisieM JIYHOK y HPSIMHUX [TapaxX 3MeHIMUBCS OLIBIN HisK y 6 pasiB. OmHOouacHO
IOMITHO 3MEHIIMBCSI TAKOMK 3HOC KOHTP3PAas3KiB 1 cyMapHuii 3Hoc mapu. OueBmmHO, IO 3a
OPUAHATUX TapamMerpiB (POpMyBaHHS TUCKPETHO-TEKCTYPOBAHUX IIOBEPXOHH 1 IIapaMeTpiB
dperunry, chepuunmit mpodisak 3a0eslledye HaWOLIBINY 3MAIyBaJbHYy e(EeKTHUBHICTH
MIKpO3arju0JIeHb y IIOPIBHAHHI 13 TPU3MATUYHUM mpodiiem. 3a pe3yabTaTaMu €KCIIePUMEHTY
IPOBEJIEHO CTATUCTUYHUIN aHAJI3 Ta MMOOYI0BAHO PErpecuBHI MOIENl 3aJIeMKHOCTEN BeJIUYNHU
3HOCY BIJI TEXHOJIOTIYHHMX MapaMeTpiB (pOpMyBaHHS JUCKPETHO-TEKCTYPOBAHUX IIOBEPXOHBH 1

mapamerpiB ppeTHHry.
1. Introduction

One of the traditional methods for ensuring
antifriction properties and reducing the intensity
of wear of friction unit components is lubrication.
Friction under lubrication conditions reduces the
frictional load on the components and, due to the
presence of special active additives in the lubri-
cant, promotes the formation of secondary non-
oxide structures on the surface of the frictional
contact that are more resistant to wear [1]. At the
same time, in nominally immobile joints subjected
to vibration loads, conventional finishing methods
and both liquid and even consistent lubricants are
of low efficiency. In such joints, the positive lubri-
cating effect is observed only during the initial
incubation stage of fretting, when the boundary
lubrication layer formed by the lubricant still re-
tains its integrity.

The concept underlying the proposed meth-
od for enhancing the fretting resistance of tribo-
systems is based on minimizing the mechanical
energy supplied to the tribosystem and reduc-
ing the dynamic load on the surfaces by creat-
ing conditions for the regeneration of bound-
ary lubricant layers in the tribocontact zone.
For nominally immobile joints, this problem
can most effectively be solved by forming oil-
retaining surfaces with regularly arranged mi-
crodimples. Phenomenologically, such surfaces
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are considered as discretely textured surfaces
(DTS), and microdimples serve as reservoirs
that retain lubricant in the frictional contact
zone [2-7].

The mechanism of the influence of oil-re-
taining DTSs on the processes of friction and
wear under fretting conditions has not been
sufficiently studied. Obviously, in this case, the
main role in the formation of tribological prop-
erties of friction pairs is played by the parame-
ters of a discrete surface. The optimal arrange-
ment, shape, and dimensions of microdimples
will promote lubricant penetration into the
zones of direct frictional contact, reduce their
frictional load, and accordingly lower the level
of mechanical energy supplied to the tribosys-
tem. In this regard, the purpose of this work
was to test friction pairs with different dimple
profile shapes, perform statistical analysis and
develop regression models of wear dependence
on the studied parameters.

To evaluate the efficiency of the method for
forming oil-retaining DT'Ss under fretting—corro-
sion wear conditions, first of all, comparative test
experiments were carried out at the initial stage.
Tribological characteristics of friction pairs with
non-textured polished surfaces and discretely tex-
tured dimpled surfaces under fixed fretting pa-
rameters were determined and compared.
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Table 1. Materials of the studied friction pairs

. . Hardness,
No Type of pair Material HRC
. Sample Steel 45, quenched 50...52
1. Direct -
Counter body Steel 45, normalized 20...22
9 Inverse Sample Steel 30XI'CA, as-delivered 18...20
) Counter body Steel 45, quenched 50...52
2. Materials and Methods a b b h

The experiments were carried out on an
MFK-1 friction testing machine. DTSs in the
form of systems of microdimples with specified
texture parameters were created on the working
surfaces of samples using the impact—plastic de-
formation method. Before texturing, the work-
ing surfaces of samples and counterbodies were
polished to a surface roughness of R, ~ 0.32 ym.

For test trials, friction pairs with different
dimple profile shapes and different hardness
ratios of the materials being joined were pre-
pared. Pairs in which a DTS was formed on
samples of the higher hardness than that of the
counter body were usually called direct pairs.
Pairs with the lower DTS hardness compared
to the counterbody were called inverse pairs.
The materials of the studied friction pairs are
listed in Table 1. The technological schemes
of surface texturing and the parameters of
the textured surfaces are shown in Fig. 1 and
Table 2, respectively.

As a base version for comparison, friction
pairs made of the same materials with polished
working surfaces were used. Tests were carried
out under dry friction and lubrication condi-
tions in a lubrication starvation regime, with
a single application of the CIATIM-201 grease
to the sample surface. The vibro-contact load-
ing parameters during the test trials were as

Inverse pairs

Amx10*,r 150 -

100

Amx10*

4 [oo| [
<H
<_

L | L’I

Lz L2 d

OO0
O O D

Figure 1. Schemes of forming discretely textured
oil-retaining surfaces. Profile shape of micro-
dimples: (a) prismatic; (b) spherical.

+ amplitude of relative displacement:
A =175 pm;

* specific contact pressure: P = 19.8 MPa;

+ oscillation frequency: v = 25 Hz;

* test duration: N =5 X 1075 cycles.

3. Results and Discussion

Fig. 2 shows the absolute wear values ob-
tained during the tests and determined gravi-
metrically based on the loss of mass of the sam-
ples. As can be seen, in the case of polished sur-
faces under applied fretting conditions, lubrica-
tion did not provide a significant increase in the
fretting resistance of the studied materials in
both direct and inverse friction pair types. This
indicates an insufficient stability of boundary
lubricant layers formed on such surfaces.

Direct pairs

150

100 -

50 -

Figure 2. Diagram of absolute values of the weight wear of samples and counter bodies and the total wear
of friction pairs during wear tests under fretting corrosion conditions. Versions of sample surface prepara-
tion: 1 — polishing, without lubrication; 2 — polishing and lubrication with CIATIM-201; 3 — DTS No. 1,
lubrication with CIATIM-201; 4 — DTS No. 2, lubrication with CIATIM-201.

c?gllows:
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Table 2. Technological parameters of DTS of studied friction pairs

Surface Dimple ]g.istance.between Distance between Dimple depth V(]))lilrﬁlpel%/
. imples in a row, rows of dimples, ’
variant profile L. m Lo m h, m ,
1 2 mm
1 Prismatic 2.0-10°3 2.0-10°3 0.15-103 0.006
2 Spherical 2.0-10°3 2.0-10°3 0.08:103 0.021
Under the same fretting and lubrication
conditions, the resistance of friction pairs with "8 0,025
DTS to fretting—corrosion wear increased sig- g8 00225 -
nificantly. The greatest improvement in wear - 0,02
resistance was observed in direct pairs with -ﬁ 0,0175
a spherical dimple profile. Compared to the 8 0,015 -
base version, the absolute wear of samples 'g 0,0125 -
with spherical dimples in direct pairs (Table 1, o 0,01 ¢
variant 2) decreased by more than six times. At o 00075 1
the same time, the wear of counterbodies and § 0,005
the total wear of the pair also decreased signifi- E 0'0023 '

cantly. Therefore, under the chosen conditions
of surface texturing and fretting, the spherical
profile provides higher efficiency of lubricating
microdimples compared to the prismatic pro-
file. Moreover, as shown in Fig. 3, spherical mi-
crodimples are characterized by a lower rate of
decrease in the volume of oil-holding microdim-
ples with increasing linear wear of the sample.

Thus, it can be stated that the formation of
DTS with a developed system of microdimples,
even in cases where one element of the friction
pair has relatively low hardness, can serve as
a simple and effective way of improving the
wear resistance and extending the service life
of tribosystems under frictional wear condi-
tions with insufficient lubrication. The mecha-
nism of the improved tribological properties of
tribosystems with DTSs, as expected, is associ-
ated with the creation of more favorable condi-
tions for the preservation and regeneration of
boundary lubricant layers in the tribocontact
zone. The loads on the tribosystem act through
the lubricant layer located in the inter-dimple
space, which prevents direct metal-to-metal
contact. Since the shear strength of boundary
lubricant layers is much lower than that of
metals, the creation of conditions that ensure
their continuous regeneration provides stable
low friction coefficients and, accordingly, a low
level of frictional loading of the tribosystem.
From a rheological point of view, this approach
increases the dissipative capacity of the lubri-
cated frictional contact [8], which leads to an
increase in the proportion of the system’s dis-
sipated energy and a decrease in the propor-
tion that contributes to wear and damage to the
surface.
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0 20 40 60 80 100

wear h, um
Figure 3. Calculated dependences of the changes
in the volume of an individual dimple in direct
pairs on linear wear. Dimple profile: 1 — pris-

matic; 2 — spherical. Parameters of DTS are
identical to those in Table 2.

To determine the influence of DTS param-
eters and fretting parameters on the resistance
to fretting-corrosion wear of the tribosystem
under the above-defined lubrication conditions,
a study was carried out for the coupling of ma-
terials in a reverse friction pair (Table 1) with
a prismatic profile of microdimples as the least
favorable option in terms of wear intensity.
The study used the method of multifactorial
experimental design and mathematical data
processing, which allows obtaining the corre-
sponding functional dependencies of the output
parameters (wear values) from the input ones
(geometric parameters of the formation of DF'S;
parameters of the vibrocontact during load dur-
ing fretting). The model was created in several
stages: formalization of the problem; construc-
tion of the experimental plan; preliminary sta-
tistical analysis of the experimental results;
construction of mathematical models based on
the experimental results; analysis of the reli-
ability of the obtained model; obtaining calcu-
lated dependences using the model.

Based on the results of the experiment, a
statistical analysis was carried out, and regres-
sion models of the dependence of the wear (re-
sponse function Y) on the studied parameters
were constructed; the ranges are presented in
Table 3. The models were calculated using the
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Table 3 Code values and limits for alignment of discrete-hole surface parameters and fretting param-

eters
No Variation parameters .COde . Rar}gq
designation of variation
Parameters of discrete-hole surfaces: distance between X1 15...3.0
1. rows, X103 m distance in a row (step), X10-3 m depth of X2 1.5...—-3.0
: -4
holes (deforming head stroke) x10*m X3 05.. 15
Fretting parameters:
2. specific normal load on the contact, MPa X4 10...30
amplitude of relative slip of the samples, pm X5 100...300

application program package “Planning, Re-
gression, and Analysis of Models”. The matrix
design and the data obtained from the experi-
ment were used as initial data.

The regression models describe in coded val-
ues the dependence of wear results by weight of
structural steel 30KhGSA in the delivery con-
dition (sample), hardened medium-carbon steel
45 (counterbody), and the total wear of the fric-
tion pair with boundary lubrication in the lu-
brication starvation mode on the parameters of
DTS and fretting amplitude—load parameters.

It should be noted that the chosen method of
constructing a mathematical model of the pro-
cess allows us to get rid of the two main short-
comings of the classical theory of experiment
planning and regression analysis, which limit
their application, namely, the design and pro-
cessing models of a predetermined structure
and the use of the standard region of design.

According to the results of the calculations,
mathematical models were obtained that de-
scribe in code values the dependence of wear
results by weight of structural as-delivered
steel 30KhGSA having a DTS with the pris-
matic profile of microdimples (sample), struc-
tural hardened medium-carbon steel 45 (coun-
terbody), and the total wear by weight of the
fretting friction pair under boundary friction
conditions in the oil-starvation mode on the pa-
rameters of the DTS and fretting:

- Weight wear of the sample

Y;=0.00524817-0.0015448x3+0.00172928x5 +
+0.00101434x4x5+ 0.000970422x4+
+0.000572524x123+0. 1)

- Weight wear of the counter body

Y =0.00439672-0.00182549x3
+0.001505671122-0.000541859x2 +
+0.000827717u225-0.00078444322x4

+0.003404552z215+0.00097213x5 2

Total weight wear of the pair
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Y, = 0.00971511-0.00387282x3+

+0.002993991:122-0.00142182x2—
—0.0018250922x4+0.00165128u2z5+

+0.0069357122u5+0.00184508x5 3

Thus, as a result of statistical analysis, it
was established that the obtained regression
dependences are adequate and informative, the
results are reproducible, and the coefficients
b, and b; are statistically significant. This in-
dicates that the regression dependences ad-
equately describe processes and can be used to
analyze and optimize the technological process
of forming DTS for parts operating under con-
ditions of fretting corrosion wear and boundary
friction. In the studied factor’s space, the most
significant technological parameters that affect
the fretting resistance of the tribosystem are
the depth of microdimples and the density of
their location, related to the pair interaction of
parameters XI and X2.

As known, distinct features of tribological
processes during vibration sliding are small
amplitudes of relative surface displacement,
low sliding speeds, and the dynamic nature of
the acting loads [9-11]. Under such conditions,
the duration of the protective action of bound-
ary lubrication film (BLF) (the duration of the
latent period) is controlled by the ratio of the
rates of their destruction and restoration and
is determined both by the properties of the lu-
bricant itself and by the nature and condition
of the hard surfaces of the tribo-pair elements.
Taking into account that the friction and wear
processes in tribosystems with oil-retaining
DTSs occur in the contact areas located in the
inter-dimple spaces [12], the mechanism of de-
struction of the friction surfaces of such tribo-
systems under fretting can be represented by
the following three-stage model (Fig. 4).

Stage 1 includes the formation of a primary
level of boundary lubrication, when natural
oxides and adsorbed films on the joined metal
surfaces are destroyed as a result of plastic de-
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Fig. 4. Modeling of tribological processes in the zone of a separate contact area of a tribosystem with a
discretely textured oil-retaining surface under conditions of fretting corrosion wear: I — stage of formation
of a primary boundary lubrication layer; II — stage of destruction of the boundary lubrication film and
development of fretting corrosion wear of tribocontact surfaces; III — stage of restoration of the integrity

of the boundary lubrication film.

formation along the tops of micro-dimples. The
formed local micro-sections of the metal sur-
face, activated by repeated elastic-plastic re-
deformation, play the role of active centers for
the adsorption of polar molecules of surfactants
coming from the lubricant. This process ends
with the formation of a mono- or poly-molecu-
lar layer of BLF. Such layers, according to [13],
have high resistance to compression and low
resistance to tangential displacement, which
provides the protection of the metal surface
from destruction.

At Stage II, in the loaded areas of contact
under the action of normal and vibration tan-
gential loads [14] and the simultaneous catalyt-
ic action of the metal surface on the lubricant,
complex irreversible processes of structural
rearrangement occur, accompanied by a quali-
tative change in the rheological characteristics
of the tribocontact materials [15-18]. This ulti-
mately leads to the progressive destruction of
BLF [19]. At the same time, in spots where the
integrity of BLF is violated, the destruction of
the metal surfaces of the tribocontact proceeds
by the usual mechanisms of fretting corrosion.

If coupling is modeled as a finite number of
triboelements [16, 20], then the elementary acts
of destruction of the contact surfaces at stage I1
will cause a decrease in the size of the tribopair
elements by the value Ah in the direction per-
pendicular to the surface. Due to the reduction
in the volume of microdimples, the excess lubri-
cant is forced out into the inter-dimple space.

Stage III is associated with the restoration
(regeneration) of the integrity of BLF.

The above-mentioned stages of the tribologi-
cal process, developing in the zone of frictional
contact, will be periodically repeated until, as
a result of wear, the microdimples lose their
lubricating ability. It is obvious that in this re-
gard, tribosystems with discretely textured oil-
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receiving surfaces can be considered as adap-
tive self-healing tribosystems.

To sum up, in the obtained models, the co-
efficients were statistically significant, indicat-
ing that the models are informative and can be
used to analyze and optimize the technological
process of forming DTSs operating under fret-
ting—corrosion wear and boundary lubrication.
Visual analysis of regression surfaces (families
of partial regression plots) provides a graphical
representation of the response function; this
allows for a detailed study of the influence of
various factors and the identification of ranges
in which they have the greatest or least im-
pact. Thus, the statistical analysis confirmed
that the obtained regression dependences are
adequate and informative, the results are re-
producible, and the coefficients are statistically
significant. This indicates that the models can
be applied for the analysis and optimization of
technologies for forming DTSs of components
operating under fretting—corrosion wear and
boundary lubrication. Among the technological
parameters affecting fretting resistance in the
studied factor space, the most significant were
the depth of dimples and their spatial density.

4. Conclusions

The greatest improvement in wear resis-
tance was achieved in direct pairs with spheri-
cal dimple profiles. Compared to the base
version, the absolute wear of samples with
spherical dimples arranged in direct pairs was
reduced by more than six times. At the same
time, the wear of counterbodies and the total
wear of the pair also decreased significantly. It
is obvious that, given the selected parameters
for the formation of DTSs and fretting condi-
tions, the spherical profile provides the highest
lubricating efficiency of microdimples compared
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to the prismatic profile. Thus, it can be conclud-
ed that the formation of DT'Ss with a developed
system of microdimples, even with a relatively
low hardness of one of the elements of the fric-
tion pair, can be a simple and effective way to
improve the wear resistance and prolong the
service life of tribosystems under fretting and
insufficient lubrication conditions.
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