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Some issues of the dependence of the wear value of tribocouple materials on the contact ge-
ometry and dimensions of tribocouple elements, as well as on the fretting loading amplitude are
considered. The research was carried out using the “plane-cylinder” contact scheme and planar
annular contact of a solid or a segmented ring with the end surface of the cylinder on samples
made of titanium alloys VT20, VT8, and VT22 and aluminum alloy D16T. The comparative
tests in the “plane-cylinder” scheme on samples made of VT20, VT8, and D16T alloys showed
an increase in wear value with an increase in the relative displacement of the surfaces. Using
electron microscopic and X-ray spectral analyses, the mechanism of formation of protective sec-
ondary structures on the friction surface was studied. It was shown that the critical amplitude
of fretting above which the wear value increases sharply is smaller for this type of contact; this
provides better opportunities for removing wear products from the friction zone.

Keywords: contact geometry, fretting-corrosion, relative vibration displacement, protective
structures, wear

Boiius reomerpii KOHTakTy MeTajIeBUX €JIEMEHTIB TpuOomapu Ha (peTHuHr-KOo-
posiiine samomyBauusa. M.B. Kindpauyx, O.1. {yxoma, B.B. Xapuenkxo, T.C. Yepenosa, A.O.
Koprienuro, B.B. Menvruxk, A.O. IOpuyk

PosristryTi muramHa 3aseKHOCTI 1HTEHCHBHOCTI 3HOIYBAHHS MAaTepiasiB Iap TepTs Bif
CXEMU 1 pO3MIPY KOHTAKTy €JI€MEHTIB TPUOOIapH, a TAKOK Bl aMILIITYJHO-HABAHTAMKYBAJTBHNX
mapamMeTpis gpperuHry. JlocmimxeHH IPOBOSUINCE 34 CX€MOI0 KOHTAKTY ILJIOIIMHA-TAIIHIPY Ta
IJIONIAHHOTO KILIBIIEBOI0 KOHTAKTY CYIILJILHOTO 1 IIPUPUBYACTOTO KiJIbISA 3 TOPIIEBOIO IIOBEPXHETO
IMUIIHIPA, Ha 3paskax 13 turanoBux criasis BT20, BT8, BT22 ta asrrominiesoro crutary J[16T.
AnHautia pe3yspTaTiB MOPIBHSAJIBHUX BUIIPOOYBAHD 32 CXEMOIO «ILJIOIIHHA-IIMIIHIDP» 3pas3KiB 13
criasis BT20, BT8 1 JI16T mokasas, mio 31 301IbIMEHHSM IIapaMerpa BIIHOCHOTO 3MIMIEHHS
TIOBEPXOHB, IHTEHCUBHICTH 3HOIIIYBAHHS 3pOCTae. 3a JOIIOMOT0I0 eJIEKTPOHHO-MIKPOCKOIIIYHOTO Ta
PEHTTEHOCIIEKTPAIFHOTO aHAJII3Y JOCTIIKEeHO MeXaHi3M (DOPMYBAHHS HA ITOBEPXHI TEPTS 3aXHUC-
HUX BTOPUHHHX CTPYKTYpP. Kpurtruna amiutityga dppeTurry Buile SKol IHTeHCHBHICTD 3HOIILYBAH-
Hs Pi3KO 3pocrae, 0y/ie MEeHIIIO0 JJIA TAKOr0 TUILY KOHTAKTY, AKKUI 3a0e3Ireuye Kpalll MOKJILBOCTL
BIIBEIEHHA 13 30HI TePTA IIPOIYKTIB 3HOILYBAHHI.
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1. Introduction

To ensure a high level of reliability and du-
rability of tribological systems, one of the most
important tasks is to determine the optimal
design and dimensions of contact for given fric-
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tion conditions and combination of materials in
a tribo-pair. Under conditions of fretting-corro-
sion wear, due to small amplitudes of relative
displacements, surface destruction occurs in the
zones of actual contact. In this case, depending
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on the ratio of the geometrical parameters of
the contact and the amplitude of the relative
displacement, wear products can be freely re-
moved or accumulated in the friction zone. It is
obvious that the nature and intensity of wear
significantly depend on both the shape and size
of the contact area [1-4], as well as on the crack
resistance of the surface [5] and the amplitude
of vibration displacement [6].

To determine the mutual influence of the
mentioned factors on the intensity of fretting-
corrosion, the dependence of fretting wear on
the degree of relative displacement of the con-
jugated surfaces K, was studied; the parameter
K, is determined by the ratio of the fretting
amplitude A to the half-width of the contact
area in the direction of vibration displacement:
K, = A/l. The importance of the K, parameter
for tribosystems subject to fretting- corrosion
wear is that it affects the conditions for the re-
lease of wear products from the friction zone,
the penetration of the external environment
into the friction zone, and, consequently, the
interaction of the frictional contact surfaces
[7-10]. At the same time, it is necessary to take
into account the local nature of loading [11] and
the structure evolution [12].

2. Experimental / Theoretical details

The research was carried out on an IMF
vibration tribometer according to the “plane-
cylinder” contact scheme [13], and a modern-
ized MFC-1 friction machine [7] according to
the planar annular and “plane-cylinder” con-
tact schemes. Titanium alloys VT20, VT8, and
VT22 and aluminum alloy D16T were used as
sample materials.

When testing in the “plane-cylinder” contact
scheme on the IMF vibration tribometer, wear-
resistant nitrided steel S0HGSNA as material
for countersamples was used to minimize the
impact of changes in the shape of the counter-
sample due to wear on the experimental condi-
tions.

The tests were carried out under the nor-
mal atmospheric conditions without lubrica-
tion. The normal load force per unit contact
length was constant in all experiments and
amounted to 4.1 N/mm, the amplitude of vi-
bration displacement A=500 pm, the frequen-
cy of oscillations f = 50 Hz, and the test base
N =0.9-105 cycles and N= 1.8-10° cycles. Based
on the results of the tests, the linear wear of
the samples was determined in the zones of
maximum wear along the friction track. Dur-
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Fig. 1. Dependence of the maximum linear wear
H, ..(1) and the piezoelectric sensor signal U (2)
on the parameter of the relative displacement of
the surfaces of the sample and countersample K

during the wear test under the conditions of fret-
ting-corrosion

ing the experiment, a signal was recorded from
the piezoelectric sensor of the system for mea-
suring the force of resistance to the movement
of the countersample, which is proportional to
the friction force.

Test conditions on the IFC-1 friction machine
according to the schemes of the planar annular
and “plane-cylinder” contacts are given in the
captions to Figs. 7 and 8, respectively.

3. Results and discussion

The change in the averaged values of the
maximum linear wear H,, ., their dispersion,
and the values of the sensor signal U depend-
ing on the relative displacement parameter K,
are presented in Fig. 1. The following conclu-
sions can be drawn from the analysis of these
dependences:

1. At a constant fretting amplitude, the wear
value will be greater, the closer the parameter
K, is to 1. Herein, the wear increases most rap-
idly when the K, parameter exceeds a certain
threshold value in the region of K, >0.5...0.6.
In the same range of the K, parameter, a sharp
increase in the signal of the piezoelectric sensor
is observed, which can be associated with an
increase in the friction force and, accordingly,
with an increase in the friction load of the sur-
face layer material.

2. The second important conclusion is that
larger values of the K, parameter correspond
to a higher spread of wear values. That is, with
an increase in the relative displacement of the
surfaces of the tribopair elements, the degree
of stochasticity of the processes responsible for
fretting-corrosion wear of the material increas-
es as well.

According to the accepted contact scheme,
when K, >1, in each cycle of relative displace-

Functional materials, 32, 2, 2025
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Fig. 2. General view (a, X8) and electron microscopic images of the friction track surface of alloy D16T
sample after fretting wear tests (b; ¢ — secondary electron images)

ment, all points of the friction surface of the
countersample (moving tribopair element) come
out of contact with the surface of the sample
(stationary tribopair element). In this case, the
friction surface of the counterbody is fully open,
and the most favorable conditions are created
for the release of free particles of wear prod-
ucts from the friction zone. When each point of
the friction surface of the sample is constantly
in contact with the countersamle, this case is
characterized by a low rate of the formation and
regeneration of protective oxides and adsorbed
films on the surface of the sample and their high
rate on the surface of the countersample.

When K, approaches 0, which is typical for
surfaces with a large length of contact areas
in the direction of vibration displacement and
for small fretting amplitudes, the rate of wear
products leaving the friction zone decreases.
This can be considered as a change in the na-
ture of the interaction of tribosystem elements,
when the probability of frictional interaction of

Functional materials, 32, 2 2025

the tribopair elements through areas with di-
rect metal-to-metal contact is reduced due to
the formation of a more effective layer of wear
products between the friction surfaces. It is ob-
vious that under such conditions, the dynamic
load of the frictional contact will decrease, and
the intensity of material wear will be largely
determined by the ratio of the rates of three in-
terconnected tribological processes:

- triboactivation and tribochemical in-
teractions of tribopair materials with active
components of the environment and with each
other — destruction of friction surfaces and
separation of free particles of wear products
— accumulation and removal of wear products
from the friction zone.

The influence of each of these processes on
the intensity of fretting-corrosion depends both
on the tribopair materials and the geometrical
parameters of the contact. Herein, the role of
the latter can significantly change depending
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Fig. 3. Scanning zones (a, b) and the results of X-ray spectral analysis of the percentage distribution of
chemical elements (c; d) on the friction surface of alloy D16T after fretting wear tests. Central area of

contact

on the scheme of the initial contact and the
stage of the developing fretting process.

For the “plane-plane” contact scheme, the
plot of the distribution of the specific contact
load under the conditions of constant normal
external force at all stages of fretting (p=const)
remains unchanged, and the relative displace-
ment of the conjugated surfaces for most real
tribonodes is very small (K, —0). In this case,
in the central areas of contact, the friction zone
has less contact with the external environment
for removing wear products from the friction
zone compared to the peripheral areas. In this
regard, at the first stage of fretting for the pe-
ripheral areas, the most likely reaction will be
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the reaction of activated surface layers of metal
with oxygen, leading to the formation of passiv-
ating oxide films, and the development of wear
by the corrosion-fatigue mechanism.

For the central areas, as a result of lim-
ited oxygen supply, one can expect activation
of solid-phase interaction reactions and wear
of tribopair materials by the adhesive wear
mechanism. Gradually, due to an increase in
roughness and a decrease in the surface con-
tact density, the front of tribochemical oxida-
tion reactions will spread from the peripheral
to central areas of the contact.

In open tribosystems, the rate of release of
wear products from the friction zone is equal

Functional materials, 32, 2, 2025
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Fig. 4. Scanning zones (a; b) and the results of X-ray

spectral analysis of the percentage distribution of

chemical elements (c; d) on the friction surface of alloy D16T after fretting wear tests. Peripheral area of

contact

to the rate of their formation; as a result, the
elements of the tribopair will interact through
a layer formed by wear products. This will con-
tribute to the deconcentration of local contact
stresses in the areas of actual contact, reducing
the frictional load on the friction surfaces and,
accordingly, the intensity of wear.

In closed tribosystems, the rate of formation
of wear products exceeds the rate of their re-
moval from the friction zone; in this case, for
materials of tribopairs with a total coefficient of
material increment greater than 1, the pressure

Functional materials, 32, 2 2025

in the tribosystem will gradually increase due
to the conversion of the worn volume of metal
into oxides. As reported in [8], in this case, the
developing fretting process may cause the loss
of mobility and jamming of the connection.

In contrast to the “plane-plane” contact, in
conjugates with local point and linear contacts,
the wear of tribosystem elements is accompa-
nied by an increase in the nominal contact area.
At the same time, the specific contact loads act-
ing in the conjugates decrease. At the initial
stage of fretting, there is a free flow of air into
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Table 1. Mechanical properties and results of comparative wear tests under fretting-corrosion of sam-
ples of titanium alloy VT'8 and aluminum alloy D16T

. Maximum linear wear H___, pm *
No. Materlgieof sam- 0.2 MPa o.,, MPa max
K=0,3 K=0,6
1 Alloy VT8 100...120 45...50 120.0 140.0
2 Alloy D16T 45 15 105.0 135.0

*Test conditions: A = 300 um; p = 4.1 H/mm; f = 50 Hz; N = 1.8-10° cycles. Countersample — steel
30KhGSNA nitrided

Table 2. Results of X-ray spectral analysis of the percentage distribution of chemical elements on the friction
surface of VT8 alloy after wear tests under fretting-corrosion conditions

Microareas of scanning Content of chemical elements, mass%
0 | Al | Ti | Mo
I. Central area

1 15.90 6.01 75.57 2.52

39.10 4.60 54.40 1.91

3 45.20 4.20 49.13 1.40

II. Peripheral area

1 13.67 4.66 79.62 2.05

38.92 3.40 56.16 1.52

3 34.21 3.71 60.57 1.51

the friction zone, which allows intensive reac-
tions of tribochemical interaction of activated
surface layers of metal with oxygen to occur.
This period is also characterized by a relative-
ly free release of wear products from the fric-
tion zone. Under such conditions, high specific
stresses in the local contact even at low exter-
nal normal force will stimulate the destruction
of oxide films and the development of fretting-
corrosion by the mechanism of adhesive wear.

It can be expected that with an increase in
the number of fretting cycles, the nature of fric-
tion contact interaction processes in tribosys-
tems with local point and linear contacts will
increasingly acquire the features of tribosys-
tems with a plane contact.

The established features of the influence
of contact geometry on the development of
fretting-corrosion wear explain the results of
comparative tests on fretting resistance of two
structural alloys that differ in strength and
physical-chemical properties, namely titanium
alloy VT8 and aluminum alloy D16T. As can
be seen from Table 1, with the selected contact
scheme and conditions of frictional contact in-
teraction, despite the significantly higher volu-
metric static and cyclic strength of the VT8 al-
loy, its wear resistance is lower than that of the
D16T alloy.
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The higher fretting resistance of alloy D16T
can be explained by the formation of a com-
bined protective layer made from hard particles
of aluminum oxide Al;O4 (a component of wear
products) embedded in the surface of aluminum
alloys in the fretting-corrosion process [7]. The
presence of such structures is confirmed by the
results of electron microscopic and X-ray spec-
tral analyses (Figs. 2—4).

A lower density of the surface curved with
oxide particles is observed in the peripheral
areas of the contact, where the conditions for
the release of wear products from the friction
zone are more favorable than in the center. It
is obvious that a similar effect causes a notice-
able decrease in the fretting resistance of alloy
D16T under test conditions at K =0.6.

On the friction surface of alloy VT8, struc-
tures with a similar formation mechanism are
not observed, which may be related to the lower
hardness ratio of the base metal to its oxides in
titanium alloys compared to aluminum-based
alloys.

Instead, surface structures of black and
gray color are recorded on the friction track of
alloy VT8 samples (Fig. 5). Based on the con-
tent of the main chemical elements and oxygen
(Table 2), they can be identified as phases at
different stages of titanium oxidation.

Functional materials, 32, 2, 2025
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II

Fig. 5. General view (a, X8) and electron microscopic images of the friction track surface of alloy VT8
sample after wear tests under fretting-corrosion conditions: b — secondary electron image; ¢ — reflected

electron image

The relatively small specific area of such
structures both in the central and peripheral
zones of contact indicates their low adhesive
and cohesive strength [14, 15]. In this case, the
main protective role is played by the interme-
diate layer formed from free particles of wear
products between the friction surfaces. Natu-
rally, the effectiveness of the protective effect
of this layer will be lower at higher K, values.
Probably, for this reason, the intensity of wear
of VT8 alloy increases with increasing param-
eter of the relative displacement of the surfaces
(Table 1).

To determine the influence of the contact ge-
ometry on the dependence of the value of wear
on the fretting amplitude, studies were carried
out using three variants of contact schemes
for tribocouple elements: plane contact of the
continuous ring end of the moving cylindrical
countersample on the end of the cylindrical

Functional materials, 32, 2 2025

stationary sample; intermittent contact of an
annular segmented movable cylindrical coun-
tersample on the end face of the cylindrical
stationary sample; contact of the flat surface of
the stationary sample with the initial cylindri-
cal surface of the moving countersample. The
schemes of the initial contact, test conditions,
and experimental results are presented in
Figs. 7 and 8.

From the analysis of the dependences ob-
tained, it can be concluded that the critical
fretting amplitude above which the intensity of
wear increases sharply will be smaller for the
type of contact, which provides better oppor-
tunities for the removal of wear products from
the friction zone. Under this condition, the loca-
tion of the transition region from small to large
values of fretting wear will be determined by
the parameters of the contact geometry and the
amplitude-load parameters of fretting; their
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Fig. 7. Dependence of the reduced specific volu-
metric wear of alloy VT8 on the fretting ampli-
tude: 1 — segmented annular contact; 2 — planar
solid ring contact. Test conditions: P=19.6 MPa;
V=30 Hz; 1 — N = 510* cycles; 2 — N =5-10°
cycles; T'= 293 K. Tribopairs of the same name

combined influence on the physicochemical
processes determines the formation of physical
contact between the elements of the tribo-pair
and its transition from frictional interaction
primarily through a layer of wear products to
direct frictional interaction of materials in the
tribo-pair.

4. Conclusions

According to the results of wear tests un-
der fretting-corrosion conditions, a dependence
was obtained that shows that with an increase
in the relative displacement parameter of the
surfaces of the tribopair elements, the fretting-
corrosion wear of the surface layer increases;
the highest rate of wear is observed when the
relative displacement exceeds a certain aver-
age value of K, >0.5...0.6 for the selected con-
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Fig. 8. Volumetric wear value of VT22alloy de-
pending on the fretting amplitude. Initial con-
tact: “plane-cylinder”. Test conditions: 1 — P=130
N/mm; 2 — P = 65.8 N/mm; 3 — P = 13 N/mm;
4 — P=6.5 N/mm; V=230 Hz; T =293 K. The
material of the countersample is ShKh15 steel

tact scheme and fretting conditions. The effect
of the contact scheme of the tribopair elements
on the dependence of the fretting wear value
on the fretting amplitude was determined. The
critical amplitude of fretting, above which the
intensity of wear increases sharply, was shown
to be smaller for the type of contact that pro-
vides better opportunities for the removal of
wear products from the friction zone.
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