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Abstract. Thermoplastic polymeric materials have found wide application as protective and antifriction coatings and interlayers of
friction units. Spherical bearings include relatively thin sliding layers made of antifriction materials. Polytetrafluoroethylene
(PTFE) is widely used as a material for sliding layers. However, at present, there are modern composite and modified materials
with improved physical and mechanical properties that can be used as sliding layers. Antifriction materials are often modeled in
terms of elasticity theory or elastoplasticity theory. However, it has been established that these materials exhibit viscoelastic
properties. A series of experiments to determine the thermomechanical properties of the materials is performed in the current work.
PTFE, a metal composite based on PTFE with bronze inclusions (MAK (F4BR40M2)) and structurally modified Arflon AR-200
PTFE were investigated using dynamic mechanical analysis. The temperature change range [—40; +80] °C was considered,
it corresponds to the operating temperatures of bridge structures. Temperature dependencies of the storage modulus, loss modulus
and loss tangent were obtained. Viscoelastic models of material behavior, such as Maxwell bodies using Prony series and
temperature-time analogy, were constructed based on experimental data. Viscoelastic behavior of materials was analyzed in terms
of deformation of a bridge spherical bearing under static and periodic loads, taking into account the ambient temperature.
The relationships for the effect of temperature on the stress-strain response and contact parameters were obtained. The influence of
the thermal expansion coefficient of materials on the structure behavior was considered. It was found that the sliding layer made of
MAK allows for a more favorable stress-strain state compared to the structure including a sliding layer made of PTFE:
the maximum stress intensity is less by ~ 3%; the maximum strain intensity is less by ~ 20%; displacements along the normal to
the sliding layer are less by ~ 17.2%.
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method, contact, friction
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AHHOTanus. TepMOIIIaCTHYECKUE MMOJMMEPHbIC MaTepHabl HAILIH IIMPOKOE IPUMEHEHHE B KaYeCTBE 3alIUTHBIX U aHTH(PHK-
LUOHHBIX MOKPHITUH U MPOCIOeK y3710B TpeHus. Chepuueckue ornopHbIe YaCTH BKIIOYAIOT OTHOCHTEIBHO TOHKHE CJIOU CKOJIBXKE-
HUSI U3 aHTH(QPUKIMOHHBIX MarepuaioB. [lomurerpadropatminer (IITDPD) mmpoko UCMONB3YyeTCsl B KauyecTBE MaTepuala CIOeB
cKoNbxeHHst. OJTHAKO CYIIECTBYIOT COBPEMEHHBIE KOMIIO3UIIMOHHbBIE U MOJU(PHULINPOBAHHBIE MATEPUAIIBI C yIYUIIEHHBIMUA (HU3H-
KO-MEXaHUYECKHMH CBOHCTBAMH, KOTOPBIE MOTYT IPHMEHSATHCS B KaUEeCTBE CIOEB CKONBKEHHS. AHTH(PUKIMOHHBIE MaTepHaIbl
4acTO MOJENUPYIOTCS B paMKaxX TEOPUU yNPYTOCTH WM TEOPUH yNPYroIulacTUYHOCTU. Ho ycTaHOBJIEHO, YTO JaHHBIC MaTepUabl
HPOSBIISAIOT BSI3KOYNIPYTHe CBOHCTBA. B TekyImeil paboTe BBIMOIHEH LUKJI SKCIICPUMEHTOB ISl OIPEIENICHUS TEPMOMEXaHUIECKUX
cBoiicTB MarepuanoB. [ITOD, meramiokoMmo3ut Ha ocHoBe [TTDD ¢ 6ponzoBriMu BriIroueHussMU (MAK (©45P40M2)) u cTpyk-
TypHO-MOoauuuupoBaHHeiid [IT®D Apdmon AR-200 Obun MCCIEIOBaHBI B paMKax AWHAMHYECKOTO MEXaHHYECKOrO aHajH3a.
PaccmarpuBancs nuanazon usmeneHus temneparyp [—40; +80] °C, oH COOTBETCTBYET TeMIepaTypaM SKCIUTyaTallid MOCTOBBIX
coopyskeHuid. [lomydeHsl TeMnepaTypHble 3aBUCUMOCTH MOZYJIsS HAKOIUIEHHS, MOJYJISA MOTEPh M TAHTEHCAa yIJla MEXaHHYECKUX
norepb. Ha oCHOBE 3KCIEpUMEHTANBHBIX TaHHBIX ITOCTPOEHBI BS3KOYNPYTHEe MOJEIH MOBEACHUS MaTepHaJIOB, TaKHE KaK Teja
MakcBeinna, ¢ HCIIOIb30BaHUEM PAAOB [IpoHM U TeMIepaTypHO-BPEMEHHON aHAJIOTHH. BsA3koympyroe nmoBeieHne MaTepualoB
OBLIO MpOaHANU3UPOBAHO B paMKax AedopMupoBaHus cepruuecKoil OMOPHOIl YaCTH MOCTOBBIX COOPY)KEHUH MPH CTaTUYECKON
U MEPUOANYECKON HArpy3Ke C YYETOM TeMIepaTyphl OKpyxaromel cpenbl. [lonydyeHbl 3aBUCUMMOCTH TapaMeTPOB HaPsKEHHO-
e opMHUPOBAaHHOTO COCTOSTHHS U KOHTAaKTa OT TeMIIepaTypbl. PaccMoTpeHo BiusHUE KO3(D(GHINEHTa TEPMHYECKOTO PACIIUPEHUS
MaTepHaliOB Ha TIOBEACHUE KOHCTPYKIMH. Y CTAHOBIICHO, YTO CJIOH cKoibkeHus u3 MAK mo3Bossier nmonyduTs Oosee Onaronpu-
SATHOE HAIPSHKEHHO JIe(OpPMUPOBAHHOE COCTOSHKE 10 CPABHEHHUIO ¢ KOHCTPYKIIMEH, BKIIOYAtOIel ciol ckonbxkenus u3 [ITDD:
MaKCHMaJlbHasi MHTEHCUBHOCTb HANpPsDKEHUH MeHbIIe ~ Ha 3 %; MakcHUMaibHas HHTEHCUBHOCTH Aedopmannii Menblie ~ Ha 20 %;
HEepeMELLEHUs TI0 HOPMaJIU CJI0s CKOJIbKEHUs MeHblle ~ Ha 17,2 %.

KiroueBble cjioBa: MOCTOBOE COOpPYIKEHHE, OIlOpHAass 4YacTb, MOIACIMPOBAHUEC, BA3ZKOYIIPYI'OCTb, INOJHUMEP, KOMIIO3UT, MOACIIb
MaKCBeJ’IJ’Ia, HpOHI/I, METOJ KOHCYHBIX 3JICMEHTOB, KOHTAaKT, TDCHUE
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1. Introduction

Polytetrafluoroethylene (PTFE) was first synthesized in 1938 by Roy Plunkett and is still considered
the “king of plastics” [1]. The chemical structure of PTFE consists of a carbon skeleton surrounded by
a protective layer of fluorine atoms [2]. The material exhibits high structural regularity, which can initiate
a high degree of microstructure crystallization, which is enhanced when exposed to negative temperatures.
After a melting point of 370+5°C, the material does not become viscous, but becomes amorphous with high
viscosity [3]. In the temperature range from 10 to 30 °C, the material undergoes a p-transition associated
with the transition from a glassy state to a highly elastic state [4]. Chemical inertness, hydrophobicity,
resistance to thermal, biological, and oxidative degradation, high strength, and low friction coefficient have
earned PTFE the title of “king of plastics.” PTFE accounts for about 60% of the global thermoplastics
market [5]. The material is widely used as sliding layers in bearings, expansion joints, and turning
mechanisms of bridge structures [6—8]. When in contact with harder bodies, the material exhibits plastic flow
and severe abrasion, as well as viscous properties [9; 10]. Creep of the material under certain deformation
conditions is also observed [10]. It has been established that even after the manufacturing process, various
surface microdefects in the form of pores, cracks, and splits may be present [11]. Poor thermal stability
and a high coefficient of thermal expansion of PTFE are also noted [12]. The disadvantages of PTFE
include: structural rearrangement at a temperature of +20 °C, a tendency to deform at constant temperatures
in an unloaded state, low radiation resistance, and significant, in some cases irreversible, expansion when
heated [3].

Advances in materials science have led to the development of a fairly large set of alternatives to the
“king of plastics” [3; 13; 14]. Arflon materials (OOO NPP Arflon, company in Moscow, Russia) are noted
as an alternative to pure PTFE with improved physical and mechanical properties without loss of functionality
[3]. Arflon materials stand out as promising protective coatings and interlayers for the Arctic conditions, as
well as areas with severe temperature fluctuations [15]. Other Russian and international alternatives to
PTFE are also being considered [3]. For example, Superfluvis, a material with increased wear resistance, is
a composite material with a PTFE matrix (~83% of the total mass) and modified crushed carbon fiber with a
fluoropolymer nano-coating up to 40 nm thick (17% of the specific weight) [16]. Its application as coatings
and interlayers for friction units, as well as a material for bone tissue implants is considered [16; 17].
Improved strength and physical characteristics compared to pure PTFE are noted in a large set of modern
anti-friction polymers and composites [3; 13; 18-20]. However, data on the behavior of modern anti-friction
polymers and composites are often limited to a narrow range of physical, mechanical, and tribological
characteristics.

A number of scientists have noted the lack of data on the thermomechanical properties of the materials
[9; 21; 22]. This hinders the evaluation of the deformed state of friction units, structures, and systems in
which they are used within the operating temperature range, as well as the analysis of the possibility of
replacing the materials with modern alternatives. Structural and mechanical modeling of material behavior,
including contact mechanics and wear problems, is important for creating digital models of structures in
terms of predictive analysis and is an effective tool at the design or optimization stages [9]. The construction
of digital models of anti-friction materials, taking into account the temperature factor, is a relevant task for
predicting their behavior during the manufacturing process, as well as during the operation of structures and
systems in which they are used [23].

In this work, a series of experimental studies were conducted on PTFE-based materials modified or
filled with metal nano-inclusions, as well as pure PTFE, to determine the relationship between the thermo-
mechanical parameters and temperature. Models of material behavior in terms of thermo-viscoelasticity
have been constructed. An analysis of the behavior of a spherical bearing with a sliding layer made of three
different anti-friction materials has been performed over a wide range of ambient temperatures under static
and periodic loads.
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2. Materials and Methods

The thermomechanical behavior of a spherical bearing of a bridge structure is analyzed using the case
of the L-100 design manufactured by OOO AlfaTech (company in Perm, Russia). The model of the contact
unit of the spherical bearing is shown in Figure 1 and includes a spherical steel rocker (1), a lower steel
plate with a spherical cutout (2), interacting through a spherical polymer/composite sliding layer (3).
The behavior of the structure is considered to be axisymmetric, therefore, the spherical sliding layer does
not take into account the depressions for lubricant, which can be formed as spherical holes or annular
grooves [24].

The maximum height of the structure is 54 mm, with a height ratio of 20 mm for the spherical rocker,
30 mm for the lower steel plate, and 4 mm for the sliding layer along the central section of the bearing. The
maximum width and depth of the structure is B =2b =155 mm. The standard angle of inclination of the
end face of the sliding layer o, is 30°. The sliding layer protrudes /, =2 mm relative to the lower steel
plate to prevent metal-to-metal contact.

At the interface between the interlayer and the steel structural elements, frictional contact is
implemented with an pre-unknown distribution of contact states (sticking, slipping, no contact) [14]. The
friction coefficient is assumed to be constant and equal to 0.04. The mathematical formulation of the
problem and the analysis of the influence of the degree of system discretization on the numerical solution
were previously described in [25]. The sliding layer was divided into 16 elements along the height. The size

of the finite elements on the interface surfaces S X, -S k, corresponds to the partitioning of the sliding layer,

and increases gradually with increasing distance from S K~ S k, - The characteristics of the finite element mesh,

finite elements, and other aspects of the problem modeling are presented and described in more detail in [14].

A 1
h
SAE
T
h,
| 2 S,
z b
E(EL < >
’

Figure 1. Model of the spherical bridge bearing
S ource: made by A.P. Bogdanova.

The problem of thermomechanical deformation of the bearing was implemented using the finite
element method in the ANSYS Mechanical APDL 2021R2 (Liverpool, USA) engineering analysis software.
The procedures for constructing a numerical model of the structure, finite element meshing, thermo-
mechanical loading, and processing of results are fully automated using the APDL parametric programming
language.
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Two loading schemes for the bearing are considered: static and periodic loading, taking into account
the temperature field. Static loading was performed at a nominal vertical load of 1000 kN on the bearing.
Periodic loading was modeled as a sinusoidal load varying from 500 to 1000 kN, with and without a
60-second hold at 500 and 1000 kN. Different numbers of cycles were considered. Static and periodic loads
were applied to surface S, of the spherical rocker. The structure was subjected to a constant ambient

temperature ranging from —40 to +80 °C. The bearing is assumed to be fixed, therefore normal displacement
on surface S, of the lower steel plate is restrained. At the same time, the structure is compliant in other

directions and has the ability to expand/contract thermally.

The steel structural elements are made of high-strength alloy steel and are modeled in terms of
elasticity theory with a Young's modulus of 2x10!" and a Poisson’s ratio of 0.3. The following materials are
considered for the sliding layer: polytetrafluoroethylene (PTFE); PTFE-based metal composite with
dendritic bronze inclusions and molybdenum disulfide (MAK (F4BR40M2)); structurally modified PTFE
without fillers AR-200 (OOO NPP Arflon, Moscow, Russia). To develop a model of material behavior in
terms of viscoelasticity theory, a series of empirical studies were conducted using dynamic mechanical
analysis (DMA) based on a three-point bending test of rectangular samples with average dimensions of
60x12x3 mm made from commercially available polymer blanks of sliding layers. The samples were
provided by OOO AlfaTech. The samples were subjected to an oscillating load with an impact frequency of
1 Hz in a temperature range from —40 to +80 °C. The research covered only the area of conventional bridge
structures, which corresponds to the design minimum air temperature of up to —40 °C inclusive, according
to the GOST R 59623-2021' National Standard of the Russian Federation. To ensure the statistical
significance of the results, at least four tests were performed on the samples for each type of thermo-
mechanical loading. A more complete description of the experimental conditions is given in [14].

As a result of a series of experiments, temperature dependencies of the storage modulus and loss
modulus were obtained in the temperature range [—40;+80] °C. The arithmetic mean plots of the
thermomechanical characteristics of the materials are shown in Figure 2 and characterize the glassy and

highly elastic state of the material at 7' e [—40;+80] °C.

E' GpPa E',MPa
L S e e BN 1 1307 e e R— |
S d | | ||+*+PTFE | | BN | **e*PTFE |
R R | NP W i
NGt ! : ! : . = AR-200 |
) — LD ] ] 1’ | : |
| | | | |
I | | I |
| L S0 et N e —
B A R 1 omim
0.4 i i : 4; T,°C
-40 20 0 60

Figure 2. Thermomechanical properties of antifriction interlayer materials:
a — storage modulus; b — loss modulus
S ource: made by A.P. Bogdanova.

The B-transition temperature of the sliding layer materials has been established, which is considered to
be the vitrification/softening temperature of the material according to the GOST R 56753-2015% National
Standard of the Russian Federation. The vitrification/softening temperature of PTFE and MAK is

" GOST R 59623-2021. Automobile roads of general use. Bridge constructions. Design of steel elements. Moscow: Russian
Standardization Institute; 2022.
2 GOST R 56753-2015. Plastics. Determination of dynamic mechanical properties. Moscow: Standartinform; 2016.
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approximately 14°C, and that of AR-200 is 8°C. The results of the experiments are consistent with the data
from the DMA analysis of PTFE [4].

Based on experimental research data, Maxwell’s model was chosen as a first approximation for
phenomenological constitutive relationships describing the viscoelastic behavior of materials. The model is
based on Prony series, taking into account the Williams-Landel-Ferry (WLF) temperature-time analogy.
To determine the parameters of the vector of unknowns in the Maxwell and WLF models, a user procedure
for numerical identification based on the Nelder-Mead multiparametric optimization algorithm was used;
the mathematical manipulations and problem statement were described earlier in [26].

The parameters of the viscoelastic model and WLF are presented in Table, and the relationships
between the relative shear moduli and the relaxation time are shown in Figure 3.

le +00 -

le —05 1

le —10 -

le—151

le—20

Parameters of the temperature-time analogy and viscoelastic behavior model of materials

Material Cl C2 ]; ,°K E0 , MPa E_, MpPa
PTFE 203.91 849.00 270.21 2021.39 446.32
MAK 299.10 1069.37 263.79 2313.68 489.78
AR-200 103.24 419.18 266.80 2006.57 541.68
S ource: made by A.P. Bogdanova, Y.O. Nosov.
Ig(a;) 1e+00-1g(a;)
® oo 000 0o0g00%00000 o, o 0000000 00 00g00° ®0000% e® ® o0 o @
° ° ‘ ¢
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le—10 le—04 1le+02 le+08 le+14 le+20

a
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le—05 1
le—10 |

le—15 1

le—20

le—10 le—04 le+02 le+08 le+14 1le+20

b

| 18(31')

le—10 le—04 1le+02 le+08 le+14 le+20

c

Figure 3. Relationship between the weighting coefficients of the Prony series and the relaxation time:
a — PTFE; b — MAK; ¢ — AR-200
S ource: made by A.A. Kamenskikh, A.P. Bogdanova, Y.O. Nosov.

The model parameters were obtained based on simulation modeling of a three-point bending test, with
the results of the numerical experiment deviating from the experimental data by less than 5%. Material
behavior models were implemented in ANSY'S.
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The model takes into account the coefficients of thermal expansion (CTE) of the materials. Independent
studies to determine changes in the CTE of materials depending on temperature were not conducted.
Literature sources indicate variation ranges of CTE from 8 to 32x107° °C™! for PTFE and from § to
24-25x107 °C™! for AR-200 [3; 27]. The CTE of materials depends on temperature, but to construct a
numerical model that takes into account the temperature variation of the parameter, data on the relationship
between thermal deformation and temperature are needed. No data on the CTE for the MAK (FABR40M2)
material was found in the literature. As a first approximation, it was decided to analyze the deformation of
the bearing with a constant CTE o.=8x10" °C"!, the same for all materials under consideration. It was also

decided to investigate the effect of variation of Oc(T ) on the stress-strain response of the bearing with a

PTFE sliding layer. The CTE of steel elements was also assumed to be constant o,=1x107°°C™" [28].

3. Results and Discussion

3.1. Static Load

Data on the distribution of the stress-strain response parameters and contact parameters of spherical
bearings with sliding layers made of different anti-friction materials for the ambient temperature range of
[—40;+80] °C were obtained. The relationships between the maximum parameter values and temperature are
shown in Figure 4.

—_————l a1

TC

Figure 4. Maximum stress-strain response parameters as a function of temperature:

a — stress intensity; b — strain intensity; ¢ — normal displacement with respect to the end face; d — contact pressure
at the interface between the interlayer and the spherical segment; light red is PTFE; dark red is MAK; blue is AR-200

S ource: made by A.P. Bogdanova.
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The data is described by a third-degree polynomial, with an error of no more than 2%. The maximum
stress intensity value decreases until a temperature of —10°C (PTFE, AR-200) and 0°C (MAK), then begins
to increase. The maximum strain intensity value changes little at negative temperatures and increases in
the positive temperature range. The maximum displacements of the sliding layer end decrease until a
temperature of 10°C (PTFE, AR-200) and 20°C (MAK), then begin to increase. This is due to the transition
of materials from a glassy state to a highly elastic state. At the same time, the maximum contact pressure on

surface § K, along which the spherical segment can rotate, decreases until an ambient temperature of 40°C,

with a further increase in the parameter. In the temperature range from —40 to 30-40°C, a detachment zone
is observed near the edge of the sliding layer, which is absent at higher temperatures. A redistribution of the
zones of complete adhesion and slippage is also observed. The sliding layer made of composite material
(MAK) has the smallest values of strain intensity and normal displacements of the sliding layer end. The
stress-strain response of the bearings with a sliding layer made of PTFE and AR-200 has insignificant
differences. Structural modification of PTFE by radiation as part of the AR-200 manufacturing process
allowed to slightly reduce the maximum stress-strain response and contact parameters at temperatures
above the vitrification/softening temperature (by no more than 3%). This effect is also due to the fact that at
temperatures above room temperature, the material exhibits a greater elastic response compared to PTFE.
Similarly, a greater elastic response at 7 > 23 °C compared to PTFE is observed in MAK.

The distribution of the stress-strain response parameters near the edge of the sliding layer is shown in
Figure 5 for the case of the structure with a PTFE interlayer at a temperature of 30°C. Normal displace-
ments are shown with a deformation magnification factor to reflect the change in geometry.

G,, MPa g, % o ' u, , mm
0.02 0.01 0.00

7.74 0.06 0.01

15.5 1.12 _ 0.02

232 1.67 0.03

30.9 2.23 0.04

38.6 2.77 0.05

46.3 3.33 0.06

54.1 3.88 0.07

61.8 444 0.08

B 706 4 507 4 0.09

a b c

Figure 5. Distribution of the stress-strain response parameters near the edge of the PTFE anti-friction interlayer:
a — stress intensity; b — strain intensity; ¢ — normal displacement with respect to the end face
S ource: made by A.A. Kamenskikh.

It should be noted that the maximum stress and strain intensities are observed near the concentrator
(the metal rim of the lower steel plate). In the main volume of the sliding layer, the stress intensity value
does not exceed the strength limit of the materials. The maximum strain intensity value does not exceed
10% for all the considered materials of the sliding layer and ambient temperatures. The maximum
displacements of the sliding layer end are observed near the interface of the interlayer and the upper rocker;
for all the considered materials, they do not exceed 0.16 mm.

An analysis of the influence of CTE on the stress-strain response parameters in the case of a PTFE
sliding layer is shown in Figure 6.

It should be noted that the CTE of the material has a significant effect on the behavior of the sliding
layer of the bearing. Experimental studies aimed at obtaining the relationship between the CTE and
temperature for the entire set of materials under consideration need to be performed as part of the
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development of a model describing its behavior. The relationship of the effect of CTE on the stress-strain
response and contact parameters when the ambient temperature changes is non-linear. The maximum values
of the stress-strain response parameters are observed at high positive temperatures, which is associated with
the softening of the material and its significant deformation near the rim of the lower steel plate. The
maximum value of contact pressure is observed at negative temperatures, which is associated with the
crystallization of the material and greater stiffness.

max o, . MPa _ maxsl,%
250 15
200 | 10
150
100 5
50
0
25;16' \ 25;16
T18.2 .
148 et 14812 0
, a, A4 a0 20 T,°C
a b

maxu, , mm max P, , MPa
0,35 130 +
0,30 . 120
0,25 110
0,20 100 |
0,15 90 |
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o,°C" 114 ¢ a0 20 T,°C
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Figure 6. Stress-strain response parameters as functions of temperature and thermal expansion coefficient:

a — stress intensity; b — strain intensity; ¢ — normal displacement with respect to the end face;
d — contact pressure at the interface between the interlayer and the spherical segment

S ource: made by Y.S. Kuznetsova.

The numerical modeling results of the bearing deformation are in good agreement with the data from
numerical and field studies [29; 30]. The nature of the stress distribution over the volume of the anti-friction
layer and the zone of localization of the maximum values are consistent with the data obtained in [30]. The
maximum stress and displacement values are also comparable to the data obtained in [29]. The relationships
between temperature and the stress-strain response parameters in the small operating temperature range
from —10 to 20°C were obtained in [30] for different load levels on the bearing; the relationships are
nonlinear, and it was observed that the parameters decrease with increasing temperature. The results are
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partially consistent with the current study, but cannot be quantitatively compared due to the geometric
configuration of the structures and different manufacturers of the sliding layer materials. PTFE obtained
from different powders, even using relatively similar molding technologies, have different mechanical
properties and reactions to external thermomechanical impact [31].

3.2. Periodic Load

As part of the analysis of the effect of periodic loading, it was established that load exposure does not
have a strong influence on the stress-strain response and contact parameters. This is due to the fact that the
exposure time is significantly less than the relaxation time of the materials.

The relationship between the maximum stress intensity value and the contact pressure on S K for 1, 3,

and 15 iterations of the loading cycle is shown in Figure 7. The results are presented for a maximum load
on the bearing of 1000 kN.

maxo; , MPa max P, , MPa

1 105 © ochud © Guile® “clad © Guie® *chud

95 Ny

AN —
r,°C 75 = . T.°C

-40 20 O 20 40 60 80

Figure 7. Relationship between the stress-strain response parameters and temperature under periodic loading:
a — stress intensity; b — contact pressure at S ; light red is PTFE; dark red is MAK;

blue is AR-200 solid is 1st loading cycle; dashed is 3rd loading cycle; dotted is 15th loading cycle
Source: made by A.P. Bogdanova.

It can be noted that there is an increase in the values of the parameters as the number of periodic load
cycles increases. The nature of the change does not depend on the number of load cycles.

Two-parameter relationships max 61 (7, N) and max Py (T,N) are shown in Figure 8. With a small

number of periodic load iterations, a smooth, insignificant increase in the parameters is observed across the
entire range of ambient temperatures. It was decided to increase the number of periodic load iterations to 50
and 100 cycles. The results are shown in Figure 9 at an ambient temperature of 30°C.

The maximum change in the parameters is observed during the first 5-8 loading cycles, after which the
parameters change slowly and reach an asymptote after 25 (PTFE), 54 (MAK), and 46 (AR-200) loading
cycles. It can be noted that the maximum stress intensity value is observed in the bearing with a PTFE
interlayer, and the minimum — with a MAK interlayer. The relationship between the maximum contact
stress value and the number of loading cycles of structures with layers made of different materials differs:
with PTFE and AR-200, a decrease in the contact pressure level is observed during the initial loading
cycles; with MAK, on the contrary, an increase is observed. The maximum contact pressure value is
observed with a MAK interlayer, and the minimum — with AR-200. The differences in the stress-strain
response and contact parameters of the structures with PTFE and AR-200 interlayers are insignificant, less
than 1.5%. The stress-strain response parameters of the structure with a MAK interlayer compared to PTFE
are: max oy 18 ~3% lower; max g; is ~20% lower; maxu,, is ~17.2% lower.
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Figure 8. Relationship between the stress-strain response parameters, temperature and periodic load cycle number, PTFE:
a — stress intensity; b — contact pressure at S’ K,

S ource: made by Y.S. Kuznetsova.
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Figure 9. Relationship between the stress-strain response parameters and the periodic load iteration, at 7= 30°C:
a — stress intensity; b — contact pressure at S K light red is PTFE; dark red is MAK; blue is AR-200
S ource: made by A.P. Bogdanova.

The maximum change in the parameters is observed during the first 5-8 loading cycles, after which the
parameters change slowly and reach an asymptote after 25 (PTFE), 54 (MAK), and 46 (AR-200) loading
cycles. It can be noted that the maximum stress intensity value is observed in the bearing with a PTFE
interlayer, and the minimum — with a MAK interlayer. The relationship between the maximum contact
stress value and the number of loading cycles of structures with layers made of different materials differs:
with PTFE and AR-200, a decrease in the contact pressure level is observed during the initial loading
cycles; with MAK, on the contrary, an increase is observed. The maximum contact pressure value is
observed with a MAK interlayer, and the minimum — with AR-200. The differences in the stress-strain
response and contact parameters of the structures with PTFE and AR-200 interlayers are insignificant, less
than 1.5%. The stress-strain response parameters of the structure with a MAK interlayer compared to PTFE
are: max oy 18 ~3% lower; max €y is ~20% lower; maxu,, is ~17.2% lower.

The relationships for the stress-strain response parameters of the bearing obtained in the analysis under
periodic loading are consistent with the results of [32]. The deformed state of the bearing reaches an
asymptote after a certain number of loading cycles, which depends on the materials of the sliding layer,
external loads, and environmental conditions.
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To minimize the deviation of the material behavior model from the actual object under study, it is
necessary to take into account the plastic deformation that has been established experimentally [4; 9; 22].
The construction of Anand’s elastic-viscoplastic model for a set of anti-friction materials is one of the areas
of development, including taking into account the effect of temperature on activation energy, initial
deformation resistance and sensitivity to deformation rate [33].

4. Conclusion

As part of the study, a numerical and experimental analysis of the behavior of three PTFE-based
materials, that can be used to varying degrees as relatively thin sliding layers of bridge bearing structures,
was conducted. The experimental studies included a dynamic mechanical analysis over a wide temperature
range. Numerical studies included an analysis of the behavior of materials described by viscoelasticity theory
under static and periodic loading, taking into account the ambient temperature ranging from —40 to +80 °C.

The following results were obtained in the course of the study:

1. The temperature dependencies of the storage modulus, loss modulus, and mechanical loss tangent
were determined for a set of anti-friction materials.

2. Models of the viscoelastic behavior of materials over a wide temperature range were constructed in
terms of the Maxwell model using Prony series and temperature-time analogy based on experimental data.

3. The deformed state of the sliding layers of the bridge bearing was investigated, taking into account
the viscoelastic behavior of materials under static and periodic loads in the operating temperature range.
It was found that structural modification of PTFE has a negligible effect on the behavior of the material
within the friction unit, while the design with a composite material (MAK) interlayer has improved the
stress-strain response parameters with a commensurate increase in the contact parameters at temperatures
below the vitrification/softening temperature.
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