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Abstract

The present article relates to the description of phenomenological relations of amorphous material
behavior within the framework of viscoelasticity and elastic-viscoplasticity theory, as well as to the
creation of its digital analogue. Ultra-high-molecular-weight polyethylene (UHMWPE) is considered
in the study. The model is based on the results of a series of experimental studies. Free compression
of cylindrical specimens in a wide range of temperatures [-40; +80] °C and strain rates [0.1; 4] mm/min
was performed. Cylindrical specimens were also used to determine the thermal expansion coefficient
of the material. Dynamic mechanical analysis (DMA) was performed on rectangular specimens using
a three-point bending configuration. Maxwell and Anand models were used to describe the material
behavior. In the framework of the study, a temperature dependence of a number of parameters was
established. This influenced the mathematical formulation of the Anand model, which was adapted
by introducing the temperature dependence of the activation energy, the initial deformation
resistance, and the strain rate sensitivity coefficient. Testing of the material models was carried out
in the process of analyzing the deformation of a spherical bridge bearing by a multi-cycle periodic
load. The load corresponds to the movement of a train on a bridge structure, without taking into
account vibrations. It is shown that the viscoelastic model does not describe the behavior of the
material accurately enough for quantitative analysis of the stress-strain state of the structure. It is
necessary to move on to more complex models of material behavior to minimize the discrepancy
between the digital analogue and the real structure. It is established that taking into account plastic
deformation while describing UHMWPE allows this to be done.

Keywords: amorphous material, UHMWPE; viscoelasticity; elastic-viscoplasticity; spherical bridge
bearing; polymer sliding layer; plastic deformation

1. Introduction

1.1. Target of Research

The purpose of the present work is to create a viscoelastic and elastic-viscoplastic behavior
model of low-friction polymer materials and to perform their comparative analysis. The study
employs an experimental methodology for investigating such materials, implemented here using
ultra-high-molecular-weight polyethylene (UHMWPE) as an example. The article also provides a
description of phenomenological relations for the stress-strain state of the material within the
framework of viscoelasticity and elastic-viscoplasticity over a wide range of operating temperatures.
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Testing of the material behavior models was carried out using the example of multi-cycle
deformation of a spherical bridge bearing with an antifriction UHMWPE layer.

The objectives of the study include:

1. Performing a series of experimental studies of deformation behavior of UHMWPE specimens,
specifically: dynamic mechanical analysis (DMA); measuring the thermal expansion coefficient
(CTE); free compression of cylindrical specimens.

2. Determination of phenomenological relationships to describe material behavior in modern
computer-aided design (CAD) systems, taking into account experimental data.

3. Formation of vectors of unknown parameters of viscoelastic and elastic-viscoplastic models
for further identification. Creation of numerical analogues of experiments for verification of model
identification results. Identification of phenomenological relation parameters based on experimental
data.

4. Approbation of the digital analogue of the material in the context of the problem of multi-
cycle deformation of a spherical bridge bearing with a sliding layer made of UHMWPE.

5. Analysis of the influence of UHMWPE mathematical models on the stress-strain state of the
antifriction layer of a spherical bridge bearing.

Complex phenomenological models will help to minimize the discrepancy between the real
structure and its numerical analogue. Experimental studies in a wide temperature range will make it
possible to evaluate the thermomechanics of the antifriction material.

1.2. Problem Context and Description

Polymers with antifriction properties are widely used in many fields of human activity [1-4].
Materials of this type are used as coatings and interlayers to minimize wear of the interface surfaces
of the elements. A distinctive feature of antifriction materials is their friction coefficients, which are
less than 0.2. They may be significantly lower than 0.2 and be only 0.01 or less under various operating
conditions [5,6]. Such materials are used as relatively thin protective, protective-strengthening, and
antifriction coatings and interlayers in various fields of science and technology. Antifriction materials
in friction units can increase the durability and reliability of the structure, its service life, and overhaul
periods.

Active development of the polymer industry makes it possible to replace conventional materials
with polymers [7-9], which leads to the positive effects: weight reduction, increased wear resistance,
improved friction properties, etc. Thus, the authors of [9] describe the revolutionary developments
of the polymer industry in the field of increasing the strength and reducing the weight of the material.
The role of polymers in future innovations is also emphasized. However, the introduction of new
materials often entails changes in the technological process, system geometry, and technical
documentation [10,11]. This, in turn, raises a question of mathematically describing the behavior of
the materials in conditions close to operational conditions for creating digital analogues [12].
However, formulation of the numerical analogues of the materials requires a large amount of
experimental data and the implementation of a rather complex mathematical apparatus [13-15].

Polytetrafluoroethylene (PTFE) is widely used among the antifriction materials [16-18]. The
material has the best anti-friction properties compared to analogues under high loads, heat resistance,
etc. However, it has limitations in use due to its high wear rate and low yield strength. This is
particularly evident in the systems operating under multi-cycle loading [19,20]. Nowadays, PTFE is
being replaced with new materials. UHMWPE is one of the possible alternatives to PTFE [21-23]. It
demonstrates better physical and mechanical properties [24-26] and also has a wider operating
temperature range.

The lack of information on the properties of antifriction polymers and composites is still noted
[27-29]. 1t is largely due to the constant improvement of the material formulations, as well as the
emergence of new manufacturers and new materials [30]. This significantly reduces the prospects of
using new materials in the industry. Quite a large number of experimental studies are required to
evaluate the behavior of the materials and formulate their numerical analogues. The main types of
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experimental studies are: DMA [31,32]; thermomechanical analysis [15,33]; constrained/free
compression [34]; tribological testing [35,36]; chemical analysis [37,38], etc. An experimental study
allows for an initial assessment of the possibility of using the material in certain technological
processes and operating conditions. However, for a quality-assuring approach, a synergy is used
between the experimental study and formulation of a numerical analogue of the material (of a
structure, a system) [39,40].

Mathematical models qualitatively and quantitatively characterizing the behavior of materials
are necessary to formulate a numerical analogue of structures and systems with minimal differences
from reality. The list of mathematical models that can be used to characterize polymers and
composites is quite wide. These are models describing materials within the framework of
elastoplasticity theory [28,41], viscoelasticity theory [28,42], and elastic-viscoplasticity theory [43,44].
Elastoplastic models can describe the behavior of a material both qualitatively and quantitatively.
However, they are limited to static problems [28]. Models of viscoelasticity and elastic-viscoplasty
theory should be used to predict material performance, taking into account the time factor. However,
using complex models increases the cost of computing resources. To minimize the cost of computing
resources, a preliminary evaluation of the models’ performance can be carried out in planar and
axisymmetric formulations. Two behavior models of the antifriction material were considered in the
current study: the viscoelastic model (Maxwell body) and the elastic-viscoplastic model (Anand
model).

Analysis of the deformation behavior of an L-100 spherical bridge bearing with a polymer
sliding layer is considered for testing the UHMWPE behavior models [27]. A bridge bearing is an
important structural element. A bridge bearing determines the maintenance-free service life of
bridgework as a whole [45-47]. Mathematical simulation of the antifriction layer material behavior
makes it possible to evaluate the operation of the structure in regular and emergency situations
[27,45]. Replacement of the antifriction layer material can also be considered using digital analogues
of the material and design [9].

An experimental research method providing a possibility of automatically identifying the
parameters of mathematical models was developed. Viscoelastic and elastic-viscoplastic material
behavior models are based on experimental data. A digital analogue of a spherical bridge bearing,
taking into account the multi-cycle loading, was formulated to test the models. A multivariate
analysis of the antifriction layer material behavior for various mathematical models describing its
behavior was carried out.

2. Materials and Methods

2.1. Experimental Study

A series of experimental studies must be carried out to determine the mathematical model of the
material. Two main types of experiments were selected: DMA and CTE determination using DMA
Q800 (TA Instruments; New Castle; Delaware; USA) (see Figure 1a); and uniaxial stress state (USS)
testing using Instron 685C-5 (Instron® Corporation; Norwood; Massachusetts; USA) (see Figure 1b).
A thermal field at sub-zero temperatures was created using liquid nitrogen as part of experiments on
a DMA Q800 unit. A 24-hour exposure at a preset temperature in an ST-64-70H temperature chamber
(SONACME Technology Co, Guangdong, China) was used to record the temperature during the USS
experiment. An AVE2 video extensometer (Instron® Corporation; Norwood; Massachusetts; USA)
was used to record the results of the uniaxial compression testing.
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(@) (b)
Figure 1. Experimental setups: a is DMA Q800; b is Instron 655C-5.

Cylindrical specimens 4x4 mm were used in the experiments for uniaxial compression and CTE
determination. Rectangular specimens with average dimensions of 60x12x3 mm were used in DMA
tests. A temperature range of —40 °C to +80 °C was considered. To ensure the static significance of the
results, at least 3 tests were conducted for each type of thermal strength loading. Experimental studies
were conducted on UHMWPE specimens (AlfaTech LLC, Perm, Russia). These specimens for
experimental testing are shown in Figure 2.

Brief experimental procedure:

1. DMA: Testing of the specimens is carried out according to the three-point bending principle. The
specimens are fixed with two clamps equipped with roller bearing supports. This eliminates the
clamping effect when the specimen is deformed. Gradual heating of the specimen to +80 °C takes
place in the measuring unit chamber during the 1st stage of the experiment. The heating time is
20 minutes. After reaching the required temperature, the specimen is kept at +80 °C for 10
minutes. An oscillating load is applied to the center of the specimen in the 2nd stage of the
experiment. The frequency of exposure is 1 Hz. Gradual cooling to —40 °C is carried out in
increments of 2 °C/min.

2. TEC: Testing of the specimens is carried out according to the free compression principle.
Cylindrical specimens are placed in compression clamps. To minimize compressive strain, a load
of 0.005 N is applied to the specimen. The load does not exceed 0.001% at a temperature of +80
°C. This allows the specimen to be more subject to thermal deformation. For the material under
consideration, CTE in the studied temperature range is assumed to be constant. This is due to the
fact that the glass transition temperature does not fall within the temperature range from -40 °C
to +80 °C (according to DMA results). At the first stage, the specimen was cooled from room
temperature to —40 °C. At the second and third steps of the experiment, the specimen was
gradually heated to +20 °C and +80 °C, correspondingly, with recording the temperature
deformations of the specimen.

3. USS: Testing of the specimens is carried out according to the free compression principle. Before
testing, the specimens were kept for 24 hours at the preset temperature in a specialized thermal
chamber. Additional elements and media were used for forming the interface of the specimens
with the press plates to minimize friction and barrel distortion: TSIATIM-221F grease and teflon
film. The scheme of connecting the specimen with the experimental unit plates is as follows:
grease — teflon film — grease — specimen. This treatment pattern was used on all mating surfaces.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The following four strain rates were considered: 0.1 mm/min (2.5%/min), 1 mm/min (25%/min),
2 mm/min (50 %/min), and 4 mm/min (100 %/min).

5‘%"‘ . > »
VN9 98-8 % 4 »
(d)

Figure 2. Samples: a-c are rectangular for DMA; d-f are cylindrical for USS and TEC.

DMA makes it possible to obtain data without leaving the linear viscoelasticity zone. This
provides a means for characterizing the material using simple models, such as a generalized Maxwell
body [48]. In the experiment, the specimen is subjected to periodic action with a frequency of 1 Hz
with a temperature change of 2 °C/min. The time dependence of stress (1) and strain (2) is as follows:

o(t)zco sin(wt+(p), (1)

e(t)zso sin(wt). 2)

where o, is maximum specimen stress; ¢, is maximum specimen strain; ¢ is lag angle. The last

parameter characterizes the phase shift of stress and strain. A graphic illustration of the phase shift
is shown in Figure 3.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Phase shift angle.

The phase shift angle is a parameter for evaluating the viscoelasticity of the material. A body has

0; /2 : :
viscoelasticity properties if the phase shift angle is in the range ( n/ ) . This parameter makes it

possible to go to the Young modulus components:

E'=o,/¢,c0s(¢), 3)

E'=0,/¢,sin(¢p), 4)

where E' is a storage modulus, and E” E" is a loss modulus. The storage modulus shows the
effect of the elastic part on the deformation behavior of the specimen, and the loss modulus shows
the effect of its viscous part.

The complex elastic modulus is determined by formula (5) viaE' and E":

E=\J(EY +(E) . (5)

Studying the material only within the linear theory is the main limitation. It can result in large
discrepancies with respect to the actual behavior of the material, since plasticity is observed in
materials of this class [49]. Taking into account the plastic deformation of the material plays an
important role in obtaining a high-quality digital analogue.

A series of USS experiments at various temperatures and strain rates was conducted to
determine the level of plastic deformations. During the experiments, the actual displacement values
were recorded. The forces were determined on the crosshead, and for the transition to stress and
strain, the following relationships were used:

o=F/s, (6)

e=Ah/h,, (7)

where F is a force on the crosshead; S is a contact surface area; Ah is the specimen height

change; h, is the initial specimen height.

0

2.2. Mathematical Models of Material Behavior

The specification of mathematical models of materials’ behavior is an important trend in
computer engineering development. A high-quality specification of materials’ behavior makes it
possible to predict the behavior of the structure with greater accuracy. Identification of the empirical
parameters of mathematical models is based on the author’s algorithm [32]. To do this, it is necessary
to form a vector of unknowns for each of the considered material behavior models.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.2.1. Viscoelastic Model

The viscoelastic model is widely used to describe the behavior of amorphous materials [50,51].
A Maxwell body is one of the most common models [52]. The model makes it possible to describe the
time dependence of the complex elastic modulus. The general form of the defining relation is:

c=jzc(t_T)é(T)dT+1I1<(t_T)e(T)dT, ®)

0

where o is the Cauchy stress tensor; € is strain deviator; 6 is volumetric deformation; I is unit

vector; G (t), and K (t) are shear modulus and bulk compression modulus, correspondingly.

Due to the condition of the constancy of the bulk compression modulus, relation (8) takes the
form (9):

0‘=j2G(t—T)é(T)dT+IK9. ©)

0

Prony series are used to describe the dependence of the shear modulus on time:

G(t)=Gy (e + X5 (e ™)), (10)
where G, is the initial value of the shear modulus at t=0; «, is relative shear modulus; N , is the

number of members of a series; T, is relaxation times. From the conditions G, =G|_, G, = G|H€ it

NP
follows that o, =G, /G, , Z(xi =(G0—Gw)/G0 . The reference time is used to describe the
i=1

temperature effect:
T, = Ti/AWLF (T)' (11)

where A,,; (T) =C, (T -T ) / [CZ + (T -T )] is Williams-Landel-Ferry (WLF) temperature-time
similitude; C,, and C, are empirical constants; T is temperature at a current moment of time; T

is glass transition temperature. Taking into account the WLF temperature-time similitude, relation
(10) takes the form:

G(t)=Gy (et + X (e ™)) (12)

For the transition to the elastic modulus, we use relation (10):
N e
E(t)=E,(B.+ X5 (Be ). (13)

where E; is the initial value of the shear modulus at t=0; {3, is the relative elasticity modulus.

Let us assume that the relaxation times for shear and tension/compression coincide. Then the
relation for the relative elastic modules can be represented as:

=20, D, (14)
where D= [(GO -G, ) E, ] / [(Eo -E_ )GO] . The dependence of the initial and final shear modulus on
elastic modulus has forms G, =E; / (2 +2v, ) , G =E, / (2 + va) . The Poisson ratio at the final time
moment can be found from the relation K, =K =E_ / (3 - 6\/00) . This is due to the constancy of the

bulk compression modulus K  =E, / (3 - 6V0) = const . The formula for determining the Poisson ratio

at the final time moment is

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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v, =05-E,[(6K). (15)

The parameters of the Maxwell body viscoelastic model described with the Prony series can be
found from the tension/compression experimental data. The defining relation in the case of uniaxial
tension/compression takes the form (16):

G(t)z.:[[Ew +E, Y (B )st(w). (16)
Taking into account formula (2), relation (16) can be transformed to the form (17):
o(t)=¢, {sin(wt)[Ew +@E, Y B, (14 w? )J + cos(wt)wE, >t B, /(141w )} .oan
Similar to (3) and (4), the storage modulus (18) and loss modulus (19) will have the form

E=E, +@’E, Y "7, [(1+17w?), (18)

E'=wE, > B, [(1+77w?). (19)

The storage modulus and loss modulus are determined experimentally.
The vector of unknowns for the model being considered will have the form:

x={B,i=1,N,;C;C,;T|. (20)

2.2.2. Elastic-Viscoplastic Model

The Anand model is actively used for describing the elastic-viscoplastic behavior of various
materials [53-55]. The possibility of a more accurate description of the material appears due to the
consideration of activation energy, the strain rate parameter, and other empirical parameters of the
model. The defining relation of the elastic-viscoplastic behavior has the form:

& (t) =5, (£)(3/2 90y, ). 1)

where & is the tensor of viscoplastic strain rate; &} = 2/ 3(%” : é”) is equivalent viscoplastic strain

rate; §=6(t)—0(t)1§ is stress deviator; o(t):zsloﬁ(t)/CB is mean stress; oEqv=4f3/2(§:§) is
i=1

equivalent stress. The equivalent viscoplastic strain rate is formulated with a number of empirical
parameters:

Equ

&, = Ac'" [ sinh (20, /s)]l/m , (22)

where A" —k is the Arrhenius equation, defining viscosity by the expression n=1/k; A is
pre-exponential factor; U is activation energy; R is universal gas constant; T is absolute
temperature; s is yield strength initial value; m is strain rate sensitivity factor; & is empirical
constant.

The evolutionary equation for yield strength has the form (23):

= (18] B/lp

} ’ (23)

B=1-s/s (24)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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s = §[é” /Ae”/RT T , (25)

Equ

where h is the hardening/softening parameter; a is the strain rate sensitivity factor for

hardening/softening; 5 is yield strength saturation parameter; n is rate to yield strength change
sensitivity parameter.
The vector of unknowns for the elastic-viscoplastic model has the form:

x:{so; U, A; &m; hy; s; n; a}. (26)

The standard Anand model has limitations when describing amorphous materials [56]. To
improve the quality of the material behavior description, the dependence of a number of parameters
on temperature will be introduced into the model: of activation energy (27), of yield strength (28),
and of the strain rate sensitivity factor (29).

U(T) _ u1 (1 + uzeu3/(T+273.15) ) (1 + u4eU5/(T+273.15) ) ) (27)
5, (T) =5, (1 + 8026503 /(T+273.15) )(1 + 5048505 /(T+273.15) ) ) (28)
" (T) —m, (1 + mzema/(T+273.15) )(1 + m4em5/(T+273.15) ) ) (29)

where U,,s,.,m, arethe empirical parameters of relations (27)-(29).

The resulting vector of unknowns of the elastic-viscoplastic model takes the form:

x:{lli;s()i; m,; A; & hy;s; n;a},i:1:5. (30)

2.3. Spherical Bridge Bearing Model

Deformation behavior analysis of a spherical bridge bearing L-100 (AlfaTech LLC, Perm, Russia)
was performed for various behavior models of the UHMWPE antifriction layer. The problem is
considered in an axially symmetric formulation and includes a contact assembly comprising a top
steel plate with a polished spherical segment (1), a bottom steel plate with a spherical cutout (2) for
the antifriction layer (3) (see Figure 4). The model does not take into account cavities for lubricant in
the antifriction layer (3). The axially symmetric model of the structure allows testing material
behavior models of the antifriction layer under different loading conditions without any significant
computational power costs.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Computational scheme of the spherical bridge bearing: 1 and 2 are top and bottom steel plates,

correspondingly; 3 is polymer sliding layer.

h=h +h +h,=20+4+30
(=t b, )

The overall dimensions of L-100: total height 54 mm , width and

B=2b
depth 155 mm ( ) ; the height of the layer edge not contacting with the bottom steel plate (the

o, =30
antifriction layer protrusion) is approximately 2 mm, the antifriction layer slope angleis 7

°

At the interfaces of the antifriction layer with steel elements of the structure, a friction contact is
implemented with an unknown in advance distribution pattern of the contact state zones (sticking,
slipping, non-contact) [57]. The mathematical formulation of the problem and the analysis of the
system digitalization degree effect on the numerical solution were previously described in [58]. The
characteristics of the finite element scheme, as well as finite elements and characteristic features of
the problem simulation, are considered in [57]. The problem was implemented using the finite
element method in ANSYS Mechanical APDL 2021R2 (Livermore, CA, USA).

Cyclic loading of the bridge bearing is considered to analyze the operation of the material model
considered in the context of viscoelasticity and elastic-viscoplasticity theory. The loading cycle is
shown in Figure 5.

A sinusoidal increase in the load level takes place once in 10 minutes loading cycle: the minimum
level corresponds to the absence of load from transport on the bridge bearing; a sinusoidal increase
in the load corresponds to transport passing along the bridge bearing. The model makes it possible
to estimate the stress-strain state of the structure in a first approximation for various behavior models
of the antifriction layer under multi-cycle loading conditions.

P, MPa

1
I P, MPa '
40 e | 40 :
1
3 ¥ I 35 T :
1
30 : 1 : 30 / \ :
N |
25 L I o5 l
11 0 o A B -
! 1 1
20 | — ' 20 !
: : - . 1
15 ! ! Y dtmin |15 t,min !
0 20 40 60 L 49 495 50 50.5 51 |
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Figure 5. Loading diagram of a spherical bridge bearing: on the right, a red rectangular area is shown enlarged,

demonstrating one loading cycle.
3. Results

3.1. Experimental Studies

3.1.1. Dynamic Mechanical Analysis

The characteristics of the storage modulus E', loss modulus E", and the loss angle tangent,

defined with the formula 21"9= E/E

are presented in Figure 6.

, were obtained in a series of tests. The average characteristics
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Figure 6. Temperature dependences of the storage modulus, loss modulus, and the loss angle tangent of
UHMWPE.

The storage modulus decreases as the temperature increases. As the elastic modulus decreases,
the material becomes more plastic. The conclusion that the glass transition/softening temperature of
the UHMWPE material does not fall within the range under consideration can be made by analyzing
the change in the loss modulus and the loss angle tangent.

3.1.2. Free Compression of the Cylindrical Specimens

In the series of conducted experiments, all tested specimens were subjected to 10% deformation
from their original height at various strain rates and temperatures. The specimens before and after
straining are shown in Figure 7.

The difference between the experimental data in the temperature range is on average about 2—
5% at a low strain rate of 0.1 mm/min. It decreases with increasing strain rate and is less than 1%. The
arithmetic mean value of the experimental data for all strain rates was obtained at various
temperatures. Displacement-force dependencies were recalculated to stress-strain dependencies. The
free compression modulus and the Poisson ratio were obtained based on relations of Section 2 for the

(a) (b) (c)

temperature range [-40; +80] °C.
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Figure 7. Cylindrical specimens: a is before straining; b, c are after straining at different angles.

The free compression modulus and the Poisson ratio were approximated using relations (31)
and (32), correspondingly:

E-E, (E2 + eE3/(T+273415) )(E4 + eE5/(T+273.15) ) ) (31)

v=v, (V2 + ev3/(T+273A15) )(V4 + evs/(T+z73A15) ) , (32)
where E —-E;, v,—v, are empirical constants (see Tables 1 and 2, correspondingly).

The obtained results are presented in Figure 8.

Table 1. Empirical constants for description E .

Empirical constants E,,MPa E E., K E E.,K
7 3 5

2

Value 2121x10° 6.388x10° 2048  6.014x10°  —1355

Table 2. Empirical constants for description v.

Empirical constants v, v, v,, K v, v., K
Value 0.00016 -0.95978 5.912088 61666.38  229.2025
E, GPa v

0.46 1

1.7 ‘
0.45 —-r-"‘"‘

14 \ 0.44 /t/

\\ 0.43 L/

1.1 i\\ 042 / /‘

0.8 | —®T,°C 041
40 20 0 20 40 60 80 40 20 0 20 40 60 80

(a) (b)

Figure 8. The elastic modulus and the Poisson ratio dependencies on temperature, obtained in the series of USS

tests: dots is averaged data; solid line is approximation.

The elastic compression modulus decreases with increasing temperature, and the Poisson ratio
increases.

3.1.3. Thermal Expansion Coefficient

UHMWPE under consideration has a stable structure in the temperature range [-40;+80] °C
(determined by DMA), and therefore, CTE was measured at two control points: -40 °C and +80 °C.
The discrepancy between the measurement results is less than 1%. The average value
a=181328x10"

3.2. Identification of Mathematical Models

Based on experimental data, material behavior model parameters were obtained. Identification
was performed as part of a parameterized optimization algorithm. The algorithm includes the
possibility of choosing: a) the simulation model of experiments (three-point bending, free
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compression); and b) the material behavior model. The iterative procedure of searching parameters
of the vector of unknowns is stopped when the difference between experimental data and simulation
model becomes less than 5%.

3.2.1. Maxwell Model Based on the Prony Series

A single vector of unknown parameters is determined for the entire temperature range. The
dependences of the relative shear modules on the relaxation time were determined (see Figure 9).
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Figure 9. Relative shear modules distribution depending on relaxation time.

The effect on the change in the material shear modulus decreases with increasing relaxation time.
The total impact on the change in shear modulus does not exceed 2% with a relaxation time of

T, >10"
i seconds.

3.2.2. Anand Model

The parameters of the Anand elastic-viscoplastic model were also determined. The dependence
of the yield strength initial value on temperature is one of the key factors. The stress level for exiting
the elasticity theory can be estimated based on the following parameter (see Figure 10).

The yield strength initial value depends on temperature non-linearly. The parameter value
decreases with a damping effect as the temperature increases. This may indicate that the yield
strength initial value will not be lower than 0.8 MPa with increasing temperature. A rapid increase
in yield strength is observed with decreasing temperature. This indicates that the material is close to
its glass transition/softening temperature. However, it does not fall within the range being
considered. Further experiments will be required to determine the glass transition/softening
temperature in future studies. This will cause additional difficulties in generating sub-zero
temperatures of less than —40 °C in experiments using liquid nitrogen.
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Figure 10. Yield strength initial value dependence on temperature.

The activation energy temperature dependence is shown in Figure 11.

U1, kJ/mole
16 7~

R
|

T e R S Rt

0 [ R S .-

: , UC
0 40 60 80

|
S~
o
|
N
()
O Ao
|| S S

Figure 11. Activation energy dependence on temperature.

Activation energy dependence on temperature is close to linear. Its parameter corresponds to
the range of values of polyvinylchloride, which relates to amorphous materials.
Figure 12 demonstrates the temperature dependence of the strain rate sensitivity factor.
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Figure 12. Temperature dependence of the strain rate sensitivity factor.
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The strain rate sensitivity factor has a slight variation of values within the temperature range,
less than 0.01%. It can be considered as constant if necessary. This will entail an additional minor
error when simulating the material behavior of actual structures and systems.

3.3. Numerical Simulation of the Stress-Strain State of an L-100 Spherical Bridge Bearing with Various
Antifriction Layer Material Models

The analysis of the material behavior of the L-100 bridge bearing in an axisymmetric formulation
for multi-cycle loading was conducted in the present study. This was done as part of testing and
evaluating thermomechanical models of UHMWPE, which was used as an antifriction layer. The
multi-cycle loading effect on the deformation behavior of the material was considered for the constant
temperature field. The behavior of the antifriction layer structure and material in the first
approximation was considered for three temperatures —40 °C, +20 °C, and +80 °C.

The dependence of the bridge bearing settlement on the number of loading cycles is illustrated
in Figure 13.

i, mm

u’

— “4OUC
— +20°'C
e— ‘I’SOUC

Figure 13. Bridge bearing settlement dependence on the number of loading cycles: solid line is elastic-viscoplastic

model; dashed line is viscoelastic model.

The distribution pattern of vertical displacement of the bridge bearing (the settlement) is
nonlinear. Fluctuations of the parameter are associated with the solution of the contact problems and
redistribution of the contact statuses in the course of the iterative solution procedure. The settlement
reaches an asymptote with an increase in the number of loading cycles. The maximum level of the
bridge bearing vertical displacement with an elastic-viscoplastic model of the material is larger than
with a viscoelastic model. This is due to taking into account the plastic deformation of the material,
which is observed in this class of materials [59]. The discrepancy between the results decreases at
elevated temperatures. The obtained level of maximum vertical displacement of the bearing is
consistent with data obtained from static and cyclic laboratory and field tests [60,61].

The dependence of the maximum normal displacements of the relative free edge of the

S
antifriction layer > on the number of loading cycles is illustrated in Figure 14.
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— _40()C
— +20°'C
— +30°C

S
Figure 14. Dependence of the maximum displacement level of the end face of the antifriction layer ' on the

number of loading cycles: solid line is elastic-viscoplastic model; dashed line is viscoelastic model.

S
The dependence of the maximum displacement level of the end face of the antifriction layer

on the number of loading cycles is nonlinear. Fluctuations of the parameter are associated with
changes in the distribution pattern of the contact statuses on the interface surfaces. The maximum
normal displacements of the elastic-viscoplastic model are, on average, 70% higher. The viscoelastic
model significantly underestimates the level of the relatively free edge of the antifriction layer.

The elastic-viscoplastic model makes it possible to estimate non-reversible deformations of the
antifriction layer. This is its significant advantage over the viscoelastic model. The most dangerous
area for the occurrence of such deformations is a stress concentrator in the form of a metal shoulder
of the bottom steel plate, contacting with the antifriction layer. The dependence of the maximum
plastic deformation values of the antifriction layer on the number of loading cycles is shown in Figure
15.

— 40°C
— +20°C
— +80°C

Figure 15. Dependence of the maximum plastic deformation values of the antifriction layer on the number of

loading cycles: solid line is elastic-viscoplastic model; dashed line is viscoelastic model.

The growth of plastic deformations results in an increase in the other parameters of the stress-
strain state of the structure. Localization of plastic deformations indicates a risky area of the structure:
the metal shoulder of the bottom steel plate. When evaluating the geometry of this part of the
structure, the operability of the structure should also be assessed in further studies. The level of
plastic deformations in the bulk volume of the sliding layer material is insignificant, less than 1% (see
Figure 16).
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Figure 16. Plastic deformations of the antifriction layer after 2000 loading cycles: red oval is the area near the

layer end face with a stress concentrator; violet-colored oval is the area of the maximum plastic deformation
level (stress concentrator); black rectangular area is simplified diagram of the bridge bearing near the end face
of the layer.

The level of plastic deformations does not exceed 1% in the central part of the layer. The level of
plastic deformations near the end face of the layer after 2000 loading cycles is about 9% (without
taking into account the stress concentrator). Without taking into account plastic deformations of the
material, it is possible to obtain overestimated stress values in the polymer antifriction structure. This
is confirmed by the current results (see Figure 17).
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Figure 17. Dependence of the maximum plastic deformation values of the antifriction layer on the number of

loading cycles: solid line is elastic-viscoplastic model; dashed line is viscoelastic model.
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In the viscoelastic model, the equivalent stress strongly increases with increasing the number of
loading cycles. However, in the elastic-viscoplastic model of the antifriction layer material, the
equivalent stress value significantly decreases with an increase in the number of loading cycles. This
indicates a softening of the material during the deformation process. These effects are caused by the
presence of a stress/strain concentrator.

The pattern of the stress distribution over the volume of the antifriction layer and maximum
values localization zone are consistent with the data obtained by Deng et al. [62]. The PTFE
antifriction layer responds the temperature change in a different way [62]: increasing temperature
results in a decrease in the level of the stress-strain state parameters. This may be due to the fact that
the glass transition/softening temperature of the material falls within the considered temperature
range [-10;+20] °C.

Using the material behavior models in the framework of the viscoelasticity theory leads to
significant underestimation of the deformation level parameters and overestimation of the stress state
parameters. The viscoelastic material behavior model of the antifriction layer has a large number of
limitations when analyzing the behavior of real structures.

4. Discussion

4.1. Limitation Statement

For the current study, the following limitations were set:

- The temperature range from —40 °C to +80 °C was considered. However, in the bridgeworks,
temperatures may occur that fall outside the range under consideration [63,64].

- There is no experimental study of the stress concentrator and its geometry effect on the
destruction of the polymer sliding layer.

- No studies of material creep and relaxation have been conducted, but this is important for
forming a material behavior model with minimal deviation from reality [65-68].

- Deformation of the structure is considered in an axisymmetric formulation, which does not
allow taking into account cavities for lubricant in the antifriction layer in the form of spherical
indents.

- Oscillations of the bridgework are not considered when modeling multi-cycle loading during
train movement [69-72].

4.2. On the Possibility of Replacing the “Plastic King” with Modern Polymers and Composites

PTFE has been used as the antifriction layer material of bridge bearings and pivot mechanisms
for decades since the beginning of the design of steel balance beams [2,73]. New and modified bridge
bearing structures are also designed with an antifriction layer made of PTFE [62,74]. However, cases
of bearing failure due to plasticity or creep of the antifriction sliding layer during loading from the
bridge span are noted [75]. The stress-strain state of a structure with a PTFE antifriction layer is
significantly inferior to analogues with antifriction layers made of modern antifriction materials. The
level of the normal displacements of the end face of the layer made of this material is 25-30% higher
than in structures using composites based on it, and 85-90% higher when modern antifriction
materials are used [73]. A permanent increase in the tonnage of bridgeworks has further revealed the
shortcomings of PTFE antifriction layers [2]. PTFE limitations and the need to modify it by
introducing various additives or replacing it with modern polymers and composites are
comprehensively discussed by the scientific community [76-78]. UHMWPE is considered as an
alternative to PTFE, including for the purposes of friction units [2,20,79,80], because it can better
retain its shape and structural integrity, is more resistant to erosion, has improved shear strength, etc.

World leaders in the design and manufacture of bridge bearings, MAGEBA SA (Bulach,
Switzerland) [81] and MAURER SE (Munich, Germany) [82], are also abandoning the use of PTFE as
a sliding layer. The highly-durable and wear-resistant material based on modified high-molecular-
weight polyethylene ROBO®SLIDE is used by MAGEBA SE for antifriction layers [81]. Modified
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UHMWPE with various additives MAURER Sliding Material (MSM®) is a patented material of the
bridge bearing sliding layers manufactured by MAURER SE [82-84]. However, Adamov et al. note
the lack of data on the properties of the materials considering operating temperatures and nonlinear
effects in the public domain [5]. This is a limiting factor for the implementation of UHMWPE, its
compositions and modifications, as well as the other alternatives in friction units. The current
material provides data on the thermomechanical and physicomechanical properties of one of the
UHMWPE variants. The data can form the basis for digital analysis of the possibility of using
UHMWTPE as coatings and antiftiction layers for highly loaded friction units.

Currently, UHMWPE can be compared with PTFE within the DMA (see Figure 17). The
experiments have been fully conducted and processed.
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Figure 17. Comparison of the experimentally determined thermomechanical properties of PTFE and UHMWPE:

a is storage modulus; b is loss modulus.

PTFE glass transition/softening temperature falls into the temperature range being considered.
This is indicated by a decrease in the storage modulus and a peak of the loss modulus observed in
the temperature range from 0 to 20 °C. The glass transition/softening temperature is 8-14 °C,
depending on different definition theories. PTFE is less resistant to temperature changes. The material
changes from a glassy state to a rubbery state in the operating temperature range of the bridge
bearing. In the range of +30 °C, UHMWPE exhibits a higher elastic response than PTFE. The viscosity
of UHMWPE is higher than that of PTFE in two temperature ranges, from -40 °C to +20 °C, and from
+30 °C to +80 °C.

Besides, numerical simulation of PTFE viscoelastic behavior was performed. Free compression
tests and CTE determination of the material must be carried out. They are planned for the end of 2025
— beginning of 2026. Comparative analysis of the materials will be carried out as part of the study
development after formation of the modified Anand model for PTFE based on an identical set of
experimental data. The PTFE thermal expansion coefficient will have a more complex dependence on
temperature. This can be assumed since its glass transition/softening temperature falls into the
temperature range under consideration. This fact will have an impact on the experiment. This would
require increasing the number of control points within the experiment, as implemented by Shardakov
et al. [85].

Whether it can be said that the “plastic king” [86] (PTFE) has gradually begun to lose its crown,
time will show. However, the first steps toward changing the favorite in the field of antifriction
polymer materials have already been made. The current work also confirms that there are materials
with a more stable structure over the operating temperature range of bridgeworks. The presented
materials can be widely used not only in the design of bridgeworks, but also in other branches of
science and technology [1,87-89].
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5. Conclusions

An experimental study of UHMWPE aimed at determining the thermomechanical,
thermophysical, and physical-mechanical properties in a wide temperature range was carried out as
a part of the current work. Phenomenological relationships of viscoelasticity and elastic-
viscoplasticity were created to describe the behavior of the material. Maxwell and Anand models
were selected to evaluate the feasibility of their application to describe the thermomechanics of
UHMWPE. The temperature dependence of a number of parameters had to be introduced into the
Anand model to modify it to minimize the discrepancy between the digital model and the test data.
Vectors of unknown parameters of models for CAD systems (ANSYS, ABAQUS, etc.) were formed
and identified based on the experimental data.

Material behavior models were tested within the framework of the spherical bridge bearing
stress-strain state analysis under multi-cycle loading conditions. It was established that the
viscoelastic model made it possible to obtain underestimated deformation characteristics and
overestimated stress state parameters. Taking into account the plastic deformation of UHMWPE is
necessary for forming a high-quality digital analogue of both the material and the structures and
systems in which it is used.

Expansion of the phenomenological relations of the Anand model by the introduction of the
temperature dependence of a number of parameters is an important part of the current work. It has
been established that the viscoelastic model in the form of a generalized Maxwell body is insufficient
for describing material behavior under multi-cycle loading conditions. The elastic-viscoplastic model
demonstrated its efficiency and can be used to describe a number of materials, such as polymers,
composites, grease lubricants, etc.
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