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Abstract

The temperature change in rubber components during operation results in a change in its transfer function and affects service
life. In this study, the phenomenon of self-heating and its effect on the resulting forces is examined experimentally under
different loading conditions using a test rig that applies a rotating shear load. The observed phenomenon from the tests
was modelled using a finite viscoelastic model based on the multiplicative decomposition of the deformation gradient. The
simulation results of the surface temperature and the resulting forces using the implemented material model showed good
agreement with experimental results. The test rig and the simulation model can be used to characterise rubber materials
and therefore, allow the prediction of the temperature distribution and the transfer function of rubber components under

operational conditions.
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Introduction

In the development phase of rubber components, two impor-
tant considerations are considered, viz. its transfer function
to other components and how long it will maintain its func-
tionality, i.e., its life cycle. The transfer function and the
life cycle are both affected by the self-heating phenomena
of rubber materials. In the literature, several experimental
investigations and numerical simulations were performed
to understand this phenomenon. The self-heating under
cyclic loads was studied by Peter et al. [20] for a cylindrical
specimen under different rotational speeds using the heat
buildup analyser introduced by Stocek et al. [29]. A numeri-
cal approach was suggested, where the dissipation energy
is calculated from the strain energy density using a dissi-
pation constant. The dissipation constant and the thermal
parameters, such as heat convection coefficient and thermal
conductance, were determined so that good agreement with
the experiment is achieved. The workflow in [20] was imple-
mented using Ansys Workbench, and the temperature inside
and outside the sample corresponds well to the experimental
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data. A similar procedure for calculating the self-heat was
introduced by Banic et al. [2]. The simulation results were
verified against experimental results using an example of a
rubber spring subjected to dynamic uniaxial compression
loading. For the same loading on the heat build-up analyser,
Werner et al. [30] proposed a new approach for simulating
the heat build-up while considering the temperature depend-
ence of the mechanical properties. The calculation procedure
is performed iteratively, where in the first step, the dissipa-
tion due to cyclic loading is obtained and the steady-state
temperature is calculated. The average temperature along the
rubber cross-section is then used to adjust the mechanical
properties for the dissipation calculation in the next iteration.

Cruanes et al. [6] proposed an experimental thermo-
mechanical law based on the evolution of the self-heating
derivative with respect to the number of cycles during
fatigue tests. The proposed law shows a good fit, irrespec-
tive of the sample’s shape or volume. Demonstrating the
self-heating on an example of a solid tyre, He et al. [10]
calculated the heat build-up using the Endurica CL workflow
[17]. Two simulations are conducted separately, structural
analysis and thermal analysis. The structural analysis is used
to obtain the strain history which is then provided as an
input to the dissipation calculation. In the dissipation calcu-
lation, the heat generation rate is estimated from the given
strain history using the Kraus model [14]. The dissipation
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and the surface temperature are calculated iteratively until
a convergence of the temperature results is obtained. The
introduced workflow provides simulation results with a good
agreement with the test data. Thermomechanical constitutive
models describing the dissipation behaviour and self-heating
of elastomers were proposed by Lion [16], Reese and Govin-
djee [21], Behnke et al. [4] and Boukamel et al. [5]. In the
work by Rodas et al. [24], a finite viscoelastic constitutive
model was developed to predict the heat build-up in rub-
bers during low cycle fatigue. The model was compared to
the experiments using an example of a specimen subjected
to tensile cyclic loading. The loading conditions, such as
strain rates and strain amplitudes, were varied. The tem-
perature dependence of the mechanical properties was not
considered, as the surface temperature increase is not high.
The model showed good agreement with the experimental
results. Dippel et al. [8] performed different tests to investi-
gate the time and temperature dependence of the mechani-
cal properties of elastomers. A thermo-mechanical coupled
material model based on the multiplicative decomposition
of the deformation gradient into thermal and mechanical
parts was developed. The effectiveness of the model was
shown through experimental results of tension tests at dif-
ferent temperatures. Johlitz et al. [11] simplified this model
[8] so that no thermal mechanical split of the deformation
gradient is needed. The two models [8, 11] show the effect
of the deformation amplitude and frequency on the heat dis-
sipation behaviour of elastomers. Schroder et al. [25] per-
formed numerical studies using a modified model of finite
viscoelasticity to examine the dependence of the temperature
profile on applied frequencies and amplitudes. Additionally,
a parametric study was conducted to investigate the influ-
ence of boundary and initial conditions on the self-heating
effect. The derivation and the implementation of the thermo-
mechanically coupled material model as a user subroutine in
Abaqus (UMAT) was discussed in [26].

Abdelmoniem and Yagmili [1] conducted numerical
studies on the self-heating phenomenon and its effect on
the applied loading conditions using a cylindrical sample
subjected to a rotating shear load as an example. A thermo-
mechanically coupled model, based on the suggested
model by Simo and Hughes [28] for finite viscoelasticity,
was implemented in Abaqus software. The temperature
dependent viscosity was considered through the WLF (Wil-
liams—Landel-Ferry) equation [31]. The investigation dem-
onstrated the impact of self-heating on the induced force due
to viscoelasticity and how the thermal boundary conditions
of the setup influenced the resulting forces. The simulated
rotating shear loading in [1] was initially introduced by the
experimental setup developed by Gent [9]. This type of
loading introduces an out-of-phase force component due to
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viscoelasticity, which affects fatigue life, as discussed by
Klauke [13]. The out-of-phase force was simulated using the
morph model by Juhre et al. [12] and by using the model of
endochronic plasticity by Baaser et al. [3].

In this study, an experimental set-up is introduced to
apply rotating shear load to cylindrical specimens. The sur-
face temperature development is measured, and the effect
of the self-heating phenomenon on the resulting forces is
examined and discussed. A finite viscoelastic material
model, based on the multiplicative decomposition of the
deformation gradient, is used to describe the experimentally
observed phenomena. The numerical analysis is like the one
conducted by the authors in [1], except the material model
used is more suitable in terms of thermodynamic consist-
ency and other aspects concerning the physical responses of
the used Maxwell elements. Those aspects were discussed
in detail by Yagimli et al. [32]. This paper is structured
as follows: In the first section, the experimental set-up is
introduced, and the experimental measurements are shown
and discussed. The second part presents the material model
used in the study. In the third part, the simulation model is
described, and the simulation results are discussed. Finally, a
comparison between the simulation results and experiments
is performed.

Experimental set-up and experimental
results

For the application of the rotating shear load, the setup
shown in Fig. 1 was implemented. The rubber specimen
(1) was clamped between the upper and lower shafts using
standard tool holding collets. The lower bearing block was
fixed on a force sensor (3) capable of measuring forces in
the radial, axial, and transverse directions, as well as result-
ing moments. Surface temperature was measured using the
infrared sensor (2), and the number of rotations was counted
using the photoelectric sensor (4). The experiment was per-
formed in two steps. After clamping the sample, in the first
step, the lower bearing block was displaced in the radial
direction, subjecting the sample to simple shear deforma-
tion. In the second step, the motor was turned on, and the
sample rotated at a speed adjusted by the speed adjustment
knob (5). The sample was a standard rubber buffer made of
natural rubber (NR) of shore hardness 55A. A drawing of
the rubber sample is shown Fig. 2. In operation, these rubber
buffers are designed to dampen shocks and isolate vibrations
from machines. The contoured profile in the sample effec-
tively reduces high loads during radial deflections, thereby
increasing the component’s lifespan.
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Fig. 1 Experimental set-up for
rotating shear loading

Fig.2 Sample geometry (a) and
the direction of the forces (b)

| 1- Rubber specimen

2- Temperature sensor
3- Force sensor

4- Photoelectric sensor

5- Rotation speed adjustment

Axial force

/Transverse force
b

==l

Radial force

(a) Geometry and dimensions

Four steps loading experiment

In the first experiment, the loading was applied in four
steps. In the first step, the specimen was deformed 6 mm
in the radial direction and the radial force increased with
deformation as shown in Fig. 3. The deformation was then
kept constant, and the radial force relaxed with time. In
the second step, the sample was rotated with a rotation fre-
quency of f=6 Hz. The radial force increased and due to

(b) Forces directions

softening and temperature effects, it decreased with time.
A force in the transverse direction was produced due to
viscoelasticity. This force is only induced if the sample
is rotated. In the axial direction, the axial force started to
increase, causing a compression load on the bearing block
due to the thermal expansion of the sample. The rota-
tion was stopped in the third step of the experiment. The
radial force continued to relax, and the transverse force
disappeared as there was no rotation and no dissipation
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Fig.3 Forces development in 400
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occurred. As a result, the sample was left to cool in sta-
tionary air. The diminishing compression force on the
bearing block indicates that the sample, upon cooling in
still air, gradually regains its original shape.

In the last step, the rotation began with a higher fre-
quency, this time f=18 Hz. The radial force increased as
the material responded with spontaneous elasticity. The
transverse force was generated due to dissipation and with a
higher rate of self-heating, thermal expansion occurred with
a higher rate, causing the axial force to increase (increasing
the compression on the bearing block).

In Fig. 4, the change in the surface temperature of the
sample was recorded with time. In the first step of the test,
no temperature change was observed as there was no cyclic
loading and accordingly no dissipation. In the second step,
the temperature began to increase and converge towards
steady state. As soon as the rotation stopped in step 3, no
heat generation took place, and the sample was left to cool
down by natural convection. In the last step, the sample was

rotated, the heat generation started again with a higher rate
and the surface temperature increased.

After the second rotation step had finished, a sudden
increase of the surface temperature of around 4 K was
observed. That was due to the change in the convective heat
transfer coefficient from the rubber sample to air. When the
sample was rotating at 18 Hz, the heat transfer by convection
was higher compared to the case when there was no rota-
tion. After stopping the rotation at 6 Hz, this sudden rise in
temperature was not observed. The heat transfer coefficient
to air in that case might be higher, but not high enough to
cause this sudden increase of temperature.

Effect of the rotation frequency on the resulting
forces and surface temperature

In order to study the effect of the rotation frequency on
the resulting forces and surface temperature, the tests were
performed with four rotation frequencies, 2, 6, 12 and 18
Hz. The surface temperature as well as the resulting radial,

Fig.4 Surface temperature 60
development in the four-step ]
loading experiment
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Fig.5 The effect of changing the rotation frequency on the surface temperature, radial, transverse and axial forces

transverse and axial forces were measured. In Fig. 5a, the
change in the steady state temperature with increasing the
frequency is shown. As the frequency increased, the sample
did not have enough time to cool down. The development of
the radial forces at different frequencies is shown in Fig. 5b.
At the steady state temperature, the force values for the dif-
ferent cases were near to each other, indicating that this
frequency range did not affect the stiffness of the sample.
However, it can be noticed that the rotated samples with
higher frequencies were affected by the temperature rise.
Both at 18 and 12 Hz, the radial force had a higher initial
value and decreased due to the temperature effect. It can be
concluded that the frequency had an indirect effect in this
case on the sample stiffness.

The higher the frequency, the higher the temperature rise
in the sample and the lower the sample stiffness which can
be seen in the development of the radial forces. The same
behaviour appeared for the transverse forces as shown in
Fig. 5c. The high temperatures at 12 and 18 Hz influenced

the force development before reaching the steady state. At
steady state temperature, the transverse force had similar
values in the studied frequency range.

The most prominent effect of the frequency is shown on
the axial forces as shown in Fig. 5d. The higher the fre-
quency the larger the thermal strains and the compressive
forces on the bearing block were higher due to the increase
in the axial force. It should be also noticed that the values of
the axial forces were affected by the temperature distribu-
tion along the sample. The measured surface temperature
might reach a nearly steady state value, but the compressive
axial force continued to increase, indicating that the heat
transfers through the sample cross-section by conduction
did not reach the steady state yet. In addition, the thermal
properties of the material such as the convective heat trans-
fer coefficient affected largely the temperature distribution
across the sample and consequently the resulting thermal
strain and axial forces.
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The effect of the deformation amplitude
on the resulting forces and surface temperature

To study the effect of the deformation amplitude on the dis-
sipation behaviour, the deformation amplitude was lowered
to half of its original value i.e., 3 mm instead of 6 mm. The
results for the surface temperature are shown for both cases
are in Fig. 6a.

The radial forces were, as expected, higher in the case of
6 mm deformation. The temperature effect was also shown
in the development of the radial force as it decreased until
a steady state temperature was reached as shown in Fig. 6b.
As the deformation increased, the dissipation increased, and
the surface temperature rose. The dissipation induced trans-
verse force was also larger in case of 6 mm deformation
than that for 3 mm. In the beginning of the rotation step, the
transverse force at 6 mm deformation was nearly double the
value of the force at 3 mm. This force was then affected by
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the temperature of the sample. It decreased with time, till a
steady state was reached (Fig. 6¢).

In case of the axial forces, due to the lower heat genera-
tion produced in the case of 3 mm deformation, the thermal
strains and the compressive forces were less compared to the
6 mm deformation (Fig. 6d).

Summary of the experimental results

For each load case shown above, three tests were performed
to ensure statistical validity. The mean values of the three
tests were compared in a later section with the simula-
tion results. As the rotation step started, a transverse force
was generated as a result of the viscoelastic behaviour of
the sample. This transverse force resulted in a dissipated
mechanical work leading to a heat build-up in the sample. As
the sample temperature increases, thermal strain occurred,
and a compressive force was measured as shown in the
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Fig. 6 Effect of changing the deformation amplitude on the surface temperature, radial, transverse and axial forces
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development of the axial forces. The resulting forces in the
radial, transverse and axial directions changed simultane-
ously with the changing temperature of the sample due to
self-heating. For the modelling of the material behaviour
under these loading conditions, a hyper-viscoelastic material
model that includes heat dissipation, temperature depend-
ency of material properties and thermal strains is needed. In
the following section the used material model for the simula-
tion is described.

Material model and material parameters
Kinematics of the model

To account for the thermal strains, the deformation gradi-
ent is firstly split into thermal and mechanical parts, viz.:
F=Fy - F,. (1)

The thermal part of the deformation gradient is defined
as in Eq. (2), where a is the linear expansion coefficient
and 6, is the reference temperature, which is set to 293 K.

Fo = ((a(6 - 6,)) + DL )

The mechanical part of the deformation gradient is split
into isochoric and volumetric parts as follows:

F,=F.F, 3)

whereby the isochoric part is further split into an elastic ﬁ‘e
and an inelastic part Fi as in Eq. (4) as follows:
f-F, ¥, 4)

e

Definition of the Helmholz free energy

The free energy is defined as an additive split of the equi-
librium, non-equilibrium, volumetric and thermal part:

iso

n
j [
PO = PWEl + Y Wl + oW + PV )
j=1

The volumetric part is defined as:

1 2

vol __

pOWeq - Ek(‘IM - 1) ’ (6)
where k is the bulk modulus of the material and J; is the
determinant of the mechanical deformation gradient in Eq.
(3). For the description of the viscoelastic behaviour, the
five-parameter model is used as shown in Fig. 7.

Wheq

I'I/f h I[/n eq

Ye q

Fig. 7 Viscoelastic rheological model

For the equilibrium part of the free energy, Yeoh model
is used:

pow’s’ = Cyo(Ic = 3) + Cop(Ic = 3)" + Cyo (I = 3)*. (7)

and for the springs of the Maxwell elements, the Neo—Hooke
energy function is used:

Po¥neq = Cer0.1 (Ices = 3) + Crp2(Icer = 3)- (®)

The thermal part of the free energy is computed as
follows:

0
PoVin =P0C<(9_90> —01n0—>. ©))
0
Calculation of the Cauchy stress tensor
The total Cauchy stress tensor is the sum of the equilib-
rium, non-equilibrium and volumetric stresses and is com-

puted as the derivative of the free energy function with
respect to the deformation.

6=Geq+26‘:1eq+cvol. (10)
j=1

The equilibrium stress, after the transformation to the
current configuration reads:
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1 A1
6q = 7 (2C10+4Cu (I = 3) +6Cx (13— 3) ) (B - 3751,
1)
and the non-equilibrium:
" 20
Gneq 2 JelO (B - 51 1> (12)

J=1

where B =F-FT is the mechanical isochoric left
Cauchy—Green tensor, J is the determinant of the total defor-
mation gradient F and ﬁe =F- Cl‘l - FT. The inelastic right
Cauchy—Green tensor C; is to be determined by solving the
following evolution equation [16] using the method intro-
duced in Shutov et al. [27]:

A 4C€10 A Al A

Ci= (9) [Cl - 5tr<C Ci )Cl]. (13)
The temperature influence on the viscosity is described

using the WLF equation:

C(6-6,) )

C,+0—-0, (14

n(0) = nyexp (—
where C, and C, are standard parameters of the WLF equa-
tion. The term 7, is the viscosity at reference temperature 6,.
The volumetric stress is calculated as follows:

k

(13 = —
vol
Jé’

(=1L, (15)
where J, is the determinant of the thermal deformation gra-
dient in Eq. 2. The inelastic stress power is derived from the
Clausius—Planck inequality and is calculated in the current
configuration terms as follows:

n

1 . .
Dy =2, = %neq * Cneq 2 0- (16)
S () e e

The presented model in this section is a modified version
of the model presented by Dippel et al. [8]. For the derivation
of the dissipation function and the thermodynamical consid-
erations of the model, the reader is referred to the following
references [7, 8]. In literature, several formulations of the vis-
coelastic evolution equation and the dissipation function exist.
For different formulations of the evolution equation, several
non-Newtonian viscosity functions and their numerical treat-
ment are compared together in a recent publication of Ricker
et al. [23].
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Abaqus implementation

The material model is implemented in the Abaqus Finite Ele-
ment Method (FEM) software through a user material subrou-
tine (UMAT). Once the stresses are defined, analytical deriva-
tions are carried out for the equilibrium (18) and volumetric
(19) parts of the stresses. The non-equilibrium part of the tan-
gent is obtained as outlined in references [15, 26], expressed
by Eq. (20). The symbol © represents the symmetric 4th order
dyadic product of two 2nd order tensors as in (17)

1
AOB)y = 5 (Aikle + AilBjk)' a7
4 v 4oy v |4 .
Ce = 4[01«» 3|o1; * arg01, ] [Bev+aeb)

4lov, . Oy 12](1®1)+ [ id
IB

I Llae1
+9[01 B+a101 B B]( oD

(18)

Co= 0_v' @_vf _20_w

<33

4 4
-|—Ljldo1
+3|:a[ﬁj B,L:|( (0B )]

ﬁ.u

)+ (108)] 5 32 0

(20)

In the context of UMAT, four tangent operators are
defined for the thermo-mechanically coupled models.
The mechanical tangent, denoted as DDSDDE in
Eq. (21), captures the mechanical response. The ther-
mal-mechanical tangent, DDSDDT, is expressed as
P* (g), where S represents the second Piola—Kirchhoff
tensor, and ¢*(.) denotes the push-forward operation to

the current configuration. Additionally, the sensitivity of
the heat source term Rp; with respect to deformation

DRPLDE is defined as d)*(aR”L ) and with respect to
temperature DRPLDT as (%).

v 1[4 4 4
C= j[ceq+cneq+cvol] +[1006]+[c0O1] 1)

For the implementation of thermo-mechanically coupled
models and the derivation of tangent operators in UMAT,
the reader is referred to the work of Yagimli [33], Ostwald
et al. [18] and Schroder et al. [26].
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Table 1 Material parameters for

- ‘ Material parameters
the simulation

Parameter Symbol  Value Unit

Hyperelasticity: Yeoh model

Yeoh-Parameter 1 C10 0.55 MPa
Yeoh-Parameter 2 C20 0.03 MPa
Yeoh-Parameter 3 C30 —0.0004 MPa
Density Po 1.13x10-°  tonne/mm?
Bulk modulus k 1000 MPa
Viscoelasticity
Stiffness in the first Maxwell branch C; 0 0.145 MPa
Stiffness in the second Maxwell branch CZ] 0 0.0042 MPa
Viscosity in the first Maxwell branch m 0.4804 MPas
Viscosity in the second Maxwell branch 1, 0.002 MPas
WLF-parameter [26]
Standard parameter 1 C, -16 -
Standard parameter 2 C, —730 K
Reference temperature 6, 296 K
Thermal properties of rubber [25]
Thermal conductivity A 0.328 mW/mm K
Specific heat capacity CP 1.639%10° mltK
Optimised specific heat capacity CP,opt 1.639x107 mJitK
Heat transfer [2, 10, 25]
Convective heat transfer coefficient from rubber to steel Tpg 0.1 mW/mm?* K
Convective heat transfer coefficient from rubber to stationary air =~ @g, 0.005 mW/mm? K
Steel emissivity € 0.2 -
Rubber emissivity € 0.95 -

u;(1)

Material parameters for the simulation R p 1

Relaxation tests under shear deformation were performed m

to obtain the hyperelastic parameters for the Yeoh model X
as well as the viscosities for the Maxwell arms. All other

parameter such as bulk modulus and thermal properties

Table 2 Assumed convective /

. Convective heat transfer coef-
heat transfer coefficient at ficient

different rotation frequencies
Frequency (g, (mW/mm’ K) W
(Hz)

Rp2

0 0.005

2 0.0083 Fixed

6 0.15
12 0.25 Fig.8 Mechanical boundary conditions of the simulation
18 0.35
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(a) Forces development

Fig.9 Simulation results of the four steps loading experiment

were taken from literature values for natural rubber. It is
important to highlight that the C;, of a negative value will
lead to an unstable Yeoh model at large nominal strains. For
the model stability at larger strains (more than 100%), the
identification of the parameter C; in the Yeoh model must
adhere to the condition of being non-negative. Table 1 sum-
marises the material parameter used for the simulation. The
convective heat transfer is increased as the sample rotates at
higher frequencies. The increase in that transfer is assumed
to be linear to match the experimental observations. The
assumed heat transfer coefficients for different frequencies
are stated in Table 2. In order to reduce the simulation time
for the different simulation cases, the specific heat capac-
ity is reduced by a factor of 100 (Cp ). This will lead to
shorter simulation time with no impact on the calculated
steady state temperature [26].

Simulation boundary conditions
and simulation results

Simulation of the four loading steps experiment

The capability of the model of displaying the experi-
mental results was firstly checked by simulating the four
loading steps experiment discussed in “Experimental set-
up and experimental results” section. The sample was
discretised with 3377 C3D8HT elements (8 nodes linear
brick, coupled temperature displacement hybrid elements
with constant pressure). The displacement boundary con-
ditions were set as shown in Fig. 8. The upper and lower
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surfaces of the sample were connected to remote points
RP, and RP, respectively. The remote point RP, was
held fixed throughout the simulation and a displacement
vector uy(t) = [u,(t), uy(t), uz(t)]T\ was applied to RP; as
in equation 22. The directions x, y and z represent the
radial, transverse and axial directions.

_414]1
0 | 0<r<0.25s
| O
_ul
0| 025 <t<5s
| 0
>u1 cos(w;t)
uy sin(w; 1) |, S<t=<15s
0
u(t)=4r (22)
U
0 | 15 <t <20s
| 0
_ul cos(w,1)
u, sin(w,t) |, 20 <t <27s
i 0
>u1
0 | 27 <t <30s
| 0

o, and o, are the angular rotation frequencies o, = 2xf; and
®, = 2xnf, where f; = 6Hz and f, = 18Hz. u, is the applied
deformation and is equal to 6 mm.

As shown in Fig. 9a, as soon as the rotation step started (5
<t £ 15), the transverse force was induced and the surface
temperature of the sample increased (Fig. 9b). The axial
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Fig. 10 Simulation results for the effect of changing the rotation frequency on the surface temperature, radial, transverse and axial forces

force (compressive force on the bearing block) increased
with the increasing thermal strains due to continuous tem-
perature rise along the sample cross section. As the rotation
stopped (15 < t £ 20), the induced transverse force disap-
peared, and the sample temperature decreased. The sample
regained its original form before thermal strains and the
axial force converged towards positive values. The second
rotations step with f = 18 Hz (20 < t < 25) showed a higher
rate of heat generation and consequently higher increase rate
of the compressive force.

After the end of the second rotation step (27 < t), the
sample was left to cool down in a stationary air which led
to a lower heat convective heat transfer coefficient to air,
and a sudden increase in the surface temperature could be
displayed in Fig. 9b.

Changing the rotation frequency

Using the same rotation frequencies set in the experiments,
four simulations were performed. The boundary conditions
in Eq. 22 were modified to include only two steps. The first
step was the deformation step of 6 mm deformation. In the
second step the rotation started for 30 seconds. The effect of
changing the frequency on the surface temperature is shown
in Fig. 10a.

The radial forces estimated at different frequencies are
in the same range that was obtained by the experimental
results. The effect of the temperature on the forces at 12 and
18 Hz can be shown (Fig. 10b).

In the beginning of the development of the transverse
forces a different progression was observed than the exper-
imental results (Fig. 10c). This can be explained by the
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behaviour of the Maxwell elements used in the material
model. The transverse forces are results of the dissipation
process and describe the behaviour of the loss modulus of
the material. Using only two Maxwell elements to model
the viscoelastic behaviour appears to be insufficient. For
the modelled material, the rotation frequency has very
small effect on the value of the steady state in the studied
frequency range (2, 6, 12 and 18 Hz). In order to estimate
the transverse forces more accurately, dynamic mechanical
analysis of the material is needed (DMA measurements)
to estimate enough Maxwell elements that better describes
the behaviour of the loss modulus and improve the simula-
tion results for the transverse forces.

The change in the axial forces due to thermal strains
agrees well with the obtained experimental values
(Fig. 10d). It has to be noticed that the axial force is
highly affected by the thermal properties of the material
such as the thermal expansion coefficient, the convective
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Fig. 13 Comparison between experimental and simulation results for the surface temperature, radial, transverse and axial forces

Table 3 Ratio of the transverse to the radial forces estimated experi-
mentally and numerically

Ftransverse/F radial (%)

Frequency in (Hz) 2Hz 6 Hz 12 Hz 18 Hz
Experiment 4.7 54 5.7 6.1
Simulation 9.5 9.2 8.3 7.7

heat transfer coefficient and the thermal conductance
coefficient.

Changing the deformation amplitude

As shown in the experimental results, increasing the defor-
mation amplitude result in increasing the dissipation and
the heat build-up inside the material. The simulation results
show the same behaviour of the experiments for the forces
and temperature development. Fig. 11 shows the simula-
tion results. For the simulation of larger deformation ampli-
tudes (more than 6 mm), we recommended using material

models with viscosity functions that includes the deforma-
tion dependency.

Temperature distribution in the sample

The experimentally determined temperature was only
measured at the outer surface of the sample. With the help
of simulation results, the inner temperature of the sam-
ple can be estimated for the different loading conditions.
In Fig. 12, the temperature distribution along the sample
cross section was shown for the case of 6 mm deformation
and a rotation frequency of 6 Hz.

These results show a temperature difference of about
AB =0, — 0;,¢4. =24 K. This high temperature gradient
was caused by the low thermal conductivity of rubber and
by the thermal boundary conditions used in the simulation
such as the convective heat transfer coefficient from rubber
to air (dg4) and from rubber to steel (@gs). In future work,
we intend to measure the inside temperature of the sample
to understand the influence of the temperature gradient on
the development of the compressive force due to thermal
strains.
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Comparison to the experimental results

The mean values of the experimental results are compared
to the simulation results as shown in Fig. 13. The simulation
estimation of the change in the surface temperature, radial
and axial forces followed the same behaviour and agreed
well with the experimental results for all studied frequency
ranges. The transverse force differed from the experimental
results (Fig. 13c). Possible reasons were the use of two Max-
well elements in the material model, which might be insuffi-
cient in this case. The parameters for the WLF-equations are
taken from literature which does not corresponds to the real
behaviour of the material. The measured transverse force
can be considered as a percentage value of the radial forces.
In Table 3, the value of F /F,a4ia1 15 presented for the
studied frequency range.

The transverse force is estimated to be around 7.7-9.5%
of the radial forces. These values are slightly higher than
the experimentally observed ones (4.7-6.1%). That explains
why the estimation of the surface temperature is also slightly
higher than the experimental values.

transverse

Conclusion

In this paper, the self-heating phenomena and its effect
on the resulting forces during operation is tested using
an experimental set up that applies a rotating shear load.
The forces in radial, transverse directions are affected
by the temperature rise due to self-heating. As the tem-
perature of the sample increase, thermal strains occur,
hence leading to axial forces. The axial forces increase
with increasing the rotation frequency of the sample as
a result of higher rate of heat generation. The experi-
mentally observed phenomena are modelled using a
modified material model for finite viscoelasticity. To
account for thermal strains, the deformation gradient is
split into thermal and mechanical parts. The model is
implemented through user material subroutine (UMAT)
in Abaqus software. Several simulations are performed,
and the simulation results show the same behaviour and
agree well with the experimental results in the applied
frequency and deformation range. The simulation model,
together with the introduced simple test rig can be used
for the characterisation of rubber materials under wide
range of deformation amplitudes and frequency ranges.
The material model can be used to estimate the self-
heating and the transfer function of rubber components
during operation. In future work, the inner temperature of
the sample will be measured and the temperature distri-
bution across the sample cross section will be correlated
with the development of the axial forces due to thermal

@ Springer

strains. With the accurate determination of the inner tem-
perature of the sample through simulations, the thermal
boundary conditions of the experimental set up can be
adjusted to ensure homogeneous temperature distribution
along the sample cross section. This can allow the use of
the set-up for the execution of fatigue tests under differ-
ent operating temperatures.
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