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Temperature is well known to have a significant effect on the overall mechanical performance of viscoelas-
tomers. In this work, we investigate the thermo-mechanically coupled behavior of VHB 4910 using a combined
experimental and modeling approach. We first characterize the material behavior by performing a set of large
deformation uniaxial experiments at different temperatures. We then model the observed thermo-mechanical
behavior and calibrate that model to the uniaxial experiments. Lastly, the model is implemented as a user
material subroutine in a finite element package for validation purposes. A key finding of this work is that while

increasing the temperature stiffens the elastic contribution, it concurrently reduces the viscoelastic contribution

to the overall behavior of VHB.

1. Introduction

Viscoelastomers are a common class of materials found in everyday
life. Typically, applications have a wide significance and range from
consumer applications such as shock absorbers in helmets, computer
drives and shoe insoles, to much more complicated applications such
as artificial organs (Lakes, 2009), and are invaluable in the modern
standard of living. And even on a large scale, viscoelastomers are used
as dampers for structural applications (Shen and Soong, 1995; Chang
et al.,, 1995). This class of rubber-like materials is characterized by a
polymeric network that is capable of large viscoelastic deformations.
That characteristic, large viscoelastic deformation, has made this class
of materials a good candidate for active polymers, such as electronic
artificial muscles and dielectric elastomer actuators (Mirfakhrai et al.,
2007).

Many active polymers are classified as viscoelastic because of their
well known complex time-dependent behavior. The theory of small de-
formation viscoelasticity was developed to characterize the viscoelastic
behavior for polymeric materials subjected to strains S 0.5% (Bower,
2009). However, most applications involving rubber-like materials are
expected to operate at larger strains. As a result, large deformations
must be taken into account for a constitutive model of viscoelas-
tomers. Consequently a lot of work exists in the literature for the

* Corresponding author.
E-mail address: shawn.a.chester@njit.edu (S.A. Chester).

https://doi.org/10.1016/j.ijsolstr.2022.111523

isothermal room temperature large-deformation viscoelastic behavior
of rubber-like materials (cf. eg., Valanis, 1966; Arruda and Boyce, 1993;
Bergstrom and Boyce, 1998; Reese and Govindjee, 1998; Linder et al.,
2011; Mao et al., 2017).

Additionally much work has gone into the thermo-mechanical be-
havior of polymers, ranging from rubber-like to glassy (cf. eg., Qi et al.,
2008; Nguyen et al.,, 2008; Anand et al., 2009; Ames et al., 2009;
Srivastava et al., 2010a,b; Castro et al., 2010; Santapuri et al., 2013;
Mehnert et al., 2018; Liao et al., 2020a; Jordan et al., 2020; Yang
et al., 2021; Mehnert et al., 2021a,b, and references within). Recent
research has also addressed the temperature-dependent behavior of
viscoelastomers, however most prior work mainly focused on the small-
deformation behavior (Djokovi¢ et al., 2000; Liu et al., 2006; Drozdov
and Christiansen, 2008). As per large deformation work, Lion (1997a,b)
was one of the first to explore the field. As well, Reese and Govindjee
(1997) formulated a large deformation thermo-viscoelasticity theory,
where both theoretical and numerical aspects in the thermo-viscoelastic
coupled behavior were presented. Later, they extended the model
to include the transient network theory, where polymeric chains are
expected to steadily break and reform (Reese, 2003). More recently,
the literature has been complemented by extensive experimental and
modeling efforts on various viscoelastomers such as Ecoflex, VHB, and
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SIL30, at different temperatures and strain rates (Liao et al., 2020a,b;
Hossain and Liao, 2020). While Mehnert et al. (2021a) are among the
most recent and comprehensive to account for the effect of temperature
on the time-independent contribution, the details are still not agreed
upon and differ based on material. In this paper we focus on the
commercially available material VHB 4910. VHB, an electro-active
polymer, has been extensively studied over the past decade, for being
a great candidate for a variety of applications ranging from lightweight
dielectric elastomers (Plante and Dubowsky, 2006; Wissler and Mazza,
2007; O’Halloran et al., 2008; Brochu and Pei, 2010) to replacing
conventional rivets in construction (3M, 2020). This material is chosen
for its common importance in industrial applications, and since the
existing literature shows that VHB exhibits a pronounced temperature-
dependent viscoelastic behavior (Hossain et al., 2012; Guo et al., 2015;
Liao et al., 2020a).

The goal of this paper is to experimentally characterize the large-
deformation behavior of VHB in stretch rate and temperature range of
industrial relevance, and then create a validated thermo-mechanically
coupled continuum level constitutive model that may be used for
predictive simulation. Toward that goal, we have conducted uniaxial
tensile experiments at a handful of fixed temperatures and stretch rates.
The experimental data is then used for the development of a continuum
level constitutive model. The proposed model is implemented as a user
material subroutine in Abaqus/Standard (2021) for model validation.

The temperature-dependent viscoelastic behavior of VHB was char-
acterized by conducting different experiments: (i) dynamic mechanical
analysis (DMA); (ii) creep at multiple loads and temperatures; (iii) uni-
axial load—unload at multiple stretch rates and temperatures; and (iv)
stress relaxation at the same fixed temperatures. For the constitutive
modeling, we follow a similar approach to Bosnjak et al. (2020) and
as a foundation employ the Arruda-Boyce model (Arruda and Boyce,
1993) to capture the time-independent behavior, and the micromechan-
ical approach of Linder et al. (2011) to capture the time-dependent
behavior.

The remainder of this paper is organized as follows, in Section 2 we
report our experimental methods for characterizing the non-ambient
temperature testing of the VHB, as well as the corresponding results.
In Section 3 we overview the continuum framework. In Sections 4 and
5 we present a thermo-mechanically coupled constitutive model which
is then calibrated in Section 6. In Section 7, we summarize and verify
our model, and validate the model and implementation in Section 8.
Section 9 provides concluding remarks for this work.

2. Experiments

In this section we report our experimental methods for characteriz-
ing the non-linear temperature-dependent viscoelastic behavior of VHB,
together with the accompanying results.

2.1. Experimental plan

The overall behavior of VHB is complex, including large defor-
mation viscoelasticity, accordingly we have designed an experimental
program to try and assess each component individually as is often
done in the literature (Hossain et al., 2012; Liao et al., 2020a). First,
Dynamic Mechanical Analysis (DMA) was performed to obtain the
temperature-dependent storage modulus, loss modulus, and tané§, pa-
rameters typically found in the theory of linear viscoelasticity. We then
investigate the time-independent behavior of VHB by performing a set
of large deformation creep tests at a number of different loads and fixed
temperatures, specifically 0 °C, 24 °C, 40 °C, 50 °C, and 60 °C. And
lastly, we probe the time-dependent behavior of VHB by performing a
set of load-unload tests at different stretch rates and stress relaxation
at those same fixed temperatures.

A minimum of 3 samples were tested for the experiments reported
here investigating the time-dependent behavior in order to ensure
repeatability.
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As a major assumption for analyzing the experimental results, the
temperature is assumed to be constant across the entire sample for
all time during an experiment. Further details discussing the validity
of that assumption are provided in Appendix A. Additionally, VHB
4910 has a coefficient of thermal expansion of 180 m“mc (3M, 2020),
and is expected to thermally expand when above room temperature,
and contract below room temperature. For that reason, to ensure that
each experiment starts in a stress free state, we take care to grip our
tensile samples on both ends only after heating/cooling to the desired
temperature in the environmental chamber. We discuss the details of
each set of experiments in what follows.

2.2. Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) provides the standard param-
eters from the theory of linear viscoelasticity, specifically the storage
modulus (E’), the loss modulus (E”), and the tans. DMA character-
ization of a VHB specimen was conducted on a dynamic mechanical
analyzer (DMA850, TA Instruments) using a tensile loading mode. A
30 mm long, 6 mm wide, and 1 mm thick VHB specimen was put on the
tension clamp overnight to remove any viscous contribution associated
with the installation of the specimen. Specimens were precooled at
—50°C for 10 min to achieve thermal equilibrium. An oscillating strain
of 0.15% was applied at a 1 Hz frequency with a preload of 0.005 N
and force track of 150%. The storage modulus E’, the loss modulus
E”, and tané were measured as a function of temperature while the
temperature was increased from —50°C to 90 °C at a rate of 1 °C/min.

The result from DMA experiment is shown in Fig. 1. It is noted
that the storage modulus of VHB changes by more than three orders
of magnitude from ~1300 MPa at —50 °C (glassy) to ~0.15 MPa at 90 °C
(rubbery), with a peak in tané occurring near 4 °C. The noise at the
high-temperature region is attributed to the very low stiffness of VHB
at relatively high temperatures.

2.3. Uniaxial experiment preliminaries

For a uniaxial experiment on rubber-like materials we extensively
employ two kinematic quantities, the stretch
u+1
PRLLA L €)
ly ly ly
and the stretch rate
i=2, @
ly
where / is the instantaneous gauge length, / is initial gauge length, u is
the displacement, and « is the velocity. We have chosen to perform our
experiments under displacement control, and at a constant stretch rate.
Therefore, we use (2) to prescribe the load frame crosshead velocity for
a tension test at a constant stretch rate.
As is standard, the nominal, or engineering stress, P, is the force
divided by the initial cross-sectional area A,

_r
P_AO. 3

2.4. Sample preparation

Tensile dog bone samples are extracted from commercially pur-
chased VHB 4910 tape using an ASTM D638-V cutting die. The grip
sections are then covered by tape for easy handling since the material
is transparent, and also sticky. The nominal gauge section dimensions
of our samples are 9.49 mm long, 3.18 mm wide, and 1 mm thick.
However, the exact dimensions of each sample are measured right
before testing using ImageJ (Rasband, 1997-2018) due to expected
minor dimensional variations. Since Digital Image Correlation (DIC)
analysis requires contrast, we apply a number of black lines using a
permanent marker to the gauge section of our sample as can be seen in
Fig. 2.
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Fig. 1. DMA results for a temperature range of —50 °C to 90 °C.

Fig. 2. Typical VHB specimen cut using an ASTM D638-V die. Note the black lines
in the gauge section used for DIC and black tape on the grip sections used for easy
handling.

2.5. Experimental setup

We performed tension tests using an MTS Criterion Model 43 uni-
axial testing machine coupled with an environmental chamber (Therm-
craft model LBO-24-10-10-11-5001). A picture of the load frame and
chamber can be seen in Fig. 3. A loading rod is used to keep the sample
visible through the environmental chamber window for the entire
duration of an experiment so that we can capture its deformation using
the camera. Further, to mitigate unwanted heat flow to the load cell,
we use a temperature controlled fluid circulator (Polyscience SDO7R-
20-A11B) to maintain cooling water flowing transversely through the
loading rod, having a cold water inlet and a hot water outlet, as seen
in Fig. 3.

The relative humidity was measured and logged (Omega data logger
model OM-73) and over the course of all experiments ranged from
13.3% to 33.4% with an average of 21.65%. The temperature inside the
chamber is measured using three thermocouples placed at various lo-
cations. The temperature readings at all three locations were identical,
therefore confirming an even temperature across the chamber.

A 2.5 pound load cell (Transducer Techniques MDB-2.5) is used to
measure the force that is later used to calculate the stress. This load
cell was chosen after several attempts to obtain the best signal-to-noise
ratio in the measured data.

We use the DIC software Vic2D (Correlated Solutions) which is in-
tegrated with a digital camera (PointGrey GRAS-50S5M-C) to measure
the stretch in our experiments. This is typical practice since measuring
the deformation based on the crosshead displacement is known to be
less accurate. Moreover, our DIC data acquisition system simultane-
ously captures images of the sample and force signal measurements,
which is convenient when it comes to the post-processing since the
deformation and force are synchronized in time.

Additionally, it is also known from the literature that so-called “heat
waves” have been found to cause distortions in DIC measured strain
fields at elevated temperatures (Jones and Reu, 2018; Ma et al., 2019).

International Journal of Solids and Structures 242 (2022) 111523

Fig. 3. Experimental setup for uniaxial testing inside an environmental chamber at
known temperatures. Here, 1 denotes the load cell, 2 the cold water inlet, 3 the hot
water outlet, 4 the loading rod, 5 the (transparent) sample, and 6 the camera used for
DIC.

Also, at cold temperatures, there is a possibility of condensation due
to humidity in the air. For these reasons, we have performed some
verification experiments, summarized in Appendix B, that indicate for
the range of strains and temperatures used here, the DIC measurements
are unaffected and reliable.

2.6. Uniaxial experiments

2.6.1. Creep

Creep experiments were performed by hanging various weights
on the bottom of the dog bone tensile samples with the top held
fixed, inside the environment chamber at a known temperature, and
recording stretch data using DIC until the measured stretch reaches
equilibrium. The samples measured here typically reached the equi-
librium state within 12 h, when the stretch no longer changes over
time, but for good measure the stretch data was recorded for a full
24 h. The use of different weights at a single temperature allows us to
obtain the time-independent behavior for that temperature. Repeating
at various temperatures allows us to obtain the temperature-dependent
time-independent behavior.

2.6.2. Load-unload

To quantify rate-dependency we performed load—unload tensile tests
to a maximum stretch of A = 2, at three different constant prescribed
stretch rates 1 x 1072571, 5x 1072571, and 1 x 10~! s~1. The prescribed
loading profiles are shown in Fig. 4.
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Fig. 4. Prescribed loading-unloading stretch profile to a maximum stretch of 1= 2.

Table 1
Measured initial stiffness, 42

dax’

from creep results at various fixed temperatures.

Temperature (°C) Initial stiffness (kPa)

0 51.19
24 54.60
40 58.50
50 58.50
60 58.50

2.6.3. Stress relaxation

A set of stress relaxation experiments were performed to probe the
effect of temperature on the relaxation behavior of VHB. First, samples
are loaded to a stretch 4 = 3.5, at a stretch rate of A =2x10~!s~!, which
is the fastest our screw driven testing machine can reliably move. Once
the prescribed stretch is reached, the crosshead is held fixed for 1 h,
while images for DIC and the force are recorded.

2.7. Uniaxial experimental results

The creep results are shown in Fig. 5. It can be observed from Fig. 5
that temperature affects the overall time-independent behavior of VHB
4910. Specifically, it can be observed that an increase in temperature
affects both the initial stiffness and failure of VHB. That was further
quantified by measuring the initial stiffness, £ at 4 ~ 1, and given
in Table 1. From the data in Table 1, it is clear that an increase in
temperature results in an increase in the initial stiffness up to 40 °C. The
initial stiffness remains constant at all temperatures measured at 40 °C
and above. Furthermore, clear chain-locking behavior is observed at
room temperature at a uniaxial stretch of A ~ 9, as the stiffness rapidly
increases with a slight increase in stretch. However, the data indicates
that as the temperature increases, the samples fail at a uniaxial stretch
of 4 ~ 6, much lower than room temperature samples. It can be con-
cluded from the creep experiments that temperature plays a measurable
role on the time-independent behavior of VHB.

The results of the load—unload tensile experiments are shown in
Fig. 6. It can be clearly observed that VHB exhibits the expected
behavior of a viscoelastomer, rate-dependence, hysteresis, and is clearly
affected by the temperature. To quantify the effect of rate and tem-
perature on the initial stiffness, we use the initial slope 4P evaluated
at 4 ~ 1 of the stress-stretch data and given in Table 2. From the
data, for a fixed temperature, the initial stiffness rises as the stretch
rate increases and is shown in Table 2 and Fig. 7a, and we observe a
decrease in stiffness as the temperature increases. Overall, this shows
that VHB becomes less viscous as the temperature increases.

Additionally, the hysteresis is quantified based on the area enclosed
by the loading and unloading path on the stress—stretch curve and is
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Table 2
Measured initial stiffness (kPa), % from load-unload tests at different prescribed
stretch rates and temperatures.

Temperature (°C) As™)

1x1072 5x 1072 1x107!
0 502.48 941.56 1354.42
24 171.75 214.80 248.52
40 127.69 133.87 186.28
50 117.27 129.59 145.61
60 116.01 117.61 143.39

Table 3
Measured hysteresis (kPa) from load—unload tests for a stretch of 4 = 2 at different
prescribed stretch rates and temperatures.

Temperature (°C) G

1x 1072 5x 1072 1x 107!
0 83.44 161.62 224.99
24 16.91 27.56 32.53
40 13.83 15.65 19.62
50 10.76 13.86 16.89
60 12.24 11.56 14.77

Table 4

Measured power law slope from the relaxation data at various fixed temperatures.
Temperature (°C) Slope
0 —-0.28
24 -0.11
40 —0.06
50 —-0.05
60 —-0.06

given in Table 3. One can observe that for a fixed temperature, the
amount of hysteresis increases as the stretch rate increases and is shown
in Table 3 and Fig. 7b. This trend holds for all cases except for a stretch
rate A = 1 x 1072s~! at 60 °C, which may be due to the very low
stiffness of the material at this temperature as seen in the DMA data
in Fig. 1. Moreover, it can be noted that for a fixed stretch rate the
amount of hysteresis decreases as the temperature increases. Likewise,
this trend holds for all cases except for a stretch rate i = 1 x 1072s~!
at 60 °C. Again, overall we find that VHB becomes less viscous as the
temperature increases.

To sum up, the load—unload tensile experiments show a pronounced
temperature-dependent viscoelastic behavior of VHB, where an in-
crease in temperature reduces both the initial stiffness and the amount
of the hysteresis, thereby an increase in temperature has the result of
making VHB less viscoelastic. The overall summary is shown graphi-
cally in Fig. 7.

The results of the stress relaxation experiments are shown in Fig. 8.
It is clearly observed that VHB exhibits stress relaxation. At room
temperature (24 °C) the nominal stress relaxes from just over 168 kPa
to roughly 78 kPa over the span of 1 h. The same trend holds for all
the investigated temperatures. While the stress is expected to decrease
over time during relaxation until it reaches an equilibrium state, the
slope of the relaxation curve shown in Fig. 8f and tabulated in Table 4
is used as an indicator of the rate of relaxation. It can be observed that
the relaxation slope tends towards equilibrium faster at higher temper-
atures. Also, one can notice that for temperatures higher than 40 °C, the
influence of temperature on the relaxation behavior appears to saturate,
leading to similar relaxation behavior for all our experiments above
40 °C.

3. Continuum framework
In this section we overview the kinematics and the governing con-

tinuum level equations to describe the thermo-mechanically coupled
behavior of VHB.
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Fig. 5. (a) Large deformation creep results at different temperatures, and (b) close-up of the initial portion. Note that each curve is constructed from multiple individual creep

tests run until equilibrium at a constant stress and temperature.

3.1. Kinematics

Consider an undeformed body By identified with the region of space
it occupies in a fixed reference configuration, and denote by xz an
arbitrary material point of Bg. The referential body By then undergoes
a motion x = y(xg.?) to the deformed body B, with deformation

gradient given by
F=Vy, suchthat J =detF >0. (€))

The right and left Cauchy—-Green deformation tensors are given by

C=FTF, (5)
and
B=FF". (6)

Also, the polar decomposition of the deformation gradient
F=RU=VR @)

into a rotation R, and the symmetric stretches U and V as is standard
in the literature.

As is typical for viscoelastomers, we assume that the material is
nearly-incompressible, and introduce the distortional and volumetric
parts of the deformation gradient, defined as

Fgis = J7'3F where det Fgs =1, ®)
and

Fyo =J'/°1 where detFy, =J, 9
so that

F = FgisFyoi - (10)

The corresponding distortional right and left Cauchy-Green deforma-
tion tensors are then

Cais = FyyeFais = J7/°C, an
and
Byis = Fyi Fl = J72/°B. 12)

3.2. Balance laws

3.2.1. Balance of forces and moments
Neglecting inertial effects, the balance of forces and moments in the
deformed body B, are expressed as

divT+b=0 and T=T, 13)

where T is the Cauchy stress and b the body force.

3.2.2. Balance of energy and the entropy imbalance

Following continuum mechanics convention and our previous work
(Gurtin et al., 2010; Sain et al., 2018), we let ¢ and n represent the
internal energy and entropy measured per unit mass in the deformed
body, p the spatial mass density, q denotes the heat flux measured per
unit area in the deformed configuration, and q is the heat source/sink
measured per unit volume in the deformed configuration. The first law
of thermodynamics in the deformed body 53, states that for an arbitrary
part P, of the body with outward normal n

/pedv=—/ q-nda+/qdv+/ Tn~vda+/b-vdv. 14)
P, oP, P, P, Py

Since the part P, is arbitrary, we use the divergence theorem to obtain
a local form of (14)

pé = —divq+q+T:L (15)

with velocity gradient L = FF~!. The stress power, T : L, admits the
conventional decomposition

T:L=T: (FF')

=J7ITg: F (16)
| P

==J :
5/7s: ¢

where we have introduced the stress measures
Tr=JTF" and S=JF !'TF" a7

as the first and second Piola stress, respectively. Accordingly, with use
of (16) one can express the balance of energy in the following form
pé = —divg+q+ 377181 €. (18)

Additionally, for an arbitrary part P, of the deformed body 5;, the
second law takes the form of an entropy imbalance

/pr,dvz—/ uda+'/ Tav, 19
P, w9 r, 9

4
where 9 is the absolute temperature. Since the part P, is arbitrary, we
can obtain the local form of (19) by using the divergence theorem

R 1. 1 q
= —Edlvq + S—Zq -grad 9 + i (20)
Next, let

def
w=Se—9n 1)

express the Helmholtz free energy measured per unit deformed mass.
Then (18) and (20), with (21), give in the local dissipation inequality

py‘z+pns+$q-grad8—%J“S:Cgo. (22)
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Fig. 6. Uniaxial experimental results for load-unload tests for different stretch rates and temperatures (a) 0 °C, (b) 24 °C, (c) 40 °C, (d) 50 °C, and (e) 60 °C. Note the change

in scale for the data at 0°C.

The referential quantities yy, £g, #ir, qg, and V9 are related to their

spatial counterparts through the following relations

wr=pJy, eg=ple,

and V9=F'grads,

nrR=pdn, qg=JF"

'q,

referential form

(23)

YR + RO+

1

1. .
vo-1is:e<o.
g IR PR

which can be used to rewrite the local dissipation inequality in the

(24)
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Fig. 7. (a) Initial stiffness (kPa), and (b) hysteresis (kPa) for different temperatures and stretch rates for load—unload tensile experiments.

It is worth mentioning that all terms in the dissipation inequality
(24) are invariant under a frame transformation, since a change in
frame does not affect referential fields.

4. Constitutive theory
4.1. Basic constitutive equations

As shown in the experimental observations provided in Section 2,
we assume that the thermo-mechanically coupled mechanical response
of VHB is viscoelastic and temperature-dependent. Since deformation
history is important for viscoelastomers, we take an internal variable
approach using y tensorial internal variables denoted by A”). Based on
the local dissipation inequality (24), we assume the following set of
frame-indifferent basic constitutive equations

wg = WR(C,AV,9)
ng = Ag(C, A", 9) (25
S =8(C,AD, 9)

along with evolution equations for the tensorial internal variables used
to model the viscous behavior

AD = A(V)(C,A(V),S), A (XR,t - 0) =1. (26)
Also, as is standard we express the heat flux following Fourier’s law
q = —«(9)grad 9, 27)

where « is the scalar temperature-dependent thermal conductivity.
4.2. Thermodynamic restrictions

Starting with (25), we have

oyR . oyr . oyg .
iR(C,AV, 9) = —: C+ Y —= 1 AV 29, 28
¥( )=%5¢ ; A 99 28

then we make use of (27) and (28) in (24) to obtain
dyr 1 ) . YR Jyr
— -8 )iC+ Y AV 4 (R
)
aC 2 7 0Ar a9 (29)
x 89— %(Kgrad 9)-grad9 <0.

Further, (29) must always hold regardless of the choice of the consti-
tutive equations and motions of the body, and therefore provides the
state relations,
IyRr(C. AV, 9)
oC
30
__OwR(C.AD.9) G0
R = 29

S=2
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- N
a O
o o

Hysteresis (kPa)
=)
o o

o

Temperature (QC)

b)

and the reduced dissipation inequality

Z WR A0 4 2
A

(Kgrad 9)-grad 9 > 0. 31

We additionally assume that the response is strictly dissipative so that

(kgrad 9) - grad9 >0 when gradd #0, (32)
and

MR . A @)
'ZaAm A® >0 when A® #£0. (33)

4.3. Further consequences of thermodynamics

Using (30) in (28) yields the first Gibbs relation

_ WR . A0 _
_-s C+zaA<> A — . (34)

Likewise, using yg = eg — Ing, one obtains the second Gibbs relation,

R : oyr . .
eR:—S:C+Zm:A(”+8nR. (35)
Y

Next, we define the specific heat measured in energy per unit mass per
temperature for a fixed deformation

def gg 1 Oeg
=X - R 36
09 pJ 99 (36)
Using (30) we have
1 oyR ong 39 ale/R
=— | —"+mp+I— | =-— . 37
o] ( 99 TRT U5 o 092 37)
Next differentiating (30) results in
. 10S.. Oyr, 9 VR . i
fig==555:C- 20" 3% ZaA(V) A (38)
which yields
1 0 YR .
i = 1998 . C+plCh-9= (A 39
=395 29 (; AL > (39)

Further, using (39) and (35) in (18) produces the heat equation in the
deformed configuration

pCY = diV(Kgrad 9N+gq

_ alI/R 6S : 0
-J! CAD 4 (C+T9—

YR A
X <; JAG) T A .
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Fig. 8. Uniaxial experimental results for stress relaxation at a prescribed stretch of A = 3.5 for different temperatures: (a) 0 °C, (b) 24 °C, (c) 40 °C, (d) 50 °C, and (e) 60 °C.
(f) All relaxation data together on a log-log scale. Note the change in scale for the data at 0°C. Also, we note that the spacing of data in time is due to a change in the data

acquisition frequency during an experiment.

5. Specialized constitutive equations

In order to model the behavior of VHB 4910, we employ an additive
decomposition of the free energy into time-independent (or elastic)
and time-dependent (or viscous) parts as it is a common approach
used in literature (Bergstrom and Boyce, 1998; Reese and Govind-

jee, 1998; Anand et al.,, 2009; Wang et al., 2016; Bosnjak et al.,
2020). Specifically, we model the time-independent behavior by em-
ploying a non-Gaussian statistical mechanics model, which accounts for
limiting chain extensibility (Arruda and Boyce, 1993), and for the time-
dependent behavior we apply the micromechanically inspired model
from Linder et al. (2011).



K. Alkhoury et al.

International Journal of Solids and Structures 242 (2022) 111523

0°C 24°C
300 ‘ ‘ 300 ‘ ‘
o Experiment o o Experiment o
=250 Model <250 ¢ Model
[a [a
x = I
o 2007 o 200
N N
o) )
5150 | d 7 1507 ©
g g g
£100" £ F
£ 00 £ 100
o o
Z 50¢ Z 50¢
Q, Q,
0¢ : ‘ : 0 : ‘ : :
2 4 6 8 10 2 4 6 8 10
Stretch Stretch
a) b)
40°C 50°C
300 ‘ ‘ ‘ 300 ‘ ‘ ‘
o Experiment o Experiment
<250 Model <250 Model
o o
S5 S5
o 2007 o 200
%) %)
o o
£150 e % 1507
g g
£100+ £ H
g 00 g 100
o o
Z 501 < 501
O, Q,
0 ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘
2 4 6 8 10 2 4 6 8 10
Stretch Stretch
c) d)
60°C
300 ‘ ‘ ‘
o Experiment
<250 Model
o
< I
o 200
19
g
5 1501
g
£100+
g 00
o
Z 50 L
[©)
0¢ ‘ ‘
2 4 6 8 10
Stretch

¢)

Fig. 9. Calibration of the time-independent behavior of VHB 4910 at different temperatures, (a) 0 °C, (b) 24 °C, (c) 40 °C, (d) 50 °C, and (e) 60 °C.

5.1. Free energy

We take the free energy function additively decomposed into two

contributions

R(Caiss /AT, 9) = 9 (Caie, 1, 0) + ) g7 (Cyis, ., AP, 9),
14

(41)

WRI(CdiS, J,9) is the time-independent contribution, and ¥,
@gD(V)(CdiS,J ,A®_9) is the overall time-dependent contribution em-
ploying y viscous mechanisms.

For the time-independent free energy we adopt the statistical me-
chanics based Arruda-Boyce model (Arruda and Boyce, 1993) which
accounts for the chain locking behavior of the polymeric network. To
incorporate temperature effects this contribution to the free energy is

where
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Fig. 10. Calibration of the time-dependent behavior of VHB 4910 at different temperatures using the load—unload data, (a) 0 °C, (b) 24 °C, (c) 40 °C, (d) 50 °C, and (e) 60 °C.

Note the change in scale for the data at 0 °C.

assumed to have the following form

P =Gy (9 22 [(%) ﬂ+ln<

B
sinh f

)G

Bo
sinh f,

)

+%I€(8)(ln D? =3R@®)a® - 9)(InJ),

(42)

10

where G, (9) is the temperature-dependent initial shear modulus, 4;
the constant locking stretch, and 1 = 4/trCy;/3 the effective stretch.

The functions g and f, are given by

ﬁ=c”<

A

. (43)

).

_ 1
) wmd m=c(GE



K. Alkhoury et al.

International Journal of Solids and Structures 242 (2022) 111523

0°C 24°C
800 ‘ 200 ‘ ‘ ‘
o Experiment o Experiment
— Model — Model
& ] &
3 600 3
0 n
%) 17}
o o
+5 400 7
© ©
£ £
§ 200} §
Z P4
0 L L L L
0 0.2 0.4 0.6 0.8 1
Time (h)
a)
40°C
200 ‘ ‘ ‘ ‘ 200 ‘ ‘ ‘ ‘
o Experiment o Experiment
— Model — Model
& & 150 | ]
3 150 3 150
0 n
7] 17}
2 ool o
+ 1004 -
© ©
£ £
g 50 g 50 ]
Z Pz
0¢ 0 : : : :
0 0.2 0.4 0.6 0.8 1
Time (h)
d)
60°C
200 ‘ ‘ ‘
o Experiment
—_ Model
S iegl
3 150
»n
173
L
+ 100
©
.E ieaanenastaningenssssl
§ 50
Z
0 L L L L
0 0.2 0.4 0.6 0.8 1
Time (h)

e)

Fig. 11. Calibration of the time-dependent behavior of VHB 4910 at different temperatures using the relaxation data, (a) 0 °C, (b) 24 °C, (c) 40 °C, (d) 50 °C, and (e) 60 °C.

Note the change in scale for the data at 0 °C.

where £-! is the inverse of the Langevin function, £() = coth(s) — 1/(s).
Further, based on the experimental results, we take the temperature
dependent modulus in the linear form

Gy(9) =G,9+G,, (44)

Additionally, K(9) is the bulk modulus used to approximate the near-
incompressible conditions and is assumed to be three orders of mag-
nitude greater than the shear modulus GO (9), a is the coefficient of
thermal expansion, and lastly 9, is a reference temperature.

11

For the time-dependent free energy, we follow the work of Linder

et al. (2011), which for each viscous mechanism y takes the form

- TD!
W ) —

R %G(TV]; 9 [(A?): Cgig —3) —In (det AV)] | (45)

Ar)
where G

viscous mechanism y, and based on the data are taken in the form

(9) are the temperature-dependent shear moduli for each

G (®) = Gy, + Gy exp (G, V9 (46)
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Fig. 13. Uniaxial model verification at 30 °C, a temperature not used for calibration, (a) load-unload, and (b) stress relaxation.

The evolution equation of each tensorial state dependent variable
A®) is given in the form

((Cae)™" =AD). AP (xp,1=0) =1,

AY = 47)

20 (9)
where £ (9) is the temperature-dependent relaxation time for each
viscous mechanism y, and based on the data are taken as

(@) =/ 4 7@ exp (—rhm&) . (48)

5.1.1. Cauchy stress

Based on (30) and (41), straightforward calculations provide the
Cauchy stress T in the form
oy

-1 T
F(2— | F

TG (9) (Byis)p + K(®) (InJ) 1= 3K(9)a(9 — 9p)1]

N

T

Time-independent contribution

+77 Y 69 ) [FdisA<y>Fjiis - 1A Cdis)l] , (49)
Y

Time-dependent contribution

where the effective time-independent shear modulus G = Go [€))
(%) £l (%) is a function of stretch and temperature.
L

12

5.1.2. Specialized constitutive equations for uniaxial tension

In the special case of uniaxial tension, and at a fixed reference
known temperature and incompressible conditions, the constitutive
model is simplified to a one-dimensional set of equations. In this case
the Cauchy stress takes the form

c= G"TI (190 [(/{)2 :| Z G(}’) 1() (/1)2 AW ;

IVAD
where ¢ is the Cauchy stress component in the loading direction. The
evolution equation of each A”) in case of uniaxial tension is given in
the form

] ; (50)

AW = =2 _ A 51
— G (@ ) 5D
In addition to that, the nominal stress is given by
A 1
P=0Gry (9 [/1 ] G (8y) [4AY - —— (52)
TI ( 0) (/1)2 ; (/1)2 ’_A(V)

and can be used to directly compare the model with our experimental
results.

6. Calibration

We calibrate the model in a uniaxial setting using (51) and (52)
against the experimental results using the built-in MATLAB least
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Fig. 14. VHB 4910 specimen used for the validation experiments. (a) Detailed geometry with dimensions in mm. (b) Undeformed finite element mesh with boundary conditions.
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Fig. 15. Isothermal inhomogeneous model validation at 24 °C. (a) Prescribed displacement and temperature profiles, and the resulting (b) force-displacement curves, and (c)

force-time curves.

squares function 1sqnonlin. The calibration process involves mul-
tiple consecutive steps that build upon each other. First, we calibrate
the time-independent parameters against the creep results reported
in Fig. 5. The calibrated model shows a good agreement with the
experimental data for all temperatures as can be seen in Fig. 9, and
the material parameters G,,, G, and A; are tabulated in Table 5.
Then, holding the time-independent parameters fixed, we calibrate
the time-dependent parameters against the load-unload and relaxation
results reported in Figs. 6 and 8, respectively. In order to capture the
material behavior, we use three viscous mechanisms (y = 3) for the

13

Table 5

Calibrated time-independent material parameters.
G, (Pa/K) G, (kPa) i
35.29 17.23 7.02

time-dependent contribution since we found that further increasing the
number of viscous mechanisms did not lead to noticeably better results.

The calibrated model along with the experimental data is shown in
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Fig. 16. Comparison of Hencky strain component E,, for the isothermal (24 °C) inhomogeneous uniaxial deformation between the experimentally measured (left) and simulated

(right) validation at prescribed displacements of (a) 12 mm, and (b) 19.4 mm.

Table 6
Calibrated time-dependent material parameters.
c [¢2] e @) )
G50 (kPa) G4 (kPa) Gep " (kPa) 7 (s) 750 (s) 7 (s)
r=1 12.29 97.93 6.31e-05 9.27 37.06 1.20
y= 17.45 157.96 0.05 4.23 1.00 1.03
y=3 5.02 47.38 4.27e-05 484.21 419.06 3.66e—4
Table 7 than room temperature intact samples. That alone is an interesting
VHB 4910 thermal parameters. result, but we refrain from further exploration since it is outside the
Parameter Value Reference scope of this work. As for the time-dependent parameters, one can
K 0.16 ((W/]i“ K; 3}1‘1/1 (20201) o) observe that an increase in temperature reduces the overall viscous
2010 (J/kg K Shan et al. (2013 . . epe .
) 960 (kg/m") 3M (2020) contribution. Specifically, based on (46) as the temperature increases,

Figs. 10 and 11, and the calibrated time-dependent parameters are
tabulated in Table 6. Lastly, to supplement the mechanical parameters,
various thermal parameters from the VHB 4910 data sheet and the
literature are tabulated in Table 7.

7. Model summary and behavior

It can be observed from the calibration of the time-independent
behavior that VHB 4910 stiffens as temperature increases, which is
an expected behavior for rubber-like materials. That can be observed
by comparing the initial shear modulus G,(9) in (44) at different tem-
peratures, where we observe a linear increase with a positive slope of
G,, = 35.29 Pa/K. Moreover, although the locking stretch 4, is taken to
be constant regardless of the temperature, the data indicates that as the
temperature increases, the samples fail at a uniaxial stretch much lower

14

all Gfryg show a decreasing trend as can be seen in Fig. 12a. Moreover,
based on (48), the relaxation time z(") for all viscous mechanisms also
decreases with an increase in temperature as can be seen in Fig. 12b. On
top of that, the sudden change in the sum of all relaxation times Y 7"
for all viscous mechanisms occurs at ~ 4 °C, which may be attributed
to the peak in the tané, as found in the DMA experiment discussed in
Section 2.2.

These observations were expected based on our experimental results
— the higher the temperature, the less viscous the material. Therefore,
our constitutive model, by construction, is able to capture the effect of
temperature on the rate-dependence, hysteresis and stress relaxation of
VHB 4910.

To verify our constitutive model, we use the parameters provided in
Tables 5 and 6 to predict the uniaxial behavior of VHB 4910 at 30 °C,
a temperature not used for parameter calibration. It can be observed
from Fig. 13 that our model is in good agreement with the uniaxial
experimental results at 30 °C.
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8. Validation

In order to validate our constitutive model, we perform two inho-
mogeneous tension experiments, (i) isothermal at room temperature
(24 °C), and (ii) non-isothermal. We then compare the reaction force
and strain fields between the experimental and simulation results in
order to validate our model.

The specimens used for validation are prepared by extracting dog
bone samples using an ASTM D638-I cutting die. Then, three circular
holes were punched out from the gauge section to create a tortuous
geometry that will lead to an inhomogeneous deformation as shown in
Fig. 14. Additionally, we spray paint the sample with a random speckle
prior to the experiment, so that the full strain field can be measured
using the DIC. Once more, we perform tension test using the same
uniaxial testing machine, and we measure the strain field using the DIC,
and the force using the 2.5 pound load cell.

As for the simulations, we implemented the constitutive model
in Abaqus/Standard (2021) by writing a user material subroutine
UMAT. The mesh of the geometry shown in Fig. 14b was discretized
with 1427 C3D8T elements, with a single element through the thick-
ness. Also, the boundary conditions can be observed from Fig. 14b;
face EFGH is pinned (u = 0) and the displacement measured from
the experiment is prescribed on face ABCD in the 2 direction and
constrained in the other directions. The total reaction force is obtained
by summing up the reaction force from each node in the 2 direction on
face EFGH. All remaining faces are traction free.

15

8.1. Isothermal at room temperature

The results for the isothermal room temperature validation are
shown in Fig. 15. The displacement as a function of time is shown in
Fig. 15a, and the comparison of both force-displacement and force—
time curves is shown in Fig. 15b and c, respectively. From these results,
one may clearly observe a good agreement between the experiment
and the simulation. Furthermore, Fig. 16 also shows a good agreement
between the experimental measured and simulated Hencky strain field
component E,, at various times, where the Hencky strain is given by
E=InU.

8.2. Non-isothermal

Similarly, the results for the non-isothermal validation are shown
in Fig. 17. The displacement and temperature as a function of time
are shown in Fig. 17a, and the comparison of both force-displacement
and force-time curves is shown in Fig. 17b and c, respectively. From
these results, one may clearly observe a good agreement between the
experiment and the simulation. Furthermore, Fig. 18 also shows a good
agreement between the experimental measured and simulated Hencky
strain field component E,, at various times.

9. Conclusion

In this paper, we have developed an experimentally validated
thermodynamically consistent, frame-indifferent, thermo-mechanically
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b)

Fig. 18. Comparison of Hencky strain component E,, for the non-isothermal inhomogeneous uniaxial deformation between the experimentally measured (left) and simulated (right)

validation at prescribed displacements of (a) 3.7 mm, and (b) 12.4 mm.

coupled constitutive theory for viscoelastomers. A suite of large de-
formation experiments were conducted at multiple stretch rates and
temperatures on the industrially relevant material VHB. Based on
the experiments, it was observed that the viscoelastic contribution
to the overall behavior of VHB decreases when the temperature in-
creases. The constitutive model is built upon the additive decompo-
sition of the free energy into a time-independent contribution based
on the Arruda-Boyce model (Arruda and Boyce, 1993), and a time-
dependent contribution based on the micromechanically motivated
model of Linder et al. (2011). The model was then calibrated against
the experimental data using non-linear least squares, and next imple-
mented as a user element subroutine in the commercial finite elements
software Abaqus/Standard (2021). Finally, the model was validated
by performing inhomogeneous deformation experiments and simula-
tions under isothermal and non-isothermal conditions, and comparing
various quantities such as the Hencky strain field, and the reaction
force.

The novelty of this work is accounting for temperature effects on
both the time-independent and time-dependent contributions, as well
as validating the constitutive model in an inhomogeneous thermo-
mechanically coupled setting. The validation in particular gives con-
fidence that the continuum level constitutive model may be used for
predictive simulation.

Despite being out of the scope of this study, we also observed that
as the temperature increases, the samples fail at a uniaxial stretch
lower than room temperatures samples. That is an important obser-
vation, especially when using VHB in applications involving elevated
temperatures.
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Appendix A. Uniform temperature distribution across the sample

For systems where the heat transfer within an object is much faster
than the heat transfer across the boundary, the full heat Eq. (40) may
be simplified, leading to the so called lumped system analysis (Bergman
et al., 2011). That assumption holds when the Biot number is

hL

Bi=—<<0.1.
K

(53)

where £ is the convection coefficient, L. the characteristic length, and
k the thermal conductivity.

Accordingly, we start by first calculating L, for our samples having
the length, width, and thickness at the gauge section of 9.49 mm,
3.18 mm, and 1 mm respectively, and we take the characteristic length
to be given by the ratio of sample volume to surface area. Next, we
estimate the convection coefficient based on the relationship for flow
over a plate A = 5.7 + 3.8V (McAdams, 1942) where V is the envi-
ronment air velocity. Using an anemometer (BTMETER BT-866A) the
air velocity inside the environment chamber was measured at 1.6 m/s.
With « from Table 7 one obtains Bi = 0.028, and therefore lumped
analysis is appropriate. Using a lumped analysis, the time for heating
may be calculated using

pL.C 9 =9
t= In{———),
h 9, — 9

where 9;, 9., and 9., are the initial room temperature, centerline
temperature, and chamber temperature, respectively. Assuming the
centerline temperature to be 99% of the chamber temperature 9, the
time for the gauge section to reach a uniform temperature is ~ 255s, or
about 4min. To verify our estimate, Fig. 19 shows the results of three
monotonic tensile tests at a stretch rate of 10~' s~1 after holding the
sample in the environmental chamber for 5 min, 10 min, and 15 min,
respectively. We can clearly see that the results are almost identical,
meaning that the sample temperature reaches a uniform distribution
after 5 min only, which was expected. While both experiments and
calculations show that 5 min is enough time to ensure a temperature
uniformity across the sample, we choose to hold our samples for 15 min
at temperature prior to the start of an experiment.

(54)
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Fig. 19. Stress-stretch curves after holding the sample for 5 min, 10 min, and 15 min,
respectively, at a temperature of 60 °C.
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Fig. 20. Comparison of the DIC measured stretch as a function of the crosshead
displacement with and without the environmental chamber window, and at different
temperatures.

Appendix B. Verification of the DIC procedure

In this appendix we verify that the DIC procedures used in our
experiments are unaffected by the environmental chamber window
glass, and chamber temperature. In all cases that follow, we prescribe
a constant crosshead velocity of i = 2.057 mm/s.

First, to determine the affect of the environmental chamber window
glass, samples were tested at room temperature with the door removed,
and then samples were tested at room temperature with the door in
place, both using the same setup described in Section 2.5 and the same
prescribed loading conditions. Second, to determine the affect of the
chamber temperature and window glass combined, samples were simi-
larly tested with the environmental chamber window in place. For this
scenario, we compare the prior experiments at room temperature with
the environmental chamber door in place, to experiments maintaining
both a cold temperature of 0 °C and elevated temperature of 60 °C with
the environmental chamber door in place. Fig. 20, clearly indicates
that for the range of temperatures under investigation in this work,
the combined effect of the environmental chamber window glass and
temperatures ranging from 0 °C up to 60 °C, there is no noticeable
effect on the DIC measurement, and therefore we use DIC to measure
the deformation in our experiments.
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