s .
Yesl materials MBPI|
e w p

Article

A Thermo-Electro-Viscoelastic Model for Dielectric Elastomers

Bao Qin !, Zheng Zhong ** and Tong-Yi Zhang 3

check for
updates

Citation: Qin, B.; Zhong, Z.; Zhang,
T.-Y. A Thermo-Electro-Viscoelastic
Model for Dielectric Elastomers.
Materials 2023, 16, 5917. https://
doi.org/10.3390/mal6175917

Academic Editor: Angelo Morro

Received: 10 August 2023
Revised: 22 August 2023
Accepted: 28 August 2023
Published: 29 August 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Research Institute of Interdisciplinary Science & School of Materials Science and Engineering,
Dongguan University of Technology, Dongguan 523808, China; qinbao1194723766@163.com

2 School of Science, Harbin Institute of Technology, Shenzhen 518055, China

Advanced Materials Thrust and Sustainable Energy and Environment Thrust,

The Hong Kong University of Science and Technology (Guangzhou), Guangzhou 511400, China;
zhangty@shu.edu.cn

*  Correspondence: zhongzheng@hit.edu.cn

Abstract: Dielectric elastomers (DEs) are a class of electro-active polymers (EAPs) that can deform
under electric stimuli and have great application potential in bionic robots, biomedical devices,
energy harvesters, and many other areas due to their outstanding deformation abilities. It has been
found that stretching rate, temperature, and electric field have significant effects on the stress-strain
relations of DEs, which may result in the failure of DEs in their applications. Thus, this paper aims to
develop a thermo-electro-viscoelastic model for DEs at finite deformation and simulate the highly
nonlinear stress-strain relations of DEs under various thermo-electro-mechanical loading conditions.
To do so, a thermodynamically consistent continuum theoretical framework is developed for thermo-
electro-mechanically coupling problems, and then specific constitutive equations are given to describe
the thermo-electro-viscoelastic behaviors of DEs. Furthermore, the present model is fitted with the
experimental data of VHB4905 to determine a temperature-dependent function of the equilibrium
modulus. A comparison of the nonlinear loading-unloading curves between the model prediction
and the experimental data of VHB4905 at various thermo-electro-mechanical loading conditions
verifies the present model and shows its ability to simulate the thermo-electro-viscoelastic behaviors
of DEs. Simultaneously, the results reveal the softening phenomena and the instant pre-stretch
induced by temperature and the electric field, respectively. This work is conducive to analyzing the
failure of DEs in functionalities and structures from theoretical aspects at various thermo-electro-
mechanical conditions.

Keywords: dielectric elastomers; thermo-electro-viscoelasticity; finite deformation; thermodynamic consistency

1. Introduction

Electro-active polymers (EAPs) that deform under electric stimuli are emerging as
promising materials for wide applications such as actuators and sensors [1]. Among
various types of EAPs, dielectric elastomers (DEs) have attracted more attention in recent
years due to their outstanding deformation abilities (about 50-380%), high energy density,
fast response speed, light weight, and mechanical compliance [2], and have found their
potential applications in bionic robots [3,4], biomedical devices [5,6], energy harvesters [7,8],
flexible electronic devices [9,10] and so on. However, DEs may fail in their functionalities
and structures when subjected to complicated or extreme environments. For example, a
common design of DE film [11,12] or DE tube [13] may wrinkle or buckle because of the
deformation induced by the interaction of charges with opposite signs on neighboring
surfaces when an electric field is applied along the thickness direction. Besides, temperature
fluctuations can influence the rate-dependent stress-strain relation and cause the electric
and mechanical instability of DEs by changing their material properties [14,15]. Therefore,
studying the thermo-electro-mechanically coupled process of DEs is of great significance in
the development of DE materials and devices.
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In the past few years, it has been long observed from experiments that the mechanical
responses of DEs are highly rate-dependent [16,17]. The viscous dissipation energy, repre-
sented by the area between the loading and unloading curves, varies with the stretching
rate. Later, a number of experimental tests, including single-step and multi-step relaxation
tests and cyclic loading-unloading tests, were performed by Hossain and co-workers [18-20]
to find that the viscoelastic behavior of the commonly used DE polymer VHB4910 was also
sensitive to temperature and electric field. In particular, an increasing temperature can sig-
nificantly soften the materials. Recently, Mehnert et al. [21] conducted more comprehensive
tests, showing that temperature has a more pronounced effect on the viscoelastic behavior
of DE polymer VHB4905 than an electric field.

At the same time, some phenomenological or physics-based models have also been
established to simulate the viscoelasticity of DEs [22-25]. However, to the best of our knowl-
edge, most of these models can only consider the thermo-mechanical or electro-mechanical
behaviors of DEs. For example, Mehnert et al. [26] proposed an electro-viscoelastic model
for DE polymer VHB4905 at room temperature without consideration of temperature fluc-
tuation, while Alkhoury et al. [27] established a thermo-mechanical model to describe the
significant viscoelasticity reduction of VHB4910 due to temperature increase, ignoring the
effect of an electric field. Very few constitutive models were developed to describe the
thermo-electro-viscoelastic behaviors of DEs. Although Mehnert et al. [28] proposed a theo-
retical model for dielectric elastomers with coupling thermo-electro-mechanical behaviors,
for which temperature-dependent scaling functions were introduced to modify the elastic
and viscous energy contributions in order to reflect the softening of materials induced
by increasing temperature, the scaling functions were inconsistent and lacked a physical
basis. Moreover, the used Yeoh-type and Neo-Hookean-type energy functions could not
capture the strain-stiffening effect well, and the instant pre-stretch was not simulated in the
theoretical model.

Therefore, in this paper, we aim to develop a thermo-electro-viscoelastic model for
DE:s at finite deformation and verify this model by using available experimental data from
the literature. First, a thermodynamically consistent model for thermo-electro-mechanically
coupling problems at finite deformation is established by considering the Gauss law and
the electric contribution to the energy balance on the foundation of the classical thermo-
mechanically coupling theoretical framework. Second, the viscoelasticity of DEs is de-
scribed by a rheological model consisting of an elastic ground network and several parallel
viscous subnetworks, whose elastic deformations are assumed to be incompressible and
moduli to be temperature-dependent. The Gent model [29], which takes the strain-stiffening
effect into consideration, is employed to represent the equilibrium and non-equilibrium
elastic free energies, and Lagrange multipliers are used to impose the elastic deformation
incompressibility of both ground networks and subnetworks. Finally, for model verification,
we simulate the loading-unloading curves of VHB4905 at various thermo-mechanically
and thermo-electric-mechanically coupling conditions and compare theoretical results with
experimental data from Mehnert et al. [21] and Liao et al. [20].

The remainder of this paper is organized as follows: In Section 2, a continuum theoret-
ical framework for thermo-electro-mechanically coupling problems is given, and constitu-
tive equations, including the state and evolving equations, are derived. In Section 3, based
on the proposed theoretical framework, specific constitutive equations are given and the
thermo-electro-viscoelastic behaviors of VHB4905 are modeled. Finally, conclusions are
given in Section 4.

2. Theoretical Framework
2.1. Kinematics

Consider a DE body By bounded by the surface 0By, which is defined in a fixed
reference configuration and deforms into B; with the surface 0B;. Then the deformation

gradient is given as follows:
F= Vpx 1)
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where x = x(X,t) is a function introduced to map an arbitrary material point X inside By
into a spatial point x inside B; and Vp is the gradient operator with respect to the coordinates
X. To describe the viscoelasticity of DE at finite deformation, a one-dimensional analogy
rheological model [22,25,30-32] is employed, as shown in Figure 1. Here, DE is assumed to
comprise of a ground elastic network, with deformation gradient F, and n parallel viscous
subnetworks, with elastic deformation gradient F; and viscous deformation gradient F;,
resulting in the following relation:

F=F-F, i=1,.,n @)

=
L
F?
=
| - -
| F¢ . FY |
— |
VW—E
F¢ FY

Figure 1. A one-dimensional analogy of the viscoelastic model for thermo-electro-mechanically
coupling DEs at finite deformation. The networks of DEs are separated into a ground elastic network,
with deformation gradient F, and n parallel viscous subnetworks, with an elastic deformation gradient
F;, and viscous deformation gradient FY(1 < i < n).

The stress due to the deformation of the ground elastic network only depends on the
F and cannot be relaxed, while the stress due to the elastic deformation F; can be relaxed
with time because the viscous deformation gradient F; evolves with time.

Accordingly, the right Cauchy-Green deformation tensors, C = FI-F and
C = (Pf) T-P;r’ with the superscript T denoting the transpose operation, are used to mea-
sure, respectively, the deformation of the ground network and the elastic deformation of
the subnetworks.

2.2. Balance Laws and Entropy Inequality

Let d and p° denote the electrical displacement and the total charge density reckoned
in the current configuration. Then, the Gauss law can be written as follows:

/ d-nda — / o°do =0 @)
200 0

where n is the outward unit normal vector of the area element da on the surface (2 with
(2 denoting an arbitrary domain inside B, and dv is the volume element of (2. The above
equation can be equivalently written in the reference configuration as follows:

D-NdA—/ cdV =0 4
/BQO [, P ()

where D and p% are, respectively, the electrical displacement and the total charge density
reckoned in the reference configuration, N is the outward unit normal vector of the area
element dA on the surface 002y with 2y denoting an arbitrary domain inside By, and dV

is the volume element of (2. The relations D = jd- (1—"T)71 and p%; = jp°, with j as the
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determinate of F and the superscript ‘—1" denoting the inverse of a tensor, can be obtained
since nda = j(FT) " '-NdA and dv = jdV.
Using the divergence theorem, we can respectively write Equations (3) and (4) locally
as follows:
ved =S, Vr-D = pj ()

. . . . . —1
where V is the gradient operators with respect to the coordinates x, with v = vg-(FT) .
Furthermore, the electric field e, reckoned in the current configuration, and its counterpart
E, reckoned in the reference configuration, are respectively defined by the following:

e=—vd, E=—vgd (6)

where @ is the electric potential reckoned in both the current and reference configurations,
and E = FTe.

Neglecting the inertial effects, the balance laws of force and moment are given in the
current configuration as follows:

cV+b=0 c=0" ?)

where o is the Cauchy stress tensor and b is the body force per unit volume in (2, which
can be given in the reference configuration as follows:

P-Vg +bg =0, P-F = F.pPT (8)

where P is the first P-K stress tensor and by, is the body force per unit volume in 2y, with
the relations P = jo- (FT) ! and by = jb.

Let e and g denote, respectively, the internal energy density and the heat source per
unit volume in (2, and j7 is the heat flux per unit area on dQ2. Then, the energy balance law
in the current configuration is written as follows:

%/ﬂsdv - ./;Q(a-n-x — jon — ®dn)da + /Q (b +q+ @) do )

whose corresponding form in the reference configuration is as follows:
d . , . .
=7 av = P-N-x —j,-N—®D-N)dA / . Do, \dV 1
dt/QOER /BOO( X—Jr ) + Qo(bR X+ 4qr+ pR) (10)

where % or, equivalently, a superposed dot represents the material time derivative eg
and qr denotes, respectively, the internal energy density and the heat source per unit
volume in (2, and j?{ is the heat flux per unit area on d(y. The relations eg = je, qr = jg,

and ]‘12 = jj1-(FT) ! exist for the above two equations. The first and fourth terms on the
right-hand side represent the mechanical work from the surface traction force and the body
force, respectively; the second and fifth terms represent the thermal energy, respectively,
from the heat flow across the surface and the heat source inside the body; and the third and
sixth terms represent the electric work from the charge change on the surface and inside
the body, respectively. From Equations (5)—(8) and using the divergence theorem, the local
forms of Equations (9) and (10) can be respectively derived as follows:

E=0:Vx—Vil+g+ed (11)

ér =P:F— Vgjk+qr +ED (12)
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Let 17 denote the entropy per unit volume in (2 and ¢ is the absolute temperature. The
entropy inequality is written globally in the current configuration as follows:

d q
“ > 1
dt/andv_/a d+/ 9 4o (13)
which can also be written in the reference configuration as follows:
d —jx'N qr
4 av > / R4 + / R gy 14
- /Q v > [ 5 (14)

where % is the entropy per unit volume in 2y with the relation yg = ji. Using the
divergence theorem, the local forms of the above entropy inequalities are as follows:

i
> —
i>-vl4 1 (15)
: ]'?z qr
URZ—VR'g‘FF (16)

Introducing the Helmholtz free energy density ¢ = ¢ — 9% and considering the energy
balance (11), the inequality (15) becomes the following:

U:V)'(+e-d—1719—(p—%j‘7-71920 (17)

Similarly, introducing the Helmholtz free energy density g = eg — 0yg with pr = jo
and considering the energy balance (12), the inequality (16) becomes the following:

. . . i 1
P:F+E~D—;7R19—(pR—§j§’{~VR1920 (18)

which imposes the thermodynamic constraint on DEs. For convenience, we only employ
the formulations given in the reference configuration in the following sections.

2.3. Constitutive Equations

In view of thermo-electro-viscoelastic effects of DEs, the Helmholtz free energy density
@R can be assumed as a function of variables (C, C{, D, 9), i.e.,

¢r = ¢r(C,C;,D,9) (19)

so that its material time derivative can be written as follows:

- a(PR ' oPR . a(PR . OQR .
Pr = C+E 19¢ +2p :D+ 31919 (20)

The first and second terms on the right-hand side of the above equation can be
rewritten as follows: 3 5
9PR . ¢ — op.9%R .

aC - aC - F

IPr ¢ _ 9gr G . R OC o o OPR (por) ! e OPR 1y
ToR A TR SR To s e A B T (BT) E-2cr ace -Di @1
with

v

1 .
D} = (L+LT), L =F ()" (22)
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Then, the substitution of Equations (20) and (21) into Equation (18) yields the following:
) ) -1 ; ) - ) .
(P 2R 5 — 20l B -(RT) ) s F = (B 55 ) D — (w5 ) -

3k VRO + Tfy 2G5 - DY > 0

(23)

In the case that P, E, and 7R are independent of F, D, and 19, the first three terms of the
above inequality should vanish so that we have the following constitutive relations:

IPR n IPR (o1 !
P=2p5d +2) L Frga (F) 24
_ JIPR
E=%0 (25)
_ JdPR

Thus, the inequality (23) reduces to the following;:
1, n neq
— ik VRO ) M D} >0 (27)
where M?eq is the non-equilibrium Mandel stress tensor [33], defined as follows:

d
neq PR
M, = ZCf- aCf

(28)

More specifically, to satisfy the thermodynamic constraint given by inequality (27),
the following constitutive equations are deduced:

jh ==Y 70 (29)

D! = Q;: M;* (30)

where Y is a second-order tensor and Q; a fourth-order tensor, both of which are positive-
definite. Here, Equation (29) is the Fourier heat conduction law and Equation (30) is the
rheological viscous flow rule [22,33].

2.4. Heat Conduction

Now, the first Gibbs relation can be obtained by substituting Equations (21), (24)—(26)
and (28) into Equation (20), as follows:

gp=P:F+Y " M :D?+ED—ygd (31)

which can also be simultaneously transformed into the second Gibbs relation by using the
relation g = egr — OR, i.e.,

er=P:F+Y " M :D!+ED-+ 0, (32)
Using the energy balance Equation (12), Equation (32) yields the following:
9 = — VRjR +ar + Y MIT: DY (33)

which indicates that the total entropy change includes the heat exchange of DE with its
environment and its internal dissipation of heat due to viscous effects. From another
perspective, it can also be found that the total entropy change includes the reversible
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entropy exchange (i.e., the right-hand side of the inequality (16)) and the irreversible entropy
production (i.e., the left-hand side of the inequality (27)). Then, taking the derivative of
Equation (26) with respect to time and substituting the result into Equation (33) gives
the following:

neq
~ - oE
cﬁ:—Vpﬁ+ﬂR+XiﬂM?LD”+&— F- le D+0al9 (34)
where c is the specific heat capacity, defined as ¢ = a; 52 - This heat conduction equa-

tion explicitly indicates that temperature varies with heat exchange, viscous flow, the
temperature-stress coupling effect, and the temperature-electricity coupling effect.

Up to now, we have obtained all the governing equations for the thermo-electro-
viscoelastic process of DEs, including kinematic Equations (1), (2) and (22), balance
Equations (5), (8) and (34), constitutive Equations (24)—(26) and (28)—(30), which can be
solved under given boundary and initial conditions. In the next section, we will derive
specific constitutive equations by giving specific Helmholtz free energy for DE and simu-
late viscoelastic phenomena of the DE polymer VHB4905 under various thermo-electro-
mechanical loading conditions.

3. Special Cases

VHB4905 is one class of commercially available DEs, whose highly nonlinear stress-
strain relations have been extensively investigated at various conditions [20,26,34]. In
this section, specific constitutive equations for the coupling thermo-electro-viscoelastic
behaviors of VHB4905 are first given and then used to simulate the loading-unloading
curves under two different coupling conditions.

3.1. Specific Constitutive Equations

The Helmholtz free energy density is assumed to be additively decomposed,
as follows:
R T ORT R (35)
where ¢} and ¢} are, respectively, the equilibrium and non-equilibrium Helmholtz free
energy density resulting from the stretching of the ground network and subnetworks, ¢k
is the Helmholtz free energy density due to the interaction of quasi-static electric charges in
VHB4905, and ¢} is the Helmholtz free energy density due to temperature fluctuation.

Here, we adopt the Gent model [29] for (pfg and (pﬁeq in consideration of the strain-
stiffening effect that DEs may stiffen sharply when the network chain approaches its
extension limit [35], as follows:

fPR—(PR + Qg

GYL, (L—trC+3
PR = — 5 m( I ) (36)
ML L —trC¢ +3
neq o
==y - (’ I ) (37)

where the symbol ‘t7” denotes the trace of a tensor, G*7 and Gineq denote, respectively, the
equilibrium modulus of the elastic ground network and the nonequilibrium modulus of the
ith viscous subnetwork, and L and L; represent the extension limits of the elastic ground
network and ith viscous subnetwork, respectively.

For the sake of simplicity, an isotropic formulation of electrostatics in the current
configuration is employed [36]:

E
¢r _ 1 4
j = 5o (38)
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whose corresponding form in the reference configuration can be obtained by using the
relation D = jd- (FT) ! as follows:

1
E_
Pr = 2jeoer

(PT-F) . (D® D) (39)

where the symbol @ denotes the dyadic product defining A ® B as A, By for any vectors A
(with A, as its component) and B (with By, as its component); and €( and €, are, respectively,
the vacuum permittivity and the relative permittivity.

For the thermal part of the Helmholtz free energy density, we adopt the following [37]:

9 (19 — 190)2
T
- 9 29 4
PR Co <l9 190 din 0) Co ) ( 0)

which leads to a linear dependency of the specific heat capacity on temperature:

c=co+0cyp 41)

do

where t is a reference temperature, and cy and ¢, are two coefficients of this linear dependency.
Substituting Equations (35)—(38) into (24), (25) and (28), we have

coL GL; ! T\~ 1
P = SenF+ Dl et (FF ) + (F1) @)
|z (ep) 2D -} (A-cpD)]
1
E=_—CD (43)
JEoEr

G'-qu'
P 0 44
Ml Li—trCf+3 ! ( )

with I as the second-order unit tensor.

Next, both the elastic deformations of the ground network and parallel subnetworks
are considered to be incompressible [25], for which Lagrange multipliers I1 and I1; are
introduced to impose these constraint conditions and modify the free energy density
as follows:

pp=or —T1(—1) =Y TL(j —1) (45)

where j¢ is the determinant of the elastic deformation gradient F;. Replacing ¢r with 5 g in
Equations (24) and (28), we can rewrite P and M?eq as follows:

_ _GYL Gi*L; N, gyl 1
P= e+ L; ter:’+3F?'(F? ) +(F) '{E®D7 Z(E'D)I}i (46)
. -1
JILET) ™ = T eI (FT)
G L
heq _ i Tt e EHI 47
M = LG @)

where we have used the remaining unchanged relation (43). Furthermore, the Cauchy stress
tensor o can also be obtained by using the relations o = %P-FT, d = epere, D = j(F)~ 1 -d,

E=Feandj= Jji = 1in Equation (46), as follows:

q GnL’L
o= 5éEFF + O e E ET +€0€’[e®e_*(”)l]

—(IT+ 2, 1)1

(48)
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Employing j = j{ = 1 and the multiplicative decomposition of F in Equation (2),
the viscous incompressibility, trDf = 0 or j7 = 1 with j as the determinant of F}, can
be deduced, from which the fourth-order tensor Q; in Equation (30) can be taken as
follows [25]:

1 1

where 1 is the fourth-order unit tensor and v; the viscosity of the ith subnetwork. Then,
the relaxation time for the ith subnetwork can be defined as 1; = [31].

Yi
Gneq

1

3.2. Thermo-Viscoelastic Coupling

In the thermo-viscoelastic experiments of Mehnert et al. [21], VHB4905 samples with
the dimensions 130 mm x 10 mm x 0.5 mm are first heated at different temperatures in the
thermal chamber for about 10 min, which has proven to be sufficient for the samples to
induce the temperature of the chamber, and then mounted onto the machine Inspekt 5 kN
for multi-step relaxation tests and cyclic loading-unloading tests.

During heating, we assume that the deformation of the samples can be neglected
due to the relatively small thermal expansion coefficient and the free boundary conditions.
Substituting Equations (41) and (29) into Equation (34) and neglecting all the heat sources,
the heat conduction equation reduces to the following:

19>l9 = VR'(Y‘ VR19) (50)

<CQ + C‘U 190

where we consider the isotropic Fourier heat conduction so that Y = (KO +Kog, )I with

o and x, are two coefficients of the linear temperature-dependent conductivity [38]. The
Neumann boundary condition is used to describe the convective heat transfer between the
sample and the air in the thermal chamber, given as follows:

jrn=h(d — ) (51)

where & is the convective heat transfer coefficient, 9; and 9; are, respectively, the tempera-
ture of the sample surface and the temperature of air in the thermal chamber. Here, the
room temperature (296 K) is taken as the reference temperature (i.e., ¢y = 296 K) and the
temperature of air in the thermal chamber is set as ¥; = 353 K. The initial condition for the
temperature of the sample is assumed to be as follows:

8),_o = 296 K (52)

The material parameters, cy, ¢y, ko, and x,, used in the calculation are given in Table 1,
based on Dippel et al. [38] for natural rubber, which resembles VHB4905 in molecular
structure. Furthermore, considering that the convective heat transfer coefficient for forced
gas convection is about 20 ~ 300 W/ (m?-K), h = 20 W/ (m?K) is chosen, as given in
Table 1, for the convective heat transfer between the sample and the air in the thermal
chamber so that we can roughly estimate the maximum time for reaching the steady state
of heat conduction.

Table 1. Material parameters.

Parameters Values
co((]/(m3~K))) 8.86 x 10;
Cy (]/ (m K)) 9.18 x 10
xo(W/(m-K)) 0.42
KU(W/(m K)) —-0.17
h(W/ (m*K)) 20
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The heat conduction inside VHB4905 samples can be simplified as a one-dimensional
problem since the dimension in the thickness direction is much smaller than the other
two lateral dimensions, which results in negligible convective heat transfer on the lateral
surfaces. By solving Equation (50) with the boundary condition (51) and the initial con-
dition (52) through the commercial software COMSOL Multiphysic 5.3, the temperature
distribution along the thickness direction during heating is obtained and shown in Figure 2.
It can be seen that the temperature along thickness direction is nearly uniform and increases
with time until it reaches 353 K (the temperature in the thermal chamber). This is because
the great heat conductivity of VHB4905 leads to rapid heat transfer across a small distance
between neighboring surfaces (0.5 mm), and forced gas convection between the sample
and the air in the thermal chamber results in a steady temperature distribution after about
100 s. The numerical results reveal that 10 min is sufficient for VHB4905 samples to induce
the temperature of the thermal chamber.

' T——— L — S L1 £ '

At — ===y
345} I
340} _
335} 1

2 330} ]

2 o = & & e o e 2

5 325} i

@

o +

£ 320} B8

et —8—20s
315k ——40s ||

—a— 60 5
3101} == 80 s 4
100 s
305 == 120 s | |
300} 1
D e e — o s—ra— —r——
0 0.0001 0.0002 0.0003 0.0004

location along thickness direction{m)

Figure 2. Temperature distribution along the thickness direction at different times during heating.

Next, the corresponding deformation gradient in the mechanical tests can be written
as follows:

M0 0 AZ 00 AL0 0
F=]0 A Of, E=|0 A, 0|, FF=|0 A% 0
0 0 As 0 0 A4 0 0 Ay
v (53)
An/An 0 0
X
Di=| 0 Ap/Ah 0
.0
0 0 Ap/Ay

Here A1, A2, and A3 are the principle stretches of the deformation gradient F; A7, A%,

and A, are the principle stretches of the elastic deformation gradient F;; and A}, AY,, and
A} are the principle stretches of the viscous deformation gradient F. In consideration of the
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P,

equal lateral stretches during the uniaxial tensile test and the incompressible deformation
of VHB4905 samples (j = ji = j7 = 1), we have the following:

Nf—=

M=A Aa=A3=(A)"

1
A =ApAL = A, ApAipy = AgAis = (A) 2

H

n=A A=A = ()‘6)” n=AM A=Ay =(A])"2 (54)

with A, Af, and A7, respectively, as the principle stretches of the deformation gradients F,
F;, and F] along the tensile direction.

Let P;, P, and P3; denote the components of P along three principal directions, re-
spectively. Substituting Equations (53) and (54) into Equation (46) and then discarding the
electric terms, we have the following:

o GYILA by Gl LA (A7) 2 RISy
L2 A3 T L e a2(ar) 243 A
_1 neq _1.5
GYLA"2 n G, 'LiAT2A; n 1
. — (IT . II ) A2 55
L—ZA‘l—/\2—|—3+lel Li—2/\71)t7-)—/\2(/\7»’)72—0—3 ( +Zz:l l) (55)
1 1

According to the boundary condition, P, = P3 = 0 for the uniaxial loading-unloading
tests, we can further obtain the following:

Geap A1 " GTLAIAY

m+y" 11 = , ’ ’
+ Y I L_oA1_a213 " i Li —2A~1A% — A2(A?) 2 43 56)

1 1

d

" 2 G™L, A (A?) 2 = A—2)?

p Ge'iL(/\—/\_ ) +2n i l{ ( i) B i} (57)
1= — i —
L-2A"T—A243 " &=l or1pv_x2(p0) 243

Here, the incompressibilities of the ground network and the parallel subnetworks
have an effect on the stress, and Lagrange multipliers are eliminated according to the
boundary conditions.

Let Mlnleq, M”eq and M ‘1 denote the components of M 1 along three principal direc-
tions, respectlvely Snmlarly, substituting Equations (53) and (54) into Equation (47), we
have the following:

neq -2
M — GTLiA%(AY) I
a2 (ae) 43

(58)

neqy y—1yo
neq _ , cheq G, "LiATAY
Mp' = M;z" = -1
Li—2A~1A7=A2(A?) 743

Then, substitution of Equations (58), (53) and (49) into Equation (30) yields the following:

.
. L; B

2= : S AN =AY (59)

AL 3 L —2A-1A7 = 22(A7) P 3}

which describes the viscous flow in VHB4905 subjected to uniaxial tension. It is worth
noting that the elastic incompressibility of the subnetworks has no influence on the viscous
flow since only the deviatoric stress, excluding the hydrostatic pressure I1;, promotes the
viscous flow.
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Under the initial conditions, Pi[,_y = 0, A|,_g = A?|,_, = 1, the coupled Equations
(57) and (59) can be simultaneously solved to predict the mechanical behaviors under the
given material parameters. To determine the material parameters, the least square method
is used to fit Equations (57) and (59) with the experimental data of Mehnert et al. [21],
who performed multi-step relaxation tests for identifying the elastic responses at different
stretches and cyclic loading-unloading tests for acquiring the viscous information at dif-
ferent stretching rates. In each step of a multi-step relaxation test with eight consecutive
steps, the sample is stretched quickly with an increased 25% deformation and then held
at this deformation state for thirty minutes (the viscous stress is considered to be relaxed
almost completely after this period), for which Equations (57) and (59) can be reduced to
the equilibrium equation:
b GYL(A —A~2) €0
YT L-2A T A2 43 (€0)
Here, we take L = 155, according to Kollosche et al. [39], and fit Equation (60) with
the multi-step relaxation tests [21] to obtain G*7 = 15.12 kPa, 13.05 kPa, and 11.84 kPa for
the temperatures 296 K, 313 K, and 333 K, respectively. Figure 3 gives a comparison of
the equilibrium stress-stretch relations, respectively, from model fitting and experimental
data. The experimental data are in good agreement with the fitting curves, indicating that
Equation (60) is capable of predicting the equilibrium response of VHB4905. Three discrete
points (296, 15.12), (313, 13.05), and (333, 11.84) are further used to fit, as shown in Figure 4,
the following exponential function:

G*(8) = aexp <1l;<i919gl9—g)c> (61)

with a = 0.13 kPa,b = 4.16, and ¢ = 8.06 K. Here, ¢, (233 K) is the glass transition
temperature of VHB4905. This dependence of the equilibrium modulus on temperature is
of the Williams-Landel-Ferry (WLF) type [40], and indicates that increasing temperature
would soften VHB4905. This function can be used to calculate G* = 25.56 kPa for 273 K.

296K
a0l Model fitting rs
= ¢ Experimental data
W)
4 L)
—= 201 [
a8y
0 I I 1
1 1.5 2 2.5 3
A
313K
40} Model fitting
;cvs\ e Experimental data i
4
—= 20
A
0 1
1 1.5 2 2.5 3
A
333K
a0t Model fitting ' |
;ﬂ}\ ® Experimental data 1
2
—~ 201
Q
0 I 1 1
1 1.5 2 2.5 3
A

Figure 3. A comparison of the equilibrium stress-stretch relations at 296 K, 313 K, and 333 K from the
model fitting and the experimental data [21].
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280 300 320 340 360
9(K)

Figure 4. The fitting curve of the equilibrium modulus versus temperature.

Figure 5 gives a comparison of the experimental data with the model fitting and
the model prediction at different stretching rates and a fixed temperature of 273 K. We
have found that n = 3 results in well-converged results as well as physically realistic
parameter values. With G® = 25.56 kPaand L = L; = 155 (i = 1, 2, 3) determined,
the non-equilibrium modulus Gm] (38.44 kPa, 94.23 kPa, 94.96 kPa) and the relaxation
time 7; (413.32s, 5.43 s, 1.65 s) are obtained by fitting Equations (57) and (59) with the

experimental data at stretching rates ’A’ = 0.03/s and ’/\’ = 0.05/s in Figure 5. Then, the

model prediction of |[A| = 0.1/s by using all determined parameters agrees well with the

experimental data, and each loading-unloading cycle shows typical viscoelastic behavior,
which validates the employed viscoelastic model.

273K, |A| = 0.03/s 273K, |A| = 0.05/s 273K,|A| = 0.1/s

250 The fitting curve 250 The ﬁFting curve 250 MOdd' PrediCtioil,
= = =Experiment = = =Experiment _ -- -Expenment’ -
200 200 z 200 L= Z
5 £ £ g
& 150 == & 150 & 150
& 100 & 100 < 100
50 50 50
0 0 0
1 2 3 4 1 2 3 4 1 2 3 4
A A A

Figure 5. A comparison of the loading-unloading curves at 273 K. The experimental data of the
stretching rate ‘A =0.03/s and Al =0.05 /s are used for the model fitting, and ‘A‘ =0.1/sis used
for the model validation. The experimental data are taken from Liao et al. [20].

Figure 6 also presents a comparison of the experimental data with the model fitting
and the model prediction at different stretching rates and temperatures. Here, we assume
that the relaxation times and the extension limits are temperature-independent, so that
only the dependence of the non-equilibrium moduli on temperature is obtained via the

model fitting. The experimental data at the stretching rates ‘)\‘ = 0.025/s and ‘A‘ =0.05/s

are used to determine the non-equilibrium moduli, and ’A‘ = 0.1/sis used to validate the
model fitting. It can be seen that the results from the model fitting and the model prediction
are close to the experimental data, and the viscoelastic effect at the higher temperature is
more significant, indicating that the strategy is reasonable. We assume that the dependence
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of the non-equilibrium moduli on temperature is also a WLF type like Equation (61) and fit
this type with the obtained four discrete points, yielding the following fitting functions:

neq _ ) 4.74(89—233)
G1*1(8) = 554 x 10 Zexp (3555 -F10)
neq - -3 6.87(9—233)
Gy*1(8) = 679 x 10 %exp (35T (62)
neq - -3 7.21(8—233)
G3 (19) =7.89 x 10 exp(m
(@) 296K, |A| = 0.025/s 296K,|A| = 0.05/s 296K,|A\| = 0.1/s
100 The fitting curve The fitting curve Model prediction
g0 b= = =Experiment 80 }= = =Experiment = 100 p= = =Experiment
=
> _ Py~ —~ 80 -
£ 60 2 £ 60 > 5 G .
=) 3 2 2 60 s
= 40 / & 40 , 4 Q 40 , ’
4 .
20 20 " 20 .
.
0 0 o1
1 2 3 1 2 3 2 3
A A A
(b) 313K,|A| = 0.025/s 313K,|A| = 0.05/s 313K,|A| = 0.1/s
100 The fitting curve The fitting curve Model prediction
80 b= = -Experiment 80 |= = —Experiment g0 l™ -~ -Experiment
£ 60 = £ 60 — £ 60 L7
& & 5~ & 5
= 40 2 = 40 2 - 40
~ z ~ " e .’
20 20 J 20 .
7 ’
0 oL 2 ol
1 2 3 1 2 3 1 2 3
A A A
(c) 0 333K,|A| = 0.025/s 333K,|A| = 0.05/s 00 333K,|A| = 0.1/s
1 1
The fitting curve The fitting curve Model prediction
80 - = = Experiment 80 - = = Experiment 80 - = = Experiment
— —~ — 7
a“f 60 _ ‘f 60 D‘f 60
(<) & P & J
< 40 —> o 40 _z o 40 <.
z 2 R
20 20 ~ 20 ,
’
0 0 0 =
1 2 3 1 2 3 1 2 3
A A

Figure 6. A comparison of the loading-unloading curves at (a) 296 K, (b) 313 K, and (c) 333 K. The
)L‘ = 0.025/s and ‘)\‘ = 0.05/s are used for the model fitting,

experimental data of the stretching rate

and ‘/\ = 0.1/s is used for the model validation. The experimental data are taken from Mehnert

etal. [21].

The fitting curves of the non-equilibrium modulus versus temperature and the corre-
sponding fitted points are depicted in Figure 7, where the fitting curves match roughly with
these points. With these assumptions and relations, all parameters at 353 K (see Table 2) are
obtained and substituted into Equations (57) and (59) for predicting the loading-unloading

curves at different stretching rates.
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The fitting curve
® The fitted point
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Figure 7. The fitting curves of the non-equilibrium moduli versus temperature.

Table 2. Material parameters at different temperatures.

273K 296 K 313K 333K 353 K

G*1(kPa) 23.44 15.12 13.05 11.82 11.07
Gf‘? (kPa) 38.44 16.83 13.72 11.55 10.20
G, (kPa) 94.23 27.39 23.90 13.11 13.29
G5 (kPa) 94.96 41.04 20.57 25.41 19.49
71(s) 413.32 41332 41332 413.32 413.32
7(s) 5.43 5.43 5.43 5.43 5.43
73(s) 1.65 1.65 1.65 1.65 1.65
L,Ly, Ly Ly 155 155 155 155 155

Figure 8 shows a comparison of the loading-unloading curves from the model predic-
tion and the experimental data at /\‘ = 0.025, 0.05, 0?1, and 353 K. It can be seen that the

predicted loading-unloading curves from the present model match reasonably well with
the experimental results, and the peak stress of each curve increases with the stretching
rate. The comparison indicates that the present model and its fitting parameters are able to
describe the viscoelastic effect of VHHB4905 at different stretching rates and temperatures.

353K,|A| = 0.003/s 353K,)A| = 0.05/s 353K,|A| = 0.1/s

100
= Model Prediction = Model Prediction = Model Prediction
801 — = = Experiment 801 - = =Experiment 801 — = =Experiment
?|
= 4 = Al s -
L 60 ~ ‘f 60 ”’; & 60 <7
24 ~ . 27 24 - A 24 z - (g
< 40 z~ o 40 z- o 40 e
20 P 20 P4 20
g/ Y.
h 4
0 0 b 0
1 2 3 4 1 2 3 4 1 2 3 4
A A A

Figure 8. A comparison of the loading-unloading curves from the model prediction and the ex-
perimental data at ’/\’ = 0.025, 0.05, %, and 353 K. The experimental data are taken from Liao

et al. [20].

3.3. Thermo-Electro-Viscoelastic Coupling

In the thermo-electro-viscoelastic experiments of VHB4905 by Mehnert et al. [21],
material samples with the dimensions 70 mm x 100 mm X 0.5 mm, coated with carbon
conductive grease, acting as compliant electrodes, on its two largest surfaces, are first
heated for fifteen minutes to reach a target temperature in the closed thermal chamber.
Then, an electric field is applied on the two largest surfaces of the heated samples. Finally,
the loading-unloading tests on the samples with different electric fields are conducted.

Let E denote the electric field along thickness direction reckoned in the reference
configuration. Substitution of Equation (53) into Equation (46) yields the following:
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2

b GeLA, 5 GLiAy (1Y) 2 mey, I E
1— i - — €0€r—/——=
N e T T R B 2k
b GUILA, 5 GI*TLiAx (A%) 2 T+ Y7, T E2
2= _ - —€0€r ;>
L-M =M —=M+3 ==L 220) 2 - 22(A%) 2 —A2(A%) 2 +3 A2 20203
o G®ILA; 5 GI*"LiA3(AG) 2 ey F )
3 = . _ €
L-M-M-M+3 ~=r 22" —Az(Av) 2o22(Ay) %43 A 213
From the boundary condition P; = 0, we can obtain the following:
-2
n GYLA3 " GlLA3 (M)~ E2
H+Zi:1HiZL_)L2_A2_A2 3 Yo 20 20 = 20 02 (64)
(e Li_)H()‘il) _A()‘) —/\(/\) +3 3
Further considering the incompressibility constraints A1A2A3 = AZ AL AL = 1, and the
boundary conditions P, = 0, we obtain the following:
-3, -2 -2 —35 -2 2
B GeqL</\l —MA ) n G?eqLi [Al (A1) "= A (AR AR) } 2, 2
b= L_/\z_Az_A—z/\—2+3+Zi:1 N a2 a2 e a2 CoerAME
1 2 172 Li—M ()‘il) -5 ()‘iz) M ()‘il)‘iz) +3
i), G0y 0] .
Fa= L—A2 A2 _ 227243 + Zizl 2(yv )2 2(yv )2 —23-2(yv 30 \2 ~ €oerAMET =0 (65)
M AT AT Li=A1(A7) "= A3(AL) "= ATA T (ARARL) T +3
Next, substituting Equation (53) into Equation (47), we have the following:
-2
Mnlgq neqL /\2 (/\?12) - T
1 —
L= 205) T 3() T B0E)
-2
M — G?eql‘i/\% (/\?2) — 1L
2 -2 —2 -2 i
Li—M(AfR) "= A(AR) T —A3(AR) T +3
-2
GILAZ(1%) . -
i3 -2 -2 -2
Li—A3(Af) = A2(AR) T —AS(AR) T 43
Substituting Equations (49), (53) and (66) into Equation (30) and using the incompress-
ibility constraints AjAa2A3 = A AL AT = 1, we can obtain the viscous flow rule:
v -2 2,2 2
A L; A2(A%)72 M (AR) T AL, T (ARAR)
v -2 -2 2, 2
M an|Li— 23 (A) 2 - A3(08) P = ATA2(AgAn)7 + 3] 2
-0 -2 24,72 2
A L A2(A%) 2 — AT(AR) T+ ATA, T (ARAL) ] 67)

M sn[L—2305) T (g) T A2 (gAp) )
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Here, it is worth noting that the hydrostatic pressure I1; is eliminated by the mathe-
matical operation since only the deviatoric stress is considered to promote the viscous flow

in Equation (49).
Furthermore, an electric field prior to the mechanical test leads to an extension of the
sample in the transverse direction, so we have A3 = Ape and Ay = Ay = L with Apre

vV )\pi‘[’

being the free stretch in the thickness direction after the application of an electric field.
The electric field in the sample is considered to reach a steady and uniform state quickly
once the electric potential difference between the two largest surfaces is applied. Thus,

the electric field can be calculated as E = %, where A¢ and [ are respectively the electric
potential difference and the thickness of the VHB4905 sample. Because the relaxation
times of the 1st, 2nd, and 3rd subnetworks are, respectively, 413.32 s, 5.43 s, and 1.65 s, we
assume that the 1st subnetwork is completely elastic and the 2nd and 3rd subnetworks are
completely viscous prior to the mechanical test. Therefore, using P; = 0 in the case of free
expansion, Equation (65) can be reduced to the following:

(69 + GY)L(1/ Apre = A2,

L—2/Apre — A2y + 3

=0 (68)

which can be solved to obtain Ape. When the sample starts to be stretched, the initial
conditions are given by the following;:

1
pre
A finite difference approach is employed to obtain the numerical results of the evolving
stress P; with the stretch A; by solving the coupled Equations (65) and (67) under the initial
conditions (69).
Figure 9 gives a comparison of the evolving stress P; with the stretch A; at ’/\1 ’ =02/s

from the model prediction and the experimental data at different temperatures and electric
fields. The equilibrium and non-equilibrium moduli for ¢ = 296 K are listed in Table 2
and for 8 = 333 K are calculated via the relations (61) and (62) as G*1 = 12.36 kPa,
Gfeq = 12.24 kPa, G;wq = 17.38 kPa, and G;eq = 20.43 kPa. Here, we assume that
the material parameters would not change with the electric field in consideration of the
relatively small effect of the electric field on the viscous response in the experiments. It can
be seen from Figure 9a that the loading-unloading curve with an applied electric potential
difference of 6 kV (or an electric field 12 x 10° V/m) does not start exactly at the stretch
of 1 but slightly above 1 (the pre-stretch of A; is 1.0383), which captures well the electric
field-induced deformation prior to the mechanical deformation in the experiment. The
curve without the electric potential is slightly below the experimental data because we
have neglected the slight influence of the compliant electrodes on the viscoelastic response
investigated by Mehnert and Steinmann [34]. Similarly, in Figure 9b, the pre-stretch of A,
for 323 K is 1.0540, and the distinction of the loading-unloading curves with and without an
applied electric potential difference is relatively significant. Furthermore, it can be observed
from Figure 9a,b that temperature fluctuation has a significantly more pronounced effect
on the viscoelastic response than electric field, and the influence of electric field at high
temperatures becomes clearly visible. The predicted loading-unloading curves match
well with the experimental data, indicating that the present model is able to describe the
thermo-electro-viscoelastic response of VHB4905 and has great potential in engineering
applications of DEs.
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Figure 9. A comparison of the loading-unloading curves from the model prediction and the experi-
mental data at (a) 296 K and (b) 353 K. The loading-unloading rate is }\1 = 0.2/s, and the applied
electric potential difference is 0 kV or 6 kV. The experimental data are taken from Mehnert et al. [21].

4. Conclusions

In this paper, a thermodynamically consistent model at finite deformation for the
thermo-electro-viscoelastic coupling behaviors of DEs is proposed and verified by the
comparison of the nonlinear loading-unloading curves from the model prediction and
the experimental data of VHB4905. The major novelty of the present work lies in the
following aspects: First, we have proposed a thermo-electro-viscoelastic model for DEs at
finite deformation, which can describe the nonlinear response of DEs at various stretching
rates, temperatures, and electric fields. Especially, the elastic deformation incompressibility
of both the ground network and a few parallel subnetworks is considered by introducing
Lagrange multipliers, for which the distinct effects of the incompressibility on the force
equilibrium and the viscous flow are clearly presented. The incompressibility conditions
directly change the magnitude of the stress but have no influence on the viscous flow
because only the deviatoric stress, excluding the hydrostatic pressure, promotes the viscous
flow. Second, the WLF-like dependence of the moduli on temperature is found by fitting the
model with the experimental data, contributing to the calculation of the moduli at different
temperatures for theoretical modeling. Third, we also simulate the instant pre-stretch due
to the interaction of quasi-static charges after the application of an electric field, which has
not been modeled in the previous work.

The numerical results reveal that increasing temperature can soften DEs significantly,
and the influence of the electric field on the mechanical response of DEs with respect
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to temperature is slight. Thus, this work provides a guide on modeling the thermo-
electro-mechanical coupling behaviors of DEs and can help analyze the failure of DEs in
functionalities and structures. Simultaneously, this theoretical model can be applied to
different materials, such as piezoelectric composites, which will be our future study subject.
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