Journal of the Mechanics and Physics of Solids 83 (2015) 263-284

Contents lists available at ScienceDirect

Journal of the Mechanics and Physics of Solids

journal homepage: www.elsevier.com/locate/jmps

Dielectric elastomer composites: A general closed-form @CmssMark
solution in the small-deformation limit

Stephen A. Spinelli, Victor Lefévre, Oscar Lopez-Pamies *

Department of Civil and Environmental Engineering, University of Illinois, Urbana-Champaign, IL 61801, USA

ARTICLE INFO

Article history:

Received 27 August 2014
Received in revised form

29 April 2015

Accepted 13 June 2015
Available online 18 June 2015

Keywords:
Electrostriction
Electroactive materials
Microstructures

Iterated homogenization

ABSTRACT

A solution for the overall electromechanical response of two-phase dielectric elastomer
composites with (random or periodic) particulate microstructures is derived in the clas-
sical limit of small deformations and moderate electric fields. In this limit, the overall
electromechanical response is characterized by three effective tensors: a fourth-order
tensor describing the elasticity of the material, a second-order tensor describing its per-
mittivity, and a fourth-order tensor describing its electrostrictive response. Closed-form
formulas are derived for these effective tensors directly in terms of the corresponding
tensors describing the electromechanical response of the underlying matrix and the
particles, and the one- and two-point correlation functions describing the microstructure.
This is accomplished by specializing a new iterative homogenization theory in finite
electroelastostatics (Lopez-Pamies, 2014) to the case of elastic dielectrics with even cou-
pling between the mechanical and electric fields and, subsequently, carrying out the
pertinent asymptotic analysis.

Additionally, with the aim of gaining physical insight into the proposed solution and
shedding light on recently reported experiments, specific results are examined and
compared with an available analytical solution and with new full-field simulations for the
special case of dielectric elastomers filled with isotropic distributions of spherical particles
with various elastic dielectric properties, including stiff high-permittivity particles, liquid-
like high-permittivity particles, and vacuous pores.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The object of this paper is to generate a rigorous analytical solution for the overall or macroscopic electromechanical
response of dielectric elastomer composites with (random or periodic) particulate microstructures in the limit of small
deformations and moderate electric fields. At a microscopic level, a dielectric elastomer composite is taken to consist of a
statistically uniform distribution of particles bonded perfectly to a continuous matrix phase. The domain occupied by the
entire composite in its (undeformed and stress-free) ground state is denoted by £2. We assume that the characteristic length
scale of the underlying particles is much smaller than the size of £2 and, for convenience, choose units of length so that £2
has unit volume. The constitutive behaviors of the matrix (r=1) and the particles (r=2) are characterized by “total” free
energies W® that are objective functions of the deformation gradient tensor F and objective and even functions of the
Lagrangian electric field E so that W"(QF, E) = W"(F, E) = W"(F, — E) for all Q e Orth+. At each material point Xe{2, the
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first Piola-Kirchhoff stress tensor S and the Lagrangian electric displacement field D are hence given by (Dorfmann and
Ogden, 2005; see also Suo et al., 2008)

ow ow
S= a_F(X' F,E) and D=- a—E(x, F, E) a
with
WX, F, E) = [1 — 09X)WOF, E) + 02X)WP(F, E), 2)

where 6)X) stands for the indicator function of the regions occupied by the particles: 62(X)=1 if X is inside a particle and
#2)X)=0 otherwise.

For random microstructures, the indicator function ¢ in (2) is known only in a probabilistic sense. For periodic mi-
crostructures, on the other hand, ¢ is completely known once a unit cell and the lattice over which it is repeated are
specified. In either case, at any rate, we shall require but partial knowledge of ¢® in terms of the one- and two-point
correlation functions. In view of the assumed statistical uniformity of the microstructure, these functions are insensitive to
translations and thus given by (see, e.g., Chapter 15 in Milton, 2002 and references therein)

p® = fﬂ 02X)dX and p@(Y) = fg 02Y + X)0P(X) dX. 3
Geometrically, the one-point correlation function p® represents the probability that a point lands in a particle when it is
dropped randomly in £2. In other words, p® is nothing more than the volume fraction of particles in the undeformed
configuration; henceforth, we shall utilize the standard notation p® = c. The two-point correlation function p®® represents
the probability that the ends of a rod of length and orientation described by the vector Y land within (the same or two
different) particles when dropped randomly in £2. Accordingly, p®® contains finer information about the size, shape, and
spatial distribution of the particles in the undeformed configuration.

Granted the statistical uniformity of the microstructure and the separation between microscopic and macroscopic length
scales, the overall constitutive response for the composite is defined as the relation between the volume averages of the first
Piola-Kirchhoff stress § = f S(X) dX and electric displacement D = /Q D(X) dX and the volume averages of the deformation
gradient F = / F(X) dX ang electric field E = /Q E(X) dX over the undeformed configuration £2 when the composite is
subjected to af{%ine boundary conditions. Such a relation can be compactly written as (Lopez-Pamies, 2014)

= oW — - _ oW - -
=2_(FE D=- " (FE
S=—®Eo and g EBEO @)

W(F, E, ¢) = min max / WX, F, E) dX,
FeX Ee& JQ

®)

the effective free energy function, corresponds physically to the total electroelastic free energy (per unit undeformed vo-
lume) of the composite. In these last expressions, the volume fraction of particles ¢ has been included as an explicit ar-
gument in the effective energy W for later convenience and %X and & denote sufficiently large sets of admissible deformation
gradients F and curl-free electric fields E with prescribed volume averages F and E, respectively. For later reference, we note

that the effective free energy function (5) is, by definition, objective in F and objective and even in E, namely,

W(F,E, c)=W(QF,E c)=W(F, - E c) for all Q € Orth+, much like its local counterpart (2).
1.1. The classical limit of small deformations and moderate electric fields

The focus of this paper is on the classical limit of small macroscopic deformations and moderate macroscopic electric fields.
More precisely, defining { as a vanishingly small parameter, the deformation measure H = F — I, with I denoting the identity
in the space of second-order tensors, is assumed to be O(¢) while the electric field E is assumed to be 0(¢c'/?) (see, e.g.,
Stratton, 1941; Toupin, 1956; Tian et al., 2012). In this limit, the effective free energy function (5) takes the asymptotic form

o 1— o o 1en = _

W(F, E, C) = EHijLijkl(C)I-Ikl - 5E1€U(C)E} + Hijjkl(C)EkEl - EfE]'Tfjkl(C)E’(El + 0(4’3), (6)
where L stands for the effective modulus of elasticity, & denotes the effective permittivity, M is the effective electrostrictive
tensor, and 7 represents the effective permittivity of second order. Because of the energy character and overall objectivity of

the definition (5), these tensors exhibit the symmetries Zijk,=f,{,,j= ikl = Lijio €5 = € Mijiy = Mg = My Tijpa = Tiwi=

it = Tjki = T = Tk = Ty - The corresponding relations for the macroscopic stress and electric displacement (4) reduce to

ow - - ~ - 5
S;i = —(F, E, ¢) = L;;;(0)Hy; + M1, (O)ELE; + O(&?)
ij oF, ijki(C) g ik1(C)ERE] 7

and
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5__ oW

_0W = = — & (\E. 3/2
. oF (F, E, 0) = &(0E; + 019,

! ®
to leading order. Here, it is important to recognize that the asymptotic constitutive relation (7) for the stress is O({) while the
asymptotic constitutive relation (8) for the electric displacement is of different order, 0(¢/?). It is also important to recognize
that the permittivity of second order # does not enter in either expression (7) or (8). That is, in this classical limit of small
macroscopic deformations and moderate macroscopic electric fields, the overall electromechanical response of dielectric
elastomer composites is characterized by three effective tensors: the fourth-order tensor L describing their elasticity, the
second-order tensor & describing their permittivity, and the fourth-order M tensor describing their electrostrictive response.

The object of this paper reduces hence to generating a solution for the effective tensors L, & M in (7) and (8) directly in
terms of the electromechanical properties of the matrix and particles, as characterized by the free energy functions W and
W®, and the microstructure (i.e., the size, the shape, and the spatial distribution of the particles), as characterized by the
indicator function #®. To this end, we will make use of a new iterative homogenization theory for elastic dielectric com-
posites recently put forward by Lopez-Pamies (2014). As recalled in more detail further below, this theory provides an exact
result for the overall elastic dielectric response of a large class of two-phase particulate composite materials under arbi-
trarily large deformations and arbitrarily large electric fields. The elastic dielectric behaviors of the underlying matrix and
particles are of arbitrary choice, and thus the theory can be utilized to study materials with odd electroelastic coupling (such
as piezoelectric materials), as well as with even electroelastic coupling (such as the dielectric elastomers of interest in this
work). From an applications standpoint, the theory requires solving a first-order non-linear (Hamilton-Jacobi-type) partial
differential equation (pde) in one scalar and two tensorial variables. In this paper, we generate a closed-form solution for
such a non-linear pde for the case of materials with even electroelastic coupling in the limit of small deformations and
moderate electric fields, thus obtaining a closed-form solution for the sought-after effective tensors L, & M in (7) and (8).

Here, it is appropriate to record that approximate solutions for the effective tensors L, &, M have been proposed earlier by
Li and Rao (2004), Li et al. (2004), and more recently by Siboni and Ponte Castafieda (2013) for the specific case when the
particles are mechanically rigid, by making use of classical linear estimates of the Hashin-Shtrikman and self-consistent
type. It was in a later contribution that Tian (2007) and Tian et al. (2012) established rigorously via a two-scale convergence
argument the homogenization limit of the equations of elastic dielectrics with even electroelastic coupling in the limit of
small deformations and moderate electric fields. Remarkably, in spite of the inherent coupling and nonlinearity of the
problem, their result indicates that it is possible to write formulae for the effective electromechanical tensors L, & M in
terms of a system of two uncoupled linear pdes. Lefévre and Lopez-Pamies (2014) have recently solved these pdes analy-
tically and worked out closed-form formulas for the resulting effective tensors L, & M for the case of isotropic dielectric
elastomers filled with an isotropic distribution of polydisperse spherical particles.

The organization of this paper is as follows. For convenience and clarity, the general form of the theory of Lopez-Pamies
(2014) together with its salient features is summarized in the next section. Its application to the dielectric elastomer
composites with even electromechanical coupling of interest here and the closed-form solution for the effective tensors L, &,
M that it generates — Eqgs. (36)-(38) — are presented in Sections 3 and 4, respectively. Section 4 also includes a discussion of
the key theoretical and practical properties of this closed-form solution, as well as its specialization to various cases of
practical relevance. With the dual aim of gaining physical insight into the proposed solution and shedding light on ex-
periments (Zhang et al., 2002; Huang and Zhang, 2004; Huang et al., 2005; Carpi and de Rossi, 2005; Mc Carthy et al., 2009,
Liu et al., 2013), Section 5 confronts the solution to the analytical result of Lefévre and Lopez-Pamies (2014) and a host of
new full-field simulations for the case of dielectric elastomer composites with spherical particles of various elastic dielectric
properties (including stiff high-permittivity particles, liquid-like high-permittivity particles, and vacuous pores) that are
distributed isotropically. Finally, Appendix A provides the basic details of the full-field simulations presented in Section 5.

2. The theory of Lopez-Pamies (2014) for elastic dielectric composites

By means of a combination of iterative techniques, Lopez-Pamies (2014) has recently generated an exact solution for the
variational problem (5) for two-phase elastic dielectric composites with a specific, yet fairly general, class of particulate
microstructures. In the present notation, his result for the effective free energy function W = W(F, E, c) is given implicitly by
the first-order nonlinear pde

W _w_ max min[w%g + ﬁ%-g -WOF +aQ¢&E+ ﬁg)]u(g) de=0
B

oc E=1 «a C))

subject to the initial condition
WEF, E 1) = WOEF, E), (10)

where the integration of the pde (9) is to be carried out from c=1 to the desired final value of volume fraction of particles c=c
and the weighting function v(¢) in (9) is given in terms of the two-point correlation function (3), as follows:
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® Random microstructures: For the case of random distributions of particles, the function v(€) is given by

_ pPPX) -,
g A LX) ax, an

where §” denotes the second derivative of the Dirac delta function with respect to its argument. Direct use of relation
(11) allows us to rewrite the pde (9) more explicitly as
ow W

“oc ” /\gl 1/ max mm[“ 75 + ﬂ é‘ W(U(F +a®&EE+ /J’g)]

(22)
L wa"@ X) dX dé = 0.

(1-o)x (12)

® Periodic microstructures: For the case of periodic distributions of particles, the function v(€) is given by

7522) .
o=y 2O L (g— —) with p®(k) = 1| fQ p@ X)e Xk dx.

Kerm(0) 1 -c) ki (13)

Here, 5(¢ — k/Ikl) denotes the Dirac delta function and A(ZZ)(k) stands for the Fourier transform of the two-point cor-

relation function p®?(X), while Q denotes the repeating unit cell chosen to describe the microstructure and

= {k: k=nB; + m,B, + n;B;, n; € 7}, (14)
with
B=2r i g5 AnA gy ANA
A;r(Ay A Ay Ay (Ay A A A (A; A Ay (15)

stands for the reciprocal lattice in Fourier space of the periodic lattice in real space

= {X: X =mA; + A, + N3A;, n; € Z) (16)
over which the unit cell Q is repeated. Upon invoking the identity p®(k) = 19 @t with 8 k) = 10! fQG(Z)(X)e‘“"X dx,
the pde (9) adopts the more explicit form

A2) g 2
c%—W— > maxm1na—§+/3 § W“)(F+a®§E+ﬁ§) |9 10 ML
ac ker—0) | * 7 -0
e=k/Iki 17)

The interested reader is referred to Lopez-Pamies (2014) for the derivation and thorough discussion of the above result.
At this stage, nevertheless, it is appropriate to remark that the result (9)-(10) is exact for a specific class of two-phase
particulate microstructures and hence it is realizable. Moreover, it is valid for arbitrary’ free energy functions W and w®
and arbitrary one-point p® and two-point p®? correlation functions. Given this generality, the result (9)-(10) can be utilized
more broadly as a constitutive theory for two-phase elastic dielectrics with any particulate microstructure: for a given
matrix constitutive behavior W, given particle constitutive behavior W®, and given one- and two-point correlation
functions p® and p®?, the result (9)-(10) provides a constitutive model for the macroscopic response of the elastic dielectric
composite of interest.

3. Application to dielectric elastomer composites

By virtue of their synthesis and fabrication process into a network of long polymeric chains coiled randomly without a
preferred direction, most elastomers are mechanically and dielectrically isotropic. Typically, they are also such that their
polarization is proportional to the applied electric field but independent of the applied deformation, much like liquid
polymers (see, e.g., Kofod et al., 2003; Wissler and Mazza, 2007; Di Lillo et al., 2011). For our purposes then, based on these
observations together with the fact that the ultimate goal of this work is to examine the limit of small deformations and
moderate electric fields, it suffices to restrict attention (without loss of generality) to dielectric elastomer composites
wherein the matrix material is characterized by a free energy function of the form

! As outlined in the Introduction, the theory allows thus to consider elastic dielectric matrix and particles with odd electroelastic coupling, such as
piezoelectric materials (Spinelli and Lopez-Pamies, 2014), as well as with even electroelastic coupling, such as the dielectric elastomers of interest in this
work.
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) —PEF 31—y - AtHg 12 EpTRET
w (F,E)_Z[FF 31-pd -1+ 3 J-1 2]F EF'E. (18)

Here, F-F = Fjfj;, | = detF, and the parameters y, A, € stand for the initial Lamé constants and permittivity of the elastomeric
material under consideration. On the other hand, the filler particles in dielectric elastomer composites may possibly be
anisotropic, both mechanically and dielectrically. That is the case, for instance, for single crystal and textured ceramic
particles. No restriction is hence made on the free energy function W®, other than, again, its even functional dependence on
the electric field.

Now, for the matrix free energy function (18), the maximizing vector & and minimizing scalar f in (9) can be determined

in closed form. They read as

- - oW, 1
1w J [/4(/1 +2m) —J O+ L F E]__

1(oW T
P i Fe + — —— §+—(—_-§)F
Wi+ T2+ wF e g u\ oE
oW ¥ 72 FTEFTe? - FEFTEEeF ]
S ¢ el |® EF T - (FEF EF LF 8 . [a_Eg](F EF g] .
e - —— Fe-~— 2 JF¢
2] FIeF gu+ 20+ wF '6F g WFgF e 19)

and

‘%

T 1+a~F‘T§ 10W.

where J = detF has been introduced to ease notation. Direct use of relations (19)-(20) in expression (9), together with some
lengthy but straightforward calculations, allows us to write the solution for the effective free energy function in the more
explicit form

(20)

WEE c)=UEFE E EFEF 31— ud - ’“’” Y- ETFEFE
W(F,E,c)_U(F,E,c)+2[FF 3N-ud -+ 22E7 - 2] F'EFE, 21
where the function U is defined implicitly as the solution to the pde
_ 2 F _
cﬂ_U_/ lﬂgﬂg_ T +ﬂ)( —&- 5) +l(ﬂ~)[0UEF E
oc ei=1| 2u oF ° oF 2#[/1 +j a +”)ff EF 5] u\ oE oF
au \|oU
[—_.g) [—_.g _ag F'TE.F-%}
]—2 (/1 + ”)F—TE FJE (ﬂg - g]] oE oE
w+ TG+ wE e F T OF 87 F‘Tg-F'Tg[M +T00+ M)F‘Tg-F‘Tg]
2 _
ou U =
(—_~§] p+ SoEF g
0E dF -l BU  Te = T=
e — - — ( §) F EF E
2] FeFTeu+ 70+ F 'F g 2\ 0E
("L_’ §)J(i+ﬂ>{ﬂ+t] FEF :)}
- — —— v(€) d€ =0,
28/4[/4 +770+ ﬂ)F_T«:?'F_TE]
(22)
subject to the initial condition
ool o _WOE B _ MEFR T _Ater a2 EreTEETE
U, E, 1) = WEF, E) 2[FF 31+ud - 1) - Jg -1 +2]F EF E. 23)

The computation of the effective free energy function W amounts thus to solving the initial-value problem (22)-(23) for
U. In view of the polynomial nonlinearity of the pde (22), this initial-value problem might admit a closed-form solution, at
least for some choices of particle constitutive behaviors and microstructures (see, e.g., Lopez-Pamies et al., 2013a). The
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analytical solvability and properties of the pde (22) in its general form, however, are a substantial task deferred for pre-
sentation elsewhere. In the sequel, we restrict our attention to its asymptotic behavior in the limit of small deformations and
moderate electric fields.

4. Asymptotic solution in the limit of small deformations and moderate electric fields

The result (21) with (22)-(23) for the effective free energy function W of dielectric elastomer composites is valid for
arbitrarily large macroscopic deformation gradients F and arbitrarily large macroscopic electric fields E. In this section, we
examine its asymptotic behavior in the classical limit of small deformations and moderate electric fields, as described in
Section 1.1.

Before proceeding with the pertinent details, it proves convenient to introduce the following quantities:

0 W 7 W M 10°W® e
V= L0)=2uK+ (32 + 27, eV =- LO)=¢ M= a, eK - =,
oF? ( HICHC # ( 2 OFIE>2 0= 2 4)
where 7 stands for the identity in the space of fourth-order tensors with major and minor symmetries.
02W a W @ 10°W®@
L2 = L0), €?=- L0, M@= a,
TR P 2 oFo (25)
AL=I? IV, Ae=¢? -, AM=M® - M?, (26)
where the tensors K and (g are given in component form by
%K —1[5-54+545- 255 ] T ]55
ijkl — 2 ik%jl il%k — 3 kl ijkl = 3 ki (27)

and o;; denotes the Kronecker delta. For later reference, we remark that % and g are orthogonal projection tensors with the
properties KJ = JK = 0, KK = K, 39 = . The tensors I, ¢, M introduced in (24)- (25) correspond physically to the
modulus of elasticity, the permittivity, and the electrostrictive tensor of the matrix (r=1) and particles (r=2). Due to the
energy character and objectivity of W, they possess the symmetries L= L,ilr,j =Ly =L, e = €7, M) = M, = M.

We begin the asymptotic analysis by recognizing that the series expansion of the pde (22) and 1n1t1al condltlon (23)
about H = 0 (recall that H = F — I) and E = 0 leads to a hierarchical system of differential equations associated with powers
H'E”'m,n=0,1,2, ... In the limit as ¢ — 0, when the deformation measure H is taken to be O(¢) and the electric field E is
taken to be 0¢'?), it follows from the equations associated with the powers B, E° HE that the effective free energy
function (21) is of the form (6), where the effective tensors I, & M are defined by the system of coupled nonlinear ordinary

differential equations (odes)

ALy ALy — ALy PE o AL 0 =0

CT - ijkl — iipg' pgmn==mnkl = Y (28)
d“ Y e am

Cd_c — A&y — AP A8 =0, 29
dMy M — ALjpePlomnAM, M Per A&, — AMj,PS, A, + QM

CT - A ijkl - A ijpq pqmnA mnkl — A ijkaprAerl - A ijlppprAerk + Qijkl =0, (30)

subject to the initial conditions
=12 ¢&1)=¢®, M1 =M. 31

In the above expressions, we have made use of the notation AL = L - IV, A& = & — ¢, AM = M — M, and P, P¢, Q™ are
microstructural tensors given in component form by

TR N L S
Py = ”51k<51§l> N e T (E&éns 32

1
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1 Y m s [V 1
Q= 5,7 7 ALipe A AT ln) + AT AT GG — 5 AEAT 36y
Atp 7 ax 1 .~
- ALiquAemk@péqufl) + _ALijpkAeql(épfq) ’
HRu +2) W A & G4

where the bracketed subscripts imply symmetrization and the symbol

()= fm V() de 35)

has been introduced for further notational simplicity; recall from Section 2 that the weighting function v(¢) is given directly
in terms of the two-point correlation function p®® by expression (11) for random microstructures and by (13) for periodic
ones.

From a computational point of view, it is useful to recognize that the odes (28) and (29), with initial conditions (31); and
(31),, for the effective modulus of elasticity L and effective permittivity & are nonlinear Riccati equations uncoupled from
each other and from the ode (30) for the effective electrostrictive tensor M. In spite of their quadratic nonlinearity, they can
be solved in closed form. Their solutions read simply as

~ -1
Ly = 16y + 8ud) + 483 + c{[(l - 0P + AL }
ijkl 36)

and
-1
& = eb; + c{ (1 = OP¢ + Ae™! } .
o=l ] i a7
Having determined the results (36) and (37), the linear ode (30), which does depend on L and &, can also be solved in closed

form to render

Vi € 1 1 IOV
Mijkl = 5(5ik5jl + 6il‘5jk - 5ij5kl) + LymnALmnquMpqrsAeru AeukAesv Aevl

s U
4¢%eQu+ )

~ o 1- 1w o
ALiquA":krAels < épqurfs > 2¢c ALqu[ pk + AepEA":kr]Aels < és§q>
(kD)
_GHwd-o
22 uQu+2)

~ 1A~ ~
ALUP‘II:C O + AemrAekr]AelS < §p§q5m§s>
(kl)

—Cn on 1 1- 1
. AekrAels|:<‘5i§j§r§s> - 55U<5r55>] 2¢c ALtquAqumnAekrAels[<‘5m§n§r§s> - mn<§r§s>:| (38)
The exact closed-form solutions (36)-(38) constitute the main result of this paper. They characterize the overall elec-
tromechanical response of dielectric elastomer composites with a large class of random and periodic particulate micro-
structures in the limit of small deformations and moderate electric fields. The following theoretical and practical remarks
are in order:

(i) Elastic dielectric behaviors of the matrix and particles : The solutions (36)-(38) are valid for any choice of Lamé constants
u, A and permittivity & describing the isotropic elastic dielectric behavior of the elastomeric matrix, as well as for any
choice of modulus of elasticity I, permittivity ¢, and electrostrictive tensor M® describing the (possibly anisotropic)
elastic dielectric behavior of the underlying particles.

For the practically relevant case when the particles are isotropic ideal elastic dielectrics with

@ _ @ _ @ _ _5
L= Zﬂp’K + (3lp + Z,up)J, e =g, MY = K 5 T, 39)

where p,, Ap, €, denote the Lamé constants and permittivity of the particles, the solutions (36)-(38) specialize to

—1
1 1
5 Sidjp) + 200 + 4| (1 — OP* + ——K + ————— ,
I]kl = u( 1k611+ il k)+ Kt {[( ) +2A +3A/1+2A,uj:| }
ijk

(40

-1
& = e + c{[(l - oP¢ + Ail] } ,
Ay 1)
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(ii)

Fig. 1.

S.A. Spinelli et al. / J. Mech. Phys. Solids 83 (2015) 263-284

— £ 1 'l ~ ~
My, = 5 Gudj + Gdj = Sydu) + mALiquAekpAelq

AL+ Ap

B A (1 = c)Ar + Ap)
2 c? AeAuBAL + 2Ap)

4¢?

zz'jmmAgkrAgrl - eAp(3AL + ZAﬂ)AzijppAEkrAals < §r§s>

1 ?-1 1-¢c G+wd-0l.~ .. .
- - AL A& A
2 cz[ze(zﬂ D Zemn T a@n+ ne |MlipeACeAls| Sigais

1-¢ 7 Ap Az 1-¢c,. 1-¢c,., ..
*3 Zute ALiquAepkAels<5s§q> w5 AekrA€zs<5i§j§r§s> - mAekrAelséij<§r§s>
A -G+, 5 x 1-c¢c.» .
=5 AL AR Eebid + ALy A £ i
2¢uQu+2) ijpg="ls\ SpSqokes [ | (k) 21 ijkg=ls \ 5s5q | | (kD) “2)

where use has been made of the notation Ay = By = s AL =2y — 4, Ae =g — &, and the fact that ¥ and J are or-
thogonal projection tensors.

Geometry and spatial distribution of the particles : The solutions (36)-(38) are also valid for any choice of the one- and
two-point correlation functions p® = ¢ and p®? describing the microstructure. In practice, both of these quantities are
generally measurable and often times readily known from the outset. In particular, the information on p®? enters the
solutions (36)-(38) through the microstructural tensors (¢ ® &) and (¢ ® &€ ® £ ® &). For demonstration purposes and
later use, we spell out next the specialization of these tensors to two basic cases: (i) a random distribution of aligned
ellipsoidal particles and (ii) a periodic distribution of ellipsoidal particles. Fig. 1 depicts schematics of these two mi-
crostructures with the various quantities of interest indicated.

For microstructures comprising aligned ellipsoidal particles whose centers are distributed randomly with the so-called
“ellipsoidal” symmetry introduced by Willis (1977), the weighting function (11) can be determined explicitly allowing
us to write

_detz ;GG
(G = — - [g.:1 v/ ¢
detZ &é;
e = d ‘
(€6 =g Jorizes % @3)

Here, the second-order tensor Z serves to characterize both the shape and alignment of the particles, as well as the “el-
lipsoidal” spatial distribution of their centers. In particular, the domain occupied by a particle centered at X_ is described by
the equation QC@) ={X: X - Xp- 277X - Xo < 1} . Expressions (43) contain three limiting cases worth remarking.
Setting Z =1 corresponds to an isotropic distribution of spherical particles. Taking the limit of one of the axes of the
ellipsoidal particles to be infinitely long corresponds to a distribution of aligned cylindrical fibers with elliptical cross section.
Taking the limit of two of the axes of the ellipsoidal particles to be infinitely long corresponds, in turn, to a random
distribution of aligned layers (see, e.g., Section 2.13 in Lopez-Pamies, 2006 for technical details on these limits).

For microstructures comprising a periodic distribution of ellipsoidal particles where the repeating unit cell is a rectangular
prism of sides by, by, b3 containing a single particle located at its center, it is not difficult to compute the Fourier transform

’ h €3
[ 4 o, bs

P II’J/

€2

€]

by

by

(a) Schematic of a random distribution of aligned ellipsoidal particles. (b) Rectangular prismatic unit cell, with principal axes uy, uy, u3 and sides by,

b,, bs, describing a periodic cuboidal distribution of ellipsoidal particles.
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(13); of its two-point correlation function and reciprocal lattice (14)-(15) in order to deduce that
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<§i§j>=1ic 2 Z 2

1

2 17g6
P1=—00 pp=-c0 p3=—oco gl |Z§|
-{p1=p2=p3=0} (44)
In these expressions, Z describes, as in the foregoing, the shape and alignment of the particles, c = 4 det Z/3b;b,b;,
and
5—2—”1) u +2—”p u +2—”p u
b111b222b333 (45)

in terms of the summation integers p,, p,, p;, where the mutually orthogonal unit vectors u;, u,, us stand for the
principal axes of the unit cell, as depicted in Fig. 1(b). Setting Z =1 in (44) corresponds to a periodic distribution of
spherical particles. The limiting cases of a periodic distribution of aligned cylindrical fibers with elliptical cross section
and a periodic distribution of aligned layers are also contained in expressions (44).

(iii) Connection with the Hashin-Shtrikman variational principles in elastostatics and electrostatics : By construction, the

underlying microstructure associated with the solutions (36)-(38) corresponds to a distribution of disconnected
particles that interact in such a manner that their deformation gradient and electric field — irrespectively of the value
of the volume fraction of particles ¢ — are uniform and the same in each particle (see Appendix B in Lopez-Pamies,
2014).
An interesting implication of such a special type of intra-particle fields is that the solutions (36) and (37), respectively,
for the effective modulus of elasticity I and effective permittivity & agree identically with the variational approx-
imations obtained from the Hashin-Shtrikman variational principles in elastostatics (Hashin and Shtrikman, 1962a)
and electrostatics (Hashin and Shtrikman, 1962b) when choosing the reference medium to coincide with the matrix
material and the trial polarization field to be constant per phase (so that the fields within the particles are also
constant). A corollary of this agreement is that the solutions (36) and (37) coincide identically with one of the Hashin-
Shtrikman bounds when the elastic and dielectric properties of the matrix and particles are well ordered: the result
(36) agrees with the upper (lower) bound in elastostatics when I? < IV (I® > [V) in the sense of quadratic forms,
while the result (37) agrees with the upper (lower) bound in electrostatics when ¢® < ¢V (¢ > ¢V) also in the sense
of quadratic forms. In view of these connections, it would be interesting to explore in future studies whether the
solution (38) for the effective electrostrictive tensor M possesses similar extremal properties.

(iv) Connection with the classical results for dilute suspensions of ellipsoidal particles in elastostatics and electrostatics : A
further implication of the uniformity of the intra-particle fields is that the solutions (36) and (37) agree with the
classical results for the effective modulus of elasticity L (Eshelby, 1957) and effective permittivity & (see, e.g., Bergman,
1978 and references therein) of a dilute suspension of aligned ellipsoidal particles. By contrast, through a comparison
with an exact solution available for spherical particles, we show in the next section that expression (38) does not
coincide in general with the effective electrostrictive tensor M of a dilute suspension of aligned ellipsoidal particles.

5. Sample results for dielectric elastomers filled with spherical particles

In addition to their theoretical value in providing a rigorous analytical solution for the electromechanical response of
dielectric elastomers with general particulate microstructures, the results (36)-(38) provide a formidable tool to gain insight
into how the addition of particles may enhance the electromechanical properties of dielectric elastomers. In this section, we
examine the specialization of the results (36)-(38) to the basic case of dielectric elastomers filled with an isotropic dis-
tribution of spherical particles with isotropic elastic dielectric properties. To gain further insight, we compare such results
with an exact solution (Lefévre and Lopez-Pamies, 2014) available for a random isotropic suspension of polydisperse
spherical particles as well as with new full-field solutions — constructed by means of the finite-element (FE) method — for a
random isotropic suspension of monodisperse spherical particles. In order to avoid loss of continuity, the details of the FE
calculations are presented in Appendix A.

The practical motivation to consider isotropic distributions of spherical particles stems from recent experimental find-
ings, including those of Zhang et al. (2002), Huang and Zhang (2004), Huang et al. (2005), Carpi and de Rossi (2005), Mc
Carthy et al. (2009), and Liu et al. (2013), which have shown that the addition of random distributions of roughly spherical
particles, made up of high-permittivity or (semi-)conducting solids, into dielectric elastomers leads to a drastic enhance-
ment of the electrostrictive capabilities of these materials. In the sequel, we deploy the theoretical results (36)-(38) to
scrutinize such findings. Furthermore, we seek to identify what other type of fillers not yet utilized in experimental studies,
such as liquid-like particles with high-permittivity and vacuous pores, may potentially lead to the enhancement of the
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overall elastic dielectric properties of dielectric elastomers.

5.1. The case of isotropic distributions of spherical particles with isotropic elastic dielectric properties

For the case of spherical particles whose centers are distributed with isotropic symmetry Z = I and the microstructural
tensors (43) reduce to

1 1
<§ifj> = 3% and <§f5j5k§z> = 15 @y + Budj + udje- 46)

For this class of microstructures, assuming, for definiteness, that the particles are made up of an isotropic elastic di-
electric material with modulus of elasticity, permittivity, and electrostrictive tensor of the form (39), the solutions (36)-(38)
specialize to
L=2px+3kg, &=¢l, M=mK+mJ, A7)

where it is recalled that the orthogonal projections tensor X and g are given by expressions (27), and
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with x = 2 + 2u/3, k, = 4, + 2ﬂp/3, Al = — pu, A¥ = & — e. The overall electromechanical constitutive response (7)-(8) for
this type of isotropic dielectric elastomer composites read then simply as

S=IH+ME®E
= QK+ 3RDH + (MK + M JE @ E

= ,7[]71 +H - 2 Fl)l] + R I + n“iK[E QE -
3 (49)

and
D=¢E=¢E (50)

to leading order in the limit of small deformations and moderate electric fields.
The above results contain several limiting cases worth recording explicitly:

® Dilute volume fraction of particles: In the fundamental limit when the particles are present in dilute volume fraction as
¢ — 04, the effective electromechanical material parameters (48) reduce asymptotically to
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up to O(c).

Rigid particles with infinite permittivity: In the limit of rigid infinite-permittivity particles when Hy» Kp=+00 and &, =+oo,
the effective electromechanical material parameters (48) reduce to
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If, in addition, the underlying elastomeric matrix is incompressible (xk=+), these formulae reduce further to
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The results (52)-(53) are relevant for dielectric elastomer composites wherein the filler particles are typical ceramics
(e.g., titania) or metals (e.g., iron), which generally exhibit much larger stiffness and permittivity (infinitely larger for
the case of metals) than elastomers.

Liquid particles with infinite permittivity: The case u, = 0, k,=+c0, and ¢, =+co corresponds to particles that are liquid-like
(incompressible with vanishingly small shear moﬁulus) and of infinite permittivity. Granted these limiting values for
the properties of the particles, the effective electromechanical material parameters (48) reduce to
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When the underlying elastomeric matrix is incompressible (xk=+), these formulae reduce further to
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Compared with elastomers, many fluids (e.g., water) and eutectic alloys (e.g., Galinstan) can be idealized as in-
compressible and as having zero shear modulus and infinite permittivity (see, e.g., Wang et al., 2012; Fassler and Majidi,
2015). Expressions (54)-(55) are relevant for such type of filler particles.

Porous dielectric elastomers: The limiting values Hp» Kp = 0, &, = &g, k=+00, Where g, stands for the permittivity of vacuum,
correspond to an incompressible matrix containing an isotropic distribution of vacuous pores. In this case, the effective
electromechanical material parameters (48) reduce to
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5.1.1. Electrostriction
In the absence of applied stresses when S = 0, it follows from the overall constitutive relation (49) that

A--T“EQE+ [ﬂ - ﬁ](r:.ﬁu.

20 6 9% (57)
The deformation measure (57) is referred to as the electrostriction that the dielectric elastomer composite undergoes when it
is subjected to a macroscopic electric field E.

In practice, it is often the case that just a uniaxial electric field is applied to probe the electrostriction of deformable
dielectrics. This is commonly accomplished by sandwiching a thin layer of the material in between two compliant electrodes
connected to a battery. For such a configuration, the macroscopic stress is indeed roughly zero everywhere (inside the
material as well as in the surrounding space), while the macroscopic electric field is roughly uniform within the material
and zero outside of it. For an applied uniaxial electric field of the form

E=Ee, (58)

with E = @/L;, where & denotes the voltage applied between the electrodes and L3 stands for the initial thickness of the thin
layer of dielectric elastomer composite, the electrostriction (57) takes the diagonal form

H=He ®e + Hye, ® e, + H;e; ® e, (59)
where
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Fig. 2 shows a schematic of this thought experiment with the various quantities of interest indicated.
For later reference, we note that in the absence of particles (c=0) expressions (60) reduce to
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Fig. 2. Schematic of the typical experimental setup — in (a) the undeformed and (b) the deformed configurations — to probe the electrostriction of
dielectric elastomers under the application of a uniaxial electric field (58).
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o W W L]
Fu_Hp_20 "% o Hs_ 7 3
m~— pgm — £ £ an m ~ € £
Hi Hp — 4+ = Hx; - =
2u bk u bk (62)

provide then direct insight into how the addition of particles affects the electrostriction of dielectric elastomers.

5.1.2. Comparison with an exact solution for a suspension of polydisperse spherical particles
In a recent contribution, Lefévre and Lopez-Pamies (2014) have worked out an exact solution for the overall elastic
dielectric response of a special class of isotropic suspensions of spherical particles in rubber, the so-called differential coated
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sphere (DCS) assemblage (see, e.g., Avellaneda, 1987; Chapter 10.5 in Milton, 2002). Roughly speaking, this class of sus-
pensions comprises spherical particles of infinitely many sizes distributed in such a way that particles of any given com-
parable size are far apart from each other and surrounded by particles of much smaller size. For the case of interest here,
when the elastomeric matrix material and the particles are characterized by relations (24) and (39), the effective shear
modulus, bulk modulus, permittivity, and electrostrictive coefficients of such suspensions read as
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where the two sets of parameters q1, g2, 3 and A4, As, By, B, Bs, B4 are defined, respectively, in Appendices Il and I in Lefévre
and Lopez-Pamies (2014).

Remarkably, the results (48),, (48)s, and (48)s for the effective bulk modulus &, effective permittivity &, and effective
electrostrictive coefficient /i, are seen to agree identically with the corresponding effective material parameters (63 )z, (63)3,
and (63)s for a suspension of polydisperse spherical particles. By contrast, the results (48); and (48), for the effective shear
modulus 7 and effective electrostrictive coefficient i differ in general from expressions (63); and (63),. In the dilute limit
of particles as ¢ — 0+, these latter expressions reduce asymptotically to
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up to O(c). Thus, as anticipated in remark iv of Section 4, the result (48); does agree identically with the exact effective shear
modulus (64); for a dilute suspension of spherical particles (cf. expression (51);), but the same is not true for the result
(48)4, whose asymptotic form (51), in the dilute limit is in general different from the effective electrostrictive coefficient
(64)> .

The above comparison reveals that the effective electromechanical material parameters (48), even though exact for a
different class of two-phase particulate isotropic microstructures, serve as well to describe — approximately in general, but
exactly in some special cases — the overall elastic dielectric response of a random isotropic suspension of polydisperse
spherical particles. In this regard, we emphasize again that the microstructure for which the effective constants (48) are
exact was selected to have the same one- and two-point correlation functions as an isotropic suspension of spherical
particles; see remark ii of Section 4. In the sequel, we present further comparisons between the theoretical results (48) and
full-field simulations for a random isotropic suspension of monodisperse spherical particles.

5.2. Results for stiff particles with high permittivity

We begin by examining the case of dielectric elastomer composites wherein the filler particles are mechanically stiffer
than the elastomeric matrix and also exhibit higher permittivity. As pointed out above, this is the case that has hitherto
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received most attention by the experimental community, presumably because most filler materials with high permittivity or
(semi-)conducting behavior (e.g., ceramics, metals) are stiffer than elastomers.

Fig. 3(a), (b), (c) show, respectively, results for the normalized effective shear modulus [y, permittivity &/e, and elec-
trostrictive coefficients /e, — 2 /e of a dielectric elastomer composite comprised of a nearly incompressible elastomeric
matrix with x/u = 10% and stiff high-permittivity filler particles with pol = 10, k,/u = 10°, and e,/e = 10, as functions of the
volume fraction of particles ¢ (no results for the effective bulk modulus & are included since the overall response is nearly
incompressible in this case). The rationale behind this choice of material parameters is that they are typical of many of the
dielectric elastomer composites studied experimentally, such as for instance those of Liu et al. (2013), where the elastomer is
silicone rubber (u = 0.22 MPa, x = 1 GPa, ¢ = 3.2¢;) and the particles are made out of titania (yp = 110 GPa, «, = 220 GPa,
&p = 114¢g). In these and subsequent figures, the solid lines are associated with the theoretical results (48), while the dashed
lines and solid circles stand for corresponding results based on the analytical solution (63) for isotropic suspensions of
polydisperse spherical particles and on FE simulations for isotropic suspensions of monodisperse spherical particles.

As discussed in Section 5.1.2, Fig. 3(a)-(c) illustrate that the theoretical results are in fairly good agreement with the
results for suspensions of polydisperse and also monodisperse spherical particles, save quantitatively for the effective shear
modulus f# when ¢ > 0.15 and for the effective electrostrictive coefficient i, when ¢ > 0.05. Another immediate observation
from Fig. 3(a) and (b) is that the addition of stiff high-permittivity particles enhances both the stiffness and permittivity of
the dielectric elastomer. Fig. 3(c) shows that this is also the case for the electrostrictive coefficients iy and . According to
Eq. (57), and as expected on physical grounds, these trends set up a direct competition of effects for the overall
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Fig. 3. Overall electromechanical response of a nearly incompressible dielectric elastomer (x/u = 103) filled with a random isotropic distribution of stiff
high-permittivity spherical particles (u,/u = 10°, Kplp = 10°, eple = 102). Results are shown for (a) the normalized effective shear modulus [y, (b) the
normalized effective permittivity &/e, (c) the normalized effective electrostrictive coefficients iy /e, — ZrT‘lj/g, and (d) the ratio of electrostrictions Hz3/H33, all
as functions of the volume fraction of particles c. The solid lines in the plots correspond to the theoretical results (48). The dashed lines and solid circles
stand for corresponding results based on the analytical solution (63) for an isotropic suspension of polydisperse spherical particles and on FE simulations
for an isotropic suspension of monodisperse spherical particles.
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electrostriction capabilities of the composite. To see which enhancement proves dominant, if the enhancement in stiffness
(which makes the material less deformable) or that in permittivity and electrostrictive coefficients (which makes the
material more prone to deform under the application of an electric field), we turn to examine the behavior of the ratio of
electrostrictions Hy3/H3} associated with the response of the composite under a uniaxial electric field; see Section 5.1.1.

Fig. 3(d) shows plots of the ratio H;/HS} as a function of the volume fraction of particles ¢ (no results for the ratio H;;/H]
are shown here since the overall near incompressibility of the composite implies that H;;/H]] ~ 1/2H;5/H33). The theoretical
results indicate that Hy3/H3} < 1, that is, the addition of particles leads to a reduction in electrostriction. Physically, this entails
that the enhancement in stiffness due to the addition of particles dominates over the enhancement in permittivity resulting
in the filled elastomer undergoing less electrostriction than the unfilled elastomer when exposed to the same electric field.
This behavior is in contrast to that displayed by the suspensions of spherical particles, which initially and up to about c=0.3
exhibit an enhancement in electrostriction (H;3/Hj3 > 1) before displaying a reduction (H;3/Hj3 < 1).

While qualitatively different, all three sets of results in Fig. 3(d) agree in that the reduction or enhancement is quanti-
tatively small, indeed 0.8 < Hs3/H3} < 1.15 for the entire range of particle volume fractions considered, 0 < ¢ < 0.4. Such a
difference in qualitative behavior but agreement in quantitative behavior among three different exact results for three
different two-phase particulate isotropic microstructures suggests that the electrostriction capabilities of dielectric elas-
tomers filled isotropically with stiff high-permittivity particles are highly sensitive to the details of the microstructure, but
only in a qualitative manner. Quantitatively, moreover, they suggest that the enhancement in stiffness provided by the
addition of filler particles essentially cancels out the enhancement in permittivity, so that there is ultimately little difference
between the electrostriction capabilities of the unfilled and the filled elastomer (for particle volume fractions sufficiently
away from percolation, of course).

Having gained insight into the theoretical results (48) for the case of stiff high-permittivity filler particles, we now deploy
them to scrutinize two representative experiments: (i) the experiments of Liu et al. (2013) for the electrostriction of a
silicone (PDMS) elastomer filled with titania (TiO,) particles and (ii) the experiments of Huang et al. (2005) for the elec-
trostriction of a polyurethane (PU) elastomer filled with semi-conductor copper phthalocyanine oligomer (o-CuPc) particles,
coated by a polyacrylic acid (PAA), under the application of a uniaxial electric field.

The material parameters describing the elastic dielectric response of the PDMS elastomer utilized by Liu et al. (2013) are
approximately given by u = 0.22 MPa, x = 1 GPa, ¢ = 3.2¢,, while those of the TiO, particles are Hy = 110 GPa, «, = 220 GPa,
&, = 114¢,. The particles were reported to be roughly spherical in shape, about 3 pm in average diameter, and spatially well
dispersed throughout the PDMS matrix. Fig. 4(a) shows the experimentally measured electrostriction H;; in the transverse
direction for the pure PDMS elastomer (solid triangles) and the PDMS elastomer filled with a volume fraction c=0.082 of
TiO, particles (hollow triangles), as functions of the magnitude of the applied electric field E. The dotted and solid lines
correspond to the theoretical predictions for the electrostriction of the unfilled (c=0) and the filled (c=0.082) PDMS
elastomer, respectively, based on the result (60); with (48). The theoretical prediction for the filled PDMS elastomer based
on the analytical solution (63) for an isotropic suspension of polydisperse spherical particles is also included in the
figure (dashed line) for comparison purposes.

On the other hand, the material parameters describing the elastic dielectric response of the PU elastomer utilized by
Huang et al. (2005) are approximately given by x = 9 MPa, x = 5 GPa, ¢ = 8¢,, while those of the o-CuPc filler particles are
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Fig. 4. Comparisons between the theoretical results and the experimental data of Liu et al. (2013) and Huang et al. (2005) for the electrostriction of (a) a
PDMS elastomer filled with TiO, particles at volume fraction c=0.082 and (b) a PU elastomer filled with o-CuPc particles at volume fraction c=0.073, under
the application of a uniaxial electric field with magnitude E. The experimental data for the filled elastomers is depicted as solid triangles, while the data for
the pure (unfilled) elastomers is depicted as hollow triangles. The dotted and solid lines correspond to the theoretical predictions (60) with (48) for the
pure and the filled elastomers, respectively. The dashed lines stand for the predictions based on the analytical solution (63) for an isotropic suspension of
polydisperse spherical particles.
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Hy = 1GPa, k, = 100 GPa, &, = 10%,. In this case too, the particles were roughly spherical in shape, about 40 nm in diameter,
and spatially well dispersed throughout the PU matrix. The volume fraction of the particles was reported to be approxi-
mately c=0.073. Fig. 4(b) shows the experimentally measured electrostriction Hs5 in the thickness direction for the pure PU
elastomer (solid triangles) and the filled PU elastomer (hollow triangles), as functions of the magnitude of the applied
electric field E. Similar to Fig. 4(a), the dotted and solid lines correspond to the theoretical predictions (60), with (48) for the
pure (c=0) and the filled (c=0.073) PU elastomer, respectively, while the dashed line corresponds to the theoretical pre-
diction for the filled PU elastomer based on the analytical solution (63).

It is apparent from Fig. 4(a) that the response of the filled PDMS elastomer exhibits a significant enhancement in
electrostriction, in the order of 50% increase, when compared with the pure PDMS elastomer. In disaccord with this ex-
perimentally observed enhancement, as already discussed within the context of Fig. 3(d), the theoretical predictions show
little change between the electrostriction of the pure and the filled PDMS elastomers. Fig. 4(b) shows an even more glaring
difference between the experimental response of the filled PU elastomer, which exhibits about a 20-fold enhancement in
electrostriction compared to the pure PU elastomer, and the theoretical predictions. This dramatic difference occurs con-
sistently for the entire range of deformations H;; and electric fields E considered, including small values of Hs; and E for
which the asymptotic premise of “small” deformations and “moderate” electric fields — upon which the formulas (60) and
(48) are based — is expected to be applicable.

We conjecture that the drastic electrostriction enhancement observed in the experiments may be due to the presence of
high-permittivity interphases and/or interphasial free charges around the filler particles, which the proposed theory does
not account for. Indeed, it is well known that in elastomers filled with stiff particles the “anchoring” of the polymeric chains
of the matrix onto the particles forces the chains into conformations that are very different from those in the bulk, hence
resulting in “interphases” of possibly several tens of nanometers in thickness that have very different mechanical and
physical properties from those in the bulk (see, e.g., Lewis, 2004; Roy et al., 2005; Goudarzi et al.,, 2015 and references
therein). Furthermore, free charges in such interphases may be present from the outset because of the fabrication process of
the specimens. They may also be injected from the particles upon the application of an electric field. In this regard, we note
that in the experiments of Huang et al. (2005) the particles were made out of an organic semi-conductor coated by an
anionic polyacrylic acid. Whatever their origin, the presence of interphasial charges has been recently shown to have the
potential to lead to extreme enhancements of the overall dielectric response of particulate composites and, by the same
token, extreme enhancements of their electrostrictive response (Lopez-Pamies et al., 2014).

5.3. Results for liquid-like particles with high permittivity

Next, we examine the case of dielectric elastomer composites wherein the filler particles are liquid-like, in the sense that
they are characterized by nearly incompressible behavior and vanishingly small shear stiffness, and exhibit a higher per-
mittivity than the elastomeric matrix. Such properties are distinctive of many common fluids such as water and special
types of alloys such as Galistan. The practical interest in this type of dielectric elastomer composites is that increasing the
content of their fillers increases the overall permittivity at the same time that it also increases the overall deformability (in
contrast to the mechanically stiff particles considered in the preceding subsection) and thus has the potential to bestow the
resulting composites with exceptionally enhanced electrostriction capabilities.

Fig. 5(a), (b), (c) show, respectively, results for the normalized effective shear modulus [, permittivity £/e, and electro-
strictive coefficients /e, — 2 /e of a dielectric elastomer composite comprlsed of a nearly incompressible elastomeric matrix
with «/u = 10% and liquid-like high-permittivity filler particles with Hy Ju =102 Kplu = 103 and ¢ ole = 102, as functions of the
volume fraction of particles c. Fig. 5(d) shows the associated ratio of electrostrlctlons H33/H33 also as a function of c.

Consistent with the preceding case for mechanically stiff particles, the theoretical results (48) are seen to be in fairly good
agreement with the results for suspensions of polydisperse and monodisperse spherical particles, save quantitatively for the
effective electrostrictive coefficient ;. As expected on physical grounds, Fig. 5(a) and (b) confirms that the addition of
liquid-like high-permittivity particles decreases the overall shear stiffness but increases the overall permittivity of the
composite. Fig. 5(c) shows that the effective electrostrictive coefficients i and f; increase also with the addition of such
fillers. This monotonic decrease in stiffness together with the increase in permittivity and electrostrictive coefficients entail
that the electrostriction capabilities of the resulting dielectric elastomer composite are enhanced with the addition of fillers.
This is precisely what is shown in Fig. 5(d), which illustrates not only that indeed H;3/Hj} > 1 for all ¢ but also reveals that
more than a 50% enhancement in electrostriction can be achieved with the addition of a moderate content of liquid-like
high-permittivity particles. It would be interesting to explore these encouraging findings experimentally.

5.4. Results for porous dielectric elastomers

Finally, we consider the overall electromechanical response of porous dielectric elastomers made up of a dielectric
elastomer containing a random isotropic distribution of vacuous spherical pores. Here, it is important to recognize that
vacuous pores are mechanically softer at the same time that they exhibit lower permittivity than elastomers. Thus their
addition results in an increase in overall deformability but also a decrease in overall permittivity setting up — similar to the
case of stiff high-permittivity fillers — a direct competition of effects for the overall electrostriction capabilities of the
composite.
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Fig. 5. Overall electromechanical response of a nearly incompressible dielectric elastomer (x/u = 103) filled with a random isotropic distribution of liquid-
like high-permittivity spherical particles (/lp//l =107, Kpln = 103, eple = 102). Results are shown for (a) the normalized effective shear modulus j /u, (b) the
normalized effective permittivity &/e, (c) the normalized effective electrostrictive coefficients fiix /e, — 27 /e, and (d) the ratio of electrostrictions Hs3/H33, all
as functions of the volume fraction of particles c. The solid lines in the plots correspond to the theoretical results (48). The dashed lines and solid circles
stand for corresponding results based on the analytical solution (63) for an isotropic suspension of polydisperse spherical particles and on FE simulations
for an isotropic suspension of monodisperse spherical particles.

Fig. 6 presents the effect that the addition of vacuous pores (x4, = 0, k, = 0, &, = &) has on the normalized effective shear
modulus /[, bulk modulus ¥/x, permittivity &/e, and electrostrictive coefficients /e, — 2 /e to a nearly incompressible
dielectric elastomer with bulk modulus «/x = 10* and permittivity? /g, = 3.

Similar to the two preceding types of dielectric elastomer composites with high-permittivity fillers, the theoretical re-
sults (48) exhibit good agreement with the results for suspensions of polydisperse and mondisperse spherical pores. Fig. 6
(a) and (b) illustrate that the isotropic addition of vacuous spherical pores reduces significantly the shear stiffness and
permittivity of the dielectric elastomer and reduces drastically its volumetric stiffness leading to a highly compressible
overall behavior. Fig. 6(c) indicates that the electrostrictive coefficient i is also reduced by increasing porosity. On the other
hand, Fig. 6(d) shows that the electrostrictive coefficient f is initially decreased but subsequently increased with the
further addition of pores. As anticipated above, such variations of the effective material constants yield a direct competition
of effects for the overall electrostriction capabilities of the composite.

Fig. 7 shows the electrostriction ratios (62) for a porous dielectric elastomer with the same matrix and pore material
properties as those considered in Fig. 6. Interestingly, the ratio of electrostrictions H;;/H{} transverse to the applied electric
field is noticeably enhanced (H;;/H{; > 1). At the same time, the ratio of electrostrictions Hy3/H3; in the direction of the
applied electric field is also significantly and monotonically enhanced (H;3/Hj3 > 1). These results reveal that when iso-
tropically adding vacuous spherical pores to (incompressible or) nearly incompressible dielectric elastomers, the reduction
in stiffness dominates over the reduction in permittivity resulting in an enhancement of the electrostriction capabilities of
these composite materials. Akin to the preceding results for dielectric elastomers filled with liquid-like high-permittivity
particles, it would be interesting to explore these encouraging findings experimentally.

2 These values are typical of silicone rubber.
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Fig. 6. Overall electromechanical response of a nearly incompressible dielectric elastomer (x/u = 10%) with permittivity ¢ = 3gg containing a random
isotropic distribution of vacuous spherical pores (/,lp =0,k =0, &, = &). Results are shown for (a) the normalized effective shear and bulk moduli 7/u and
R/, (b) the normalized effective permittivity &/e, and (c)-(d) the normalized components of the effective electrostrictive tensor fiig/e and —2 fMj/e, all as
functions of the volume fraction of pores c. The solid lines in the plots correspond to the theoretical results (48). The dashed lines and solid circles
correspond to the analytical solution (63) for an isotropic suspension of polydisperse spherical particles and to FE simulations for an isotropic suspension of

monodisperse spherical particles.
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Fig. 7. Electrostriction of a nearly incompressible dielectric elastomer (x/u = 103) with permittivity e = 3¢¢ containing a random isotropic distribution of
vacuous spherical pores (yp =0,x, = 0,¢, = £). Parts (a) and (b) show, respectively, the ratios of electrostrictions in the transverse and thickness directions,
Hi1/H{ and Hzs/H$5, as functions of the volume fraction of pores c. The solid lines in the plots correspond to expressions (62) based on the theoretical
results (48). The dashed lines and solid circles stand for corresponding results based on the analytical solution (63) for an isotropic suspension of poly-
disperse spherical particles and on FE simulations for an isotropic suspension of monodisperse spherical particles.
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In summary, the above sample results have illustrated the capabilities of the general solutions (36)—(38) to provide quan-
titative insight into the overall electromechanical response of dielectric elastomer composites. They have also served to reveal
that for the case of dielectric elastomers filled with a random isotropic distribution of stiff, high-permittivity or (semi-)con-
ducting, roughly spherical particles — the case that has hitherto received most attention by the experimental community —
interphasial phenomena may be crucial in understanding and exploiting the enhanced electrostriction that this promising class
of materials is able to achieve. Furthermore, they have revealed that the study of dielectric elastomers filled with liquid-like
high-permittivity or (semi-)conducting particles as well as porous dielectric elastomers may be worth pursuing.
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Appendix A. FE calculations of the homogenized response of dielectric elastomer composites

In this appendix, we summarize the computation of the finite-element (FE) results presented in Section 5 for dielectric
elastomers filled with an isotropic distribution of spherical particles.

Within the classical context of small deformations and moderate electric fields described in Section 1.1, the effective
electromechanical tensors L, & M for a composite material with arbitrarily heterogeneous local modulus of elasticity
L = L(X), permittivity ¢ = ¢(X), and electrostrictive tensor M = M(X) are given by the formulas

~ 1

Lijy = o f[)Lijm"ka,'n dX, (65)
~ 1

G =15 ‘/Qeimym,j dX, (66)
— 1

My = o /Qrmij.annpq7p,k7q,l dX. (67)

Here, it is recalled that £2 stands for the domain occupied by the composite in its undeformed stress-free configuration and
the tensor fields I' and y are defined implicitly as the solutions to the following linear uncoupled boundary value problems:

[Lijmnlmki,nlj = 0, Xe@ with = SidiXj X € 09, (68)
leimnnli =0, X€Q with x=6X;, Xeo. (69)

In the above expressions, the notation,; represents the partial differentiation with respect to the material point coordinate X;
and 0@ stands for the boundary of the domain £2.

While the formulation (65)—(69) is formal in general, Tian (2007) and Tian et al. (2012) have shown it to be rigorous in
the context of composite materials with periodic microstructure. When the repeating unit cell Q chosen to describe such a
periodic microstructure is the unit cube Q = {X: X; € [0, 1]i = 1, 2, 3}, the general formulation (65)—(69) specializes to

Lijkl = A Lijmnrmkl,n dx,

(70)
g = /Q Cimtyj AX, .
M‘jkz = ‘/Qrmij.annpq7p,k7q,l dX, 7

where now the tensor fields I' and y are defined by
L1, X5, X3) = Fig(0, X5, X3) = 601
Limnlmian); =0, X € Q  with  { FyX;, 1, X3) — Fu(Xy, 0, X3) = 83dp, X € 9Q
TXy, X, 1) = Ly, X5, 0) = 639y3 (73)
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11, X5, X3) — 50, X5, X3) = 6
[eimmli =0, X€Q with 15X, 1,X3) = (X, 0, X3) = 5, Xe€Q
X, X 1) = 50, X, 0) = 8;3 (74)

with 0Q denoting the boundary of Q. It is plain that the pdes (73) and (74), or more generally (68)—(69), do not admit explicit
solutions other than for special cases. However, being second-order linear elliptic pdes, they can be readily solved
numerically by means of the finite element method, as outlined next.

The focus of Section 5 is on the practical case of dielectric elastomers filled with a random and isotropic distribution of
spherical particles. To approximate the randomness and isotropy of this class of microstructures, following common practice
(see, e.g., Gusev, 1997; Michel et al., 1999), we begin by considering an infinite periodic medium where the repeated unit cell
comprises a large but finite number N of randomly distributed spherical particles. Previous results based on this approach —
for linear (Segurado and Llorca, 2002) as well as for nonlinear (Lopez-Pamies et al., 2013b) problems — have indicated that
N=30 particles is, in general, sufficient to approximate the isotropy of the microstructure. Fig. 8 depicts representative
examples of such unit cells with N=30 particles for various particle concentrations: (a) c=0.05, (b) c=0.15, and (c¢) c=0.25.

Having identified the microstructures of interest, we carry out their discretizations by means of the mesh generator code
Netgen (Schéberl, 1997). Hybrid isoparametric 10-node tetrahedral elements with constant pressure were selected to solve
the pde (73), while isoparametric 10-node tetrahedral elements were utilized for the pde (74). Fig. 9 displays three meshes
of increasing refinement with particle concentration c=0.15. Mesh sensitivity analyses revealed that meshes containing
about 400,000 elements (~570,000 nodes), such as the one shown in Fig. 9(c), are refined enough to deliver accurate results.

The resulting discretized version of equations (73) and (74) for I and y are formulated and solved via a vectorized FE code
written in the technical computing environment MATLAB (see MATLAB Version 8.3 Documentation, 2014). The computed FE
solutions for the fields I and y are then utilized in the definitions (70)—(72) to finally compute the three effective tensors

~.

that describe the macroscopic electromechanical response of the pertinent dielectric elastomer composite: IN_FE, ¢ and mM"
(here and subsequently, for clarity, the superscript “FE” is appended to any quantity based on FE solutions).

Assessment of the simulated microstructures: Because of the finite number of particles (N=30) included per unit cell, the
microstructures simulated here are (not exactly but) only approximately isotropic. In order to assess the isotropy of each

a

Fig. 8. Unit cells with N=30 spherical particles randomly distributed for various particle concentrations: (a) c=0.05, (b) c=0.15, and (c) c=0.25.

Fig. 9. Three progressively refined meshes, with (a) 29,089, (b) 94,837, and (c) 416,544 elements, of a unit cell containing a random distribution of N=30
spherical particles at concentration c=0.15.
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realization that is constructed, we monitor the following measures:

~FE — — —FE
IR T el A - Bt -l P | MK+ MET - M |,

&= ~FE ’ M —FE ’
€™ llo 1M, (75)

dy ,

~FE
IIL

lloo

NFE‘ I?FE, EFE

where the effective electromechanical coefficients j , ", and " are defined by

. 1 ~FE 1 (~FE ~FE 2oFE
=¥l = %(Liﬁj + Lyji = §Liijj)v 76)
. 1 oFF  15FE
=3I =gl a7
~FE 11 ~rE _ Lore

T3 (78)
g . 1 =FE 1 (~FE ~FE 2 FE
M = KM= 3o\ Mii + Miji = 3Mi | 79)
= g = L
= gM = 3M,w, (80)

and it is recalled that % and g stand for the orthogonal projection tensors given by expressions (27). For the class of dielectric
elastomer composites of interest in Section 5, wherein the matrix and particles are both isotropic elastic dielectrics, a perfectly
isotropic microstructure would result in measures d; = d; = dy = 0. In this work, only realizations with

max({dg, d;, dgj) <1072 @1

are admitted as approximately isotropic.

We conclude by noting that all FE results presented in Section 5 correspond to the average of three different realizations
(all satisfying the above definition of approximate isotropy). The effective electromechanical coefficients displayed in the
plots correspond to the formulae (76)-(80), while the pertinent components of the electrostrictive deformation H are based
on the formulae

— = FE — ~FE
FE  —FE m,fE mp- |12 d BE m,fE m- o
Hy=Hp=| " - m|f and His=-|_—&K ~FE [©
6 9% 30 9% (82)
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