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1 INTRODUCTION

Actuators and sensors that utilise the electromechanically coupled behaviour of mate-
rials are important elements of numerous technical applications. Electromechanical cou-
pling arises from different physical processes in the material, e.g., charge re-orientation
or surface modification. One example of a functional material like that are nanoporous
metals which, due to their unique structure, have an exceptionally high surface-to-volume
ratio and, thus, react sensitively to any electrically induced surface modification.

The build-up of surface charges in response to an applied potential and the electroad-
sorption of electrolyte ions induces stresses in the metal surface that result in a macro-
scopic deformation of the material. Thus, when filled with a dry electrolyte, nanoporous
metals are promising sensor and actuator materials with a wide range of possible appli-
cation fields.

Such nanoscale composite actuators exhibit actuation behaviour that is a superposi-
tion of the multiphysically coupled behaviour of the bulk polymeric electrolyte and the
electromechanical coupling arising due to the interface modification as described above.
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Table 1: Governing equations

bulk interface
linear momentum pott =DivP + B pott = Div P +B+[P]-N
GauB'’s law 0=-DivD +¢qf 0=-DivD+DivN [D-Nl+g, - [D] N
diffusion ¢p =—-Divd+W ¢y = —DivJ +W —[J]-N

Computational modelling of the composite material is, therefore, not only important to
describe and predict the actuation behaviour but allows insights into the interaction of
the actuation mechanisms and physical processes at play that are inaccessible from ex-
periments.

2 MODEL

In this work!, a thermodynamically consistent continuum model for the chemoelec-
tromechanically coupled behaviour of nanoscale composites is proposed. This model cou-
ples large deformations with electrostatics and mass transport as the transport of ions
in an electric field and their interaction with the polymer network is responsible for the
actuation behaviour of dry electrolytes.

To account for the dominant effects of the metal-polymer interface that cannot be cap-
tured by classic continuum theories, an extension of surface elasticity theory? is developed
that allows to describe the multiphysical coupling on the interface.

The electroactive nanocomposite is modelled here as a body consisting of three physical
domains that exhibit considerably different physical behaviours, namely the metal, the
polymer, and the metal-polymer interface. The different material behaviours and coupling
mechanisms arising in each of the three domains are modelled by endowing each domain
with its own, unique properties and constitutive description.

For both, the bulk and the interface, the governing equations as presented in Table 1 are
derived from fundamental balance principles. In Table 1, an overbar denotes an interface
property. The mass density, charge density and the ion concentration are denoted by py,
qg and ¢, respectively, while P is the first Piola-Kirchhoff stress tensor, B is the vector
of body forces, D is the electric displacement field and J and W denote ion fluxes and
sources, respectively. Jumps of the bulk quantities over the interface are denoted by [e].
With these governing equations and suitable constitutive relations, the coupling between
mass transport, electrostatics and deformation is fully described by the proposed model.

In contrast to previously published models of electroactive composites, this framework
describes the interaction of the different phenomena and physical fields at the interface
and is able to take into account pure interface effects such as the stresses induced by
electroadsorption and the build-up of an interface charge. Furthermore, the coupling
between bulk and interface as visible in space charge regions close to the metal-polymer
interface is accounted for in the proposed model, thus, capturing the significant effect the
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presence of an interface has on the overall composite behaviour.

To solve the highly non-linear and strongly coupled system of equations, the finite
element method is applied within an in-house finite element code. Here, special attention
has to be paid not only to the representation of the interface and its embedment within
the volume mesh, but especially to the mapping of bulk information to the interface. This
mapping is necessary to account for the coupling of interface properties to bulk values
such as jumps in the fields over the interface or the ion concentration.

The strongly coupled system is solved monolithically, that is all coupled effects and
interactions between the equations are taken into account and no simplifying assumptions
about the coupled nature are made.

With this code, numerical studies are carried out that elucidate the capabilities of the
proposed model and are used to study the influence of interface effects. Furthermore,
numerical simulations are used to investigate the different coupling mechanisms and their
interaction with each other, thus, providing valuable insight into the functionality of
electroactive nanocomposites.
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