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Summary We discovered various modes of instabilities inyp@rs under voltages for the first time. For example observed that
under a voltage the flat surface of a substrateédmpolymer can locally fold against itself to foarpattern of creases. As the
voltage further rises, the creases increase inagidedecrease in density, and strikingly evolve hdles in the polymer. We explain
the experimental observation with theoretical ancherical models. The theoretically predicted caiticoltages for the instability
match well with experimental results without usemy fitting parameter. We further show that by sofgeventing the instability,
we increase energy density of various insulatinigmers over 10 times.

Introduction

Electricity is a dominant way for transmitting eggrin modern society. As electricity is usuallyrtsanitted at high
voltages to reduce energy lost, insulating polynferspower cables need to sustain the high voltagesaddition,
polymers with high permittivity and breakdown vgiéahave been widely used as organic capacitorsriergy storage.
It has been hypothesized that electromechanictbilties are one major cause for electrical bdeakns in high-
energy-density dielectric polymers [1-5]. Howevére initiation and propagation of the instabilitibave not been
directly observed, because the electrical breakdgevrerally coincides with the instabilities. Inghgaper, we present a
combined experimental and theoretical study of tedawechanical instabilities in a substrate-bondiedtie polymer
directly under an ultrahigh electric field. We wslhow that the polymer film can evolve into a pattef creases and/or
craters which can cause the electrical the breakdiivthe polymer

Experimental results

The experimental setup is described briefly he. details, please refer to Ref[6-8]. A layer oka@lid polymer is
bonded on an insulating substrate. The insulatifgptsate is taken to be much more rigid than thgnper, so that it
does not deform with the polymer to avoid electrim@akdown. The bottom surface of the substratoated with a
metal layer (e.g. gold), and the top surface ofpgblymer is covered with a compliant electrode .(&gCl solution),
which deforms conformally with the polymer surfaeed enables the observation of the instability. & ibltage is
applied between the two electrodes.

Figure 1 illustrates the evolution of instabilitiywetures in a polymer film subject to a rampindtage with a rate of
10V/s. The surface of the polymer film initially meains a flat and smooth state without appreciaet®rmation [Fig

1(a)]. When the voltage reaches a critical valoeyesregions of the polymer surface suddenly fofatsnuitself to form a

pattern of creases as shown in Figs 1(b) and 1(A} the voltage increases, the pattern of creasassens by
increasing their sizes (i.e. length and width) dedreasing their density (i.e. number of creasespeE) as shown on
Fig 1(c). As the voltage further rises, the cemtggions of some creases strikingly open, and apatif coexistent
creases and craters form in the film [Fig 1(d)]eThickness of the film within the crater is lebarn the surrounding
regions as illustrated in Fig 1(i). All creasesrmvally deform into craters with further increadehe voltage [Fig 1(e)].

The diameters of the craters increase, as theeappbltage further rises [Fig 1(f)]. The polymeinfimay also be
fractured at the craters due to large deformation.
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Figure 1. Instability evolution in a polymer film under a ramping voltage: flat state at 7kV(a), creased state
at 8.8 kV (b), crease coarsening at 9.7 kV (c), coexistent states of creases and craters at 10.5 kV (d),
crater state at 13.3 kV (e), and craters with larger diameters at 15.6 kV (f).

Theoretical Calculation

Now we calculate the critical electric field foretlelectro-creasing instability by comparing theeptial energies in a
region of the film in the flat and creased sta®sl10]. Because the polymer substrate does nattatfie critical field,
we neglect the substrate in the calculation. Therg@l energy in a unit thickness of the region ba expressed as

M= jAW(F)dA+jA%e15|2dA— chwds N
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where F is the deformation gradieniW(F) is the elastic energy densityr is the surface charge density, ahd

and S are the area and contour of the region. Thetfirsh of Eq. (1) gives the elastic energy, and #wosd and third
terms give the electrostatic potential energy efrégion. Considering the scaling analysis, weawgdhe surface energy
of the film.

When the film is in a flat state, the elastic eydasgzero and the electric field is uniform. Thegdial energy per unit
thickness can be calculated &, =—A£E*/2, where E is the applied electric field. Next, we prescriae
downward displacemenL to a line on the top surface of the region to f@morease as demonstrated in Fig 2(a). At

the creased state, the deformation and electiitt file non-uniform in the region. We analyze thepted deformation
and electric field using finite-element softwardBAQUS 6.10.1 with a user subroutine UMAT. The ptitdrenergy of

the creased statél cease 1S then calculated using Eqg. (1). The region kemato deform under plain-strain conditions,

and obey the neo-Hookean model with the elasticggrdensity W = IU(FiKFiK - 3)/2. Due to symmetry, only right

half of the region is calculated. The size of thé&glation region is taken to be much larger (16@$) than the size of
the crease, so thak is the only length scale relevant in comparinggbtential energies in the flat and creased states
[9]. The dimensional consideration determines thatpotential energ( difference has a form [9]

— — 42
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where f (E 5/,u) is a dimensionless function. The potential eneliffgrence is plotted as a function of the applied

electric field in Fig 2(b). In absence of the apglifield, the potential energy difference is pwsitibecausell, =0

and the elastic energy of the crease gives a pesli crease- Thus the flat state is energetically preferablas the
applied electric field increases, the potentialrgnalifference decreases, for the creased state lhaser electrostatic
potential energy than the flat state. Once thetiidefield reaches a critical valueEc, the creased state has the same
potential energy as the flat state (iAl'1 =0 ) and the creasing instability sets in. As shownFig 2(b), the
theoretical calculation givedE, = 103,/ 14/ £ . The experimentally measured critical field foe telectro-creasing

instability is about 085,/ // £ . The theoretically predicted critical field is ghly consistent with the experimental

data. The difference between the theoretical apérxental results may be due to the surface rcegghaf the polymer
films, and/or the deviation of the films’ dielectrand elastic behaviors from the assumed ones.

Figure 2. The equipotential contours in

a film at the creased state (a), and the

potential energy difference between
- the creased and flat states as a function
of the applied electric field (b).
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