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We report a new type of instability in a substrate-bonded elastic polymer subject to an ultrahigh electric
field. Once the electric field reaches a critical value, the initially flat surface of the polymer locally folds
against itself to form a pattern of creases. As the electric field further rises, the creases increase in size and
decrease in density, and strikingly evolve into craters in the polymer. The critical field for the electro-
creasing instability scales with the square root of the polymer’s modulus. Linear stability analysis
overestimates the critical field for the electrocreasing instability. A theoretical model has been developed
to predict the critical field by comparing the potential energies in the creased and flat states. The
theoretical prediction matches consistently with the experimental results.
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Introduction.—Formation of instability structures in pol-
ymers under electric fields is of great interest to various
scientific and technological applications including insulat-
ing cables [1], organic capacitors [2], polymer actuators
[3,4] and energy harvesters [5], and functional surfaces and
patterns [6-8]. Previous studies on electric-field-induced
instabilities in polymers mostly involve applying an elec-
tric field through an air gap to one or multiple layers of
polymers bonded on a rigid substrate [6—10]. The perme-
ability difference between air and polymers drives the
instability process, competing with surface tension and/or
elasticity of the polymers [11]. As a result, patterns of
pillars and strips usually forms on the polymer surface
[6-10]. For an elastic polymer, the critical field for the
instability scales with the square root of the polymer’s
modulus [11]. The electrical breakdown of the air gap,
however, limits the maximum applied field to the order
of 10° V/m.

What happens when an electric field is applied, without
the air gap, directly to a layer of a polymer bonded on a
substrate [12]? The answer to this question will greatly
extend the basic understanding of voltage-induced insta-
bilities in polymers. The issue is also of fundamental
importance in studying failures of polymers under voltages
[1,13]. In this Letter, we present a combined experimental
and theoretical study of a new type of instability in a
substrate-bonded elastic polymer directly under an ultra-
high electric field up to 108 V/m. We show that the
polymer film can evolve into a pattern of creases and/or
craters, which are in distinct contrast to the previous
observations [6—10].

Materials and methods.—The experimental setup for
studying the new instability is shown in Fig. 1. A rigid
polymer, Kapton, (DuPont, USA) with Young’s modulus of
2.5 GPa and thickness of 125 um was bonded on a metal
substrate with conductive epoxy (SPI, USA). A polydi-
methyl siloxane (PDMS) based elastomer, Sylgard 184
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(Dow Corning, USA) was spin coated on the Kapton film
and cross-linked at 65 °C for 12 h. The cross-linker per-
centage in the elastomer was varied from 2% to 5% to give
a shear modulus ranging from 6.7 to 155 kPa [Fig sl(a)
[14]]. PDMS films of thickness from 40 to 212 um were
obtained by varying the spin coating speed from 3000 to
500 rpm [Fig s1(b) [14]]. The PDMS film was immersed in
a transparent conductive solution (20 wt % NaCl solution)
to observe the film deformation from a microscope (Nikon,
Japan) above the solution. The conductive solution also
acted as a conformal electrode that maintains contact with
the PDMS film during its deformation. A high voltage
supply (Matsusada, Japan) with controllable ramping
rate was used to apply a voltage between the metal sub-
strate and the conductive solution. The deformation of the
Kapton film under applied voltages is negligible in com-
parison to PDMS’ deformation, because the modulus of
Kapton is over 3 orders of magnitude higher than those of
PDMS films. Instead, the Kapton acts as a buffer substrate
that prevents the electric field in the deformed PDMS film
to become excessively high. Excessively high fields cause
the electrical breakdown of the polymer film before insta-
bility patterns can be observed [13,15].
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FIG. 1 (color online). The experimental setup for observing
the electrocreasing to cratering instability.
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Results.—Figure 2 illustrates the evolution of instability
structures in a PDMS film subject to a ramping voltage
with a rate of 10 V/s. See also video sl of the supplemen-
tal material [14]. The surface of the PDMS film initially
maintains a flat and smooth state without appreciable
deformation [Fig. 2(a)]. When the voltage reaches a critical
value, some regions of the PDMS surface suddenly fold
upon themselves to form a pattern of creases as shown in
Figs. 2(b) and 2(h). As the voltage increases, the pattern of
creases coarsens by increasing their sizes (i.e., length and
width) and decreasing their densities (i.e., number of
creases per area) as shown on Fig. 2(c). As the voltage
further rises, the center regions of some creases strikingly
open, and a pattern of coexistent creases and craters form
in the PDMS film [Fig. 2(d)]. The thickness of the film
within the crater is less than the surrounding regions as
illustrated in Fig. 2(i). All creases eventually deform into
craters with further increase of the voltage [Fig. 2(e)]. The
diameters of the craters increase, as the applied voltage
further rises [Fig. 2(f)]. The PDMS film may also be
fractured at the craters due to large deformation.

We first qualitatively explain the instability process by
discussing its driving force. Creasing instability has been
widely observed on surfaces of soft materials under
compression. Examples include bending an elastomer bar
[16—-18], compressing a polymer foam [19], rising a bread
dough in a bowl [20], and swelling a polymer gel bonded
on a rigid substrate [21-23]. The creasing instability
involves local folds of the surfaces without fracturing the
materials [16-23]. For the first time, we show that the

FIG. 2 (color online).

Instability evolution in a substrate-boned
PDMS film under a ramping voltage: flat state at 7 kV
(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). Schematic illustrations of the electric fields in a region at flat
(g), creased (h), and crater (i) states.

creasing to cratering instability occurs in a substrate-
bonded polymer under an electric field. The driving force
for the instability process is the electric-field-induced
stress in the film. Given the dielectric behavior of PDMS
is liquidlike, unaffected by deformation, the electric-field-
induced stress can be expressed as [24]

0'5 = SEiEj - %SEkEkSij’ (1)

where ¢ is the permittivity of PDMS, and E the electric
field in the film. The electric field induces a tensile stress
along the field, and a biaxial compressive stress normal to
the field. As shown on Fig. 2(g), when the PDMS film is in
a flat state, the applied electric field is normal to the film
with a magnitude

b

F=—— | 2
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where @ is the applied voltage, ¢, is the permittivity of
Kapton, and H and H; are the thicknesses of the PDMS
film and Kapton substrate, respectively.

The electric field induces a biaxial compressive stress
parallel to the film, as indicated on Fig. 2(g). When the
compressive stress in the PDMS film reaches a critical
value, creases develop on the surface of the film. The
compressive stress increases with the applied electric field,
and drives the coarsening of the creases. Similar phe-
nomena of crease coarsening have been observed in gels
bonded on rigid substrates, due to the increase of in-plane
compressive stresses as the gels swell [21,22]. In the
current experiment, the folded surfaces of creases in
the PDMS film also act as electrodes lying vertically in
the film [Fig. 2(h)]. Since the electric field is normal to the
electrodes, the field induces a tensile stress perpendicular
to the crease surfaces as illustrated in Fig. 2(h). The
electrical tensile stress competes with the mechanical com-
pressive stress, tending to pull the folded surface open.
When the applied electric field is high enough, the creases
deform into craters [Fig. 2(i)]. The diameters of the craters
increase, as the electrical tensile stress further rises.

Scaling analysis.—We now analyze the instability
through scaling. Let us consider the scales of various types
of energies in a creased region as shown in Fig. 2(h). The
electrostatic energy per unit thickness of the region around
a crease is ~gE?L?, where L is the depth of the crease.
The elastic and surface energies per unit thickness of the
crease region are ~uL? and ~7yL respectively, where u is
the shear modulus of the PDMS film and 7y the surface
tension of PDMS in water. The decrease of the electrostatic
energy drives the instability process, competing with the
increase of the elastic and surface energies. If the elastic
energy dominates over the surface energy, balancing the
elastic and electrostatic energies gives the critical electric

field
E.~fu/e. 3)
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On the other hand, if the surface energy dominates over
the elastic energy, balancing the surface and electrostatic

energies gives
E.~+v/(eL). “)

The PDMS films have y =4 X 1072 Nm~! [25],
= 10-200 kPa, and H = 40-200 pum. Assuming L to
be 10 um, a small fraction of H, it can be seen that the
elastic energy is dominant over the surface energy.
Therefore, the critical field for the electrocreasing insta-
bility should scale as Eq. (3). The critical voltages ®,. for
the electrocreasing instability experimentally measured in
films with various thicknesses and moduli are given in
Fig. 3(a). For films with the same modulus, the critical
voltage scales linearly with the film thickness. The critical
electric fields E, are calculated using Eq. (2) with
H, =125 pm, g, = 3.5¢(, and & = 2.65¢( [26], where
the permittivity of vacuum g, = 8.85 X 10712 Fm™!.
From Fig. 3(b), it is evident that E, is linear with /u/e.
The experimental results prove that the critical field for the
electrocreasing instability is scaled as Eq. (3).

When the electric field reaches certain value higher than
E., the crater has the same energy as the crease, and a
pattern of coexistent creases and craters sets in [Fig. 2(d)].
As the electric field further rises, the craters become
energetically favorable. The craters locally arrange into
polygons, where the wavelengths A of the craters are
almost constant throughout the film as shown on Figs. 2
(e) and 2(f). The decrease of the electrostatic energy
tends to have a larger number of craters by reducing the
wavelength. As the craters approach one another, the
interaction of their strain fields increases the elastic energy,
which prevents further reduction of the wavelength. The
length scale for the interaction is the depth of the crater,
which is roughly the film thickness. Thus the wavelength is

7
16 6.7 kPa x 10
H38.2kPa (b)

12 (a) £102.8 kPa X
X 155.1 kPa 6 Q/
8 E,E/E 4 E"/
4 A_A/A 2 A//
0 0
0 50 100 150 200 250 0 2 4 6 8

H (um) Jule@Wimy x 10’
10° A

107 IOEA
&
10' ﬁr

10’ 10° 10

H(um)

oo

o, (kV)
E,(v/m)

A(um)

FIG. 3 (color online). The critical voltages (a) and electric
fields (b) for the electrocreasing instability, and the wavelengths
of the craters (c¢) in films with various thicknesses and moduli.

scaled with the film thickness, i.e., A ~ H. The experimen-
tal data in Fig. 3(c) give A = 1.5H, independent of the
moduli of the films.

Theoretical calculation.—Now we calculate the critical
field for the electrocreasing instability by comparing the
potential energies in a region of the film in the flat and
creased states [20,27]. Because the polymer substrate does
not affect the critical field, we neglect the substrate in the
calculation. The potential energy in a unit thickness of the
region can be expressed as

1
11 =fW(F)dA+/—8|E|2dA—fq)wdS, 5
A A2 s

where F is the deformation gradient, W(F) is the elastic
energy density, w is the surface charge density, and A and S
are the area and contour of the region. The first term of
Eq. (5) gives the elastic energy, and the second and third
terms give the electrostatic potential energy of the region.
Considering the scaling analysis, we neglect the surface
energy of the film.

When the film is in a flat state, the elastic energy is zero
and the electric field is uniform. The potential energy per
unit thickness can be calculated as Ilg, = —AsE?/2,
where E is given by Eq. (2). Next, we prescribe a down-
ward displacement L to a line on the top surface of the
region to form a crease as demonstrated in Fig. 4(a) [28].
At the creased state, the deformation and electric field are
nonuniform in the region. We analyze the coupled defor-
mation and electric field using finite-element software,
ABAQUS 6.10.1 with a user subroutine UMAT. The po-
tential energy of the creased state 1., is then calculated
using Eq. (5). The program code is validated by a bench-
mark calculation shown in Fig s2 of the supplemental
material [14], and the mesh accuracy is ascertained through
a mesh refinement study. The region is taken to deform
under plain-strain conditions, and obey the neo-Hookean
model with the elastic energy density W = w(F;xFix —
3)/2. Because of symmetry, only the right half of the
region is calculated. The size of the calculation region is
taken to be much larger (100 times) than the size of the
crease, so that L is the only length scale relevant in com-
paring the potential energies in the flat and creased states
[27]. [1t should be noted that Fig. 4(a) only demonstrates a
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FIG. 4 (color online). The equipotential contours in a film at
the creased state calculated from the finite-element model (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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small portion of the calculation domain.] The dimensional
consideration determines that the potential energy differ-
ence has a form [27]

Al = Merease = Mo = ,LLsz(E 8//—‘“), (6)

where f(E+/e/u) is a dimensionless function of the ap-
plied electric field given by Eq. (2). The potential energy
difference is plotted as a function of the applied electric
field in Fig. 4(b). In absence of the applied field, the
potential energy difference is positive, because Il = 0
and the elastic energy of the crease gives a positive Il cyqc-
Thus the flat state is energetically preferable. As the
applied electric field increases, the potential energy
difference decreases, for the creased state has a lower
electrostatic potential energy than the flat state. Once the
electric field reaches a critical value E., the creased
state has the same potential energy as the flat state (i.e.,
ATl = 0) and the creasing instability sets in [17,20,27]. As
shown in Fig. 4(b), the theoretical calculation gives

E. =~ 1.034/u/e. From Fig. 3(b), the experimentally mea-
sured critical field for the electrocreasing instability is

about 0.854/u/e. The theoretically predicted critical field
is roughly consistent with the experimental data. The
difference between the theoretical and experimental results
may be due to the surface roughness of the PDMS films,
and/or the deviation of the films’ dielectric and elastic
behaviors from the assumed ones.

Linear perturbation has been extensively used for ana-
lyzing instabilities in polymers under electric fields
[11,24,29-31]. On the other hand, it has been shown that
the creasing instability in a block of an elastomer under
compression may not be analyzed with linear perturbation,
since the strain around the crease tip is finite [17,20,27].
In Fig s3 of the supplemental material, we perform a linear
perturbation analysis on a substrate-bonded elastic film
under an electric field [30]. The critical field from the

linear perturbation is 4/2u/e, which overestimates the
value calculated from the above analysis by 40%. This is
consistent with previous reports that Biot’s linear stability
analysis overestimates the critical strain for the creasing
instability in a block of an elastomer under compression
[17,20,27,32].

Conclusion.—We report the voltage-induced creasing to
cratering instability in an elastic polymer film bonded on a
rigid substrate. When the film is in a flat state, the electric
field induces an in-plane biaxial compressive stress, which
can cause the creasing instability. After a crease is formed,
the electric field induces a tensile stress normal to the
crease surfaces, tending to pull the creases open into
craters. We predict the critical electric field for the electro-
creasing instability by comparing the potential energies in
the creased and flat states. The theoretical prediction
matches consistently with the experimental results. It is
the first time that the electrocreasing to cratering instability
has been observed and analyzed. Understanding this new

instability is potentially useful in designing better insulat-
ing cables, organic capacitors, polymer actuators and
energy harvesters, and functional surfaces and patterns.
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Figure s1. The shear modulus of the PDMS elastomer as a function of the crosslinker concentration (a),
and the PDMS-film thickness as a function of the spin speed for PDMS with various crosslinker
concentrations (b). The shear moduli were measured by uniaxial tensile tests with a Micro-Strain

Analyzer (TA Instruments, USA) under a loading rate 5x 107°s™. The film thicknesses were measured by
Dektak 150 Stylus Profiler (Bruker AXS, USA).
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Figure s2. The deformation and electric potential distribution in a block of a polymer subject to an
applied voltage. The model is taken to deform under plain-strain conditions. An analytical relation

between the deformation and the applied voltage can be derived as @/ (H 7 6‘)2 NI (h/ H )4 . The

result from the finite element model matches well with the analytical solution.



Figure s3. We perturb the surface of the flat film with a sinusoidal deflection ¢ = &sinkx. The film is

taken to be incompressible, so that the change in the elastic energy from the flat state to the perturbed

state per unit thickness of the region is [28]

mrlk 52

A e = _[0 H %

dx

The change in the electrostatic potential energy per unit thickness of the region is [28]

2nrlk ab? ab?
All, . = - dx
electric L |: 2(H _5) + 2H :|

To the leading order of the perturbation amplitude, the changes in the potential energy is

o 43

elastic electric H k 2 H

Setting Eq. (s3) to zero, the critical electric field can be calculated as E, =21/ ¢ .
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Video s1. Video segments illustrating the evolution of instability structures in a substrate-bonded PDMS
film subject to a ramping voltage with a rate of 10Vs™.



