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At high electric fields, the electrical energy stored in a soft elastomer dielectric can be comparable
to the mechanical deformation energy it produces. This has led to the development of a class
of electrically controlled, large strain dielectric elastomer actuators for soft robotics and energy
harvesting devices. At large electric fields, the electro-mechanically induced deformation can lead
to pseudo-periodic surface morphological instabilities which then grow with increasing field into
stable pre-breakdown defects prior to final, irreversible electrical breakdown. Under these extremes
of combined large electrical and mechanical deformations, the morphological evolution of the pre-
breakdown defects has not hitherto been reported. In contrast to the filamentary breakdown of much
stiffer dielectrics, fluorescence confocal microscopy reveals an array of defects that evolve through
a complex, reversible series of morphologies, transitioning from axi-symmetric “pits” to “crack-like”
shapes that can “twist” and deflect, and finally open to form an array of holes. The observations suggest
that the transitions, from axi-symmetric pits to flat, slit-like defects and then to an array of holes,
are geometric instabilities. The implications for using a soft elastomer layer to increase the dielectric
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breakdown of a stiffer dielectric are discussed.
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1. Introduction

Most dielectrics (including semiconductors) in which electrical
breakdown has been investigated are materials having a high
elastic modulus (several GPa to hundreds of GPa) and conse-
quently the mechanical deformation associated with high electric
fields (>1 V/micron) are likely to be small. This is because the
electrical energy per unit volume scales with electric field, E,
as ¢ E2 whereas elastic strain energy density scales with elas-
tic strain, e, as u €. ¢ and yu are the dielectric constant and
elastic modulus, respectively. Comparison of these energies sug-
gest that they are comparable and result in significant strains at
normalized electric fields, §2, given by [1-4]:

Vo
2 = 8/[14? >>0

where V, and h are the applied voltage and elastomer thick-
ness, respectively. With the increasing use of soft elastomers
(u ~ 0.1-10 MPa) under large electric fields (>10 V/micron) in
the development of a variety of dielectric elastomer actuators and
energy harvesting devices, these dielectrics are being used under
conditions where the elastic and electrostatic energies are com-
parable. One manifestation of this is that an initially flat surface of
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a soft dielectric is unstable to morphological perturbations above
a critical electric field and a pseudo-periodic array of pits forms.
The pits are visible to the eye, as well as by optical microscopy,
and have average spacing that depends on the thickness of the
soft elastomer [5,6]. (A video recording of the pitting, observed
in reflected light optical microscopy, with increasing and then
decreasing electric field is included in the Supplementary Mate-
rials). The instability has been extensively analyzed [1,3,7,8]. As
the electric field is increased beyond this instability condition,
the pits extend deeper into the elastomer and above an even
higher electric field, catastrophic electrical breakdown occurs. If
electrical breakdown does not occur and the field is reduced,
the pitting phenomenon is reversible. This forms the basis for a
reversible, privacy window [5,9] as the pits scatter light and the
optical transmittance of the elastomer can be controlled over a
wide range of values by controlling the applied voltage [6]. In
contrast to the electro-mechanical analyzes which predict a bi-
furcation instability [3], the pits form by a nucleation and growth
process. Although studies of the optical scattering by the pits have
been reported, they are neither precise enough nor sufficiently
interpretable to provide insight into the mechanisms by which
the pits extend post-instability into the elastomer. Furthermore,
microscopy studies have been unable to reveal the shape evolu-
tion once the surface becomes steep, as illustrated by the confocal
image in Fig. 1(a), possibly because of large optical refraction
effects and low contrast. Consequently, the defects well below the



P. Charoen-Rajapark and D.R. Clarke

macroscopic surface of the elastomer cannot be resolved. As will
be described in this work, using fluorescence confocal microscopy
to enhance contrast, the pit evolution consists of a series of large
strain and complex morphological changes until, ideally, an array
of hyperbolic funnels form penetrating through the elastomer.
At each step, the morphological instabilities are reversible when
the electric field is subsequently decreased unless permanent
breakdown occurs. The observed behavior is quite distinct from
the usual filamentary pre-breakdown that occurs in stiff materials
and has implications for dielectric breakdown in elastomers.

The observations reported in this work are made in a config-
uration consisting of two dielectric elastomer layers, one signif-
icantly softer than the other, deposited on an ITO coated glass
substrate with a compliant CNT mat network on top of the
softer dielectric. To enhance contrast in the otherwise transpar-
ent elastomers, they were each dyed with a fluorescent dye.
Fig. 1(b). This is the same structure used in previous experiments
relating optical transmittance to the electric-field induced surface
morphological instability of a soft elastomer [5,9]. Following the
work of Wang et al. [1], the bi-layer elastomer configuration was
selected because the electrical field induced surface instabilities
in the soft elastomer, once formed, growing stably with increasing
electric field and do not lead to irreversible, catastrophic break-
down, until the electric field approaches the breakdown field
of the stiffer elastomer layer. The rationale for using a stiffer
elastomer layer is to raise the voltage at which catastrophic
breakdown of the bilayer occurs since the dielectric breakdown
field of an elastomer generally increases with its elastic mod-
ulus [1]. In turn, this enables the electric field in the softer
elastomer to be varied at fields below which complete failure
occurs. In the experiments reported here, a voltage between the
ITO electrode and the CNT network was applied in discrete steps
and observations were recorded by confocal optical imaging at
successively higher voltages.

2. Materials and methods

All the devices studied comprised a layer of 10:1 mixing ratio
of base to cross-linker of silicone elastomer (Sylgard 184, Dow
Corning) on an ITO coated glass substrate with a layer of 50:1
Sylgard 184 on top, unless otherwise stated. (The ITO coated
glass had a thickness 150 um, and a 30-60 Ohm resistivity, and
was purchased from SPI Supplies). According to the literature,
the elastic shear modulus of the 10:1 and 50:1 composition, are
700 kPa and 3 kPa [10,11], respectively. The dielectric constant
for 10:1 Sylgard 184 is reported to be 2.65 [12]. For ease of
distinguishing the two layers in the confocal microscope, the
stiffer 10:1 elastomer was dyed with an alkyne purple fluores-
cence dye (BDP 558/568 alkyne, Lumiprobe Corporation) and the
softer elastomer with a different alkyne green fluorescence dye
(BDP FL alkyne, Lumiprobe Corporation). The elastomers were
deposited by spin-coating. After the stiff layer was deposited it
was cured at 70 °C for 24 h before the soft layer was deposited
and then also thermally cured at the same temperature and
time. Unless otherwise stated, the thicknesses of the soft and
stiff elastomers were 50 and 30 pwm thick, respectively. A CNT
electrode (P3-SWNT, Carbon Solutions, Inc.) was transferred by
stamping onto the surface of the cured soft elastomer using a
Teflon filter (100 nm pore size and 47 mm diameter, Omnipore).
The CNT electrode was deposited as described in the appendix of
Ref. [2].

The observations were performed in air and the structure
was mounted so that the CNT surface faced away from the ob-
jective lens of the microscope. This configuration was chosen
to minimize artifacts associated with varying refraction angles
from local variations in surface orientation affecting the incident
illumination intensity.
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The confocal microscopy observations were recorded using a
confocal microscope (Model 710, Zeiss) with a 20x, NA 0.8, objec-
tive lens (Plan-Apochromat, Zeiss). This enabled a stack of images,
320 x 320 wm in width, with a slice thickness of 0.91 pm, to
be recorded as a series of images at each voltage. The number of
voxels in a single image was 512 x 512. Voltages were applied
using a high-voltage power supply (Model 610E, Trek, Inc.). The
device and all the electrical leads were mounted on a rubber
sheet to insulate the device and the ground. Although the voltages
used were relatively high, current limiters were used to ensure
that the current was always substantially lower than 2 mA. The
confocal images, such as Fig. 1(c) and subsequent images, were
formed by combining the output of two photomultiplier detec-
tors, one to capture the fluorescence of the green dye excited by
the 488 nm laser and the other the purple dye excited by the
555 nm laser, under the control of the microscope’s Zeiss Zen
software. Subsequent image manipulations were performed using
a MATLAB program. Typically, the acquisition time for a stack
of 110 images was 2 min so rapid changes in the defect shape
could not be recorded but rather a sequence of images recorded
following stepwise changes in voltage.

To gain additional information about the defect shape evolu-
tion, the confocal images were also visualized by constructing,
using MATLAB, images of the soft elastomer surface at different
electric fields. This enables a 3D reconstruction of the elastomer
surface as a series of contours, spaced 0.91 wm apart, from the
individual image slices. For clarity, these images are inverted.
Although the precise dimensions of the defects in the confo-
cal images are sensitive to the image threshold used to define
the surface, the complex nature of the microstructural evolution
becomes more evident.

3. Confocal microscopy observations

Before any voltage is applied to the bilayer elastomer struc-
ture, the surface of the soft elastomer, as well as its interface with
the stiffer elastomer, are flat and smooth. Fig. 1(c). Sequences
of confocal images indicate that the two interfaces remained
planar with increasing voltage until circular depressions (“pits”)
nucleate randomly at the CNT coated surface over a narrow range
of voltage. The initial, electric field induced surface morphological
instability shape is consistent with previously reported exper-
iments by Wang et al. [1] and Kjeer et al. [6] as well as the
predictions of elastic-electrostatic perturbation bifurcation mod-
els [3] and with instability models [1,13]. They take the form of a
pseudo-periodic array of funnel shaped pits that nucleate at the
surface of the elastomer. Consistent with some of the earlier re-
ports [6,14], the pits form at the elastomer surface by a nucleation
and growth process as the electric field is increased and adopt
an average in-plane spacing that remains fixed with further volt-
age increases. Then, once formed, they adopt an approximately
hexagonal arrangement and no new pits subsequently form. The
average spacing between pits is dependent on the thickness of the
soft dielectric [1,14]. During the formation of pits at this initial
instability, the interface between the soft and hard elastomers
remains flat.

With further increase in voltage a complex evolution in shape
of the pre-breakdown defects occurs. The main features are illus-
trated with the confocal image stack in Fig. 2 recorded at 5.4 kV.
In these image stacks, each individual image is a cross-section of
the elastomer at the depth corresponding to the location in the
stack. So, each stack captures the defect at the voltage indicated.
The images indicate that as the nucleated pits extend deeper into
the soft elastomer, their pit shape transitions into flat, slit-like
features, superficially like cracks or creases, as seen in slices 90
to 69 in Fig. 2.
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Fig. 1. (a) Perspective view of the surface of the soft elastomer, without any dye, at a voltage of 4.5 kV illustrating an array of electric-field induced pits. The contrast
reveals the surface curvature around each pit but no information, except for the signal spikes, well below the surface. (b) schematic of the confocal imaging used
to record the images of the dyed elastomers presented in this work. To minimize spatial variations that can cause refractive effects in the illumination, the sample
is viewed through the ITO coated glass. (c) Cross-section recorded using fluorescence imaging with the stiffer elastomer dyed purple and the softer elastomer dyed
green. The dyes were used to enhance image contrast. The CNT electrode and glass are not visible in the fluorescence images.

ITO coated glass

12

Fig. 2. Fluorescence confocal image stack through the thickness of the bilayer elastomer from the glass (top left) to the air (bottom right) recorded at a voltage of
5.4 kV. The spacing between the images in the stack is 0.91 pm.

The defects appear dark because reduced fluorescence inten-
sity reaches the confocal microscope detector either because a
significant fraction of the incident illumination, or the stimulated
fluorescence, is refracted or scattered away by the defect. It is
not possible to determine whether these features are “cracks” or

“creases” since we cannot determine their width. For this reason,
they will simply be referred to in the following as “slit-like”
features.

With increasing voltage, they extend deeper into the soft
elastomer and many of them subsequently also adopt a twisted
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Fig. 3. Cross-sectional images of the same defect recorded at successively higher voltages illustrating the post-instability shape evolution with increasing electric

field.

“S-shape” or “C” configuration in individual images, as seen in
slice 56 to 40. At higher voltages still, the defects, propagating in
the nominal electric field direction, deflect and extend parallel
to the interface between the soft and stiff elastomers. This is
not clear in the sequence of images slices, such as those in
Fig. 2, but can be readily observed in cross-sections through the
stack, such as in Fig. 3. It is evident from these observations
that the deflected defects remain within the soft elastomer layer
and do not propagate along the soft/stiff elastomer interface.
Concurrently the interface is locally displaced towards the lower,
ITO glass electrode as if the softer (green) material adjoining the
deflected crack pushes into the stiffer (purple) elastomer. This can
be discerned in the slices 28 to 33 of Fig. 2. The interface between
the soft and stiff elastomers remains planar until the defect is
close to the interface.

Complementary surface contour images, such as Fig. 4(a), indi-
cate that the transition from a three-dimensional pit to the planar
shape, seen in cross-section in Fig. 3, for instance, is abrupt. These
images also reveal the variety of contorted shapes occurring even
within a short distance. The next stage in the defect evolution as
the voltage is increased is that the deflected defect open to form a
flat-bottomed hole in the soft elastomer, as illustrated in both the
cross-sectional images and the surface contour plot of Fig. 4(b).
The cross-sectional shape of the hole can be quite irregular and
vary from one to another but in every case has an approximately
flat surface parallel to the original soft/stiff elastomer interface.
The images capture a variety of these shapes, some in the form
of mesas until, presumably, forming an array of holes. It should
be emphasized that this last stage in the evolution of the pre-
breakdown defect shape was not always observed since electrical
breakdown typically occurred somewhere else in the sample not
under observation.

When a thinner soft elastomer layer is used, the same defect
evolution occurs with increasing voltage except that the kinking
transition is not always observed. As illustrated in Fig. 5, there is
considerable deformation of the initially flat, stiff elastomer and
the slit-like defects open laterally. In this example, the electric
field at which the defects open is ~110 V/micron.

Lastly, and significantly, if electrical breakdown does not occur
during the extension of the pre-breakdown defects and the volt-
age is then decreased the growth sequence reverses as illustrated
by the two sequences shown in Fig. 6. The precise voltage at
which the deflected feature disappears could not be determined
but once it does, the vertical extent of the defects decreases and,
with a diminishing of the pit, the surface becomes flat with no
discernible defect remaining. A similar recovery is seen when
the defect had not deflected, with first a reduction in the defect
opening until it is seen edge-on, followed by a reduction in length
with some remanent dark features whose identity could not be
resolved. On reapplying a voltage, the morphological sequences
are repeated and on subsequently voltage cycling the pits forming
at the same locations. In reflected light, scar-like features can
be seen at zero voltage where the defects had closed up, as has
previously been noted [6]. This is most vividly seen from the
video recordings, such as those presented in the Supplementary
Materials.

4. Discussion

No theoretical or analytical model currently exists to describe
the electric field induced surface morphological behavior beyond
the initial surface perturbation instability to compare with our
observations. So, in the absence of any model, the different stages
in the evolution of the pre-breakdown defects with increasing
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Fig. 4. Inverse height contours of the soft elastomer surface at 4.5 kV (top) and 5.5 kV (bottom) of the same region. As the voltage is increased, two new defects
form, and the slit-like portions of the defects increase in height and some twist. The contours are spaced 0.91 wm apart.

20 pm

5.7kV

Fig. 5. Cross-sectional images of the defect evolution in a 15 wm soft elastomer
on a stiff elastomer 30 pm at the successive voltages indicated.

electric field, in what we term the post-instability regime, are
considered sequentially. We assume that the elastomer surface

is conducting so that potential everywhere along the surface is
the same although, of course, the charge density may not be.
Initially, when a potential is applied through the thickness of
the elastomer dielectric, the Coulombic attraction between the
electric charges on the electrodes produce a compressive Maxwell
stress in the field direction. As the elastomer bilayer is attached
to the underlying ITO electrode both its mechanical displacement
parallel and perpendicular at the electrode are fixed as is the
electric displacement field at the ITO/elastomer interface. Further,
as elastomers are almost perfectly incompressible materials, the
electric field creates a hydrostatic compressive stress field [3]
within the elastomer, given by:

o1 = 0y = 033 = —eg, (Vo/h)* /2

where h is the elastomer thickness. As indicated, the magni-
tude increases quadratically with electric field. At the observed
nucleation condition of ~3.8 kV, a field of ~50 V/micron, the
hydrostatic compressive stress is calculated to be about 30 MPa.
To put this stress in perspective, this compares with the shear
modulus of the soft elastomer that is ~3 kPa.

The images suggest that at a higher electric field there is a
second, abrupt shape transition from an axi-symmetric funnel
shape to a slit-like, planar feature. This is seen particularly clearly
in both the cross-section and from the surface contours plots,
such as Fig. 4. This occurs at ~4 kV (field of ~50 V/micron).
This shape transition is attributed to a geometrical collapse of the
defects when the compressive stress field reaches a critical value
where it is energetically favorable.

With increasing electric field, the defects extend deeper into
the soft elastomer but do not change in their cross-sectional
length (in the plane of the image slice). Their slit-like shape
suggests that their shape is dominated by the compressive biaxial
stress in the plane of the elastomer since, making an analogy
with second-phase elastic inhomogeneities in a solid, the elastic
strain energy density is a minimum for a high-aspect ratio oblate
spheroid. The limited field of view of the confocal microscope
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5.3kV

4.0kV

0kV

Fig. 6. Sequence of cross-section images recorded as the voltage is reduced back to zero from the maximum voltages indicated. (Left). Collapse of a columnar defect
and (right) of a kinked defect. In both cases, the soft layer is 50 wm thick on a 30 wm stiff layer.

prevents imaging many defects simultaneously but no prefer-
ential alignment is apparent. With the imaging data obtained,
including the apparent variation in defect thickness obtained by
varying the contour threshold level, it is not possible to determine
whether these defects have a finite or zero thickness, as might
be expected with a crease where the two surfaces are in direct
contact. However, as the surfaces are expected to be charged with
the same sign of charge, it would be reasonable to expect that
they must have a finite thickness determined by a balance be-
tween electrostatic repulsion between opposing charged surfaces
and lowering the elastic strain energy associated with the defect
being located in a compressive stress field. Without knowing how
the charge redistributes along the defect surfaces with increasing
voltage, the electrostatic repulsion cannot be estimated but the
Coulombic repulsion is expected to vary inversely with the square
of the distance between the charged parallel surfaces.

At still higher electric fields, the crack-like features begin to
twist, in-plane. No explanation is proposed for this behavior, but
it is noted that some of the images indicate that there is no
preferential direction for the twisting to occur although the im-
ages suggest that they have a propensity to twisting in opposing
directions, for instance in Fig. 2 (image 44). This is suggestive of
minimizing any tetragonal elastic interactions between the de-
fects. We note that as this change in geometric shape is occurring
at very high electric fields, the spatial average of the hydrostatic
stress field is expected to also be higher than that at which the
initial instability occurs. These changes may be the result of local
instabilities in response to gradients in elastic modulus as will be
described later.

a

Then, at still higher fields the defects deflect away from the
dielectric interface as they approach the interface, deforming the
higher stiffness dielectric (purple) at the same time. This occurs
at a field above about 5.4 kV (128 V/micron). The deflection
behavior has, as far as we are aware, no precedent in either the
mechanics of crack deflection in homogeneous brittle solids or
creasing phenomena in very soft materials such as gels. (Crack
deflection occurs in polycrystalline ceramics but this is associated
with a preferential intergranular fracture associated with grain
boundaries having a low fracture energy relative to the ceramic
grains [15]. In the case of polycrystalline ceramics, the deflection
is determined by the angle of a weaker grain boundary relative
to the crack propagation direction). The possibility that the de-
flection we observe is due to electrostatic effects is considered
unlikely since both the soft and stiff elastomers have very similar
dielectric constants, consistent with the expectations of the liquid
dielectric model and do not depend on the degree of cross-
linking. In support of this conclusion, the dielectric constant of
PDMS is, within measurement uncertainty, independent of the
cross-linking ratio [16], and consequently there is no change in
permittivity across the interface. There is, however, an almost
two orders of magnitude difference in shear modulus across
the interface. To investigate this, a series of experiments were
performed with the same soft-elastomer but with stiff-elastomers
having different cross-linking and hence elastic constants. Fig. 7.

Our observations suggest that the deflection is most probably
due to elastic mismatch between the two elastomer layers with
the defect remaining in the softer elastomer to minimize the
overall strain energy density. Notably, the defects do not deflect
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Fig. 7. Defects in the soft elastomer at similar stages in their evolution in samples having the same soft (50:1) elastomer layer on stiff layers having differing shear
modulus (indicated) produced by altering the cross-linking ratio from 10:1 to 15:1 to 20:1 and to 25:1 cross-linking ratio. Applied voltage 5 kV.

in any preferred direction. This is also seen in the inverse, contour
images illustrated in Fig. 4. Here we attribute the deflection to
the existence of a gradient in the elastic modulus across the
interface between the soft and stiff elastomers, possibly due to
inter-diffusion between the elastomers on curing. The basis for
assuming that the defect deflection is associated with a gradient
in elastic modulus is that the deflection occurs well before the
interface is reached and that the deflection trajectory is curved,
as seen in Figs. 3 and 7, in all but the thinnest of soft layers
(Fig. 5). For comparison, when a crack approaches an abrupt
material interface, elastic mechanics predict that it propagates
to the interface without deflecting and then either penetrates
through the interface or deflects at the interface and runs along
the interface [17].

The final evolutionary stages in which the defects open to
become volume defects poses a conceptual problem as to how
this can occur when the elastomer is notionally under a large
hydrostatic compression from the Maxwell stress. It is further
complicated because a wide variety of opening shapes are ob-
served. Nevertheless, the final state resembles an array of holes,
sometimes of quite irregular cross-section. It is proposed that
this radical shape change must be associated with a local relief
of the compressive stress field in the nominal applied electric
field direction since it would otherwise keep the faces of the
kinked defect closed. Two possibilities are suggested. The first is
that, once deflected, the electrostatic repulsion of charges on the
opposing faces, which are of the same sign as at the top surface,
not only repel one another to open the defect but also decrease
the local potential through the thickness of the soft elastomer,
in the region, C. This, in turn, decreases the compressive stress
acting locally. Well away from the defect, such as in region D,
where the vertical component of the electric field is unchanged,
the stress remains compressive. With further increases in voltage
more charge is supplied increasing the charge density on oppos-
ing surfaces and the faces are forced further apart. Concurrently,
the charge density on the vertical surfaces of the defect increase
forcing them to also open.

The second, related possibility is that at sufficiently high fields
when no deflection occurs, the local deformation in the stiff
elastomer, visible in Fig. 5, causes the soft elastomer surface to no
longer be planar reducing the compressive stress and the charge
supplied to the faces of the defects becomes so large that the
vertical faces repel and move apart.

Although we lack a detailed electro-mechanics analysis, our
images suggest that the various intermediate stages evolve to-
wards an equilibrium state, under high electric fields, consist-
ing of an array of parallel, hyperbolic funnel shaped holes each

A

R e ++++++HH+

++++ A+ A4 ++++++ A+

ho

ITO coated glass

Fig. 8. (Top) Schematic of the charge distribution along the kinked defect
indicating that the elastomer in regions, C, above the defect is under reduced
electric field, and hence decreased compressive stress. (bottom) Schematic of
the proposed equilibrium two-phase state consisting of holes extending almost
down to the stiff elastomer and having a spacing corresponding to the spacing
of the initial instability perturbations. The cylindrical shape is an idealization of
what is believed to be a hyperbolic funnel shape that is required to satisfy the
overall charge distribution. The uniform spatial charge distributions are likewise
an idealization. The thickness of the elastomer before a voltage is applied is h,.

extending down almost through the full thickness of the soft
elastomer. The spacing between the holes is set by the initial
pit spacing, given by wavelength of the initial perturbation insta-
bility. To conserve the total elastomer volume, the formation of
the holes requires that the thickness of the elastomer in between
increases, decreasing the electric field in those regions, such as A,
in the idealized axi-symmetric, volume element representation
shown in Fig. 8 (b). This suggests a form of “two-phase” coex-
istence under field, one phase being circular, charged regions,
B, arranged in a second phase consisting of the matrix of soft
elastomer under a lower electric field. Assuming that everywhere
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along the surface is at the same potential, the electric field in the
area B is substantially higher than in regions A. For the bilayers
considered in Figs. 2 and 3, the electric field in region B would
be ~180 V/micron, based on the thickness of the stiff elastomer,
whereas the approximate field in region A is ~60 V/micron.
For comparison, the average, large-area, breakdown field of 10:1
Sylgard 184 is 130 V/micron [16]. This, in turn, suggests that the
complex evolution in defect states are geometric paths by which
an initial, uniform distribution of charge over the soft elastomer
at low fields, prior to the surface instability, transitions to a
two-phase state as the voltage and charge supplied increase.

Such a two-phase model suggests that there are four contri-
butions to the total energy: (1) the overall elastic strain energy,
(2) the electrostatic energy associated with the two geometric
phases, each acting as an individual capacitor, (3) the electrical
energy associated with the repulsion of electrostatic charges of
the same sign on the surfaces of the tubes, and (4) the increase
in surface energy with the formation of the tubes. (The surface
energy of elastomers is of the order of 20 mJ/cm?). Although hav-
ing a different origin, all the energy terms increase in magnitude
with increasing voltage and charge density.

Once the two-phase state is reached, it is of interest to con-
sider both the evolution when the applied voltage is further
increased, as well as when the voltage is reduced back to the
zero-voltage state. When the applied voltage is increased, more
charge flows to the exposed surfaces of the holes, increasing the
electrical energy. This results in an increase in the electric field
at the bottom of the holes, as well as an increase in the radius
of the holes, until catastrophic electric breakdown occurs at one
of the many holes along the soft/stiff elastomer interface. One
consequence is to alter the probability of electrical breakdown.
Without the soft elastomer layer, the whole surface area of the
stiff elastomer is at the same potential and electrical breakdown
most likely occurs when the local electric field at some surface (or
volume) defect exceeds the breakdown strength to form a single,
or branched, filamentary breakdown that extends catastrophi-
cally through the stiff elastomer to the ITO electrode. However,
with the soft elastomer layer in place, the regions of high electric
field become localized by the initial surface instability to a consid-
erably smaller proportion of the total area of the stiff elastomer
with the commensurate decrease in probability of the local areas
coinciding with defects on the surface of the stiffer elastomer. In
essence, the lateral growth of the soft dielectric holes accompany-
ing the growth of the defects allows the surface charge produced
by the applied voltage to flow along the air/elastomer interface
to patches of exposed interface of higher capacitance. Given that
there will inevitably be some variability in the evolution of the
defects, the area of exposed interface will vary spatially. Should
the exposed area happen to coincide with a pre-existing defect in
the stiff dielectric, then there is a high probability of breakdown
occurring through the stiff dielectric but otherwise breakdown is
delayed to a higher potential.

On the other hand, if catastrophic electrical breakdown does
not occur and the applied voltage is reduced, removing charge,
the identical sequence of defect shape changes does not have to
occur in reverse although it appears to do so as seen in Fig. 6.
Initially, the length of the holes will decrease, decreasing the
thickness of the elastomer between the holes thereby increasing
the compressive stress in the elastomer. At some voltage, the
compressive stress will have increased until the holes collapse
to form planar features that persist until the voltage is removed.
Unless, the surfaces are perfectly clean, the faces of planar fea-
tures will not perfectly match, and a permanent scar will remain.
They may also be preferred sites for charge retention. Observa-
tions show that these then serve as preferred locations for the
nucleation of pits when a voltage is again applied [6].
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5. Concluding remarks

Once the electric field across the thickness of a soft, flat elas-
tomer exceeds the initial bifurcation condition at which surface
undulations grow, they undergo a series of complex morpholog-
ical changes that are reversible when the voltage is removed.
The evolution of each, described in this work as pre-breakdown
defects, is slightly different in detail but they all transition from
an approximately periodic array of axi-symmetric pits to closed
“crack-like” features that propagate in the field direction until
they open to form irregular shaped holes extending through
the thickness of the elastomer. The abrupt transition from axi-
symmetric pits to “crack-like” defects is attributed to the increas-
ing compressive stress induced by the increasing electric field.
Subsequently, the defects can open when the electric field no
longer remains spatially uniform.

Our observations provide insight into possible mechanisms
by which dielectric interfaces can be used to increase electri-
cal breakdown strength. One of the strategies for preventing
catastrophic electrical breakdown is to use a bi-layer dielectric
as illustrated in this work. The common rationale, borne from
practical experience, is that defect-nucleated breakdown in one
layer will not propagate into the second layer since there is a low
probability of a defect located in the second layer coinciding with
the breakdown path in the first layer. Typically, this can occur
when there is a pinhole in one layer, produced during processing
for instance. A second strategy is incorporate platelets of a higher
breakdown material to increase the breakdown strength. In this
case, it has been proposed that the filamentary pre-breakdown
defect deflects around the platelet, increasing the field necessary
for catastrophic breakdown to occur through the total thickness
of the dielectric. The mechanism by which the deflection occurs
has not been described. The viability of this mechanism is sup-
ported by phase field modeling, performed in two-dimensions,
of a stiff elastomer containing higher dielectric constant platelets
aligned perpendicular to the nominal electric field [ 18]. Our work
suggests that a gradient in elastic modulus provides a mechanism
for the pre-breakdown defect to deflect before the dielectric
interface is reached and that this can cause in an increase in
breakdown field.
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