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Dielectrics are essential components in modern electronics and electric systems. When a
sufficiently high voltage is applied on a layer of a dielectric, the dielectric will breakdown
electrically. The breakdown limits the electrical energy density of the dielectric. We show that
constraining the deformation of soft dielectrics can greatly enhance their breakdown electric fields
and thus increase their electrical energy densities. The mechanical constraints suppress
electromechanical instabilities, a major cause for electrical breakdowns in soft dielectrics. © 2011

American Institute of Physics. [doi:10.1063/1.3655910]

Soft dielectrics, most based on polymers and polymer
gels, have been intensively studied in recent years due to
their unique electrical and mechanical properties including
high dielectric strength, fast charging rate, and mechanical
flexibility and conformability. Soft dielectrics have been
widely used as insulating matrix, organic capacitors, poly-
mer actuators, generators, and refrigerators in various electri-
cal devices and systems.'”’ In particular, intensive
experimental and theoretical efforts have been focused on
developing materials as soft dielectrics with high electric
energy densities.*'? In this letter, we propose a drastically
different approach to achieve high-energy-density soft
dielectrics. We show that the electrical energy densities of
existent soft dielectrics can be significantly enhanced by
proper mechanical constraints of the dielectrics.

The electrical energy density of a dielectric can be
expressed as u = | DdE, where E and D are the electric field
and electric displacement of the dielectric. Electrical break-
down of the dielectric limits the maximum electrical energy
density it can achieve, i.e., Umax = ff ® DdE, where Ep is the
breakdown electric field. Soft dielectrics usually behave as
ideal dielectrics,'" where E and D are linearly related by a
dielectric constant ¢. For ideal dielectrics, the maximum
electrical energy density can be calculated as

Unax = eE2 /2. (D)

Previous studies have shown that electromechanical
instabilities are one major cause for electrical breakdowns in
soft dielectrics.®'*!° Figure 1(a) illustrates one mode of
electromechanical instability, the pull-in instability.'? As a
voltage is applied on a layer of a soft dielectric sandwiched
between two compliant electrodes such as carbon grease or
metal films, the soft dielectric reduces its thickness, so that
the same voltage induces a higher electric field. The positive
feedback may cause some region of the dielectric to thin
down drastically, resulting in the electrical breakdown.'*"?
Figure 1(b) illustrates another mode of electromechanical
instability, the electro-creasing instability.'® As a voltage is
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applied on a layer of a soft dielectric with compliant elec-
trode on one side but mechanically constrained by a rigid
electrode (e.g., carbon epoxy) on the other side, compressive
stresses develop in the soft dielectric parallel to the layer. As
the compressive stresses increase with the applied voltage,
the deformable surface of the soft dielectric can fold against
itself to form a crease. The electric field around the tip of the
crease increases drastically, causing electrical breakdown.'®

Since the electromechanical instabilities induce electri-
cal breakdowns of soft dielectrics, the breakdown fields of
the dielectrics are approximately the same as the critical
fields for the instabilities, i.e., Ec ~ Ep. From previous stud-
ies, the critical electric field for the electromechanical insta-
bilities can be expressed as®!*~'*1°

Ec = z\/é @)
&

where K is a measurement of the stiffness of the polymer
(e.g., Young’s modulus or shear modulus) and Z a non-
dimensional factor. The value of Z depends on the mode of
the instability and the type of stiffness measurement. For
example, if the polymer follows the neo-Hookean law with a
shear modulus K, the value of Z is ~0.69 for the pull-in
instability'® and ~1.03 for the electro-creasing instability.'®
By substituting Eq. (2) into Eq. (1), we can get the maximum
electrical energy density of an ideal soft dielectric that
breaks down due to electromechanical instabilities,

Unax = Z°K /2. (3)

Equation (3) indicates that the electrical energy density
of a soft dielectric increases with its rigidity. This trend is
consistent with previous experimental observations.®!%!¢-18
However, it is highly desirable to increase energy densities
of soft dielectrics while still maintaining their mechanical
flexibility. Therefore, we propose to decouple uy,x and K by
suppressing the electromechanical instabilities, i.e., to make
Umax > Z°K /2.

As illustrated on Figs. 1(a) and 1(b), the electrome-
chanical instabilities require deformation of the dielectrics.
Based on this fact, we hypothesize that the electrical
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FIG. 1. (Color online) A film of a soft dielectric is under four types of me-
chanical constraints from electrodes: no constraint (a), one-side constraint
(b), two-side constraint with a defect (c), and two-side constraint (d).

breakdown fields and energy densities of soft dielectrics
can be significantly enhanced by constraining the deforma-
tion of the dielectrics. To test the hypothesis, we chose three
types of widely used soft dielectrics: VHB tapes (3M Inc.),
Sylgard 527 silicone dielectric gel (Dow Corning Inc.), and
Ecoflex silicone rubber (Smooth-on Inc.). The Sylgard 527
and Ecoflex were fabricated into thin films with a thickness
of 200 wm using the spin-coating method,'®'® and VHB
tapes of 500 um were used as received. The films of soft
dielectrics follow the neo-Hookean law at moderate defor-
mation,'>'®!” and their shear moduli were measured by uni-
axial tensile tests with a strain rate of 2.5 x 10™* s'. The
dielectric constants of soft dielectrics were taken from their
data sheets.?

The films of soft dielectrics were subject to different
types of mechanical constraints by using either carbon grease
or carbon epoxy as electrodes. The carbon grease deforms
freely with the dielectric, but attaching a thick layer
(>1mm) of carbon epoxy can mechanically constrain the
surface of the film. Four types of mechanical constraints
were employed: no constraint [Fig. 1(a)], one-side constraint
[Fig. 1(b)], two-side constraint [Fig. 1(d)], and two-side con-
straint with a defect on the dielectric-carbon epoxy interface
[Fig. 1(c)]. The defect was approximated by a spot of carbon
grease on the interface [Fig. 1(c)]. The diameter of the elec-
trodes is 8 mm and the diameter of the defect is ~1.5 mm.
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FIG. 2. (Color online) The breakdown fields (a) and electric energy den-
sities (b) of soft dielectrics under various types of mechanical constraints.

A direct-current voltage was applied between the elec-
trodes on the dielectric film by a high voltage supply (Matsu-
sada, Japan) with a ramping rate of 500 V/s. Once the
electric breakdown occurs, the voltage was recorded as ®p
and the breakdown field was calculated as ®g/H, where H is
the thickness of the film at the undeformed state. Here, it is
assumed that the thickness of the dielectric film does not
vary with the applied voltage, since the film-thickness
changes in our experiments are observed to be less than
10%. The assumption may underestimate the breakdown
fields of no-constraint films,'® but it has been widely used in
calculating breakdown fields of dielectrics®'*!” and it will
not affect the physical pictures of the paper. For each soft
dielectric under each type of mechanical constraint, at least
20 tests were carried out and the breakdown field was eval-
uated using the two-parameter Weibull analysis (e.g., Fig.
S1).21:22

As shown on Fig. 2(a), for each soft dielectric, the
breakdown fields for no-constraint and one-side-constraint
films are significantly lower than that of two-side-constraint
film. This is due to the electrical breakdown induced by pull-
in instability in no-constraint films [Fig. 1(a)] and by electro-
creasing instability in one-side-constraint films [Fig. 1(b)].
On the other hand, the deformation and instabilities have
been suppressed in the two-side-constraint films [Fig. 1(d)],
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FIG. 3. (Color online) The surface of a soft dielectric film with two-side
constraint and a defect after electrical breakdown.

which gives much higher breakdown fields. For example, the
breakdown field for two-side-constraint VHB is 3 times of
that for no-constraint VHB. Furthermore, the two-side-con-
straint films with defects have similar breakdown fields as
those of one-side-constraint films [Fig. 2(a)], because the
defects can also allow electro-creasing instability as illus-
trated on Fig. 1(c). After electrical breakdown, we further
imaged the two-side-constraint films with defects to identify
the breakdown locations. As shown on Fig. 3, we found that
the electrical breakdown mostly occurs around the defects,
regardless of the location of the defects (e.g., edge or center
of the electrode). This is because the defect allows deforma-
tion of the film beneath it and thus accommodates the
electro-creasing instability.

In addition, the critical electric fields for pull-in and
electro-creasing instabilities have been calculated using Eq.
(2) and plotted on Fig. 2(a). It can be seen that the theoretical
values are on the same order as the measured instability-
induced breakdown fields. The inconsistency may be due to
random factors such as defects in the samples and experi-
mental errors. On the other hand, the measured breakdown
fields for two-side-constraint films are significantly higher
than the theoretical critical fields. We further compare the
breakdown fields of the soft dielectrics reported from data
sheets?® to those of two-side-constraint films in Table I. It is
remarkable that the breakdown fields for two-side-constraint
films are at least 2 times higher than the values from the data
sheets.”® These experimental and theoretical results prove
that proper mechanical constraints can significantly enhance
the breakdown fields of soft dielectrics by suppressing elec-
tromechanical instabilities.
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TABLE 1. Comparison of breakdown fields of two-side-constraint soft
dielectrics and values reported from data sheets.

VHB Ecoflex Sylgard
Breakdown field (MV/m) (MV/m) 527 (MV/m)
Reported from data sheets 18 13.78 15
Two-side constraint 38.94 42.35 31.18

The electrical energy densities of soft dielectrics under
various types of mechanical constraints were calculated with
Eq. (1) and plotted in Fig. 2(b). It is evident that the two-side
constraints significantly enhance the electrical energy densities
of soft dielectrics. For example, the electrical energy density of
VHB can be increased by 9 times by the two-side constraint,
which suppresses the electromechanical instabilities.

In summary, we show that electromechanical instabil-
ities including pull-in and electro-creasing instabilities is a
major cause for electrical breakdowns of soft dielectrics.
Proper mechanical constraints can greatly enhance the elec-
trical breakdown fields and energy densities of soft dielec-
trics by suppressing the instabilities. We expect that the
breakdown fields and energy densities may be further
increased by increasing the adhesion strength between the
soft dielectrics and rigid electrodes.
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Figure S1 The characteristic breakdown fields of the dielectric films were evaluated by the two-

parameter Weibull analysis,
P, :1—exp[—(E/EB)’3] (sl)
where P; is the probability of the film to breskdown below an electric field E, E; the

characteristic breakdown field of the film, and S a shape parameter. We plot the probability

density as a function of the measured breakdown field for two-side constraint Ecoflex with a

defect. A characteristic breakdown field can be fitted to be 25.38MV/m.
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