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ers, with very high dielectric
permittivity, based on silicone and ionic
interpenetrating networks

Liyun Yu, Frederikke Bahrt Madsen, Søren Hvilsted and Anne Ladegaard Skov*

Dielectric elastomers (DEs), which represent an emerging actuator and generator technology, admittedly

have many favourable properties, but their high driving voltages are one of the main obstacles to

commercialisation. One way to reduce driving voltage is by increasing the ratio between dielectric

permittivity and the Young's modulus of the elastomer. One system that potentially achieves this involves

interpenetrating polymer networks (IPNs), based on commercial silicone elastomers and ionic networks

from amino- and carboxylic acid-functional silicones. The applicability of these materials as DEs is

demonstrated herein, and a number of many and important parameters, such as dielectric permittivity/

loss, viscoelastic properties and dielectric breakdown strength, are investigated. Ionic and silicone

elastomer IPNs are promising prospects for dielectric elastomer actuators, since very high permittivities

are obtained while dielectric breakdown strength and Young's modulus are not compromised. These

good overall properties stem from the softening effect and very high permittivity of ionic networks – as

high as 30 ¼ 7500 at 0.1 Hz – while the silicone elastomer part of the IPN provides mechanical integrity

as well as relatively high breakdown strength. All IPNs have higher dielectric losses than pure silicone

elastomers, but when accounting for this factor, IPNs still exhibit satisfactory performance improvements.
Introduction

Dielectric elastomers (DEs) are based on an elastomer lm
sandwiched between thin and compliant electrodes. This
emerging technology can be used for actuators,1 sensors2 and
generators,3,4 due to its ability to expand and contract under an
applied electric eld, or to generate electrical energy when
subjected to mechanical motion. The very high driving voltages
which are necessary to activate the DE (usually in the order of
several kVs) impose a number of limitations on the applicability
of the technology, due to overly expensive electronics. Further-
more, handling precautions are generally necessary when
dealing with high voltages. However, due to the possibility of
introducing large strains – as opposed to e.g. piezoelectrics – the
technology still holds great promise.5 Also, the dielectric elas-
tomers have been shown versatile in a wide range of operational
frequencies such that acceptable energy outputs can be ach-
ieved in as different applications a e.g.wave harvesting (0.01–0.1
Hz)6 and loudspeakers (frequencies higher than 1 kHz).7

High-dielectric permittivity elastomers are required for
improving the performance of many of the current devices
based on DEs so that either reduced driving voltage or increased
actuation at a given voltage can be obtained. The driving
hemical and Biochemical Engineering,

tos Plads, Bldg. 227, 2800 Kgs. Lyngby,

hemistry 2015
voltages of DEs are typically lowered by employing one of two
methods, namely either – with the best effect – by reducing
elastomer thickness (d) and/or – with less of an impact – by
increasing the ratio between dielectric permittivity (30) and the
Young's modulus (Y). For many elastomers it is difficult to
proceed below the commonly encountered threshold thickness
of �20 mm, due to processing issues such as the release of thin
lms from the curing substrate.8 Nevertheless, recent results in
relation to thin lm coating look promising as a technique for
using thickness as an optimisation parameter.9

Prestretching of the elastomer lm may be another method
to greatly improve the important properties of the dielectric
elastomer1 as well as suppress electro-mechanical instability.3,10

However, the effect of prestretching gradually disappears over
time and therefore reliable products based entirely on this
approach have not yet been realized. In this work we focus on
materials without any need for prestretching.

Several approaches to increasing the dielectric permittivity
of DEs have been investigated, including encapsulating
conductive llers,11 graing dipoles12–15 and adding high-
permittivity llers.16–21 Many of these systems, however, fail to
increase actuation performance (30/Y) or the maximum achiev-
able level of actuation (30/YEB

2, where EB is the dielectric
breakdown strength), since the addition of hard additives,
whether graed or not, oen increases the Young's modulus to
the same extent as dielectric permittivity is increased; further-
more, breakdown strength may also be lowered signicantly.
RSC Adv., 2015, 5, 49739–49747 | 49739
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Recently it was shown theoretically that a ten-fold enhancement
of the electro-mechanical coupling could be achieved if a
microstructural control over the hard llers was imposed.22

Moreover, in order for an elastomer to be applicable as a DE,
many other requirements have to be fullled, such as fast
response times, high mechanical stability and very low
conductivity.23 A novel so silicone elastomer matrix based on
chloropropyl-functional siloxane copolymers, however, looks
promising with respect to overall DE properties.24

The focus of this work is to develop very high dielectric
permittivity elastomers such that a decrease in electrical
breakdown strength can be tolerated and an improvement in
actuation performance is still obtained, by concentrating on
increasing 30/YEB

2.
Recently, a novel class of polymers has been introduced,

namely so-called “ionic networks”,25–27 which are based on
macromolecular assembly through ionic interactions. These
materials have been shown to possess extremely high dielectric
permittivities, and in this work we explore the resulting prop-
erties of interpenetrating polymer networks (IPNs) based on
silicone and siloxane-based ionic networks. IPNs are polymer
networks consisting of two or more types of polymer that are
cross-linked in situ, in order to produce interlaced networks.
Due to stabilised bulk and surface morphology, which is
created by the interlaced networks, IPNs oen have different
and superior properties compared to respective homopoly-
mers.28,29 In addition, IPNs have previously been successfully
applied as DEs, with the focus on materials in two different
zero-stress states.30,31

In this work we exploit the favourable elastomer properties
of silicone networks, which will provide the IPNs with high
stability, fast response times and low viscous loss, and the high
dielectric permittivity of ionic networks, which will provide the
IPNs with a greater actuation response. We also investigate how
different important DE properties, such as dielectric permit-
tivity, dielectric loss, elastic modulus and dielectric breakdown
strength, are affected by the concentration of ionic networks in
IPNs and the type of silicone elastomer used.

Results and discussion

Dielectric interpenetrating elastomer networks were prepared
according to Scheme 1. The networks were prepared by mixing
carboxydecyl-terminated PDMS of either 1000 g mol�1

(DMS-B12) or 10 000 g mol�1 (DMS-B25) with amino-
functional PDMS (AMS-162). Following the protonation of
the amino groups, the components formed ionic bonds and
thereby formed the ionic part of the interpenetrating silicone
network. The ionic networks were mixed thereaer in a
sequential way with various commercial silicone elastomer
matrices, in order to elucidate the effect of the different
formulations on the nal dielectric and breakdown properties
of the interpenetrating networks. The commercial two-
component systems were respectively: RT625, an RTV sili-
cone, and XLR630 and LR3043/30, both LSR silicones but with
varying viscosities (XLR630 having the lowest viscosity).
Furthermore, a number of samples were mixed with additional
49740 | RSC Adv., 2015, 5, 49739–49747
silica particles to reinforce systems which contained high
concentrations of ionic networks.

Reference elastomer samples, made from pure PDMS (DMS-
V35) and pure commercial and ionic networks, were also
prepared. An overview of all the samples is shown in Table 1.
Dielectric properties

The effect of the concentration and type of commercial silicone
system on the dielectric properties of the interpenetrating
networks was determined by dielectric relaxation spectroscopy
on lm discs of approximately 0.5 to 1 mm in thickness. An
example of a common dielectric spectrum is shown in Fig. 1.

As evidenced in Fig. 1, both real (30) and imaginary (300) parts
of the dielectric permittivity vary signicantly in relation to
frequency. As a result of this typical behaviour we have chosen
in the following to show data for two representative frequencies,
namely 0.1 Hz and 1 MHz.

The resulting dielectric permittivities, as functions of
composition at two different frequencies (0.1 Hz and 1MHz), are
shown as ternary plots in Fig. 2 and are summarised further in
Table 2. Ternary plots were applied, as prepared samples
comprise many variables. We chose the content of an ionic
network, PDMS from a commercial elastomer and silica from a
commercial elastomer+ added, respectively, as the variables. The
values for different samples are represented by numbers as well
as a bar indicating size. Commercial elastomers do not come
with a list of contents, so the amounts of residue from the TGA
measurements were used tomeasure the resulting silica content.

As seen from the ternary plots in Fig. 2, pure PDMS networks
(created from V35 and commercial silicones) have dielectric
permittivities of approximately 30 ¼ 2.5–3.2 (red numbers),
independent of frequency. Pure ionic networks, produced from
carboxydecyl-terminated PDMS, amino-functional PDMS and
different concentrations of reinforcing silica particles, display
very high dielectric permittivities at a low frequency (as high as
30 ¼ 7.5 � 103 for the pure ionic network (green numbers)). At a
higher frequency the pure ionic network also has higher
dielectric permittivity than pure silicone (30 ¼ 6.2), which
corresponds to a two-fold increase compared to pure silicone.

The blue numbers in the ternary plots correspond to the
measured dielectric permittivities of the interpenetrating ionic
and silicone networks. As seen in Fig. 2, the dielectric permit-
tivities of the interpenetrating networks are very high at low
frequencies, ranging from 30 ¼ 6.7 to 2 � 103. At higher
frequencies the highest dielectric permittivity of 30 ¼ 5 was
obtained for a network with a 50% ionic network and a 50%
silicone network (sample 10). Higher ionic network concentra-
tions were shown to not necessarily induce higher dielectric
permittivity at higher frequencies, while dielectric permittivity
at low frequencies increases systematically in line with
increasing ionic network concentrations.

The measured dielectric losses, represented as tan d, at
0.1 Hz and 1 MHz, for the interpenetrating networks with
different compositions are shown in Fig. 3 and summarised in
Table 2.
This journal is © The Royal Society of Chemistry 2015
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Scheme 1 Reaction scheme for the sequential formation of ionic and silicone interpenetrating polymer networks.
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Tan d at 1 MHz for pure PDMS networks were very low, as
seen by the red numbers at the bottom of Fig. 3. The highest
dielectric loss at 1 MHz was obtained for a pure ionic network at
a loss of approximately 0.2.

The tan d for the interpenetrating networks were all lower
than this at this very frequency, and they are therefore within a
suitable range for DEs. However, when the frequency was
reduced, for example, to 0.1 Hz (Fig. 3, top gure), the situation
changed entirely. At this frequency the tan d for commercial
silicone elastomers increased to �0.1–0.3, whereas the pure
ionic network samples and the interpenetrating networks all
had a tan d which was >1. This means that at low frequencies
Table 1 Component concentrations of pure PDMS and commercial silico

# Materials

1 Pure PDMS PDMS V35
2 Commercial siliconesa RT625
3 XLR630
4 LR3043/30
5 Ionic networks AMS162 + B12
6 (AMS162 + B12) :

SiO2 ¼ 80 wt% : 20 wt
7 (AMS162 + B12) :

SiO2 ¼ 70 wt% : 30 wt
8 Interpene-trating networks XLR630 : (AMS162 + B

¼ 70 wt% : 30 wt%
9 RT625 : (AMS162 + B2

¼ 50 wt% : 50 wt%
10 RT625 : (AMS162 + B2

SiO2 ¼ 50 wt% : 50 wt
11 LR3043/30 : (AMS162 +

¼ 70 wt% : 30 wt%
12 LR3043/30 : (AMS162 +

¼ 50 wt% : 50 wt%
13 LR3043/30 : (AMS162 +

¼ 30 wt% : 70 wt%
14 LR3043/30 : (AMS162 +

SiO2 ¼ 30 wt% : 70 wt
15 LR3043/30 : (AMS162 +

¼ 10 wt% : 90 wt%

a The concentrations of SiO2 llers in commercial silicones were estimate

This journal is © The Royal Society of Chemistry 2015
dielectric losses are greater than dielectric permittivity contri-
butions, thereby signifying that the materials in question start
acting more like conductors than as capacitors.
Viscoelastic properties

Firstly a few of the samples were investigated with respect to
their ultimate elongations through stress–strain diagrams.
Their behaviour is shown in Fig. 4.

All four samples show linear behaviour until break which
means that their Young's moduli are constant independent on
the utilized strain.
ne elastomers, as well as prepared ionic and interpenetrating networks

Silicone
[wt%]

Ionic network
[wt%]

SiO2

[wt%]

100 0 0
— 0 27
— 0 37
— 0 73
0 100 0

%
0 80 20

%
0 70 30

12) 44.1 30 25.9

5) 36.5 50 13.5

5) :
% : 10 wt%

32.85 45 22.2

B12) 18.9 30 51.1

B12) 13.5 50 36.5

B12) 8.1 70 21.9

B12) :
% : 10 wt%

7.29 63 29.7

B12) 2.7 90 7.3

d by TGA.

RSC Adv., 2015, 5, 49739–49747 | 49741
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Fig. 1 Dielectric permittivity (30) and dielectric loss (300) as functions of
frequency for common representatives, namely a commercial silicone
elastomer LR3043/30 (#4), a pure ionic network (#5) and an IPN (#13).

Fig. 2 Dielectric permittivity as a function of the composition of
interpenetrating ionic and silicone networks at 0.1 Hz and 1 MHz,
respectively.

49742 | RSC Adv., 2015, 5, 49739–49747
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The Young's moduli of the samples were determined through
linear rheology due to the ease of this experimental technology
which additionally directly provides information on the visco-
elastic losses. Hereby the Young's modulus was calculated from
the measured storage modulus, G0, since Y ¼ 2(1 + n)G, where
G ¼ G0(u / 0), i.e. the initial shear modulus in nite elasticity.
Due to the incompressibility of silicones (Poisson's ratio (n) close
to 0.5) the Young's modulus can be obtained as Y ¼ 3G0, which
describes frequency-independent elastic moduli up to a strain of
approximately 15%. Furthermore, highly frequency-dependent
viscous loss can be determined from the measured loss
modulus, G00, and it is usually referred to via the loss tangent,
tan d(rheo) ¼ G00/G0. The Young's moduli calculated from G0 at
0.01 Hz and tan d(rheo) are shown in Table 2. For pure PDMS and
the commercial silicones – as expected – the Young's moduli
increased in line with increasing concentrations of reinforcing
silica particles. The particles, therefore, greatly amplify the
stiffness of the silicone networks. Furthermore, viscous losses,
tan d(rheo), were low for all of these samples, meaning that they
were well cross-linked. The pure ionic network (sample 5) had by
far the lowest Young's modulus and was therefore a lot soer
than the silicone elastomers. tan d(rheo), however, was as low as
for the silicone elastomers, thus implying that the ionic network
was very well cross-linked. Upon adding silica particles (samples
6 and 7) the Young's modulus of the ionic networks increased,
and at 30 wt% silica particles the ionic network became signif-
icantly stiffer. The tan d(rheo) for this sample was nevertheless
high (>1), which indicates that the addition of high amounts of
silica particles to the ionic networks to some extent hinders the
cross-linking reaction. The Young's moduli of the inter-
penetrating networks varied depending on the type of commer-
cial silicone elastomer used and the addition of silica particles.
For the XLR630 elastomer the addition of 30 wt% ionic network
decreased the Young's modulus signicantly from 227 kPa to
37 kPa. Viscous loss, tan d(rheo), however, increased considerably,
although it remained <1. The Young's modulus of the RT625
silicone elastomers only decreased from 84 kPa to 61 kPa aer
adding a 50 wt% ionic network (sample 9), and viscous loss
remained low, indicating that the mechanical integrity of this
sample was maintained. Adding silica particles to this elastomer
(sample 10) increased the modulus somewhat to 70.5 kPa and
also increased viscous loss ten-fold, thereby indicating increased
damping behaviour. Again, this could be due to the silica
particles hindering the cross-linking reaction of the ionic
networks, due to uneven interactions between the silica particles
and the two ionic network constituents' reactive groups, as one
of them may be more prone to adhere to silica particles, which
thus makes the network locally unstoichiometric. For the
LR3043/30 silicone elastomer the addition of 30 wt% ionic
network did not alter the Young's modulus, despite viscous loss,
tan d(rheo), being increased. Increasing the concentration of ionic
network in this elastomer to 50 wt%, 70 wt% and 90 wt%
decreased the Young's modulus signicantly (from 253 kPa for
pure LR3043/30 to 114 kPa, 30.9 kPa and 30.5 kPa for 50, 70 and
90 wt% ionic network, respectively). Common to all these
samples was that viscous losses remained low, even at very high
concentrations of ionic network. The addition of 10 wt% silica
This journal is © The Royal Society of Chemistry 2015
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particles to an elastomer with a 70 wt% ionic network (sample
14) increased the Young's modulus signicantly (from 30.9 kPa
to 157 kPa) while still maintaining low viscous loss. The visco-
elastic measurements indicate that the RT625 and LR3043/30
elastomers are more suitable for preparing ionic inter-
penetrating networks compared to XLR630, since they maintain
low viscous losses aer adding the ionic network. Furthermore,
LR3043/30 can be used with reinforcing silica particles, without
losses being compromised.
Dielectric breakdown strength

The measured dielectric breakdown strengths for the inter-
penetrating and pure networks are shown in Fig. 5.

As seen in red numbers in the bottom right of Fig. 5, the
breakdown strength of pure unreinforced PDMS is as low as
40 V mm�1. The dielectric breakdown strength then increases in
line with increasing concentrations of silica particles, reaching
130 V mm�1 for LR3043/30. This is due to increasing stiffness,
which has a signicant inuence on the breakdown strength of
DEs, since increased stiffness supresses electromechanical
instability.32 The breakdown strength of pure ionic networks also
increases in line with increasing concentrations of silica parti-
cles, from 72 V mm�1 for a pure ionic network to 101 V mm�1 for a
particle-lled network with 30 wt% silica. The breakdown
strengths of the interpenetrating networks range from 45 V mm�1

to 90 V mm�1, and therefore in all cases they remain higher than
for of a pure PDMS network. Surprisingly, breakdown strength
does not necessarily increase in parallel with an increase in silica
content, but it does exhibit more complex behaviour, perhaps
again due to the particle–ionic network interactions.
Figure of merit

The equations for gures of merit (Fom), to assess elastomer
performance as a dielectric elastomer actuator (DEA)33 and a
dielectric elastomer generator (DEG),34 are dened as follows:

FomðDEAÞ ¼ 33030Ebreakdown
2

Y
(1)

FomðDEGÞ ¼ 3030Ebreakdown
2

24
(2)

where EB (V mm�1) is the electrical eld at which electrical
breakdown occurs, 30 is dielectric permittivity, 30 the permittivity
of free space (8.85� 10�12 Fm�1) and 4 the strain energy function
of the elastomer, which in this work is assumed to be equivalent
for every silicone formulation. Details on the strain energy density
function can be found in the works of e.g.Dorfman35 and Ogden.36

The gure of merit is calculated relative to ELASTOSIL RT625,
which has been previously used as a commercial reference
material16 and therefore has Fom ¼ 1. The results of the calcula-
tions are shown in Fig. 6 and summarised in Table 2.

The relative gure of merit values for the actuation mode
illustrate that at both 0.1 Hz and 1 MHz, samples 13 and 15,
which are prepared with the commercial elastomer LR3043/30,
show the highest overall improvement in predicted actuator
properties. This is due to the relatively so nature of these lms,
RSC Adv., 2015, 5, 49739–49747 | 49743
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Fig. 3 Dielectric loss, tan d, as a function of composition at 0.1 Hz and
1 MHz.

Fig. 4 Stress–strain diagrams of four representative samples.

Fig. 5 Dielectric breakdown strengths as a function of network
composition.
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combined with increased dielectric permittivity. Furthermore,
the pure ionic network without reinforcing silica (sample 5) also
has a very high relative gure of merit at low frequencies, due to
its very high dielectric permittivity at this particular frequency.
This sample, however, has reduced dielectric breakdown
strength. The predicted properties for a DEG at 0.1 Hz have
improved themost for those samples prepared with a pure ionic
network (samples 5–7). The interpenetrating networks prepared
with LR3043/30 and a high concentration of ionic networks
(samples 13–15) also show high gains in overall properties, due
to the very high dielectric permittivities obtained at this
frequency. At a higher frequency (1 MHz) the relative gures of
merit – and thereby overall DEG properties – have increased to a
lesser extent compared to the RT625 reference sample. There-
fore, the most promising use of the ionic and interpenetrating
networks, based on the gure of merit calculations, would be as
DEAs or DEGs operated at low frequencies.

Due to the high dielectric losses recorded at low frequencies,
a new gure of merit expression that takes into account these
high losses is introduced:

F*
om ¼ Fom

1

1þ tan d
(3)

This correction factor is a general means of introducing
losses as done for rheological measurements. This expression is
reasonable, since the gure of merit should be coupled to the
heat conduction of the DE element.37,38 tan d is in this way a
measure of heat conduction from dielectric losses, as they are
assumed to be more signicant than viscoelastic losses. Visco-
elastic losses of well-crosslinked silicone elastomers are usually
far below 10%.39,40

The results for these calculations are shown in Table 2. It is
clear that for many of the samples the adjusted gure of merit is
signicantly lower than that for the non-corrected. Further-
more, some samples now have adjusted gures of merit that are
This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Relative figure of merit calculations for DEAs and DEGs at 0.1 Hz and 1 MHz.
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<1, signifying that there is no actual improvement in overall
properties compared to the RT625 reference material when
dielectric losses are taken into consideration. Nevertheless,
pure ionic networks and the interpenetrating networks
prepared with LR3043/30 still have signicant improvements at
low frequencies. This signies that these materials would still
be of great use for DEAs and DEGs at low frequencies, due to
their very high dielectric permittivities. It is still important to
consider that when dielectric losses increase, the temperature
of the DE under an applied voltage will also increase. Increased
temperature will again increase the loss, and so a destructive
loop may occur especially for stacked, thicker lms.

For the elastomers to compete with the benchmark with
respect to achievable strains, namely the acrylic-based double
adhesive VHB 4910 by 3M,1 there is still some way to go but the
elastomers within this study do not require prestrain and will
thus provide a more reliable actuation over time. Further
studies will elucidate the reliability and ageing effects in this
type of elastomers.
This journal is © The Royal Society of Chemistry 2015
However, by combining the ionic IPN elastomers with other
recent synthesis strategies such as the chloropropyl-functional
silicone system introduced by Madsen et al.24 either the ionic
network could be side-chain substituted with chloropropyl
groups or the commercial elastomer could be replaced by a
chloropropyl-functionalised elastomer. In this way, lower losses
and higher dielectric permittivities would probably be achievable.
Experimental
Materials and methods

The following were obtained from Gelest Inc: 6–7% amino-
propylmethylsiloxane dimethylsiloxane copolymer AMS-162
( �Mw z4500 g mol�1), carboxydecyl terminated poly(dimethyl
siloxane) DMS-B12 ( �Mw ¼ 1000 g mol�1), DMS-B25 ( �Mw ¼
10 000 g mol�1), vinyl-terminated PDMS (DMS-V35) ( �Mw ¼
49 500 g mol�1) and tetrakis(dimethylsiloxy)silane (tetra-
functional cross-linker) ( �Mw ¼ 329 g mol�1). The commercial
silicone elastomers ELASTOSIL® RT625, POWERSIL® XLR630
and ELASTOSIL® LR3043/30, which are two-component
RSC Adv., 2015, 5, 49739–49747 | 49745
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silicone rubbers, were acquired from Wacker Chemie AG.
RT625 is a room-temperature vulcanisation rubber (RTV), for
which the mixing ratio of parts A and B is 9 : 1, while XLR630
and LR3043/30 are liquid silicone rubbers (LSRs), for which the
mixing ratios of parts A and B are 1 : 1. Platinum cyclo-
vinylmethyl–siloxane complex catalyst (511) was supplied by
Hanse Chemie AG, and silica particles (hexamethyldisilazane-
treated amorphous silicon dioxide) were purchased from Fluo-
rochem with an ultimate particle size of 20 nm and a surface
area of 150–200 m2 g�1.

Dielectric relaxation spectroscopy (DRS) was performed on a
Novocontrol Alpha-A high-performance frequency analyser
(Novocontrol Technologies GmbH & Co. KG) operating in the
frequency range 10�1 to 106 Hz at 23 �C. The sample diameters
were 25 mm, while thicknesses were approximately 0.5–1.0 mm.
Typical deviations in measurements were of the order of 5%
estimated from 3 measurements on identical samples. Electrical
breakdown tests were performed on an in-house-built device
based on international standards (IEC 60243-1 (1998) and IEC
60243-2 (2001)). Film thicknesses were measured through the
microscopy of cross-sectional cuts, and the distance between the
spherical electrodes was set accordingly with a micrometre stage
and gauge. An indentation of less than 5% of sample thickness
was added, to ensure that the spheres were in contact with the
sample. The polymer lm was slid between the two spherical
electrodes (radius of 20 mm), and the breakdown was measured
at the point of contact, with a stepwise increasing voltage applied
(50–100 V per step) at a rate of 0.5–1 steps per s. More details on
the experimental setup can be found in Zakaria et al.41 Each
sample was subjected to 12 breakdown measurements, and an
average of these values was given as the breakdown strength
of the sample. The sample thicknesses were approximately
40–100 mm. Typical standard deviations on breakdown strength
measurements are of the order of �2 V mm�1.

The initial silica concentration in the commercial silicone
elastomers was evaluated through thermal gravimetric analysis
(TGA) on a Q500 from TA Instruments, and measurements were
carried out under a nitrogen atmosphere at a heating rate of
10 �C min�1, from room temperature to 900 �C. In silicone
elastomers, which contain llers, a large portion of the residue
at 900 �C corresponds to the initial silica concentration, but not
in a trivial way. The silica in the commercial formulations,
however, was estimated based on the residual amount as found
by TGA.

Linear viscoelastic (LVE) data for the lms were measured
using an ARES-G2 rheometer (TA Instruments) set to a
controlled strain mode, with 1% strain and with frequency
sweeps from 100 Hz to 0.01 Hz at ambient temperature using a
parallel-plate geometry 25 mm in diameter. The LVE measure-
ment was repeated once on the same sample.

The stress–strain curves of lms were tested at RT by ARES-
G2 rheometer using SER2 geometry. The sample of 20 mm
length and 6 mm width was placed between two drums and
initially separated by a distance of 12.7 mm. The test specimen
was elongated uniaxially at steady Hencky strain rate of
0.01 (s�1) until sample failure at the middle part. Each
composition was subjected to four tensile measurements which
49746 | RSC Adv., 2015, 5, 49739–49747
were then averaged. Typical standard deviations on rheological
measurements are of the order of �5%.
General procedure for elastomer synthesis

All ionic networks were prepared by mixing stoichiometric
amounts of amino-functional PDMS (AMS-162) and carboxylic
acid-functional PDMS (DMS-B12 or DMS-B25), using a Speed-
mixer (DAC 150FVZ, Hauschild Co.) for 2 minutes at 2000 rpm.
Then the commercial two-component silicone mixtures were
mixed into the above ionic networks, using a Speedmixer for
2 minutes at 2000 rpm. Finally, the silica llers were mixed in,
using the Speedmixer for 2 minutes at 2000 rpm for the lled
samples.

The stoichiometric imbalance (i.e. r) of pure PDMS reference,
which is the ratio between the vinyl groups of the PDMS V35 and
hydride groups of 4-functional cross-linker, was 1, and for this
sample the concentration of platinum catalyst was 1.6 ppm. The
mixture was combined using a Speedmixer for 2 minutes at
2000 rpm.

Uniformmixtures were cast with a lm applicator (3540 bird,
Elcometer) on a glass substrate and fully cured aer 24 h at
100 �C. Table 1 provides an overview of all the prepared
samples.
Conclusions

Ionic and silicone interpenetrating networks hold great
promise for future use as dielectric elastomers, due to their very
high dielectric permittivities and relatively high breakdown
strengths. Based on gure of merit calculations, improved
overall actuation properties could be obtained for IPNs
prepared with LR3043/30 silicone elastomers as dielectric
elastomer actuators, even when signicant dielectric losses are
taken into account. This is because the ionic part of the inter-
penetrating networks provides very high dielectric permittivity,
while the silicone elastomer LR3043/30 provides great
mechanical stability (low viscous losses) and furthermore high
dielectric breakdown strength. This provides the inter-
penetrating networks with excellent overall dielectric elastomer
actuator properties compared, for example, to similar silicone
elastomers with conductive or metal oxide llers, where
increased dielectric permittivity is oen matched with equally
increased Young's moduli and/or decreased dielectric break-
down strengths.
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and D. Mecerreyes, Macromol. Rapid Commun., 2012, 33,
314–318.

28 L. H. Sperling, Polym. Adv. Technol., 1996, 7, 197–208.
29 S. R. Batten and R. Robson, Angew. Chem., Int. Ed., 1998, 37,

1460–1494.
30 S. M. Ha, W. Yuan, Q. Pei, R. Pelrine and S. Stanford, Adv.

Mater., 2006, 18, 887–891.
31 P. Brochu, H. Stoyanov, X. Niu and Q. Pei, Smart Mater.

Struct., 2013, 22, 055022.
32 M. Kollosche and G. Kofod, Appl. Phys. Lett., 2010, 96,

071904.
33 P. Sommer-Larsen and A. L. Larsen, Proc. SPIE, 2004, 5385,

68–77.
34 T. G. McKay, E. Calius and I. A. Anderson, Proc. SPIE, 2009,

7287, 72870P-1–72870P-10.
35 A. Dorfman and R. W. Ogden, Acta Mech., 2005, 174, 167–

183.
36 A. Dorfman and R. W. Ogden, Int. J. Eng. Sci., 2010, 48, 1–14.
37 S. Zakaria, P. H. F. Morshuis, M. Y. Benslimane,

K. V. Gernaey and A. L. Skov, Proc. SPIE, 2014, 9056, 90562V.
38 J. Huang, S. Shian, R. M. Diebold, Z. Suo and D. R. Clarke,

Appl. Phys. Lett., 2012, 101, 122905.
39 A. L. Larsen, K. Hansen, P. S. Larsen, O. Hassager, A. Bach,

S. Ndoni and M. Jørgensen, Macromolecules, 2003, 36,
10063–10070.

40 M. A. Villar and E. M. Valles,Macromolecules, 1996, 29, 4081–
4089.

41 S. B. Zakaria, P. H. F. Morshuis, B. M. Yahia, L. Yu and
A. L. Skov, Smart Mater. Struct., 2015, 24, 055009.
RSC Adv., 2015, 5, 49739–49747 | 49747

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5ra07375h

	Dielectric elastomers, with very high dielectric permittivity, based on silicone and ionic interpenetrating networks
	Dielectric elastomers, with very high dielectric permittivity, based on silicone and ionic interpenetrating networks
	Dielectric elastomers, with very high dielectric permittivity, based on silicone and ionic interpenetrating networks
	Dielectric elastomers, with very high dielectric permittivity, based on silicone and ionic interpenetrating networks
	Dielectric elastomers, with very high dielectric permittivity, based on silicone and ionic interpenetrating networks
	Dielectric elastomers, with very high dielectric permittivity, based on silicone and ionic interpenetrating networks
	Dielectric elastomers, with very high dielectric permittivity, based on silicone and ionic interpenetrating networks

	Dielectric elastomers, with very high dielectric permittivity, based on silicone and ionic interpenetrating networks
	Dielectric elastomers, with very high dielectric permittivity, based on silicone and ionic interpenetrating networks
	Dielectric elastomers, with very high dielectric permittivity, based on silicone and ionic interpenetrating networks

	Dielectric elastomers, with very high dielectric permittivity, based on silicone and ionic interpenetrating networks
	Dielectric elastomers, with very high dielectric permittivity, based on silicone and ionic interpenetrating networks


