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DOI: 10.1039/x0xx00000x 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
www.rsc.org/ 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. lonic 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 &€ = 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.

improving the performance of many of the current devices
Introduction based on DEs so that either reduced driving voltage or
Dielectric elastomers (DEs) are based on an elastomer film 1n(.:r<.:ased actuation at a given \{oltage can be obtained. 'I.'he
driving 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

sandwiched between thin and compliant electrodes. This
emerging technology can be used for actuators!, sensors? and

generators™, due to its ability to expand and contract under an

applied electric field, or to generate electrical energy when ~ by increasing the ratio between dielectric permittivity (¢”) and

subjected to mechanical motion. The very high driving voltages the Young’s modulus (Y). For many elastomers it is difficult to

which are necessary to activate the DE (usually in the order of proceed below the commonly encountered threshold thickness

several kVs) impose a number of limitations on the of ~20 um, due to processing issues such as the release of thin

. 8 .
applicability of the technology, due to overly expensive films from the curing substrate.” Nevertheless, recent results in

electronics. Furthermore, handling precautions are generally relation to thin film coating look promising as a technique for

. . .. . 9
necessary when dealing with high voltages. However, due to using thickness as an optimisation parameter.

the possibility of introducing large strains — as opposed to e.g. Prestretching of the elastomer film may be another method to

piezoelectrics — the technology still holds great promise.’ greatly improve the important properties of the diclectric |

1 . . aqs 10
Also, the dielectric elastomers have been shown versatile in a clastomer as well as suppress electro-mechanical instability™ .

wide range of operational frequencies such that acceptable However, the effect of prestretching gradually disappears over

energy outputs can be achieved in as different applications a time and therefore reliable products based entirely on this

c.g. wave harvesting (0.01-0.1 Hz)® and loudspeakers approach have not yet been realized. In this work we focus on

(frequencies higher than 1 kHz)'. materials without any need for prestretching.

High-dielectric permittivity eclastomers are required for Several approaches to increasing the dielectric permittivity of

DEs have been investigated, including encapsulating
conductive fillers'', grafting dipoles'>'> and adding high-
“Danish Polymer Centre, Department of Chemical and Biochemical Engineering, permittivity fillers.!¢%! Many of these systems, however, fail to

Technical University of Denmark, DTU, Sgltofts Plads, Bldg. 227, 2800 Kgs. increase actuation performance (8 '/ Y) or the maximum
Lyngby, Denmark . . , 2 .
+ Footnotes relating to the title and/or authors should appear here. achievable level of actuation (8 /Y'EB > where Ep is the
Electronic Supplementary Information (ESI) available: [details of any dielectric breakdown strength), since the addition of hard
supplementary information available should be included here]. See
DOI: 10.1039/x0xx00000x

additives, whether grafted or not, often increases the Young’s
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modulus to the same extent as dielectric permittivity is
increased; furthermore, breakdown strength may also be
lowered significantly. 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
fillers was imposed.”? Moreover, in order for an elastomer to be
applicable as a DE, many other requirements have to be
fulfilled, such as fast response times, high mechanical stability
and very low conductivity.”® A novel soft silicone elastomer
matrix based on chloropropyl-functional siloxane copolymers,
however, looks promising with respect to overall DE
properties’*.

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 & /Y-E*.

Recently, a novel class of polymers has been introduced,
namely so-called “ionic networks”*>?’, 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
properties of interpenetrating polymer networks (IPNs) based
IPNs are

polymer networks consisting of two or more types of polymer

on silicone and siloxane-based ionic networks.
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 often have
different and superior properties compared to respective
282 In addition, IPNs have previously been

successfully applied as DEs, with the focus on materials in two
30,31

homopolymers

different zero-stress states
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
permittivity, 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” (DMS-
B12) or 10,000 g mol' (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 thereafter in a sequential way with
various commercial silicone elastomer matrices, in order to
elucidate the effect of the different formulations on the final
dielectric and breakdown properties of the interpenetrating
networks. The commercial two-component systems were
respectively: RT625, an RTV silicone, and XLR630 and

2| J. Name., 2012, 00, 1-3

LR3043/30, both LSR silicones but with varying viscosities
(XLR630 having the lowest viscosity). Furthermore, a number
of samples were mixed with additional silica particles to
reinforce systems which contain 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.

Table 1 Component concentrations of pure PDMS and commercial silicone
elastomers, as well as prepared ionic and interpenetrating networks.

# Materials Silicone Tonic Si0,
network
[Wt%] [Wt%] [Wt%]
1_| PurePDMS PDMS V35 100 0 0
2 ] . o RT625 - 0 27
3 sﬂimne;;“ XLR630 - 0 37
4 LR3043/30 - 0 73
5 AMSI62 + B12 0 100 0
(AMS162+B12) :
6 lonic Si0, = 80Wt.% : 0 80 20
. 20wt.%
networks NS 162+B12) -
7 Si0, = 70Wt.% : 0 70 30
30wt.%
XLR630 :
3 (AMS162+B12)= | 44.1 30 259
TOWt.% : 30Wt.%
RTG625 :
9 (AMS162+B25)= | 365 50 13.5
S0Wt.% : SOWL%
RT625 :
(AMS162+B25) :
10 00 = S0t 5% 32.85 45 22
S0Wt.% : 10wt.%
LR3043/30 :
U | erpene. | (AMISIG24BI2) = 18.9 30 s1.1
D TOWt.% : 30Wt.%
rating LR3043/30 :
12 (AMS162+B12) = 135 50 36.5
50wt.% : SOWL%
LR3043/30 :
13 (AMS162+B12) = 8.1 70 219
30wt.% : 70Wt.%
LR3043/30 :
(AMS162+B12) :
14 S0y = 30wi % - 7.9 63 29.7
TOWt.% : 10wt.%
LR3043/30 :
15 (AMS162+B12) = 2.7 90 73
10Wt.% : 90wt.%

* The concentrations of SiO; fillers in commercial silicones were estimated by

TGA.

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 film discs of approximately 0.5 to 1 mm thick. An example
of a common dielectric spectrum is shown in Figure 1.

As evidenced in Figure 1, both real (¢') and imaginary (g") parts
of the dielectric permittivity vary significantly in relation to
frequency. As a result of this typical behaviour we have chosen

This journal is © The Royal Society of Chemistry 20xx
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in the following to show data for two representative
frequencies, namely 0.1 Hz and 1 MHz.

ARTICLE

network (green numbers)). At a higher frequency the pure ionic
network also has higher dielectric permittivity than pure
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Scheme 1 Reaction scheme for the sequential formation of ionic and silicone interpenetrating polymer networks.

The resulting dielectric permittivities, as functions of
composition at two different frequencies (0.1 Hz and 1 MHz),
are shown as ternary plots in Figure 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 to measure
the resulting silica content.

4
k., = #4LR3043/30
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Figure 1 Dielectric permittivity (€') and dielectric loss (g'") as functions of

frequency for common representatives, namely a commercial silicone elastomer
LR3043/30 (#4), a pure ionic network (#5) and an IPN (#13).

As seen from the ternary plots in Figure 2, pure PDMS
networks (created from V35 and commercial silicones) have
2.5-3.2 (red
numbers), independent of frequency. Pure ionic networks,
carboxydecyl-terminated PDMS,
functional PDMS and different concentrations of reinforcing

dielectric permittivities of approximately &' =
produced from amino-
silica particles, display very high dielectric permittivities at a

low frequency (as high as & = 7.5x10° for the pure ionic

This journal is © The Royal Society of Chemistry 20xx

silicone (¢'=6.2), which corresponds to a two-fold increase
compared to pure silicone.

£ @ 0.1Hz
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ilica o _— / -
Silica g9 0.2 0.4 06 0.8 1.0 PDMS
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1

Figure 2 Dielectric permittivity as a function of the composition of
interpenetrating ionic and silicone networks at 0.1 Hz and 1 MHz,
respectively.
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The blue numbers in the ternary plots correspond to the
measured dielectric permittivities of the interpenetrating ionic
and silicone networks. As seen in Figure 2, the dielectric
permittivities of the interpenetrating networks are very high at
low frequencies, ranging from ¢ = 6.7 to 2x10°. At higher
frequencies the highest dielectric permittivity of & = 5 was
obtained for a network with a 50% ionic network and a 50%
silicone 10). Higher network
concentrations were shown to not necessarily induce higher

network (sample ionic
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 9, at 0.1 Hz
and 1 MHz, for the interpenetrating networks with different
compositions are shown in Figure 3 and summarised in Table 2.
Tan & at 1 MHz for pure PDMS networks were very low, as
seen by the red numbers at the bottom of Figure 3. The highest
dielectric loss at 1 MHz was obtained for a pure ionic network
at a loss of approximately 0.2.

tand @ 0.1Hz

1.0
.y N 7 4
Silica g o 0.2 0.4 0.6 08

1.0 PDMS

tand @ 1MHz

1.0 /46%10™ 5.54x10" 4.15x10" 4 SxBoo
Silica  f 7 7 SE—re— .
0.0 0.2 0.4 0.6 0.8 1.0 PDMS
e
1
| Silica + PDMS 1
1

Figure 3 Dielectric loss, tan §, as a function of composition at 0.1 Hz and 1 MHz.
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The tan  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 (Figure 3, top figure), the
situation changed entirely. At this frequency the tan & for
commercial silicone elastomers increased to ~0.1-0.3, whereas
the pure ionic network samples and the interpenetrating
networks all had a tan § which was >1. This means that at low
frequencies are greater than dielectric
permittivity contributions, thereby signifying that the materials
in question start acting more like conductors than as capacitors.

dielectric losses

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 Figure 4.

0 20 40 60 80
strain (%)

Figure 4 Stress-strain diagrams of four representative samples.

100 120 140 160

All four samples show linear behaviour until break which
means that their Young’s moduli are constant independent on
the utilized strain.

The Young’s moduli of the samples were determined through
linear rheology due to the ease of this experimental technology
which additionally directly provides
viscoelastic the modulus  was
calculated from the measured storage modulus, G’, since Y =
2(1 + v)G, where G = G’(w — 0), i.e. the initial shear modulus
in finite elasticity. Due to the incompressibility of silicones

information on the

losses. Hereby Young’s

(Poisson’s ratio (v) close to 0.5) the Young’s modulus can be
obtained as Y = 3G, which describes frequency-independent
elastic moduli strain of approximately 15%.
Furthermore, highly frequency-dependent viscous loss can be

up to a

determined from the measured loss modulus, G’’°, and it is
usually referred to via the loss tangent, tan dneo) = G°’/G’. The
Young’s moduli calculated from G’ at 0.01 Hz and tan 8y, are
shown in Table2. For pure PDMS and the commercial
silicones — as expected — the Young’s moduli increased in line
with increasing concentrations of reinforcing silica particles.

This journal is © The Royal Society of Chemistry 20xx
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The particles, therefore, greatly amplify the stiffness of the
silicone networks. Furthermore, viscous losses, tan §neo), were
low for all of these samples, meaning that they are well cross-
linked. The pure ionic network (sample 5) had by far the lowest
Young’s modulus and was therefore a lot softer than the
silicone elastomers. Tan §(e,), however, was as low as for the
silicone elastomers, thus implying that the ionic network is 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 significantly
stiffer. The tan S, for this sample is 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 interpenetrating
networks varied depending on the type of commercial silicone
elastomer used and the addition of silica particles. For the
XLR630 elastomer the addition of 30wt% ionic network
decreased the Young’s modulus significantly from 227 kPa to
37 kPa. tan  Sheo) increased
considerably, although it remained <1. The Young’s modulus

Viscous loss, however,
of the RT625 silicone elastomers only decreased from 84 kPa to
61 kPa after 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
unstoichimetric. For the LR3043/30 silicone elastomer the
addition of 30 wt% ionic network did not alter the Young’s
modulus, despite viscous loss, tan e, being increased.
Increasing the concentration of ionic network in this elastomer
to 50 wt%, 70 wt% and 90 wt% decreased the Young’s
modulus significantly (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 is that
viscous losses remained low, even at very high concentrations
of ionic network. The addition of 10 wt% silica particles to an
elastomer with a 70 wt% ionic network (sample 14) increased
the Young’s modulus significantly (from 30.9 kPa to 157 kPa)
while still maintaining low viscous loss. The viscoelastic
that the RT625 and LR3043/30

suitable for preparing ionic
interpenetrating networks compared to XLR630, since they

measurements indicate

elastomers are more
maintain low viscous losses after adding the ionic network.
Furthermore, LR3043/30 can be used with reinforcing silica

particles, without losses being compromised.

Dielectric breakdown strength
The breakdown
interpenetrating and pure networks are shown in Figure 5.

measured dielectric strengths for the

This journal is © The Royal Society of Chemistry 20xx
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As seen in red numbers in the bottom right of Figure 5, the
breakdown strength of pure unreinforced PDMS is as low as
40 V/um. The dielectric breakdown strength then increases in
line with increasing concentrations of silica particles, reaching
130 V/um for LR3043/30. This is due to increasing stiffness,
which has a significant influence on the breakdown strength of
DEs, since increased stiffness supresses electromechanical
instability®>. The breakdown strength of pure ionic networks
also increases in line with increasing concentrations of silica
particles, from 72 V/um for a pure ionic network to 101 V/pm
for a particle-filled network with 30 wt% silica. The breakdown
strengths of the interpenetrating networks range from 45 V/um
to 90 V/um, 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.

lonic Network

Breakdown Strength (V/pm)

)
| Silica + PDMS |
_________ |

Figure 5 Dielectric breakdown strengths as a function of network composition.

Figure of merit

The equations for figures of merit (F,,), to assess elastomer
performance as a dielectric elastomer actuator (DEA)* and a
dielectric elastomer generator (DEG)*, are defined as follows:

I 2
Fym(DEA) = 3”0%% )
8ISUEIEreakCIQWn
Fym(DEG) = —2—breakdown @

2¢

where Ep (V/um) is the electrical field at which electrical
breakdown occurs, & is dielectric permittivity, g, the
permittivity of free space (8.85x10"'2 F/m) and ¢ 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.
Dorfman® and Ogden®®. The figure of merit is calculated

relative to ELASTOSIL RT625, which has been previously

J. Name., 2013, 00,1-3 | 5
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used as a commercial reference material'® and therefore has
Fom=1. The results of the calculations are shown in Figure 6
and summarised in Table 2.

The relative figure 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 soft nature of these
films, combined with increased dielectric permittivity.
Furthermore, the pure ionic network without reinforcing silica
(sample 5) also has a very high relative figure 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 the most 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 (sample 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 figures of merit — and thereby overall
DEG properties — have increased to a lesser extent compared to
the RT625 reference sample. Therefore, the most promising use
of the ionic and interpenetrating networks, based on the figure
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 figure of merit expression that takes into account these
high losses is introduced:

. 1
Fom™ = K

°"1 +tané @)

This correction factor is a general means of introducing losses
as done for rheological measurements. This expression is
reasonable, since the figure of merit should be coupled to the
heat conduction of the DE element’’*®. Tan § is in this way a
measure of heat conduction from dielectric losses, as they are
assumed to be more significant than viscoelastic losses.
Viscoelastic losses of well-crosslinked silicone elastomers are
usually far below 10%.%4

The results for these calculations are shown in Table 2. It is
clear that for many of the samples the adjusted figure of merit is
than that the
Furthermore, some samples now have normalised figures of

significantly lower for non-corrected.
merit that are <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 significant
improvements at low frequencies. This signifies 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

6| J. Name., 2012, 00, 1-3

so a destructive loop may occur especially for stacked thicker
films.

For the elastomes to compete with the benchmark with respect
to achievable strains, namely the acrylic-based double adhesive
VHB 4910 by 3M,' there is still some way to go but the
elastomers within this study do not require prestrain and thus
provide a more reliable actuation over time. Further studies will
elucidate the reliability and ageing effects in this type of
elastomers.

However, by combining the ionic IPN elastomers with other
recent synthesis strategies such as the chloro-propyl system

1* either the ionic network could be

introduced by Madsen et a
side-chain substituted with chloro-propyl or the commercial
elastomer could be replaced by a chloro-propyl functionalized
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%
Aminopropylmethylsiloxane  dimethylsiloxane = copolymer
AMS-162 ( M,, = 4500 gmol™), carboxydecyl terminated
poly(dimethyl siloxane) DMS-B12 (M,, = 1000 g mol™"), DMS-
B25 (M,, = 10,000 g mol™), vinyl-terminated PDMS (DMS-
V35) (M,, = 49,500 g mol™) and tetrakis(dimethylsiloxy)silane
(tetra-functional ~cross-linker) ( M,, = 329 gmol'). The
commercial silicone elastomers ELASTOSIL® RT625,
POWERSIL® XLR630 and ELASTOSIL® LR3043/30, which
are two-component 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 cyclovinylmethyl-siloxane complex
catalyst (511) was supplied by Hanse Chemie AG, and silica
particles (hexamethyldisilazane-treated amorphous silicon
dioxide) were purchased from Fluorochem with an ultimate
particle size of 20 nm and a surface area of 150-200 m* g™

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 107'-10° 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 film was slid between the two
spherical electrodes (radius of 20 mm), and the breakdown was

This journal is © The Royal Society of Chemistry 20xx
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measured at the point of contact, with a stepwise increasing
voltage applied (50-100 V/step) at a rate of 0.5-1 steps/s. More
details on the experimental setup can be found in Zakaria et a
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 pm. Typical standard deviations on
breakdown strength measurements are of the order of +/- 2
V/pm.

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’,
elastomers, which contain fillers, a large portion of the residue

from room temperature to 900°C. In silicone

at 900°C corresponds to the initial silica concentration, but not
in a trivial way. The silica in the commercial formulations,

14,

ARTICLE

however, was estimated based on the residual amount as found
by TGA.

Linear viscoelastic (LVE) data for the films 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 temparature using a
parallel-plate geometry 25 mm in diameter. The LVE
measurement was repeated once on the same sample.

The stress-strain curves of films 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
(1/s) until sample failure at the middle part. Each composition
was subjected to four tensile measurements which were then
averaged. Typical
measurements are of the order of +/- 5 %.

standard deviations on rheological

Fom(DEA) @ 0.1Hz | o

N
1°M /\MSO

Silica 0. 0 1.0 PDMS
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1.0

P N & 7 &
Sllica 5 0.2 0.4 0.6 0.8

&
S 6‘6\
/\O': N
Lol ’t/\
-
.790 1 (RT625)
10M% )
Silica 00 1.0 PDMS

# va 7 7 7 4
silica ¢ 0.2 0.4 06 0.8

Figure 6 Relative figure of merit calculations for DEAs and DEGs at 0.1 Hz and 1 MHz.
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Table 2 Summary of dielectric permittivity (¢’) and loss tangent (tan ) at 0.1 Hz and 1 MHz, breakdown strengths (Eg), Young’s moduli and loss (tan &), as well as the
figure of merit calculations.

Break-

down Dielectric properties Vlscoela§nc Figure of merit Adjusted figure of merit
properties
strength

, . _ tan Fow | Fou | Fom | Fom | Fou' | Fon® | Fon® | Fou

# Ep & & tan & tan & =3¢ Bteheas (DEA) | (DEA) | (DEG) | (DEG) | (DEA) | (DEA) | (DEG) | (DEG)
0.1 1 0.1 1 0.01 0.01 0.1 1 0.1 1 0.1 1 0.1 1
Hz MHz Hz MHz Hz Hz Hz MHz Hz MHz Hz MHz Hz MHz
[V/pm] [kPa]

1 Pl;;l;des 40 25 2.5 0.130 4.1x10* 64.3 0.06 0.25 0.25 0.19 0.19 0.33 0.25 0.20 0.19
2 C - 87 2.8 2.8 0.189 4.2x10* 84.4 0.03 1 1 1 1 1 1 1 1
3 cial 120 3.2 32 0.299 5.5x10" 227.2 0.04 0.79 0.79 2.13 2.13 0.72 0.79 1.95 2.12
4 silicones 130 29 2.9 0.190 5.5x10* 2533 0.08 0.77 0.77 2.30 2.30 0.76 0.77 2.29 2.30
5 . 72 7.5x10° 6.2 4.76 0.199 373 0.01 4107 341 1813 1.50 848 2.84 374 1.25
6 nelt‘:vl:)l:ks 83 4.5x10° 3.7 3.34 0.147 47.0 0.07 2620 2.15 1460 1.20 718 1.87 400 1.04
7 101 3.1x10° 34 2.87 0.133 124.2 1.74 1013 1.10 1491 1.62 311 0.97 458 1.43
8 69 6.7 2.8 5.51 0.042 37.0 0.36 3.39 141 1.48 0.62 0.62 1.35 0.27 0.59
9 76 9.8 4.1 3.97 0.029 61.4 0.09 3.62 1.51 2.63 1.10 0.87 1.47 0.63 1.07
10 82 133 5.0 4.21 0.029 70.5 0.12 5.00 1.89 4.17 1.58 1.14 1.84 0.95 1.53
11 I“t‘re:g:“e' 45 13.0 3.4 3.38 0.032 | 255.1 0.10 0.41 0.11 123 | 032 | 011 | 010 | 033 | 031
12 networis 78 1.7x107 3.8 11.6 0.140 113.7 0.08 24.0 0.80 33 1.07 2.31 0.70 3.12 0.94
13 90 1.5x10° 3.8 4.44 0.136 30.9 0.05 1579 3.93 579 1.44 345 3.46 126 1.27
14 98 6.4x10° 34 2.59 0.093 157.3 0.05 153 0.83 285 1.54 50.7 0.76 94.3 1.41
15 87 2.1x10° 4.1 2.3 0.076 30.5 0.03 2008 4.05 724 1.46 724 3.77 261 1.36

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
Speedmixer (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 fillers
were mixed in, using the Speedmixer for 2 minutes at 2000 rpm
for the filled samples.

The stoichiometric imbalance (i.e. ) 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.

Uniform mixtures were cast with a film applicator (3540 bird,
Elcometer) on a glass substrate and fully cured after 24h 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 figure of merit calculations, improved
overall actuation properties could be obtained for IPNs
prepared with LR3043/30 silicone elastomers as dielectric
elastomer actuators, even when significant dielectric losses are
taken into account. This is because the ionic part of the

interpenetrating networks

8| J. Name., 2012, 00, 1-3

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 interpenetrating networks with
excellent overall dielectric elastomer actuator properties
compared, for example, to similar silicone elastomers with
conductive or metal oxide fillers, where increased dielectric
permittivity is often matched with equally increased Young’s
moduli and/or decreased dielectric breakdown strengths.
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