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ABSTRACT
We demonstrate that the force output and work density of polydimethylsiloxane (PDMS) based dielectric elastomer
transducers can be significantly enhanced by the addition of high permittivity titanium dioxide nanoparticles which was
also shown by Stoyanov et al[1] for pre-stretched elastomers and by Carpi et al for RTV silicones[2]. Furthermore the
elastomer matrix is optimized to give very high breakdown strengths. We obtain an increase in the dielectric
permittivity of a factor of approximately 2 with a loading of 12% TiO2 particles compared to the pure modified silicone
elastomer with breakdown strengths remaining more or less unaffected by the loading of TiO2 particles. Breakdown
strengths were measured in the range from approximately 80-150 V/μm with averages of the order of 120-130 V/μm for
the modified silicone elastomer with loadings ranging from 0 to 12%.
Keywords: Elastomer, formulations, electrical break down.

1. INTRODUCTION
Silicone elastomers have been used in the past as so-called model networks due to their ideal properties in the sense that
they are extremely flexible, curing reactions proceed to more or less to 100% conversion and the resulting elastomers
possess little or no micro-crystal domains. Therefore many rubber theories have been evaluated on the basis of silicone
elastomers3-8. Studies on how to control locally the network structure of the networks have also been performed and
revealed that very favorable properties could be obtained compared to the traditional unfilled silicone network which
for example possesses very poor tear strength. So-called bimodal networks are prepared by a tedious synthesis
procedure where small hyperbranched clusters are allowed to form before allowing the network to form. This reaction
schema gives excellent tear strength as well as highly extensible elastomers9-10. However, in most commercial elastomer
formulations silica particles are used to reinforce the elastomer. The addition of silica particles greatly enhances the tear
strength of the silicone but on the other hand it also increases the Young’s modulus significantly. The silicone
elastomers –both with and without silica fillers- usually have a relative dielectric permittivity around 3. For the use in
dielectric electroactive polymers this value should be increased since the energy density of the elastomer becomes too
small for most commercial applications. Therefore a lot of focus has been directed towards the enhancement of the
dielectric permittivity without destroying the favorable properties of the silicone elastomer. The research seems to be
performed in two categories, namely grafting of high permittivity molecules to the silicone elastomer and mixing in
high permittivity inorganic fillers.
The inorganic fillers usually introduce an additional increase in the Young’s modulus due to the particle-network
interaction. In some cases there is an unfavorable interaction leading to a decrease in the Young’s modulus11. This
should be favorable but what is often encountered is that the unfavorable interactions cause formation of voids which
then decrease the tear strength and also influence the electrical breakdown in an unfavorable way. Most favorable
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commonly available fillers for the silicones seem to be TiO2 1-2 but also the addition of conducting particles below the
percolation threshold has shown to be favorable11. More exotic fillers such as lead magnesium niobate-lead titanate
have also shown promising results12.

Also organic molecules have been mixed into the silicone elastomers with a resulting increase in the dielectric
permittivity. Carpi et al13 showed a simple blending approach of silicone-poly(hexylthiophene) blends as elastomers
with enhanced electromechanical transduction properties. Molberg et al14 showed how to encapsulate PANI and then
mix it into silicone elastomers.
The grafting approach is more tedious but on the other hand leads to a more controlled network structure which is not
relying to the same extent on an efficient mixing procedure which is strictly required for the mixing of particles or
organic polymers into the elastomer. Furthermore the grafting should provide more stable systems upon continuous
activation of the materials. Risse et al15 showed that vinyl-functional dipoles could be added to commercial silicones
together with a compensating amount of hydride-functional crosslinker and thereby the dielectric permittivity could be
increased significantly. Madsen et al16 used a similar approach but with one dipole being specifically grafted on one
crosslinker by use of click chemistry. Thereby they could obtain similar results to Risse et al but with amounts of
dipoles at least 10 times lower. However, the proposed method of Madsen et al comes with limitations since the
concentration of crosslinker is low and thus the dipoles can be added in small amounts only. On the other hand Risse et
al introduce the dipoles in a competitive reaction with the crosslinking which then may lead to networks with a
significant fraction of network imperfections such as dangling substructures and a so-called sol fraction which can be
washed out of the network17.
The most well-known silicone in DEAP formulations is the Elastosil RT625 from Wacker Chemie AG. Room
temperature vulcanizing (RTV) silicones have favorable properties for processing of thin films due to their relatively
low viscosity before mixing. This enables easy mixing in of quite large quantities of e.g. particles. The commercial
Liquid Silicone Rubber (LSR) formulations are two-part silicone materials that are mixed and rapidly heat-cured to
form elastomeric components. They consist of a two part system with high loadings of SiO2 which leads to the higher
viscosities of the premixes compared to the RTV silicones. Furthermore the LSRs may contain peroxides which enables
an additional crosslinking mechanism, namely a peroxide initiated crosslinking along the chains rather than of the endfunctional elastomers. The LSRs are also sometimes denoted liquid rubber (LR) silicones. They possess excellent
processing performance for injection molding but they are on the other hand difficult to process as thin films due to
their very high viscosities. Delebecq et al18,19 have performed a thorough study on the mechanical properties of some
commercial available LSR silicones. They showed that the LSR formulations investigated were less influenced by the
curing temperature than other types of commercial elastomers such as room temperature vulcanizing (RTV) silicones. A
greater freedom of the curing temperature is a very important processing parameter for thin film production. They also
conclude that the peroxide cured networks possess poorer compression sets and tensile strength values.
In the following we show that the LSR silicones have very favorable properties as DEAP materials and that further
formulation can overcome their limitations in the dielectric permittivity.

2. EXPERIMENTAL
Materials and methods
The following describes the test setup and sample preparation to investigate the quality of the LSR formulations. We
have tested 4 different LSR formulations, namely Silastic LC 50-2004 from Dow Corning and three Elastosil LSR
formulations (LR 3005/50, 3043/30, and 3043/50) from Wacker Chemie AG. The appropriate amount of Ti02 is mixed
into the premix without the crosslinker and mixed by use of a Speedmixer for 5 minutes. The two premixes are then
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mixed for another 5 minutes in the Speedmixer. The films are coated with a thin film applicator on a coater bench. For
the rheological experiments the thickness of the film is approximately 400-500 μm, for the breakdown and dielectric
permittivity measurements approximately 60-100 μm.
Rheological characterization of the prepared films was performed with a TA Instruments 2000 Rheometer set to a
controlled strain mode at 1% strain, which was ensured to be within the linear viscoelastic regime. The measurements
were performed with parallel plate geometry of 25 mm at room temperature in the frequency range of 100–0.01 Hz.
Dielectric relaxation spectroscopy (DRS) was performed on a Novocontrol Alpha-A high performance frequency
analyzer.
Electrical breakdown strengths were measured on an in-house built device based on international standards. The
polymer film (~60 µm) was slid between two spherical electrodes and a stepwise increasing voltage was applied (50100 V/step at a rate of 100 V/s).

3. RESULTS AND DISCUSSION
In figure 1 two types of commercially available titanium dioxides dispersed in Silastic LC-50-2004 are evaluated with
respect to the resulting electrical breakdown of the elastomers. It can be seen that both types of TiO2 behave in a similar
way with more or less no change in the break down (BD) strengths for increased loadings of TiO2 up to approximately 6
wt%. For 9 wt% the BD is increased quite significantly. This is ascribed to the dramatic increase in the Young’s
modulus of these formulations.
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Figure 1: Evaluation of the effect of two types of commercially available titanium dioxide on the electrical breakdown
strength for the Silastic LC-50-2004 elastomer.

In figure 2 the dielectric permittivity of the Silastic LR with the two types of titanium dioxide is shown. It can be seen
that an increase of the dielectric permittivity of approximately 30% can be obtained by the addition of 6 wt% TiO2
(Evonik). For this formulation the film properties are excellent. The increase is slightly less than expected compared to
previous results for silicones with lower viscosities but this is probably due to a combined effect of interference from
the high loadings of silica particles in the LSR formulations as well as problems with ensuring proper dispersion of the
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TiO2. The latter effect is observed clearly for the formulations with 9 wt% TiO2 for the Aldrich TiO2 where the
dielectric permittivity suddenly drops. This indicates that there is less accessible surface area despite higher loadings,
i.e. that the particles agglomerate. The films of Silastic with 12% loadings also become very rough and the
measurements of the film thickness may be inaccurate. This strongly influences the dielectric permittivity
measurements. Based on the results from the electrical breakdown strengths and the dielectric permittivity it was
decided to focus on the Evonik titanium dioxide for the further studies. The two brands behaved very similar within
experimental uncertainty at low loadings but the Evonik TiO2 was easier to disperse properly at higher loadings.
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Figure 2: The dielectric permittivity of the Silastic LC-50-2004 elastomer with the two commercially available titanium
dioxides.

Different types of LSR elastomers were evaluated with respect to their rheological properties and dielectrical
breakdown strengths. The Young’s moduli at room temperature of the unfilled elastomers are given in table 1. Seen
from a rheological point of view the 4 formulations vary significantly. LR 3005/50 and LR3043/30 are the softest and
are identical in terms of the Young’s moduli in their so-called linear regime, i.e. for strains approaching zero (for
silicones the general linear viscoelastic regime are up to 10% strain)20. Silastic LC-50-2004 requires significantly higher
forces, and the LR3043/50 requires the double force for elongation of the two softest LSRs.

Table 1: The Young’s moduli of the investigated LSR
silicone elastomers.

Name
Y [kPa]
Silastic LC-50-2004
330
LR 3005/50
280
LR3043/30
280
LR3043/50
536
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Figure 3: The breakdown strengths of four types of LSR elastomers with different loadings of Evonik titanium dioxide.
In figure 4 the BDs of four LSRs are shown. The BD of pure LSRs arrange as expected with the hardest material
(LR3043/50) having the highest BD and (LR3043/50) having the lowest. The BDs range from approximately 90-130
V/μm. When filler (Evonik TiO2) is added the BDs are increased slightly until as observed earlier that a decrease is
observed for all but the LR3043/30 between 9 and 12 wt%.
Furthermore a so-called core-shell morphology type of filler (Stx801 from Evonik) was investigated in combination
with several of the LSR elastomers. The core consists of TiO2 and the shell of SiO2. The improvement in the dielectric
permittivity was limited to a few percent at loadings of 3-6 wt%, and the particles were strongly reinforcing, thus also
leading to a favorable increase in the electrical breakdown strengths as can be seen in figure 4. The Stx801 particles
cause BD approximately 20 V/μm higher than the corresponding regular TiO2 particle loadings.
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Figure 4: LR3043/30 with the core-shell morphology TiO2-SiO2 filler from Evonik (Stx801).
The requirements for fillers to the LSR compositions are strict due to the very high viscosities of the LSR compositions
such that the fillers first of all should be relatively easy to disperse in the highly viscous silicone without the
requirement for a lot of additional solvent.
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The best candidate of the pure LSRs with respect to BD was the LR3043/50 due to its high Young’s modulus. The
figure of merit defined of Sommer-Larsen21, Fom=ε*BD2/Y can therefore be improved significantly for this formulation.
Fom compared to Elastosil RT625 will for example be Fom=3/3*(130/60)2/(540/300)=2.6. In the filled formulation the
Fom compared to the filled Elastosil is less than 3/3.3*(120/60)2/(540/300)=2. The actuation is not improved as the
dielectric permittivity would have to be increased by at least a factor of 2 to compensate for the increased Young’s
modulus, which furthermore would increase additionally with higher loadings.
Best candidate
with respect to:

Fom/Fom (625)

Simplicity of
formulation
LR3043/50
Improved
actuation

2.6

Improved actuation
(relative to Elastosil
RT625)
negative

3.0

7.8

The improved actuation is, however, only shown for formulations with Silastic and high loadings (12 wt%) of TiO2
where it is estimated that the improvement in actuation compared to unfilled Elastosil RT625 is ε/Y=
5.8/3/(450/300)=1.3 and with a simultaneous improvement of the figure of merit to Fom=5.8/3*(170/60)2/(600/300)=7.8.

4. CONCLUSION
It is shown that the commercially available LSR silicones hold great properties for the future EAP materials, especially
when loaded with TiO2. The formulated elastomers possess very high electrical breakdown strengths compared to the
commonly used RTV silicones. With respect to the improved actuation the LSR formulations encounter problems with
high Young’s moduli and therefore are most suitable for generator purposes. A slight increase in the actuation was
obtained but the power of the LSR formulations was shown to be their figure of merits where they easily improved a
factor of 7 compared to RTVs.
It is believed that it is possible to increase the dielectric permittivity further without compromising the BD from the
optimization of the mixing schemes, and that the LSR silicones possess a lot of novel promising features for the future,
especially as materials for generator applications.
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