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A ceramic material consisting in a zirconium dioxide-lead zirconate mixture has been obtained by
precipitation method, its composition being proved by wide angle X-ray powder diffraction and energy-
dispersive X-ray spectroscopy. The average diameter of the ceramic particles ranged between 50 and
100 nm, as revealed by transmission electron microscopy images. These were surface treated and used as
filler for a high molecular mass polydimethylsiloxane-o,w-diol (Mn=450,000) prepared in laboratory,
the resulted composites being further processed as films and crosslinked. A condensation procedure,
unusual for polydimethylsiloxane having such high molecular mass, with a trifunctional silane was
approached for the crosslinking. The effect of filler content on electrical and mechanical properties of the
resulted materials was studied and it was found that the dielectric permittivity of nanocomposites
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increased in line with the concentration of ceramic nanoparticles.
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1. Introduction

Silicone rubber is a well-known dielectric elastomer, which can
be used for applications such as actuation and for devices able to
convert electrical energy into mechanical energy and vice versa [1].
For such applications it is necessary to have a material with low
stiffness (low Young’s modulus), high breakdown strength and
good values for dielectric permittivity [2].

Silicones manifest highly elastic behavior due to the high
flexibility of the siloxane bond [3]. While the polarizability of the
Si—O bond in polydimethylsiloxane (PDMS) is higher than that of
organic nonpolar polymers (e.g., polyethylene), the side methyl
groups prevent Si—O dipoles from approaching each other too
closely [4], thus the dielectric permittivity of PDMS is very low (ca.
3). Therefore, the siloxanes are chemically modified by attaching
polar groups to the silicon atoms, such as N-allyl-N-methyl-4-
nitroaniline [5] or cyanoalkyl [6,7], for the purpose of obtaining
large values for the dielectric permittivity.

The incorporation of inorganic fillers with high dielectric
permittivity in a polymer matrix is a well-known technique to
improve the dielectric constant of the material [8-11] and the use of
such fillers sometimes also leads to increasing in mechanical
strength. Depending on its type and proportion, the filler can lead to
visible changes of the permittivity values of the final material [12].
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There are different types of fillers that are generally used for
improving the permittivity of the dielectric elastomer: (i) ceramic
particles with a high dielectric constant—most used are titanium
dioxide, barium titanate, magnesium niobate, lead magnesium
niobate-lead titanate, and strontium titanate nanoparticles
[13-15]; (ii) conductive particles, such as carbon nanotubes,
carbon black, copper-phthalocyanine/polyaniline [16]; (iii) highly
polarizable conjugated polymers—undoped poly(3-hexyltio-
phene), polyaniline, or polythiophene incorporated by blending
[10,14,17-21].

In general, commercially available room temperature vulcani-
zation silicone formulations are used to design elastomers for
actuators. These are based on low molecular weight polydime-
thylsiloxane fluid compounds which are converted into silicone
elastomers by addition (hydrosilylation) or condensation reac-
tions. Besides siloxanes, there is also a large variety of commercial
dielectric elastomer materials available: acrylic VHB foil, polyur-
ethanes, polystyrene/polybutadiene copolymers [22], acrylics and
acrylonitrile butadiene rubber [18-21].

In this paper a custom made high molecular weight PDMS was
used as polymeric matrix in which different percentages of
surface-treated mixed ceramic nanoparticles (MCN) were incor-
porated. We opted for an interesting ceramic mixture of zirconium
dioxide and lead zirconate and used it as filler for the PDMS matrix
in order to obtain materials with larger dielectric permittivity. The
lead zirconate crystals are orthorhombic antiferroelectric [23,24]
with no apparent transitions in the dielectric spectra at low
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temperatures (<100 °C) and lead zirconate has a value of ¢, ~ 160 at
such temperatures. The zirconium dioxide crystals at usual
temperatures (<1170°C) are monoclinic, such as in baddeleyite
[25] also with no apparent transitions in the dielectric spectra at
low temperatures (<100°C) and with ¢, value of ~20 at such
temperatures. Also zirconium dioxide has the property of
stabilizing the permittivity response and it can lower the loss
factor value of ceramics [26]. After the incorporation of the MCN
filler, the resulted composite materials were processed as films and
crosslinked by condensation at room temperature with a trifunc-
tional silane. After the step of aging, the surface, thermal,
mechanical and dielectric properties were investigated.

2. Experimental
2.1. Materials and methods

2.1.1. Materials

The reagents for the synthesis of MCN nanoparticles: lead(Il)
chloride (PbCly), >99% (Aldrich); zirconium(IV) chloride (ZrCly),
>99.5% (Aldrich); natrium hydroxide (NaOH), pellets, >99% (Fluka
AG); urea, >99.0% (Aldrich), all were used as received. Octame-
thylcyclotetrasiloxane, [(CH3),SiO]4, (D4), >99% (GC) (Fluka AG) and
Pluronic L-31, HO-poly(ethyleneglycol)-block-poly(propylenegly-
col)-block-poly(ethyleneglycol)-OH, M= 1100, d?°,5 = 1.02, viscosi-
ty (25°C)=175cps (Sigma-Aldrich) were used as received.
Methyltriacetoxysilane (MTS) was prepared and purified in house
using a technique adapted from literature [27] (>98 %, b.p.=94-
95°C, d,?°=1.20).

2.1.2. Equipments

Gel permeation chromatography (GPC) measurements for the
determination of the molar mass of polydimethylsiloxane were
made in CHCl3 on a PL-EMD 950 Chromatograph-Evaporative Mass
Detector. The calibration was performed with polystyrene standards.

Dielectric spectroscopy was performed using the Novocontrol
“Concept 40” broadband dielectric spectrometer (Hundsangen,
Germany) at 25°C in the frequency range 1-100000 Hz. Water
vapors sorption isotherms of the film samples were recorded in
dynamic regime by using the fully automated gravimetric analyzer
IGAsorp supplied by Hiden Analytical, Warrington (UK). An
ultrasensitive microbalance measures the weight change as the
humidity is modified in the sample chamber at a constant
regulated temperature. The measurement system is controlled
by a software package.

Wide angle X-rays diffraction (WAXD) analysis on MCN powder
was performed on a Bruker-AXS D8 ADVANCE diffractometer, with
Bragg Brentano parafocusing goniometer. Scans were recorded in
step mode using Ni-filtered Cu Ko radiation (A =0.1541 nm). The
working conditions were 40kV and 30 mA tube power, room
temperature. The Bruker computer softwares Eva 11 and Topaz 3.1
were used to plot and process the data.

Differential scanning calorimetry (DSC) measurements were
conducted with a DSC 200 F3 Maia (Netzsch, Germany). About
10 mg of sample was heated in pressed and punched aluminum
crucibles at a heating rate of 10°Cmin~!, in nitrogen inert
atmosphere. The temperature range for TG-DTG measurements
performed with the same instrument was 25-750°C with a
heating rate of 10°Cmin~".

An Energy Dispersive X-Ray system (EDX) available on
environmental scanning electron microscope (ESEM) type Quanta
200 was used for qualitative analysis and elemental mapping. The
transmission electron microscopy (TEM) images were taken using
a dedicated HITACHI HT7700 microscope operated in high contrast
mode at 100kV accelerating voltage. The samples have been
prepared by placing small droplets of the diluted dispersion (1 g/L)

of ceramic powder on 300 mesh carbon coated copper grids and
dried in vacuum at 50°C.

Stress—strain measurements were performed on a TIRA test
2161 apparatus, Maschinenbau GmbH Ravenstein, Germany on
dumbbell-shaped cut samples with dimensions of 50 x 8.5 x4
mm. Measurements were run at an extension rate of 20 mm/min,
at room temperature. All samples were measured three times and
the averages of the obtained values were taken into consideration.
The acquired data were processed with MatLab software. Cyclic
tensile stress tests were performed on the similar samples
between 2 and 100% strain. The maximum force applied
was tensile stress value as determined by previous test. Five
stretch/recovery cycles were registered. The stationary time at
minimum and maximum applied stress was 2s.

Dielectric strength measurements were made on a home-made
installation (PERCRO Laboratory-TeCIP Institute-Scuola Superiore
Sant’Anna, Pisa, Italy) consisting in high-speed high-voltage power
amplifier, function generator, and an oscilloscope. The brass
electrodes were applied on the film samples and the measure-
ments were performed at 60 Hz, and a voltage increase rate of
2000Vs~! at room temperature (25°C). The samples were
previously brought into equilibrium with the humidity of the
environment in which the measurements were made. Three
samples were analyzed for each composite formulation and the
lowest value was taken into consideration.

A home-made set-up was used for performing energy harvest-
ing tests with the new dielectric elastomers (Fig. 1ESI). In this set-
up electrodes (20 x 20 mm) made of copper plated textolite were
placed on each side of the sample and the voltage was recorded
with a memory oscilloscope Tektronix DPO 4032 with two
channels, at frequency of 100 MHz. The kinetics consists in a steel
ball (m=7.1 g) falling freely from a height of 100 mm in the center
of the upper electrode surface. The signal wave shape and the
voltage levels corresponding for the peaks at the impact of the ball
on contact surface of the sensor were monitored and were acquired
(Fig. 2ESI). Three measurements were performed for each sample
and the average values were taken into account.

2.2. Procedure

2.2.1. Preparation of mixed ceramics nanoparticles, MCN

The MCN nanoparticles were prepared by using the procedure
described by Oren et al. [28], namely a homogeneous precipitation,
modified as follows. First a mixture of 100 mL of cation stock
solutions was prepared by mixing lead and zirconium chlorides
(0.556g PbCl, and 4.66g ZrCly) in a glass beaker at room
temperature (RT) (Fig. 1). Then a solution of urea (15.5g urea in
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Fig. 1. XRD patterns of the MCN powder (2-column fitting image).
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Fig. 2. EDX data for MCN (single column fitting image).

220 ml distilled water) was mixed with the cation stock solution,
leading to a clear solution that was further heated at 90°C on a hot
plate for ~2h. A solution of sodium hydroxide (50 ml, 2 M) was
added and, under continuous heating, the precipitation started in
~10min, when turbidity appeared in the clear solution. Precip-
itates were aged for 1h at 90-95 °C without stirring. Afterwards,
the precipitates were separated by centrifugal filtration at
6000 rpm and the recovered material was washed with distilled
water twice by centrifugation. The resulted material was oven-
dried at 90°C for 2h followed by calcination, the temperature
being raised (with 10 °C/min) up to 700 °C and maintained for 5 h.

2.2.2. Preparation of high molecular mass polydimethylsiloxane-
o,w-diol

PDMS (polydimethylsiloxane-o,w-diol) was synthesized
according to an already described procedure [29,30]: polymeri-
zation in bulk of octamethylcyclotetrasiloxane in presence of
H,SO,4, at room temperature. The polymer was purified by
successive washings with neutral-slightly alkaline solution and
then with distilled water. The washed polymer was devolatilized
under vacuum at 170-180°C in order to remove both water and
low molecular weight siloxanes. The gel permeation chro-
matographic analysis (GPC) of the pure polymer was carried
out, with CHCl3 as eluent. The number average molecular mass
was determined as being 450,000, with polydispersity index
(I=Mw/M,) of 1.4.

2.2.3. Surface treatment of the filler

An well established amount of MCN was immersed in
surfactant, Pluronic L-31, and the mixture was ultrasonicated for
30min in a Hielscher Ultrasonic Processor UTR 200, followed by
filtration of excess surfactant.

2.2.4. Preparation of the silicone-MCN composites and film formation

The PDMS was quickly mixed with treated dielectric material
powder (MCN) and the crosslinking agent (MTS) in amounts showed
in Table 1, by mechanical stirring. After a uniform mixture was
formed, it has been deaerated in vacuo and cast in Teflon mold where
it was allowed to crosslink and aged for two weeks in normal
conditions, the atmospheric moisture being the hydrolysis agent for

Table 1
The used recipes for the preparation of the composite films.

Sample Reagent (mass relative to PDMS)

PDMS MCN MTS
S1 100 0 5
S2 100 2 5
S3 100 6.5 5

methyltriacetoxysilane as crosslinker. The dielectric elastomer films
were then manually peeled off from the surface of the mold.

3. Results and discussion

A procedure reported in literature [28] was adapted to obtain a
ceramic material based on lead and zirconium, being known that
such materials have high dielectric permittivity [23-26]. The
obtained ceramic material, MCN, was first analyzed by X-Ray
Powder Diffraction. The presence of diffraction peaks (Fig. 1)
proves the crystalline nature of MCN. These are specific for
zirconium dioxide and lead zirconate and were identified by
comparison with the XRD spectra reported by different authors
[24,31-33].

The peaks at 20 angles of 24.44° (011),28.17° (111),31.7°(111),
34.3° (200), 35.4° (002) and 49.3° (220) and 50.2° (022) are
specific to zirconium dioxide. The peaks at 30.4° (04 0) and 30.6°
(221) are specific for lead zirconate. By measuring the ratio of the
most intense peaks at 28.17° for zirconium dioxide and at 30.6° for
lead zirconate, it can be concluded that the ratio of zirconium
dioxide to lead zirconate in the nanoparticles is 100:12, in a
reasonable agreement with EDX data from which a ratio of 100:13
was calculated (Fig. 2).

TEM image (Fig. 3) shows the formation of nanoparticles with
average diameters of 74 nm. The electron diffraction confirms the
crystalline structure of the synthesized MCN.

The MCN powder was used as filler for polydimethylsiloxane
elastomer films, with the purpose of improving their dielectric
properties, while simultaneously trying to preserve in the final
composites the softness and the high stretch capability specific for
pure PDMS films. Two composites, with 2.0 and 6.5% MCN reported
to the PDMS mass, were prepared (Table 1). The curing of the
composites was performed after their processing in film, when
slow hydrolysis of MTS occurs in the presence of environmental
humidity, and condensation of the resulted triol with the Si—-OH
chain ends leads to the network formation. Acetic acid formed as a
MTS hydrolysis byproduct migrates out of the film during the aging
process. A free standing, elastic, robust film is formed, which is
pelled off and further investigated.

The stress—strain tests (Fig. 4a, Table 2) reveal that the
composites containing ceramic nanoparticles have lower elonga-
tion at break compared to pristine PDMS film, i.e. ca. 860% and
600% respectively, versus 2200%. However, the values for the
elongation at break are still high, which is a prerequisite for these
materials to be suitable for use as dielectric elastomers. The
breaking stress values for the nanocomposites are slightly lower
compared with the reference sample S1, but they are characteristic
for soft materials. This behavior could be explained judging the
surface of the nanoparticles and aggregated nanoparticles as stress
concentrator. Also, the presence of nanoparticles introduces
defects in the PDMS polymeric network.
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Fig. 3. TEM analysis of the MCN: (a) image of the nanoparticles; (b) electron diffraction of the nanoparticles (2-column fitting image).
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Fig. 4. (a) Stress-strain curves for elastomer films containing nanoparticles; (b) Cyclic stress-strain films for elastomers with MCN nanoparticles (2-column fitting image).

Table 2

Absorbed and released energy (KJ/m?) calculated at 100% elongation for five cycles.
Cycles S1 S2 S3

loading unloading Hist., % loading unloading Hist., % loading unloading Hist., %

1 0.506 —0.357 29.44 0.555 —0.426 23.24 0.723 —0.528 26.97
2 0.407 —0.333 18.18 0.462 —0.408 11.67 0.583 —0.495 15.09
3 0.390 -0.323 1717 0.451 —0.407 9.75 0.565 —0.489 13.45
4 0.382 -0.321 15.97 0.457 —0.417 8.75 0.560 —0.493 11.96
5 0.380 —0.323 15.00 0.469 —0.428 8.74 0.563 —0.501 11.01

The Young’s modulus showed a slight increase with the MCN
content, which is normal, given the ceramic nature of the filler,
which acts as a reinforcing agent for the PDMS matrix.

The value of the stress ata certain strain for these samplesis larger
than the corresponding value for the reference sample with pure
PDMS (S1), as the presence of nanoparticles improves the initial
elastic character of the polydimethylsiloxane matrix, while the
sample S1 has a viscous component of deformation after the initial
50% strain. The composite films have small hysteresis loops at cyclic
stress—strain (Fig. 4b), making these suitable for use in flexible
devices, like. The cyclic stress—strain curves show some hysteresis
loop, higherin the first cycle (up to 30%), after which they are reduced
(between 9 and 15%) and stabilize (Fig. 4b, Table 2). From cyclic
stress—strain curves, it can calculate the tensile toughness. This
parameter represents the amount of energy per volume that material
can absorb before failure or at a predetermined elongation (in this
case 100%) and was estimated as area of loading—unloading curve for

each cycle. The toughness at 100% elongation was determined on the
cyclic stress-strain curves of the original samples as an indirect
measure of the energy that the elastic material could release when
force thatacted on it was removed like in a harvesting energy system
(Table 2). As expected, it can be seen that this value increases by
incorporating MCN and enhancing their amount, for example, from
0.506 for S1-0.555 for sample S2 and 0.723 KJ/m?> for sample S3 in
first cycle read on the loading branch. In the fifth cycle, these are all
lower but keeps the same hierarchy (0.380 for S1, 0.469 for S2 and
0.563 KJ/m? for S3). As a result of the viscoelastic loss, the energies
released on the return branch are lower. This loss is lower in the filled
samples, in special in the case of sample S2, as compared with
reference sample S1.

The dielectric permittivity (¢') and loss (¢”) were recorded in
the frequency domain of six decades (log scale) of frequency, i.e.
1-100000 Hz, at constant temperature of 25°C. Samples having
uniform thickness in the 0.27-0.77 mm range were placed
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between gold plated round electrodes, the upper electrode having

a 20 mm diameter.

When the ceramic nanoparticles are introduced in the composi-
tion of the films, the value of the dielectric permittivity increases —
with up to 26% for the sample S3 (4.35) compared with reference S1
(3.20) (Fig. 5a) at 1 Hz, this increase being expected one.

The electrostatic polarization leads to the field-induced
polarization of the dispersed phase relative to the continuous
phase. When an electric voltage is applied, positive and negative

polymer-ceramic composites [40]. In this model, the effective
permittivity of two-component systems is determined by intro-
ducing the volume fraction of each component according to Eq. (4):

e = g + (1 - 9)e” (4)
B is a dimensionless parameter and its value is determined by the
shape and orientation of the filler particles within the bulk

composite [41] and can take values between 1 and —1. For
randomly oriented ellipsoids Landau, Lifshitz [42] and Looyenga

charges appear at the surface of the particles. Each particle can be
described as a dipole, the particles align head-to-tail in the
direction of the electric field and polarization leads to increased
capability of the prepared dielectric materials to store energy [34].
There are several theoretical approaches used for predicting the
values of effective dielectric constant of polymer composite

[43] determined that 8=1/3.

Fig. 6 shows the values for the dielectric permittivity of the
samples as resulted from the above formulas and can be easily
compared with the experimental values. The values for ¢,=3.2 and
£:=19.9 and the volume fractions ¢, =1 and ¢.=0 for S1, ¢,=0.98

systems. The simplest method is the volume-fraction average:

&ff = Ppép + Qe

(1)

and ¢.=0.02 for S2, and ¢,=0.938 and ¢.=0.062 for S3 were
considered.

It can be seen (Fig. 6) that the dielectric responses at 1 Hz of
ceramic-polymer systems can be best described by the volume

where the subscripts p and c are the polymer and the ceramic
phase, respectively, and ¢ is the volume fraction of the
constituents. This model (Eq. (1)) predicts a sharp increase of
the effective dielectric constant starting at a low volume fraction of
the ceramic filler. However this prediction has been disproved by
both theoretical [35] and experimental studies [36].

The Maxwell-Garnett equation has been developed as a mean
to approach the calculated theoretical and the practical results and
it is an approximation of a single spherical inclusion surrounded by
a continuous matrix of the polymer [37]. However this model is
representative at very low (close to zero) concentrations of filler:

& +2 —2(1 - wp)(sp — &)

g — 28+ (1 —@,)(ep — &) (2)

&ff = Ep X

In the Bruggeman model the binary mixture is made of repeated
units cells, each consisting of the polymer matrix which has
spherical inclusions in the center [37]. The effective dielectric
constant calculated with the Bruggeman equation increases
sharply for filler volume fractions above 20%. The effective
dielectric constant (&) of the composite mixture is given by:

Ep — Eeff Ec — Eeff |
% {31 + 23eff} T L?c + 28eff} =0 3)

The two-component power-law model for complex permittivity is
used for such calculations in different systems, such as air-
particulate composites [38], ceramic-ceramic composites [39] and
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column fitting image).
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There is a relaxation at higher frequencies (5 x 10> Hz) due to
charge accumulation at the interface between the nanoparticle
surface and the polymer matrix, and this relaxation is also visible
in the variation of the loss factor when sweeping the frequency
(Fig. 5b). The loss factor maintains low values when the
nanoparticles are introduced in the polymer matrix (Fig. 5b).
The ¢’ values of the films decrease with increasing frequency. A
drop in ¢ occurs when the frequency reaches 10* Hz since the
dipole relaxation in the composite films lags behind the change of
applied field. The characteristic relaxation peaks of the polysilox-
ane matrix in &” curves are not present in the composites due to the
presence of nanoparticles, which leads to decreasing of the free
volume in the polymer matrix and increasing the density of polar
groups [44]. Increased values of permittivity were registered as the
free volume between PDMS chains decreases, but this has the
unwanted effect of significantly smaller strain values for the films
as shown in the results from the stress—strain tests, and such a
behavior was recorded before for other siloxane-based films [45].

Unexpectedly, the pure crosslinked PDMS (S1) shows a low
enough value for electric breakdown field (EBD) of 28.6 kV/mm
(Table 3). This could be explained by the low crosslinking degree of
very long and flexible chains which allows keeping a high free
volume in material. The small air-filled voids, left by late removing
of condensation by-products, which elongate in the direction of
the field until breakdown occurs [46] could also contribute to the
lowering of this parameter’s value. As a result, by adding high
dielectric ceramic material, the decreasing of EBD value as
compared with that of matrix S1 is not as would be expected
since it is partially compensated by reducing the effect of free
volume in the matrix as a result of nanoparticles incorporation.

DSC experiments (Fig.7) highlight the glass transition around
—124°C, an exothermic peak at about —70/-72°C and an
endothermic peak at —38/—-39°C, assigned to the phenomenon
of cold crystallization and to the melting of the crystalline phase,
respectively. The peak corresponding to melting (—38 °C) is similar
in surface with the one corresponding for crystallization (—70°C)
(values for AH between 21..24]/g) and this indicates that a
significant amount of crystalline phase develops during the cooling
scan. The DSC curves of samples S2 and S3 are very similar with
those of S1. This behavior suggests the ceramic particles have
negligible influence on the thermal behavior of the samples.

When materials are designed for use in electronic devices, it is
convenient to have an elastomer with stable operation and
therefore the numerical values for characteristics of interest must
be stable in different conditions of moisture and temperature. An
increase in the moisture sorption capacity with the rising content
of ceramic nanoparticles was registered by DVS analysis, as can be
seen in Fig. 8 (from 0.45 % in pure crosslinked PDMS to 1.35% in the
material with 6.5% MCN). This is due to the capacity of the ceramic
material to adsorb water on their surface. However, the effect is
diminished due to the well-known hydrophobicity of the PDMS
matrix. The maximum sorption capacity obtained in this case is
comparable with the ones obtained for other materials used as
dielectric elastomers such as acrylic rubber 3 M VHB (1.3%) [47].

The sorption isotherms correspond to a type V material and show
that the dielectric elastomer films are hydrophobic materials with
low porosity and present weak interactions between sorbed and
sorbent materials. From the kinetic curves (not shown) it was
determined that the rate of desorption of water vapors is slower
than the sorption rate, leading to appearance of a hysteresis loop.

The average values for the diffusion coefficient (D) at short and
long times (Table ESI1), estimated according to procedure
established in literature [48,49] slightly decrease as a result of
the incorporation of the MCN within the silicone matrix, from
5.621077 (S1)-1.34-107"cm?s (S3). This could be due to the
decrease in mobility, within hydrophobe silicone matrix, of water
due to its tendency to be retented by more hydrophilic filler
particles. A decreasing of one magnitude order of the diffusion
coefficient was obtained for all samples at t= oo (corresponding to
sorption equilibrium), 5.29107% (S1), 4.2910°® (S2) and
2.4910 % cm?/s (S3).

The electromechanical (actuation and energy harvesting)
abilities of the materials are mainly determined by the values of
Young modulus (Y) which is desired to be low and dielectric
permittivity (¢') and dielectric strength (EBD) which should be as
high. In our case, only a slight increase was registered in dielectric
permittivity, the last two parameters showing evolutions inverse
than would be required (Table 3).

The energy output, E, of dielectric elastomers can be estimated
based on the mechanical and electrical properties of tested
samples [50]. The capacitance of a parallel-plane capacitor can be
calculated as such:

C = goe1(A x 2) = g9&/(v/Z?) (5)

where ¢’ is the permittivity, z—thickness of the sample and A—
effective area of the sample. The second equality in this equation is
due to the constant volume of the elastomer (Az=v=volume,
which is constant). The energy that can be gained from a cycle of
operation (consists of one stretch and one relaxation of the variable
generator) depends on the difference between the total capaci-
tance in stretched state, C, and relaxed state, Cy, and the square of
the applied voltage, V:

E = 0.5C,V? K%) - 1} (6)

If there is a constant charge, Q, over a short period of time, the
voltages in stretched state, V;, and relaxed state, V,, can be
expressed:

=803 (E)(@)-@)

Forsampleswith 5 cminlength,aconstantwidth of2 cm,aknown
measured thickness (z;) and a maximum strain determined from
mechanical tests, the energy output from a uniaxial deformation
was calculated (Table 3-E <J>). It can be noticed that when the
content of MCN in the sample increases, there are significant
improvements of the theoretical energy output of the sample.

Table 3
The main mechanical and dielectric characteristics of the silicone composites.
Sample Breaking stress, Elongation at break, Young's modulus?, g &’ EBD, EP, Upp©,
MPa % MPa~! (10Hz) (10Hz) kV/mm ] V/mm
S1 0.206 2198 0.00093 3.1 0.211 28.6 0.53 7.0
S2 0.188 858 0.00165 3.26 0.153 30.1 2.19 73
S3 0.164 592 0.00185 3.65 0.446 119 3.74 16.7

2 Calculated at 15% elongation;
b Theoretical estimated energy output;
¢ Harvested voltage measured peak to peak and reported to film thickness.
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Fig. 8. Dynamic vapor sorption isotherms for the elastomers containing ceramic
nanoparticles.

Energy harvesting experiments were performed as follows. A
mechanical microimpulse by the fall of a microball (m=7.1 g) from
a set height (h= 0.1 m) was applied to the sample and the resulting
voltage spike was used to estimate the ability of the elastomer to
convert the mechanical energy into electrical one [30]. The
dynamic parameters used for these experiments were as follows:

- speed at contact with the elastomeric membrane, v=1.4 m/s;
- mechanical impulse, p=9.9410"3 [Ns];

- kinetic energy in contact, E= 6.961073 []];

- the micro-force, F=0.0696 [N].

Three measurements were made for each sample and the
average value of the results was taken into account (Table ESI1).
Since the film thicknesses of the three samples were different,
voltage values recorded were reported to this in order to be able to
compare the results to each other. Only a very slight increase in
voltage/mm, measured peak to peak (Upp), was recorded for
sample S2 containing 2.0wt% MCN (7.3V/mm) toward the
reference sample S1 (7.0 V/mm), while by increasing the amount
of added MCN at 6.5 wt% in the case of sample S3, the amount of
energy harvested was more than double (16.7 V/mm) (Fig. ESI2).
Although the calculated values for energy output and experimental

harvested voltages are expressed in different ways, they follow the
same trend increasing as filler amount enriches.

4. Conclusion

Anew type of mixed ceramics nanoparticles was obtained using a
chemical precipitation method and incorporated in two different
weight percentages (2 and 6.5wt%) in a high molecular mass
polydimethylsiloxane-a,w-diol subsequently crosslinked with
methyltriacetoxysilane. When compared with elastomers made
with pure PDMS, a decrease of the maximum strain for elastomers
with MCN was observed, however the value for the strain remained
very large. Small water sorption values were registered for
elastomers incorporating MCN filler, this indicating that the
hydrophobic character of the polydimethylsiloxane is preserved.
The value of dielectric constant increases with the increase in the
content of dielectric ceramic, improving the dielectric behavior. The
dielectric responses at 1 Hz of ceramic-polymer systems are best
described by the volume fraction average rule. The nanocomposite
dielectricelastomer films have small hysteresisloops at cyclic stress—
strain, which recommend them for use in flexible piezoelectric
devices. The dielectricloss at small frequencies (<10 Hz)is similar for
all films - the nanoparticles do not lead to increase of dielectric
losses. The calculated energy output from a uniaxial deformation of
the dielectric elastomer films improves significantly when the
content of MCN in the films increases, making these films suitable for
use inenergy harvesting. The energy harvesting ability measuredina
microball fall experiment confirmed this tendency.
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