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ABSTRACT

Raw sodium bentonite (Bent) without preliminary treatments is incorporated as a filler in a
silicone matrix, from 5 to 100 parts per hundred (pph), by weight, by simple mixing in
solution. The mixtures are processed as films and stabilized by condensation crosslinking
at room temperature. Besides being environmentally safe and non-toxic, bentonite is 30
times cheaper than polydimethylsiloxane (PDMS), so the cost price of composites can be
reduced by over 40%. Studies on the effects of bentonite addition as filler on the properties
of composites reveal that thermal stability is not significantly affected, while an increase in
the amount of inorganic residue with an increase of Bent content is recorded. More
importantly, the mechanical and dielectric properties are significantly influenced by the
Bent content in the PDMS matrix. The Young's modulus increases, while the elongation
decreases, indicating a stiffening of the material and a decrease in its elasticity as the Bent
load increases. Most notably, the dielectric permittivity increases up to more than five
times at 10° Hz by adding 100 pph Bent, while the dielectric losses remain acceptable,
especially at high frequencies for all composites. Furthermore, the study of composite films
through Piezoresponse Force Microscopy and piezoelectric testing system reveals an
outstanding piezoelectric-like response for composites with a high Bent content. The wide-
angle X-ray diffraction indicates an increase of the crystalline fraction - the main factor
that influences the apparent piezoelectric coefficient - with increasing the Bent load.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

A very wide variety of solid materials, organic or inorganic,
natural or synthetic, are often used as fillers in polymer pro-
cessing. Although initially the ingredients (usually cheap)
were introduced as extenders to reduce the price of the ma-
terial, it was quickly realized their ability to change in the
desired sense some properties, becoming functional fillers
[1-10]. Thus, in addition to cost reduction, the fillers can
improve processability or can modify, among others, thermal,
mechanical, electrical, magnetic, flame resistance, etc. of the
polymers. At the same time, some disadvantages such as
fragility or opacity may occur in the resulting materials [10].
The direction and magnitude of these changes depend on the
nature and amount of the filler but are also strongly influ-
enced by particles’ size, shape and surface chemistry [11]. The
use of clay mineral nanofiller montmorillonite (Mt) - high
aspect ratio octahedral alumina sheets sandwiched between
tetrahedral silica sheets - with nylon-6 as coatings for car
timing belts initiated by Toyota R&D group in 1991 triggered a
new trend in research by preparing clay mineral polymer
composites [12,13]. Subsequently, interest in polymer-silicate
nanocomposites has rapidly been increasing in industry and
in academia, due to their effect of altering many properties,
such as absorbance, ion exchange capacity, thermal and sol-
vent resistance, gas barrier properties, flame retardance, me-
chanical properties (hardness and stiffness) or simply to
reduce the cost price [10,14]. Now, polymer-clay mineral
composites are of interest for use in constructions, elec-
tronics, consumer products and transportation [14], aerospace
and biomedical [15]. Many other polymer systems including
epoxies, polyurethanes, polyimides, nitrile rubber, polyesters,
polypropylene, polystyrene, etc., were used as matrices for
clay minerals [16,17]. Among them, polysiloxanes would seem
to be an interesting choice as a matrix, given the origin close to
that of clay minerals that are aluminosilicates. Due to Si—O
bonding inorganic nature, silicone rubber has superior prop-
erties to regular organic rubbers in terms of heat resistance,
chemical stability, electrically insulating, abrasion resistance,
weatherability and ozone resistance [18]. There are already
several literature reports on the association of polysiloxanes
with clay minerals in nanocomposite materials prepared for
certain purposes. Thus, organomodified-nanoclay with nega-
tively charged silicate was incorporated into biomedical grade
silicone rubber of interest for tissue engineering. Improving in
mechanical properties of the substrate with enhanced
strength and stiffness was obtained, while no toxic effects
were observed [18]. Mt intercalated with heparin - cetyl-
trimethylammonium bromide complex was incorporated into
PDMS to obtain composites that were evaluated for compati-
bility with blood by hemolysis and platelet adhesion assays
[15]. The incorporation of siloxane modified Mt into a rapid-
cure liquid silicone rubber matrix resulted in materials with
reduced water vapour permeability and improved tear
strength and compression set values [18].

In the context of our concerns to optimize silicones for use
as active elements in electromechanical devices by using
various synthetic fillers [19—26], in this paper, a natural one,
raw sodium bentonite (Bent), is used as such. A high molecular

weight polydimethylsiloxane-a,w-diol (PDMS) crosslinked at
room temperature with tetraethyl orthosilicate (TEOS) is used
as matrix. Bent is an ideal material for nano-composites in
many industries due to its properties, being used as a plasti-
cizer, binder, thickener, thixotropic agent, suspending agent,
filler, decolourizer and can also help to improve the mechan-
ical strength, water-proof, fire-proof and from a biological
point of view, it is environmentally safe and non-toxic. The
aim of this work is to study the effect of raw sodium Bent
loading in atypical amount on some properties (thermal, me-
chanical, electrical) of the PDMS composites processed as thin
films. Coupling between electrical and mechanical phenom-
ena is a common characteristic of many natural systems, like
piezoelectric and energy storage materials. Investigation by
Piezoelectric Force Microscopy (PFM) and piezoelectric dss
testing system of these film-shaped composites revealed
piezoelectric-like behavior well-correlated with the Bent con-
tent. There are no previous reports in the literature about such
composites and approaches from this perspective.

2. Experimental details
2.1.  Materials

Polydimethylsiloxane-a,w-diol (PDMS) with Mn = 230,000
g mol~?, as determined by Gel Permeation Chromatography,
was synthesized following the procedure described in the
reference [27] through acid catalysed ring-opening polymeri-
zation of octamethylcyclotetrasiloxane. Tetraethyl orthosili-
cate, Si(OC,Hs)y, With purity >99.0 and dibutyltin dilaurate
(DBTDL) were purchased from Sigma—Aldrich, while raw so-
dium bentonite was purchased from Akoma.

2.2. Preparation of composites films

0.75 g of PDMS was dissolved in 10 ml of toluene, stirred for
24 h at room temperature after which 0.0375, 0.075, 0.15, 0.375
and 0.75 g, representing 5, 10, 20, 50, and 100 pph of com-
mercial Bent were added in order to prepare composites Cn
(C5, C10, C20, C50, and C100, respectively) and stirred for
60 min. The reference sample was prepared without addition
Bent and named CO. Then, 0.07 ml of TEOS and 10 ul of DBTDL
were added to the reaction mixture and stirred for another
10 min. Finally, the reaction mixture was poured as thin film
on a Teflon substrate and left for crosslinking for 48 h, after
which it detashed from the substrate and allowed to mature
under laboratory conditions for about two weeks before
characterization. In a previous study it was demonstrated that
two weeks are enough for full maturation [28].

2.3. Characterization methods

The FT-IR spectra were recorded using a Bruker Vertex 70
spectrometer in transmittance mode (32 scans) on KBr pellet.
Hitachi HT 7700 microscope was used to analyse the
morphology of Bent (the particles dispersions in toluene were
cast on Cu grids (300 mesh) and dried before analysis). The
morphology of PDMS-Bent composites was studied using
Quanta 200 scanning electron microscope, operating at 20 kV
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with secondary and backscattering electrons in low vacuum
mode. Identification of the phases in Bent powder was carried
out with BRUKER D8 ADVANCE diffractometer with Cu anode
(Kol =1.5406) at 25 °C, tension applied to the tube of 40 kV and
the intensity of the current of 30 mA. The structure and
crystalline order of the PDMS-Bent composite films were
analysed by X-ray diffraction (XRD), using a SHIMADZU LabX
XRD-6000 diffractometer, with Cu-Ka radiation, in
Bragg—Brentano configuration. The powder X-ray diffraction
(XRD) patterns of PDMS and PDMS with Bent filler were
collected at room temperature in a continuous scanning
mode, in the range 26 = 5 - 70°, with a scan rate of 0.25° min™™.
The thermal degradation (TG) experiments were performed
on a STA 449F1 Jupiter device (Netzsch-Germany). 10 mg of
each sample were heated from 30 to 700 °C under a nitrogen
flow rate of 50 ml min~*in an open Al,0; crucible with a 10 °C
min~? heating rate. Stress—strain measurements were made
with an Instron 3365 machine on dumbbell-shaped specimens
with a gauge width of 4 mm and a gauge length of 50 mm
prepared by die cutting. An extension rate of 200 mm min*
was applied, while for cyclic measurements, the samples were
stretched with a speed of 50 mm min~2.

All measurements were made at room temperature.
Novocontrol Dielectric Spectrometer Concept 40 was used to
measure the complex dielectric permittivity at frequencies
between 10" and 10° Hz (room temperature). To perform the
measurements, the samples were placed between two golden
plated copper electrodes with a diameter of 20 mm. For elec-
trical breakdown measurements, two electrodes based of
highly conductive carbon black powder, with a diameter of
10 mm, were concentrically deposited on both sides of the
sample. In order to determine the breakdown field, the voltage
was increased continuously with a rate of 100 V s~* until the
breakdown.

A piezometer ds3 testing system, working in dynamic mode,
was used to investigate the direct piezoelectric-like effect and
to obtain a quantitative measurement of the piezoelectric-like
coefficient. The direct piezoelectric coefficient of the PDMS-
Bent composite film samples was determined at room tem-
perature (without poling) using a piezometer (PIEZOTEST
PM300 from Piezotest Ltd, London, UK). In order to measure
the piezoelectric-like coefficient, each PDMS-Bent composite
sample was sandwiched between two copper electrodes. The
dynamic ds; coefficient was determined by the ratio of the
root mean square (RMS) values of generated charge and
applied dynamic force (F = 0.25 N).

Piezoresponse Force Microscopy (PFM) was employed to
investigate the local electromechanical (piezoelectric-like)
properties of the PDMS-Bent composite using a multi-mode
AFM setup (NT-MDT Solver Pro). To quantify and to compare
the local piezoelectric-like response of the investigated sam-
ples, all PFM images were taken during one imaging session
using the same cantilever and the same laser position. Com-
mercial probes CSG10 with a platinum conductive coating
(NT-MDT), with a radius of curvature R = 35 nm, contact
resonance frequency f = 286 kHz and spring constant
k = 0.6 N m™! were used in this experiment. PFM images
(surface topography, magnitude and phase), with surface
scanning area of 20 x 20 pum?, were obtained in contact mode
by applying a loading force of 2.72 nN, drive voltage of 1 V and

a scan rate of 0.5 Hz. In this work, the piezoresponse signal
was calibrated using both standard calibration procedure
(cantilever sensitivity) and test sample (periodically poled
LiNbO3) with a known ds3 piezoelectric coefficient [29].

A detailed description of the PFM technique and the
experimental set-up can be found in some reviews [30,31].
Because the piezoelectricity and PFM technique are not as
commonly treated and used in polymers testing as in piezo-
electric ceramics or inorganic materials, an introductory sec-
tion about particular aspects in PFM measurements is
provided in the following subsection.

2.4. Particular aspects in PFM measurements

Based on the atomic force microscopy (AFM), piezoresponse
force microscopy (PFM) has become an established, powerful
tool for functional nanoscale imaging of electromechanical
(EM) active materials [29,32]. Moreover, contact resonance-
enhanced method of Piezoresponse Force Microscopy (PFM)
has been shown capable of detecting the local surface dis-
placements at picometer level. Commonly, the piezoresponse
force microscopy employs electrostriction or converse piezo-
electric effect to measure small surface displacements
resulting from the application of an external AC electric field
between a conducting tip and the sample's surface. The tip
follows the expansion and contraction of the surface allowing
the voltage-dependent electromechanical (EM) response to be
mapped simultaneously with topography using a lock-in
technique. The local oscillations of the sample surface are
transmitted to the tip and detected by a photodiode, while the
signal at the lock-in output is denoted as piezoresponse signal
(PRS) [33]. The ratio of tip displacement to applied voltage
yields the inverse piezoelectric dss3 constant. For the piezo-
electric materials, the PFM phase and the amplitude images
can be interpreted as the direction of polarity and the
magnitude of the piezoelectric response along the sample
thickness direction, respectively. Although in PFM technique,
the EM response is normally due to piezoelectricity, other
undesired non-piezoelectric effects, such as electrostatic,
ionic, electrostriction, flexoelectricity, interfacial charges
accumulation (Maxwell-Wagner), thermal (Joule) effects or
synergistic effect, can induce an EM response that resembles
the piezoresponse, contributing to the recorded PRS [34,35].
Usually, the quantitative piezoelectric measurements by PFM
are doubtful by the difficulty of disentangling, from the total
electromechanical response, the contributions of the piezo-
electric response and other non-piezoelectric effects. The
non-piezoelectric effects can be simultaneously detected as a
PFM response and thereby distort the accuracy of PFM mea-
surements. While the mechanism of piezoelectricity in tradi-
tional piezoelectric materials relies on ion displacement in the
lattice of a non-centrosymmetric system, in non-piezoelectric
materials, the mechanisms of EM deformation are essentially
different. Hereafter, PRS refers to as the piezoresponse signal
recorded by PFM technique (termed as PFM magnitude), which
can be generated either by piezoelectric and non-piezoelectric
(termed as piezoelectric-like) effects and it is used to estimate
the local electromechanical deformation of the sample. The
origin and influence of non-piezoelectric effects on PRS are
briefly described as follows:
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Fig. 1 — Illustration of the preparation procedure of PDMS-Bent composites.

(1) The electrostatic effect originates essentially from the

localized electrostatic forces between the tip and sam-
ple surface charge and delocalized (long-range) elec-
trostatic forces between the body of the cantilever and
the sample surface charge. As the electromechanical
response results from the application of a highly local-
ized electric field through a conductive cantilever, the
electrostatic forces can cause an additional cantilever
deflection, enhancing the PRS. Even though the elec-
trostatic contribution cannot be fully separated from
PRS, its contribution can be greatly diminished by using
stiffer [29,36], or sharper, or longer tip [37], or higher
eigenmodes [38].

(2) A surface displacement induced by ionic phenomena

=

(i.e., ion diffusion and electromigration, and/or elec-
trochemical reactions) is referred to as electrochemical
strain. The electrochemical strain takes place, in gen-
eral, in ionically active materials and can also signifi-
cantly contribute to PRS, since the external electric field,
produced by a voltage applied to the AFM tip, produces a
local ion redistribution underneath the AFM tip, which
in turn causes local volume change, resulting in a
displacement of the sample surface.

The interaction between the charged dipoles in dielec-
tric material and an external electric field results in
electrostriction. Under the application of an external
electric field, a small shape change can occur in any
dielectric material due to electrostriction effect. For a
polarization oriented perpendicular to the substrate, a
field applied parallel to the charged dipole will result in
an EM deformation perpendicular to the substrate, in
the thickness direction. Because electrostriction is
related with the charged dipoles in dielectric material,
its effect becomes significant in soft polymer matrix.
The piezoelectric response depends on relative density
of the charged dipoles and it is inversely proportional to

In

elastic modulus (Y) of polymer matrix in the thickness
direction.

Flexoelectricity is an interaction between the electrical
polarization and the mechanical strain gradient (Vegard
strain). Because flexoelectricity is related with the strain
gradient, its effect becomes more significant in thin
films and other nanostructures through the lattice
mismatch at the interfaces. Its impact on the observed
PFM response may be very small (two orders of magni-
tude) compared to those of the other contributions
(piezoresponse or electrochemical strain).

Thermal (Joule) effect refers to a temperature increase
of a sample, when is passed by a current flow, accom-
panied by a thermal expansion. This effect causes an
EM response, which in turn can contribute to the PRS via
thermal expansion.

Maxwell-Wagner effect refers to charges accumula-
tion, under high electric field, at heterogeneous in-
terfaces of dielectric materials with different
permittivities and conductivities. The accumulated
charges at the dielectric interfaces result in an
enhancement of the local electric field, which in turn
could lead to stronger interaction between the tip and
sample surface, contributing to recorded PRS.

addition, there are others parasitic effects which are

detrimental to interpretation and quantification of the local
EM deformation and piezoelectric coefficient. These effects
include the non-uniform electrical field distribution, me-
chanical constraints from the immediate (non-activated)
surrounding, unknown contact resistance, tip indentation
effect, substrate bending effect and system-inherent back-
ground contributions.

In order to minimize the contribution of electrostatic ef-
fects and parasitic interaction on recorded PRS and to avoid
the artifact well known in PFM as “topography cross-talk” or

Fig. 2 — Cross-section SEM images of PDMS-Bent composite films.
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“electrostatic crosstalk”, a complex of preliminary pre-
cautions including careful measurement procedures, precise
probe calibration, numerous test measurements and special
resonance conditions were performed. An extensive descrip-
tion of measurement procedure, calibration procedure and
precautions taken during PFM measurements can be found in
one of our recent work [39].

3. Results and discussion
3.1. Characterization of raw bentonite

To gain precise information about its composition, structure
and morphology, the raw Bent was analysed by Fourier-
transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD) and transmission electron microscopy (TEM). Common
absorption bands for Bent were identified in the FTIR spec-
trum (Fig. S1): 3638 cm ' (stretching vibrations of OH groups),
1047 cm™! (Si—O bending vibration), 920 cm™! (Al-Al—OH),
525 (Al-O-Si bending vibrations) and 469 cm™! (Si—O-Si
bending vibration) [40—42]. The other bands in the spectrum
belong to typical compounds found in raw Bent (quartz,
calcite, cristobalite, aliphatic hydrocarbons and absorbed
water) [41,42]. To identify the crystalline component of raw
Bent, wide-angle X-ray diffraction analysis (Fig. S2) was
performed. The reflections found in diffractogram of ana-
lysed material were assigned to Mt, the main component of
raw Bent (ICDD 02—0037) and also the reflections assigned to
cristobalite (ICDD 03—-0272), quartz (ICDD 47—-114) and calcite
(ICDD 03-0593). TEM images of bentonite (Fig. S3) show ag-
gregates of layered material, common for Mt and irregularly
shaped nanoparticles (quartz, calcite and cristobalite).

3.2 Preparation of PDMS-Bent composites

The sodium bentonite (Bent) powder was gently incorporated
by magnetic stirring into the toluene solution of

polydimethylsiloxane-a,w-diol (PDMS) in increasing amounts,
5, 10, 20, 50, and 100 parts per 100 parts weight (php) resulting
the composites C5, C10, C20, C50, and C100, respectively. The
sample without addition of bentonite was prepared as a
reference sample and noted as CO. The composites were
processed as thin films with thickness of approximately
0.2 mm, crosslinked through the Si—OH end groups with TEOS
in the presence of DBTDL at room temperature and kept in the
laboratory environment for about two weeks to allow evapo-
ration of the solvent, complete curing and maturation [28].
The preparation procedure of PDMS-Bent composites is rep-
resented graphically in Fig. 1.

3.3. The morphology of the composites

The morphology of composites was evaluated by analysing
the cross-section of liquid nitrogen cryo-fractured films by
scanning electron microscopy (SEM) (Fig. 2). The reference
silicone film (CO) has a smooth aspect without any in-
homogeneities. When Bent is incorporated as filler, the sur-
face becomes grained with aggregates evenly dispersed. By
increasing the Bent content, the material becomes more and
more grained and filler appear as flakes.

The surface roughness of the PDMS-Bent composite films
was estimated from AFM images. The influence of the
bentonite content on surface roughness is shown in Fig. 3. By
increasing the Bent content, the surface roughness gradually
increases and tends to saturate for Bent content higher than
20 ppm. The average roughness and its standard deviations
are higher for top surface as compared to bottom surface.

3.4.  Thermal behaviour of the composites

Thermal characterization of the composite materials was
undertaken by the TG analysis. The data extracted from the
TG curves (Fig. 4a) are given in Table 1. It can be seen that all
composites follow a three-stage thermal decomposition
pattern. These steps are more obvious as the addition of Bent
is increased. The first stage ranges from 32 °C to 106 °C with a
maximum mass loss of 3.21 wt% (Table 1) and corresponds to
physical dehydration. The second thermal decomposition
stage occurs in the range 193 °C — 403 °C with the highest mass
loss of 18.05 wt% for sample C100, and the lowest value, of
3.07%, for sample C20. The next highest mass loss on the
second stage of thermal degradation (17.43%) was recorded for
the reference sample, CO.

According to Thomas and Kendrick [43,44], this is the thermal
decomposition initiation stage, occurring through random
intermolecular or intramolecular redistribution reactions
taking place between siloxane bonds in the matrix and pro-
ceeding with the formation of intermediate transition states
with the yielding of volatile siloxane cyclic entities. The au-
thors stated that the crosslinked nature of the matrix induces
decreased chains flexibility compared to the linear polymer,
thus explaining the lower generated mass loss value during
this thermal degradation stage and the highest mass loss in
the third stage.

According to these aspects, the polymer matrix generates
small quantities of cyclic oligomer siloxane entities and
higher ones of linear siloxane moieties (i.e. dimers, trimers
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conductivity (e); dielectric breakdown (f) in dependence on the bentonite load of PDMS-Bent composites.

and others), all thermally decomposing in the last stage
through complex overlapping processes, resulting in consid-
erable higher mass losses. By analysing Fig. 4a and Table 1, it
may be seen that the thermal stability of the composites in-
creases in the order C100 < C50 < C10 < CO < C5 < C20.
Furthermore, the initiation of thermal degradation takes place
with only 3.07% mass loss for composite C20 and 7% and 7.56%
mass losses for composites C5 and C10, the latter's thermal
stability (Tonset = 320 °C) being just slightly lower than that of
the polymer matrix CO (Tonset = 325 °C).

These mass loss values of samples C20, C5 and C10 are
considerably lower than that of the initial polymer matrix CO
(17.43%) and the rest of the structures (Table 1). By comparison
to the reference sample CO, it is clear that the composites
exhibit superior thermal stability up to Bent concentration of

20%. The third thermal decomposition stage, where the
highest mass loss occurs, ranges between 407 °C and 616 °C
and with a mass loss between 30.21% and 84.05%. The per-
centage of residue remaining at the end of the thermal
degradation process (Wyez) increases with Bent concentration
from 2.54%, for sample CO, to 48.64%, for sample C100.

3.5. Mechanical properties of the composites

The mechanical properties of PDMS-Bent composites were
evaluated by uniaxial tensile tests and the obtained results are
presented in Fig. 4b and Table 2. The stress—strain curves
reveal that the addition of Bent within the silicone matrix
determines a sharply decrease of the breaking strain, from
around 800% recorded for sample CO (with no filler) to 15% for
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Table 1 — The main thermal data extracted from TG curves.

Sample Stage Tonset (C) Trmax (C) Tendset (C) Wi (%) Wieez (%)

(¢{0] I 34 38 62 1.83 2.54
II 325 365 385 17.43
111 421 540 605 78.15

C5 I 32 37 79 2.00 6.73
1I 330 381 401 7.00
I 407 563 616 84.05

C10 I 36 40 69 2.84 11.34
1I 320 345 369 7.56
III 420 556 608 77.97

C20 I 38 42 82 2.20 19.06
11 332 384 403 3.07
11 427 573 614 75.57

C50 I 39 38 90 3.21 33.13
II 260 299 334 10.71
111 462 555 612 52.49

C100 I 32 52 106 2.80 48.64
I 193 257 287 18.05
III 438 529 563 30.21

Tonset - the onset thermal degradation temperature.

Tmax - the temperature that corresponds to the maximum rate of decomposition for each stage evaluated from the peaks of the first derivative

(DTG) curves.
Tenaset - the endset thermal degradation temperature.
Wi, - the mass loss rate corresponding to Tpax Values.

Wre, - the percent of residue remaining at the end of thermal degradation (700 °C).

sample C100 (with 100 pph of bentonite). Also, the increasing
amount of bentonite from the PDMS-Bent composite de-
termines a systematic increase of Youngs modulus. For
example, the sample CO shows a Young's modulus of 0.27 MPa,
while by adding 5 pph of filler increases to 0.48 MPa (sample
C5), 10 pph to 0.65 MPa (sample C10), 20 pph to 0.97 MPa
(sample C20), 50 pph to 2.85 MPa (sample C50) and, by adding
100 pph of bentonite increases to 4.41 MPa. Ignoring the
Mullins effect that occurs at first cycle, all samples show a
relatively low mechanical hysteresis (Fig. S4), which increases
with the amount of filler incorporated into the polymer matrix
(Table 2).

3.6. Dielectric properties of the composites

The dielectric properties of the PDMS-Bent composites were
measured as a function of frequency at room temperature
(Fig. 4c). The dielectric permittivity, dielectric losses and
conductivity values at 10°' and 10°® Hz are presented in
Table 3.

As expected, the ¢ increases with increasing the Bent
content in the composites. At 10~ Hz, a moderate increase is
observed when using up 20 pph of Bent (C20), when it was
registered a ¢ = 4.6 compared to ¢ = 2.9 for pure PDMS. The
use of the larger quantity of Bent in the composites hasled to a
significant increase of ¢/, being 22.6 for composite with 50 pph
filler (C50) and 132.3 for 100 pph. However, with this great
increase of the dielectric permittivity, the dielectric loss has
also increased as follows: ¢" = 14.3 for C50 and ¢" = 165.9 for
C100. A similar trend was observed at higher frequencies. The
dielectric permittivity was increased at 10° Hz, from 2.8 for
pure PDMS up to 15.2 for C100. At this frequency, the dielectric
loss remains at a low value (<1) for all samples excepting
sample C100 where ¢" = 1.7. A sharp increase in permittivity at
low frequencies seen in the case of sample C100 can be
attributed to the electrode polarization phenomenon and in-
dicates mobile charged species in the material [45]. However,
the very low values of conductivity highlighted that all sam-
ples are electrical insulator materials.

Table 2 — The main mechanical properties estimated on the basis of stress—strain curves.

Sample Strain at break, Stress at break, ¢, MPa Young Modulus?, Mechanical hysteresisb,J cm 3
e, % E, MPa

Co 817 0.32 0.27 6.75:-1073

C5 611 0.48 0.48 11.39.1073

C10 396 0.41 0.65 18.93.103

C20 165 0.44 0.97 30.19-103

C50 75 0.65 2.86 n/a

C100 15 0.49 441 n/a

@ Determined from the slope of stress—strain curves using a linear fit.

P Determined graphically by calculating the area between the second loading—unloading cycle.
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Table 3 — Dielectric properties of PDMS-Bent composites.

Sample Dielectric permittivity, ¢ Dielectric loss, Conductivity,
g’ S-cm™?t

0.1 Hz 10° Hz 0.1 Hz 10® Hz 0.1 Hz 10® Hz
Cco 2.9 2.8 1.1 2.3.1073 6.1.107 1.5.107 %2
G5 3.7 3.6 0.3 48.10°3 1.8.10° 3.2.10° 12
C10 4.0 3.9 0.2 1.9-1072 14.10°* 1.3.10° %
G20 46 41 0.3 5.3.1072 1.8.107 3.6-10° 1
G50 22.6 7.6 14.3 49.10°1 8.0.10 3.3.10° %
C100 132.3 15.2 165.9 1.7 9.2.10° 1 1.1.107°

Beside mechanical and dielectric properties, the prepared
PDMS-Bent composites were evaluated by measuring the
electrical breakdown field (Ey) and the obtained data are pre-
sented in Fig. 4d. The breakdown measurements were con-
ducted by applying a ramp signal with a slope of 100 V s,
similarly to procedure described in reference [46]. The voltage
was stepwise increased until the breakdown occurs. The
electrical breakdown field decreases with the increasing
concentration of bentonite. However, at low concentrations
up to 10 pph (Ep(C5) = 40 V um™* and E,(C10) = 39 V um ™), the
breakdown values are almost identical with those measured
on sample CO (E,(C0) = 41 V um™?). By increasing the bentonite
concentration, the electrical breakdown decreases to Ep(-
C20) = 30 V um™%, Ep(C50) = 24 V pm ' and Eyu(-
C100) = 15 V um ™}, respectively.

3.7. Piezoelectric-like behaviour investigation

As previously shown, Bent was originally chosen as a filler for
cost effective in preparation and environmental reasons, as it
is a material that is found in abundance in nature and is non-
toxic. It has been found that the incorporation of Bent in
polymer matrix acts as a dielectric permeability enhancer
without significantly compromising mechanical properties of
composite (material remains flexible and mechanically
stretchable). In a previous work, Song has found that Bent
addition to PVDF polymer increases the piezoelectricity per-
formance (dss) of the latter, e.g. by 31.3% at a 2 wt% filler load
[47]. Since the PVDF is a piezoelectric polymer, more precisely,
ferroelectric, while Bent itself is considered a non-
piezoelectric material, it was expected that the enhanced
piezoelectricity to be attributed to the promotion of the for-
mation of the crystalline p phase in the polymer matrix. It is
well known that, from all five crystalline phases («, 8, v, 6 and
¢) of PVDF polymer, the g-phase presents the highest dipole
moments, resulting in a high spontaneous polarization and
therefore enhanced piezoelectric performance [48]. Song
found that piezoelectric coefficient ds; increased, while the
volume fraction of g phase in the samples (vg) is reduced by
the fillers load, so he concluded that ds; of the composites
does not depend totally on their v8 and other factors need to
be taken into account. As less 8 phase was formed in com-
posite, it was concluded that combined piezoelectricity from
Bent filler and 8 phase of PVDF might be responsible for the
enhancement of piezoelectric coefficient [47]. Since the Bent
itself is a non-piezoelectric material, other non-piezoelectric

effects may contribute to the enhancement of piezoelectric-
like coefficient of PVDF with Bent filler.

3.7.1. Piezometer measurements

In the present paper, our purpose was to see if such an effect is
manifested when bentonite is incorporated into an amor-
phous polymer such as polydimethylsiloxane. First, the
composite films were investigated using a piezometer testing
system, commonly used to highlight the piezoelectric behav-
iour and to quantify the direct piezoelectric constant. Experi-
mental data of direct piezoelectric coefficients of the samples
containing different percentages of Bent clearly show that the
dynamic piezoelectric-like coefficient increases with
increasing the filler content in the composite. Thus, by
increasing the bentonite load from 5 pph to 100 pph, the
piezoelectric-like coefficient increases from 5 pC N* to 35 pC
N’ The influence of Bent concentration on the direct
piezoelectric-like coefficient can be seen in Fig. 5.

Although, the piezometer testing system offers informa-
tion on the average value of the apparent piezoelectric coef-
ficient of bulk material, more valuable information can be
obtained from PFM measurements. Beside average value of
the apparent piezoelectric coefficient, PFM technique allows
local surface displacement to be mapped simultaneously with
topography.
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Fig. 5 — The dependence of apparent piezoelectric
coefficient on the percentages of Bent in composite films
measured with piezometer (blue points) and by
piezoresponse force microscope (PFM). Dashed lines are
meant to guide the eye.
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Fig. 6 — Piezoelectric force microscopy images of unpoled PDMS-Bent composite with 100 pph (G100) of Bent obtained at a

drive voltage of 1 V and scan rate of 0.5 Hz.

3.7.2.  PFM measurements

The piezoelectric-like effect of PDMS-Bent composites con-
taining different percentages of Bent (5, 10, 20, 50 and 100 pph)
was measured using contact resonance-enhanced methods of
Piezoresponse Force Microscopy (PFM). Out-of-plane PFM
signals were acquired on bottom side of the sample to get
insight into the local EM deformation of PDMS film with Bent
filler. Typical PFM images consisting of surface topography,
magnitude and phase are presented in Fig. 6 and S5 for sam-
ples with Bent content of 100 pph. A lot of irregularly-shaped
regions can be observed in all PFM images. This demonstrates
that Bent nanoparticles agglomerate and these assemblies are
widespread in the composite film. In both cases, the magni-
tude and phase images show a variety of contrasts implying
widespread of local “piezoresponse” and allow identifying areas
with enhanced EM response. The features seen in magnitude
image are comparable to those seen in topography image and
this could be likened to a crosstalk between topography and
PFM response. But, in this work, in order to avoid the topo-
graphical crosstalk, the images were acquired with a very low
scanning speed (10 um s, corresponding to scanning rate of
2 s/line) by resonance-enhancement PFM measurements.

As previously shown, the “piezoresponse” mainly comes
from Bent filler and it is expected that the Bent nanoparticle
conglomerates to exhibit highest PRS. It should be mentioned
that under the same PFM measurement conditions, a PDMS
reference gave practically no similar response.

During PFM measurements, in ideal conditions, the pie-
zoresponse of the sample is either in phase, or out of phase
with the applied alternating voltage. This means that the
measured PFM phase can only have two values, whose dif-
ference is 180°. But, due to electrostatic force, cantilever dy-
namics, intrinsic material properties, tip-sample contact,
instrumental offsets including phase delays in cables and
analog signal processing, this requirement is rarely fulfilled.
From all above-mentioned effects, the electrostatic force
seems to have the most detrimental effect on the phase
image, diminishing the phase difference between antiparallel
domains [37]. However, in our case, the phase difference is
nearly 180°, which means that the electrostatic contribution
was suppressed and the PFM magnitude image can be used to
quantify the surface local displacement.

Since the Bent filler showed piezoelectric-like effect under
mechanical deformation, an effective piezoelectric coefficient
can be defined. For a piezoelectric material, the effective
piezoelectric coefficient d, can be expressed as d, = 2Q,P,epe,,
where Q; is the longitudinal electrostriction coefficient, P, is
the spontaneous polarization vector component along the
laboratory coordinate z (normal to sample's surface), e, and e,
are the dielectric permittivity of vacuum and material,
respectively. The quantification of PFM amplitude (piezores-
ponse), i.e., the conversion of PFM magnitude signal from nA to
pm V', is commonly performed using the cantilever static
deflection sensitivity, which is extracted from static
force—distance curves [49].

Fig. 7 shows the distribution on PFM amplitude, extracted
from PFM magnitude image (Fig. 6) after quantification with
cantilever sensitivity. The mean value of apparent piezoelec-
tric coefficient estimated from the histogram of PFM ampli-
tude (Fig. 7) is 22.4 pm V. However, as the PFM magnitude
image was aquired using the traditional optical beam detec-
tion method, the measurements accuracy of piezoelectric-like
coefficient may be distort by the cantilever beam dynamics

10000
Average d, = 22.4 pm V!
8000 -

6000

Counts

4000 ~

2000

10

20 30 40
PFM amplitude (pm V™)

50

Fig. 7 — PFM amplitude distribution of G100 sample,
extracted from PFM magnitude image after quantification
with cantilever sensitivity.
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Fig. 8 — PFM amplitude distribution of G100 sample,
extracted from magnitude-bias curves after quantification
with cantilever sensitivity.

[50]. We should bear in mind that during PFM scan, an optical
beam deflection is used to track the cantilever deflection
change, a deflection which is also sensitive to the local slope of
the cantilever, not only to the z-shift of the probe tip. When
the PFM scan is performed on near contact resonance, the
behavior (deflection) of the cantilever beam during the vibra-
tions is greatly dependent on cantilever geometry and stiff-
ness and probe-sample contact area and adhesion force.
Therefore, the cantilever beam dynamics during PFM scan
may be an important source of artifacts as topography
crosstalk and electrostatic force that drive the cantilever beam
motion. Moreover, the behavior of the cantilever beam during
the scan is different from the behavior acquired during cali-
bration of the probe sensitivity with static force—distance
curves. Since the PFM amplitude was obtained from PFM
magnitude images after quantification with static cantilever
sensitivity, the quantitative assessment of the piezoelectric-
like coefficient may be hampered by the cantilever beam dy-
namics effect.

The effect of cantilever beam dynamics can be removed by
measuring the local piezoelectric effect at single point on the
sample. The PFM system used in this work (Solver Pro from
ND-MDT) allows to probe the local piezoresponse of the
sample by recording magnitude — bias voltage curves in a
single point on the sample. The magnitude - bias voltage
curves are typically measured by ramping a DC voltage
applied between tip and sample and recording the piezores-
ponse (PFM magnitude signal). The local apparent piezoelec-
tric coefficient values (since the PRS is caused by a non-
piezoelectric effect) were estimated from the piezoresponse
curves using static cantilever sensitivity. For each PDMS
sample with different percentages of Bent, the mean value of
piezoelectric-like coefficient was calculated by averaging
piezoresponse measurements performed within a specific
grid (10 x 10 points matrix) on a surface area of 20 x 20 ym?.
Fig. 8 shows the PFM amplitude distribution recorded on C100
sample, extracted from magnitude-bias curves after

quantification with cantilever sensitivity. The scatter of the
piezoresponse amplitude values is relatively high due to the
softness and intense inhomogeneity of the sample (see Fig. 6).
The local PFM amplitudes fluctuate between 15 and 70 pm V',
but even higher values (110 pm V*) were recorded on different
investigated area on the sample. The average value of
apparent piezoelectric coefficient estimated from the histo-
gram of PFM amplitude (Fig. 8) is 37.4 pm V'*.

In addition, the piezoresponse of the C100 sample was
triple checked by PFM technique by performing surface
displacement procedure (Fig. S6) [36]. In this aim, a pair of
copper electrodes was deposited on both sides of the sample.
The top electrode was biased by applying an AC voltage with
peak-to-peak amplitude of 10 V and frequency of several Hz,
while the bottom electrode was grounded. The surface
displacement was monitored by recording the deflection of
the laser beam from unbiased cantilever in contact with the
top electrode surface. Using this procedure, the electrostatic
interaction between the tip and sample's surface is minimized
because conducting tip is held at the same potential as the top
electrode, and thus, the potentially large source of errors, as
topography crasstalk and electrostatic forces, is eliminated.
The surface displacement signal recorded by photodetector,
which has nA unit, was converted in real displacement (pm
unit) by multiplying the static cantilever sensitivity. The value
of piezoelectric-like coefficient estimated from this measure-
ment procedure was 35 pm V', a value which is similar to that
estimated by piezometer and very close to that estimated
from PFM measurement using magnitude-bias voltage curves
(374 pm VY.

Based on results reported above, the PFM magnitude-bias
voltage curves measurement procedure was further used to
estimate the average values of apparent piezoelectric coeffi-
cient of PDMS-Bent composite samples containing different
amounts of filler. The results plotted in Fig. 5 shows that the
average value of the apparent piezoelectric coefficient in-
creases with increasing percentage, by weight, of Bent. The
PDMS-Bent composite film with 100 pph Bent shows the best
piezoresponse, with an average value of 37 pm V. The
apparent piezoelectric coefficient of PDMS-Bent composites
is comparable to that of the traditional piezoelectric ceramics
and ferroelectric polymers [51]. As can be seen, the Bent
content has a strong influence on the local piezoelectric-like
response of PDMS-Bent composite film, the average values
of piezoelectric-like coefficient gradually increase, from 7.5 to
37 pm V%, as Bent percentages increase from 5 to 100 pph. It
should be noted that the PFM measurements performed onto
top side of the samples reveal almost the same average
values for average piezoelectric-like coefficient, but with
higher standard deviations. The direct ds; piezoelectric-like
coefficient values determined by piezometer are in good
agreement with those values measured by PFM technique.
Thus, the direct piezoelectric coefficient measured by
piezometer testing system proves the accuracy and truth-
fulness of quantitative measurement of the apparent piezo-
electric coefficient by PFM technique. Since the PDMS is
completely nonpolar, amorphous, dielectric and non-
piezoelectric polymer, while the Bent itself is considered a
non-piezoelectric material, the origin of piezoelectric-like
behavior in PDMS-Bent composite must be elucidated. In
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addition, the absence of resonance peak in the dielectric
function proves that PDMS-Bent composite polymer is not a
piezoelectric material [52].

3.8. Origin of piezoelectric-like response in PDMS-Bent
composites

Raw bentonite has a complex composition, it being mainly
formed of Mt and free minerals, such as quartz, calcite, cris-
tobalite, aliphatic hydrocarbons and absorbed water. Mont-
morillonites consist of high aspect ratio octahedral alumina
sheets sandwiched between tetrahedral silica sheets, desig-
nated as tetrahedral - octahedral - tetrahedral (TOT) layers. In
reality, the tetrahedral and octahedral alumina sheets are
slightly distorted, meaning that a small fraction of the tetra-
hedral Si atoms is isomorphically substituted by Al and/or a
fraction of the octahedral atoms (Al) is substituted by atoms of
lower oxidation number. The resulting charge deficiency is
balanced by cations, mainly Na, which more than 80% are
located between the parallel TOT clay layers. In nature, ben-
tonites usually are formed in aqueous environments having a
water content of 15—-35%. Consequently, the cations are
partially hydrated and only slightly held by the negatively
charged clay layers. The negatively charged TOT layers are
packed one above the other and the charge compensating
cations are located between the layers forming electric double
layers [50]. The montmorillonites are capable of quasi-
permanently storing electric charges at their surface or in
bulk. Having a quasi-permanently electric charges, the Mt
incorporated into silicon matrix behaves like electrets and
may exhibit apparent piezoelectricity. Since the Bent has a
lamellar/sandwich structure with high aspect ratio, the
piezoelectric-like behaviour comes from the excess of charges
stored on the internal surface of TOT layers. The electret
properties of the Bent originate from the space-charges stored
in the Bent bulk and from surface-charge layers. The Bent filler
containing surplus charges can be regarded as heterogeneous
inclusions immersed in nonpolar and non-piezoelectric PDMS
polymer matrix. In fact, the Bent electrets are solid dielectric
materials with a quasi-permanent electric moment, which
can exhibit a static electric field, even in the absence of an
applied external electric field. Belhora et al. [53] have demon-
strated that the induced static electric field by electrets allows
the electrostrictive polymer to work in a pseudo-piezoelectric
mode. Under external electric field, the electrostriction is

caused by the displacement of ions in the crystal lattice in the
direction of the applied electric field. This displacement will
accumulate throughout the bulk material and result in an
overall strain (elongation) along the thickness direction. Vice
versa, when the material is mechanically stressed and
deformed, there is a change in the distribution of ions in
crystal lattice accompanied by a flow of charge from one
electrode to the other. In our case, under the application of
mechanical stress, the space between the electrets is com-
pressed and the total interaction between the Bent charged
particles should involve both short-range repulsion forces,
due to partially bound hydrated cations located between the
parallel TOT clay layers and a longer-range repulsion due to
ions surrounding charged particles [54]. Therefore, pseudo-
piezoelectricity in Bent electrets may result from the defor-
mation of the space-charge volume and from interaction of
surface-charge layers. To find the origin of piezoelectric-like
behaviour in PDMS-Bent composite polymer, the influence
of AC excitation frequency on local piezoresponse was
investigated. During PFM measurements, the local piezores-
ponse (PFM magnitude signal) and vibration amplitude of the
samples were measured by recording magnitude — bias
voltage curves in a single point on the sample. The magnitude
- bias voltage curves are measured by ramping a DC voltage
applied between tip, which is also excited by AC voltage with a
typical frequency (first harmonic), and the sample. Fig. 9a
shows the influence of excitation frequency on the surface
displacement of sample C50. The film was excited with AC
voltage of 1V and frequencies f = 54.2 kHz (first harmonic) and
f=108.4 kHz (second harmonic), while DC voltage was swept
from 0 to 10 V. For the second harmonic excitation the
amplitude of surface displacement is four times lower as
compared to amplitude of surface displacement recorded
during first harmonic excitation. The average value of
apparent piezoelectric coefficient decreases from 26.5 + 0.5
pm V' to 6.5 + 0.1 pm V! as the excitation frequency was
switched from first to second harmonic. The quadratic
dependence of the vibration amplitudes versus the excitation
frequency was reported for cellular electret polymer by Hill-
enbrand et al. [S5]. In addition, using first harmonic excitation,
but decreasing the excitation AC voltage, from 1V to 0.5V, a
quadratic dependence of the vibration amplitudes versus the
excitation AC voltage was obtained (Fig. 9b). This indicates a
quadratic coupling between the strain and the polarization, a
typical dependence for electrostriction effect [35].
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Fig. 9 — The influence of excitation frequency (a) and AC voltage (b) on the surface displacement of sample C50.
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3.9. Influence of Bent content on piezoelectric-like
behaviour

In fact, it was shown that the macroscopic piezoelectric-like
behaviour depends strongly on Bent concentration, which,
in turn, is linked to the relative density of quasi-permanently
electric charges stored in Mt. Beside Bent concentration, the
piezoelectric-like behaviour depends on the shape anisotropy
of Bent particles and mechanical anisotropy of the PDMS-Bent
composite. Since the fillers' shape appear as flakes, having a
high aspect ratio and a lamellar/sandwich structure (Fig. S3),
in polymer matrix they are mainly stacked one above the
other (see Fig. 2) with TOT layers perpendicular to the sample's
thickness direction, enhancing the quality of the crystallite
alignment and leading to formation of a stable oriented (self-
polarized) structure. In addition, the static electric field of
each particle can favor this orientation. This means that
space-charge and surface-charge layers have a preferential
orientation (in the film plane) and an external electric field
applied normal to the film's surface will result in a surface
displacement. Usually, for an electrostrictive (non-piezoelec-
tric) polymer, it is necessary to induce a polarization with a DC
bias to obtain a pseudo-piezoelectric behaviour. In PDMS-Bent
polymer composite case, the large shape anisotropy (plane-
parallel geometry) and packing mode (preferential orienta-
tion) of Bent filler result in a remanent polarization and large
piezoelectric-like response without poling. The remanent
polarization in the PDMS-Bent polymer composite is high-
lighted by hysteresis measurements of piezoresponse versus
DC bias voltage. Fig. 10 shows the local PFM hysteresis loop
measured on C50 sample. The DC bias voltage was swept from
—10 to +10 V, while the excitation AC signal was set to 1 V
amplitude and 54.2 kHz frequency. The local hysteresis
measured on C50 sample tends to saturate within the bias
range +10 V, and shows a narrow loop.

The electrostrictive effect is due to the electrostatic forces,
which increase with dipole density, and therefore should be
independent of the electret charges (poling polarity). The

phase and the amplitude in the piezoresponse can be inter-
preted as the direction and the magnitude of the surface
displacement, respectively. In this work, by increasing the
amplitude of bias voltage, the magnitude of the piezoresponse
increases regardless of poling polarity (Fig. S7), whereas the
sign of the phase is dependent on the polarity of the classical
piezoelectric materials. In addition, experimental results
that after poling, at room temperature, the
piezoelectric-like coefficient d, of C100 sample increases up to
55.6 pm V' (by 50%), demonstrating electromechanical
response comparable to the best ferroelectric polymers [56].
Typical PFM images of poled C100 sample can be found in
Supporting Information (Fig. S5). In addition, the intrinsic
structure (plane-parallel geometry) and preferential orienta-
tion (in film's plane) of Bent particles result in a mechanical
anisotropy in the PDMS-Bent composite, a necessary condi-
tion for the occurrence of piezoelectric-like effect.

Fig. 10 shows a small remnant polarization, highlighting
however the presence of an internal electric field. It is possible
that DC bias applied during PFM measurement to induce a
static electric field, allowing even more the PDMS-Bent com-
posite polymer to work in a pseudo-piezoelectric mode. In
addition, the induced electric field could lead to an interfacial
charges accumulation into the PDMS-Bent composite poly-
mer, a behavior which is described by the Maxwell-Wagner
effect [57]. According to this, the density of the accumulated
charges at the heterogeneous interface is determined by the
conductivity and permittivity of the component materials [58].
In this work, both conductivity and permittivity of the PDMS-
Bent composite increases with the Bent content, pointing out
that Maxwell-Wagner effect could also contribute to the
piezoresponse-like signal measured by PFM. Moreover, the
Maxwell stress also shows a quadratic coupling between the
strain and the polarization [59], just like in the case of elec-
trostriction effect.

Therefore, from all non-piezoelectric effects (electrostatic,
electrochemical strain, electrostriction, flexoelectricity, ther-
mal and Maxwell-Wagner) presented above, the synergistic
effect between Maxwell stress and electrostriction effect
seems to be the most likely to contribute to the recorded
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Fig. 12 — Crystalline volume fraction of Mt (CVFy,,) in PDMS-
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piezoresponse-like signal in PDMS-Bent composite. However,
the quantification and the contribution of each effect on PRS
signal are difficult to obtain due to a lack of effective experi-
mental means, like thermally stimulated discharge (TDS) [60]
and pulsed electro-acoustic (PEA) [58] techniques.

The PDMS-Bent electrets composite can be modeled as a
physical system consisting of positively and negatively
charged layers, coupled by two types of springs representing
the mechanical properties of two phases, one corresponding
to the polymeric matrix (PDMS), and the other, to the TOT
structure (bentonite). The bentonite can be modeled as a
sandwich made of elastic layers (positive space-charge)
interposed between rigid layers (negative surface-charge
layers). Since the elastic modulus of the two phases are
much different (0.27 MPa for PDMS and 300 MPa for Bent) and
Bent filler has a high aspect ratio and a preferential packing
mode (orientation), a certain mechanical anisotropy may
appear in the PDMS-Bent composite.

Fig. 5 clearly shows that the ds; coefficient depends on Bent
concentration in the Cn composite. As the excess charges are

BENTONITE CONTENT, PPH

stored on the internal surface of tetrahedral - octahedral -
tetrahedral (TOT) clay layers of Mt, the apparent ds; coefficient
should be well related to the amount of Mt crystalline phase in
the composite.

The obtained XRD patterns (Fig. 11) show the presence of
both amorphous PDMS and polycrystalline Bent phases in the
composite. As expected, the crystalline order of composite
films gradually increases as Bent percentage increases. The
crystalline volume fraction of Mt, CVFyy, has been calculated
according to [61]:

CVFy = IMt,crys / (IB,crys + Iam) (1)

where, Iyt crys, IB_erys, and Iom are the integral intensities of the
diffraction reflections of Mt, Bent crystalline phase and PDMS
amorphous phase, respectively.

The piezoelectric measurement results are consistent with
the X-ray diffraction measurements (Figs. 11 and 12), which
show that the crystalline order and crystalline fraction vol-
ume (CVFyy) of the PDMS-Bent composite films increases with
the increasing percentage of Bent, Mt crystalline phase being
the predominant component in diffractograms. Logically, the
crystalline volume fraction of Mt increases with increasing of
Bent content and reaches a value of about 12.2% for 100 pph
Bent load. The gentle incorporation of Bent into the silicone
matrix by simply mixing in the solution ensures unaltered
preservation of Bent crystallinity, which is reflected in the
piezoelectric-like response of the material obtained on its
basis. There is a strong correlation between crystalline vol-
ume fraction of Mt (CVFyy), pseudo-piezoelectric performance
(apparent ds3) and breakdown field of Cn composite. The in-
crease of CVFy with Bent content is accompanied by a similar
increase of the piezoelectric-like response and a somewhat
mirror-like decrease in breakdown field (Fig. 12, inset).

Typically, the piezoelectric response depends inversely on
the elastic modulus (Y) of the polymer matrix [51,55]. In this
case, although the Young modulus increases as the Bent
concentration increases, the apparent ds; coefficient is also
directly proportional to the Bent concentration. It seems that
the effect of increased Young modulus is counterbalanced by
the electrostriction, which is generally defined as a quadratic
coupling between the strain and the polarization. Since the
polarization is strongly related to the crystalline volume
fraction of Mt (CVFyy), we can conclude that the CVFy is the
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Fig. 13 — An overview of prepared composites and their performance in terms of dielectric, mechanical, and piezo-like
properties, as well as cost, in dependence on bentonite loading (left), including spider chart representation (right).
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main factor which influences the piezoelectric-like perfor-
mances of Cn composite.

It should be noted that the PDMS-Bent polymer composite
samples stored in laboratory conditions in polycarbonate box,
show almost the same piezoresponse-like effect after eight
months from the processing date. By associating Bent elec-
trets with an electrostrictive elastic polymer opens up new
perspectives in getting autonomous micro-generators, elec-
tromechanical transducers and energy harvesters [40,56,62].
Also, the ability to endure large strains makes the hybridiza-
tion of Bent electrets and electrostrictive polymers perfect
candidates for smart textiles and tactile sensors.

To have a better view of the influence of Bent on the sili-
cone matrix, a centralization of the main results was made
and a spider chart was plotted (Fig. 13). Comparing prices for
PDMS and Bent from the same store, it was found that Bent is
over 33 times cheaper than PDMS. Besides, the cost price can
be reduced up to over 40% by using the Bent as filler, and the
mechanical, thermal and dielectric properties are also
changed. Using of Bent to reduce the price without signifi-
cantly modifying the properties of the silicone matrix is
possible until 10 pph loading of the filler. With increasing the
Bent content, the properties of the silicone matrix change
greatly and the piezoelectric-like response is increased.

The results show that improvements of some character-
istics (i.e., dielectric and piezo-like response) are obtained to
the detriment of others (mechanical elongation or dielectric
strength), and this would limit the application of these ma-
terials to electromechanical devices where both dielectric and
mechanical properties are of interest. However, the use of the
piezoelectric-like response is conditioned only by the physical
integrity of the material, which is appropriate in all cases.

4, Conclusions

The incorporation of bentonite into PDMS in increasing
amounts leads mainly to the improvement of dielectric
permittivity and piezoresponse-like performances although
to the detriment of the elasticity and the dielectric strength. In
addition, the resulting material has a lower cost. It has been
found that the Young modulus increases up to 61 times, while
break elongation decreases 70 times for composite with Bent
content of 100 pph, as compared to pure PDMS. Dielectric
permittivity, at 10® Hz, increases of about five times at this
Bent content, but unfortunately dielectric losses also increase.
Instead, Bent filler induces the piezoelectric-like response of
the silicone composites with average apparent ds; piezoelec-
tric constant, as estimated by PFM, up to 37 pm V! for the
sample with 100 pph Bent. This value, confirmed also by direct
piezoelectric measurements, is comparable to that of the
traditional piezoelectric ceramics and ferroelectric polymers.
It is worthwhile to say that under the same experimental
conditions, a PDMS reference gave practically no piezoelectric
response. The crystalline volume fraction of Mt is considered
the main factor that influences the piezoelectric-like perfor-
mance of PDMS-Bent composite. The gentle incorporation of
Bent into the silicone matrix by simply mixing in the solution
ensures unaltered preservation of Bent crystallinity. PDMS-
Bent composites are flexible under deformation, are cost-

effective in preparation and shows high pseudo-
piezoelectric response, all of which making composite film a
very attractive candidate material for flexible electronics and
electromechanical transducers.
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