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Abstract

This work reports on the development of polymer composites for load sensing
applications. Three thermoplastic polymers, one with elastomeric behaviour, namely
poly(styrene-butadiene-styrene) and poly(styrene—ethylene/butylene-styrene), and a
semi-crystalline fluorinated polymer, poly(vinylidene fluoride), were selected as hosting
matrices. In order to improve the sensing capacity, both ceramic nanoparticles (barium
titanate, BT) and carbon nanotubes (CNTSs) have been incorporated through solvent
mixing followed by spreading the solution onto a glass substrate and subsequent solvent
evaporation. Scanning electron microscopy results show that nanoparticles remain
uniformly distributed through the nanocomposite at concentrations as high as 50% by
weight. Polymer-filler interactions and thermal stability of the nanocomposites were

assessed by Fourier transform infrared spectroscopy and thermogravimetric analysis,




respectively, in which these nanocomposites present physical interaction between
constituents rather than chemical interaction and thermal stability increases slightly for
larger filler contents. The mechanical properties are dependent on the matrix, filler type
and amount in which the incorporation of both fillers in the elastomeric matrices increases
the initial modulus of the nanocomposites up to 3-times. Electrically insulating BT
increases dielectric properties and electrically conducting CNTs increase the dc
conductivity of nanocomposites, respectively, and the combination of both fillers results
in a synergetic effect. Finally, the changes induced by applied static loads on the
capacitance variation (4C) of the nanocomposites were evaluated, showing a marked
enhancement on the AC upon the incorporation of both fillers due to the synergetic effect

provided by electrically insulating BT together with electrically conducting CNTSs.
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1. Introduction

During the last decades, high dielectric polymeric materials have been increasingly
investigated due to both scientific and technological interest as they combine tuneable
dielectric properties together with a proper mechanical flexibility [1-3]. Such composite
materials show a plethora of opportunities to be implemented in devices such as
electronics [1], electromagnetic interference shielding [4], sensors and actuators [5].

Polymeric matrices such as thermoplastic elastomers (TPES) are characterized by large
deformations to rupture (up to 1000%), making them interesting candidates for the
development of large deformation and rapid elastic recovery stimuli-responsive materials
[6] [7]. Among TPEs, poly(styrene-b-butadiene-b-styrene) (SBS) and related polymers

have shown large potential to develop strain and force sensors for small and large




deformation applications [8]. Moreover, the SBS family of polymers are thermally stable,
show simple processing and their production cost is relatively low.

Although with excellent processability and mechanical properties, the low dielectric
constant of SBS family of polymers limits their applicability in areas such as energy
storage [9], electromechanical transducers [10], or capacitive sensing [11]. Conversely,
ferroelectric polymers such as poly (vinylidene fluoride) (PVDF) show a larger
permittivity from 6 to 12, depending on the polymer phase [12], which is one of the largest
obtained among polymers, but still low in comparison with many inorganic dielectrics
[13]. Further, this family of polymer, when crystallizing in specific phases also show
piezoelectric response [14], highly used for sensor and actuator applications.

In this context, a suitable strategy to increase the dielectric constant and functional
performance of polymer materials would be the incorporation of high permittivity
nanofillers to obtain a hybrid material with large dielectric constant (¢), and then
uniformly disperse a conducting third phase to further enhance their dielectric properties
[15]. Due to synergetic effects among fillers, the presence of such secondary
nanoparticles may endow composites with tailored electrical performance without
harming mechanical or thermal properties. Further, together with increased dielectric
response, reinforced polymers with appropriated conductivity also can show suitable
piezoresistive response [16].

In this framework, ceramic materials such as barium titanate (BT) display high
dielectric constant, making them suitable candidates for the development of polymer
composites with enhanced dielectric response [17, 18]. Moreover, conducting nanofillers
such as graphene or carbon nanotubes (CNTSs) can be introduced into polymeric hosts to
tune and improve the electrical [19], thermal [20] and mechanical properties [21]. In

particular, comparing with other carbonaceous fillers, the long aspect ratio and low cost




of CNTs make them excellent reinforcing fillers to develop piezoresistive composites
with low percolation threshold, i.e., they are able to form a conductive network which
provides electrically conducting properties to the whole composite [16]. With respect to
two composite systems, it has been shown the suitability of secondary fillers such as clays
in percolative composites [22]. Considering that each filler has different properties,
recently, composites with two different fillers have been intensively studied for PVDF
[23]. The combination of these fillers is varied may be two insulating (BaTiOz and Al2O3
nanoparticles)[24], an insulator and conductive (BaTiOs and reduced graphene oxide)
[25], other magnetic and conductive (FesO4/MWNT) [26], etc. For the SBS and SEBS
elastomer matrix, tri-composites are still poorly exploited.

In this work we report on the fabrication of polymer composites for pressure and
deformation sensing applications based on two polymer matrices family and two different
fillers (electrically insulating BaTiOs, BT and electrically conducting CNTSs) with
different fillers amount.

Two polymer matrices have been selected, the SBS and SEBS elastomers and the
thermoplastic PVDF. The synergetic effects of CNTs and BT introduction within the
polymers on the thermal, mechanical, electrical and sensing performance were explored.

The piezocapacitance of these nanocomposites has been evaluated for a wide range of

potential applications including pressure and deformation sensing, among others.




2. Materials and methods
2.1. Materials
The used thermoplastic elastomers (TPE) were styrene-butadiene-styrene (SBS) with

reference 718, showing radial structure and 75/25 butylene/styrene ratio and styrene-
ethylene/butylene-styrene (SEBS) with reference 108C and 85/15 ethylene-
butylene/styrene ratio. Both SBS and SEBS were supplied by Dynasol Elactomers, S.A
(Spain). Commercial Solef 1015 poly(vinylidene fluoride) (PVDF) with a M= 300.000
g-mol™* was supplied by Solvay, Inc. (Belgium). Multi-walled carbon nanotubes (CNTS)
with a purity of 90%, outer mean diameter of 9.5 nm and length of 1.5 um were supplied
by Nanocy! (reference NC7000). Barium titanate (BT) nanoparticles with an average size
of 500 nm were obtained from Nanoamor (USA). Cyclopentyl methyl ether (CPME) was
used as a solvent to process both SBS and SEBS and was supplied by Carlo Erla (p: 0.86
g-cm™ at 20 °C; boiling point: 106 °C). For dissolving PVDF, N,N-dimethylformamide

(DMF, 99.5%), from Merck, was used.

2.2.  Composite preparation

PVDF, SBS and SEBS composites were prepared using similar processing conditions
(Table 1), with a solvent/polymer ratio of 80/20 vol/vol for all composites. For the
processing of PVDF, DMF was used as a solvent, while both SEBS and SBS were
dissolved in CPME. The effect of ceramic particles into PVDF matrix was demonstrated
in [27, 28], the dielectric constant increasing with increasing filler content. Typically, the
50 wt.% of ceramic fillers is the maximum of filler for obtaining films with suitable
mechanical properties [29] while maximizing the dielectric response of the composite
[30]. Neat PVDF and composites having 0.15, 0.25 and 4 wt.% CNTs and 50 wt.% BT

were fabricated.




Firstly, the respective amount of DMF and nanofillers were placed in a beaker during
3 h in ultrasonic bath at 25-35 °C for homogeneously dispersion of the nanoparticles. The
effect of the CNT amount on SBS and SEBS composites was observed in [6, 16] where
the polymer matrix affects the electric properties and the percolation threshold is above
of 0.5 wt.% of CNT for all matrices.

SBS and SEBS composites were produced using the same first step processing, but the
solvent used was CPME. The SEBS composites were fabricated using 0.5 wt.% CNTSs
and 50 wt.% BT. Additionally, a tri-composite based in SEBS with 0.5 wt.% CNTs and
50 wt.% BT was obtained, allowing to evaluate the synergetic effect of having both
dielectric and conductive filler. To compare the effect of the polymer matrix an SBS
composite with 50 wt.% BT was also obtained. The resulting mixture was magnetically
stirred for 3 h at 30°C.

Mechanically flexible composite thin films with thickness between 20 and 100 um
were obtained by spreading the solution on a clean glass substrate followed by solvent
evaporation at different temperatures: SEBS and SBS-based composites were dried at 30
°C for 12 h, while PVDF composites were dried at 210 °C for 15 min (melting and

recrystallization procedure [12, 14]).

Table 1. Pristine polymers and corresponding composites produced in this work and the
nomenclature for the different materials.
Samples PVDF SEBS SBS
Solvent/polymer | o\ \e/o\/bE@0/20) | CPME/SEBS (80/20) | CPME/SBS (80/20)

ratio (vol/vol)
0.15CNT/PVDF
(0.15 wt.% CNT)

0.25CNT/PVDF (82('\:,%-([;//85’\'8.%
Nomenclature | (0.25wt.% CNT) >
. and 4CNT/PVDF
filler contents (4 Wt.% CNT)
50BT/PVDF 50BT/SEBS 50BT/SBS
(50 wt.% BT) (50 wt.% BT) (50 wt.% BT)




0.5CNT/50BT/SEBS
(0.5Wt% CNT;50Wt%BT)

2.3.  Sample characterization

The dispersion of the CNT and BT nanoparticles within the polymeric matrix was
evaluated by surface scanning electron microscopy (SEM). Before analysis, samples were
coated with a thin gold layer (=10 nm) using sputter coating (Polaron SC502).

Infrared spectra in attenuated total reflectance mode (ATR) were recorded with a Jasco
FT/IR-4100 apparatus. 64 scans were obtained in the range 600-4000 cm™ with a
resolution of 4 cm™,

The thermal stability of the samples was studied with a Q500-TA instruments set-up
under nitrogen atmosphere with a constant flow rate of 40 mL/min. Ceramic crucibles
with capacity of 60 pL were used as sample holders and the composites were analysed in
the temperature range from 40 to 700 °C with a heating rate of 20 °C/min.

Mechanical measurements were performed using a Shimadzu model AG-1S machine
with a load cell of 500 N using rectangular samples (15x20 mm?; thickness between 20-
100 pm). Tensile strain testing at room temperature was performed at a speed of 5
mm/min. The initial modulus was measured up to 10 % in SBS, SEBS and corresponding
composites, and up to 1 % for PVDF and composites. The compression mode tests were
performed under the same conditions at forces up to 400 N.

The room temperature volume electrical resistance of the samples was calculated from
the slope of I-V curves measured in a Keithley 6487 picometer/voltage source. The
samples were previously coated with 5 mm diameter gold electrodes (Polaron SC502) to
ensure a good electric contact in both sides. The applied voltage was between -10 to +10

V and the corresponding current was measured. Measurements were obtained at three




different positions of the samples. Then, the electrical conductivity (c) was calculated
considered the geometrical factors of samples. Dielectric measurements were performed
using a Quadtech 4000 by recording the capacity and the tan & in the frequencies from
200 Hz to 1 MHz at room temperature. The real and imaginary parts of the permittivity
were obtained taking into account the parallel plate condenser geometry and the
geometrical characteristics of the samples

The piezocapacitance of the composites was measured using the universal testing
equipment Shimadzu with load cell of 500 N simultaneously with Quadtech 4000
equipment, to evaluate the performance of the composites under compression, up to 400
N. The dielectric behaviour of different polymers and corresponding composites was

measured without applied force and at force values of 50, 100, 200 and 400 N.




3. Results and discussion
3.1.  Morphological analysis
The overall macroscopic properties of nanocomposites strongly depend on the

nanoparticle dispersion within the polymeric matrix [21] and, therefore, the morphology
of the prepared materials has been firstly evaluated by SEM. Accordingly, Figure 1 shows
representative SEM micrographs of the top surface of the prepared composite samples.
The rest of the samples show similar features to the ones explained in the following. No
CNTs aggregates can be noticed in Figure 1a as CNTs are observed as a small bright and
well-dispersed on the surface of the SEBS matrix. This behaviour is similar for the
remaining CNTs composites. The much larger size and amount of BT particles make them
easier to spot when comparing with CNTs. As depicted in Figure 1b for 50BT/SEBS
composites, although some well-dispersed particles can be observed, incorporated BT
mainly aggregates in clusters with a size of few microns. In any case, taking into account
that the mass loading of BT is 50 wt.%, it can be stated that a rather homogeneous

dispersion has been obtained.




Figure 1 - SEM micrographs of the top surface of: a) 0.5CNT/SEBS; b) 50BT/SEBS; c)
0.5CNT/50BT/SEBS and d) 50BT/PVDF.
Although when comparing with 50BT/SEBS, 0.5CNT/50BT/SEBS tri-composite in

Figure 1c shows larger agglomerates, it is observed that most of the regions are reinforced
by nanoparticles. Finally, according to Figure 1d, the dispersion of BT within PVDF is
comparable to that obtained for SEBS. For SBS matrix, it is observed the same behaviour
to SEBS matrix. Interestingly, the degree of dispersion here achieved is similar to that
previously obtained for BT/CNT/PVDF hybrid nanocomposites fabricated by a miscible-
immiscible coagulation method followed by hot pressing [15]. It can be concluded that
BT remains uniformly distributed through the nanocomposite even though its
concentration is as high as 50%, by weight. The good dispersion is slightly affected by
the presence of a small amount of CNTSs to yield nanocomposites with agglomerated
regions. Overall, the solvent based fabrication procedure here reported results an efficient
and simple method to obtain well-dispersed highly filled nanocomposites, which is a
typical challenge towards the development of materials with significantly enhanced
electric and dielectric properties with other processing methods, such as hot pressing [31]

or extrusion [32].

3.2. FTIR results

Fourier transform infrared spectroscopy (FTIR) has been performed to detect possible
interactions between the reinforcing phase and the polymeric matrix as well as structural
modifications in the polymer phase. Figure 2a) shows the FTIR spectra for the
nanocomposites based on SEBS and SBS. As shown in Figure 2a), both neat SEBS and
SBS present a very similar spectrum, with characteristic styrene and butadiene absorption
bands. Both SBS and SEBS present several absorption peaks in the 3000-2800 cm™

region associated with the C-H aliphatic groups [33], together with sharp peaks located
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at 1493 and 1454 cm arising from the aromatic C=C stretching of styrene [34]. The peak
at 699 cm* results from the ring out-of-plane deformation vibrations of the phenyl group
[35]. The chain-structure differences between both SBS and SEBS are observed as a new
peak at 966 cm™* due to the trans-vinyl group of SBS (which is absent in the SEBS) and
the 1373 cm™ peak which is solely observed for SEBS and arises from the aliphatic C-H
bending [36]. For SEBS-based composites, CNT addition does not affect the absorption
bands of the SEBS polymer.

For both SBS and SEBS-based composites, BT addition results in a baseline deviation
for wavelengths below ~720 cm™ due to the strong absorption centred at 540 cm™ as a
result of the Ti-O octahedron vibration [37]. Interestingly, it is observed that no new
characteristic absorption bands for tri-composite appear with the incorporation of CNTs
or BT, independently of the filler concentration. Moreover, the characteristics bands of
SBS and SEBS do not shift, indicating that the prepared composites present a physical

interaction between constituents rather than chemical interaction [38, 39].

5 b
) a-phase f-phase PVDF
0.5CNT/50BT/SEBS
H ,f 50BT/SEBS
W
M/ﬂm

l‘ ”J 0.5CNT/SEBS V '
v SEBS V '
600 800 1000 1200 1400 1600

—— _m
Wavenumber / cm™

Transmitance / a.u.

Transmitance / a.u.

SBS
-C-H -CH stretchirig
. stretchjng ) \bending -cH-oute paie beriding
3200 2800 2400 2000 1600 1200 800
Wavenumber / cm™

Figure 2 - FTIR spectra of the prepared composites based on a) SBS and SEBS
elastomers matrices and b) thermoplastic PVDF.

Figure 2b) shows the FTIR spectra of the composites produced with PVDF polymer

matrix. It is observed that PVDF phase is the o-phase (peaks at 766 cm™ and 795 cm'?
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[12] and this behaviour is similar for neat PVDF and their respective composites. The
inclusion of BT and CNTSs does not produce any shift in the PVDF characteristics peaks,

and no additional peaks appear in the spectra, either.

3.3.  Thermal stability
The influence of CNTs and BT on the thermal stability of SBS, SEBS and PVDF

matrices has been analysed by thermogravimetric analysis (TGA). Figure 3 shows the
thermogravimetric (a) curves and weight loss (b) rates of neat SBS, SEBS and PVDF as
well their nanocomposites, while the corresponding characteristic thermodegradation
temperatures are summarized in Table 2. The weight loss at a temperature of 300 °C is

below 1% for all the compositions, indicating a good thermal stability and complete

elimination of the residual solvent upon drying.
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Figure 3 - (a) Thermogravimetric curves and (b) and weight lost rates of neat SBS, neat
SEBS, neat PVDF and their nanocomposites obtained at a heating rate of 20 °C-min!
under N2 atmosphere.

The degradation of neat SBS and SEBS takes place in a single step, beginning at 374
and 391 °C respectively (as determined by the first 5 wt.% weight loss, Tse) and reaching

its maximum weight loss rate (Tp) at 453 and 439 °C respectively. In relation to the PVDF
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polymer, it is observed that all PVDF composites are stable at 400 °C and show two
degradation steps characteristics of the PVDF polymer. The degradation step between
420°C and 500 °C is primarily related to PVDF carbon—hydrogen bond scission due to
the bond strength of C—H compared with the C—F bond (410 and 460 kJ mol?,
respectively) [40]. Also, the inclusion of the BT fillers within PVDF does not affect the
degradation behaviour, contrary to the effect observed for the inclusion of CNT. The main
reason for this fact is due to the formation of different polymer / nanoparticle interfaces

as well as to the differences in the thermal conductivity of the fillers [27, 41].

Table 2 - Characteristic thermodegradation temperatures (Tse, Tp) for SBS, SEBS, PVDF
and their nanocomposites. Data has been extracted from Figure 3.

Sample Ts £2(°C) | Tpx2(°C)
SBS 374 453
SEBS 391 439
0.5CNT/SEBS 392 443
50BT/SEBS 393 443
0.5CNT/50BT/SEBS 406 440
PVDF 459 480
0.5CNT/PVDF 436 470
50BT/PVDF 459 482

The addition of either CNTs or BT into the SEBS matrix slightly increases the thermal
stability of the nanocomposite as indicated by the increase of Tse values up to 406 °C.
This arises from the high thermal stability of both CNTs and BT, which present a
negligible weight loss within the studied region [42]. The maximum degradation rate is
markedly decreased for the nanocomposites having 50 wt.% BT as only the polymeric
phase is being degraded. The char yield at 600 °C, once the polymeric phase has been
completely degraded, is about 48 and 50 % for 0.5CNT/50BT/SEBS and 50BT/SEBS
respectively. This residue corresponds to the inorganic phase within the composite and
matches well with the initially prepared formulation. SBS and PVDF composites with 50

wt.% of BT shows similar behaviour than SEBS matrix. Thermal stability increases

13




Stress (MPa)

slightly for larger filler contents and for 0.5CNT/50BT/SEBS, the synergetic effect on

thermal stability is not observed.

3.4.  Mechanical properties

The mechanical performance of the soft (SBS and SEBS) and harder (PVDF)
polymeric matrices reinforced with both nanofillers have been evaluated through uniaxial
tensile testing. Representative tensile stress-strain curves are depicted in Figure 4, while

the most relevant parameters extracted from tensile testing are summarized in Table 3.

0.25CNT/PVDF

6 50
a) 0.5CNT/SEBS °) 2
SCNT/ 0.15CNT/PVDF
40}
al 50BT/SB
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Figure 4 - Representative tensile stress-strain curves of SEBS (a) and SBS

nanocomposites (b) and PVDF-based nanocomposites (c).

As shown in Figure 4a) and b), neat SBS and SEBS present a rubbery behaviour with
an elongation at yield (ey) of 27 and 44 % respectively, and an elongation at break (en) of
651 and 778 % respectively. This larger deformability arises from the butadiene part
which provides SBS-family polymers the rubbery-like behaviour, while styrene yields
the tough hard character [39, 43, 44]. Interestingly, CNT and/or BT incorporation does
not notably reduce the high ductility of the nanocomposites as ¢, values exceeding 450 %
are obtained. This large deformability contrasts with the often-encountered issues of poor

flexibility obtained when such large filler loadings are used in polymer composites [29].
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Table 3. Mechanical properties of the SBS, SEBS and PVDF composites with CNT and
BT.

Material Yield Point Initial at 100% | at 300%

Strain Stress Modulus Stress Stress

(%) (MPa) (MPa) (MPa) (MPa)
SEBS 44.3 1.9 4.6 1.9 2.9
50BT/SEBS 38.7 2.2 8.3 2.2 3.2
0.5CNT/SEBS 36.4 2.6 9.8 2.9 4.0
0.5CNT/50BT/SEBS 18.5 2.0 14.5 2.4 3.4
SBS 26.9 2.2 11.1 2.2 2.6
50BT/SBS 24.6 2.6 15.7 2.7 2.9

at 0.5% at 5%
PVDF 3.4 42.0 1023 3.3 33.0
0.15CNT/PVDF 3.0 33.4 1246 54 29.4
0.25CNT/PVDF 3.1 32.3 1292 7.0 37.7
ACNT/PVDF 3.1 32.3 1199 6.8 31.3

50BT/PVDF 0.9 15.6 2096* 10.8 -

*just measure up to 0.5% due low maximum strain.

The incorporation of nanofillers effectively enhances the elastic modulus of the
nanocomposites as the addition of only 0.5 wt.% CNTSs is able to increase the initial
modulus (E) of neat SEBS from 4.6 to 9.8 MPa [45] as is shown in table 3. This result
indicates the effective mechanical reinforcing effect of CNTs in elastomeric composites
with lower nanofillers contents, compared with larger BT contents (50 wt.%) required to
reach such an increase in E. Moreover, for tri-composite, the concomitant addition of
CNTs and BT results in an almost three-fold increase in E. Altogether, these results
indicate that a good compatibility between both the reinforcing phase and the polymeric
matrix has been obtained, even for filler concentrations as high as 50 wt.%. Taking into
account the nanofiller contents, CNTSs incorporation results a more effective approach to
mechanically reinforce elastomeric SBS and SEBS in comparison with BT.

As depicted in Figure 4b, neat PVDF is characterized by a semi-ductile behaviour with
a &y of 3.4 %, a ep of 12 % and a Young's modulus of 923 MPa [46]. CNT incorporation

results in a progressive decrease of &, up to 7.5 % for 4ACNT/PVDF nanocomposites,
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which is a commonly found trend in nanocomposites having carbon nanotubes as a fillers
[47-49]. For the 0.25 CNT/PVDF nanocomposites, the mechanical behaviour is the same,
within experimental error, when compared to neat PVDF due to the low filler volume
fraction. The elongation at break of the 50BT/PVDF nanocomposite is markedly lowered
to 0.9 % as a result of the large content of ceramic nanoparticles. Such decrease is
comparable to that previously reported for polyamide 11 and polyimide nanocomposites
having a similar degree of reinforcement [50, 51]. An increase of E up to 1138 MPa is
achieved at low CNT loadings, while further CNT enhancement is accompanied by a
lowering of E to values comparable with the neat PVDF. This behaviour can be explained
in terms of poor interfacial adhesion between the fillers and the hosting PVDF, resulting
in inefficient local stress transference [52, 53]. From the other side, the elastic modulus
of PVDF shows a twofold increase up to 2091 Mpa after the incorporation of 50 wt.%BT.

Composite materials based in PVDF do not show similar behaviour in mechanical
reinforcement as the SBS-family polymers. The harder polymer, with E~ 1 GPa, presents
a slightly increase in initial modulus for several CNTs contents, up to 4 wt.%, near 1.2
GPa. For BT/PVDF composite, the E duplicates compared to neat polymer, resulting in
larger rigidity materials, when compared to PVDF. Compared the matrices, mechanical
reinforcement with BT is similar for SEBS and PVDF (nearly duplicates the E in both
composites), but CNTs in PVDF almost shows no increase in initial modulus. BT/SBS
composite presents higher initial modulus than the neat polymer, but the increase is lower
when compared to the SEBS matrix, the structure of the triblock copolymer influencing,
therefore, the mechanical reinforcement effect of the filler.

The nanocomposites present potential for mechanical sensing applications as they are
able to withstand large deformations without rupture, for softer matrixes. Typically,

thermoplastic and elastomeric materials present a hysteresis cycle upon loading-
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unloading whose area increases with the applied strain [6]. The occurrence of this
hysteresis loop is known as Mullins effect and emerges due to the fact that under cyclic
loading the strain cannot follow the approved stress [54]. It should be noted that different
strain values were applied to ensure that applied deformations were within the linear
elastic region. Overall, uniaxial stress-strain mechanical cycles in the polymers shows
fast recovering to initial point after external applied stress for both neat PVDF (Figure
5a) and SBS-family polymers (Figure 5b). For neat PVDF at 1% of deformation, it is
observed a slight mechanical fatigue, but suitable for pressure-sensing applications

(Figure 5a).

Stress (MPa)

Energy (kJ/m3)

0 10 15 20
L L L L L L Strain (%)
0,0 0,2 0,4 0,6 0,8 1,0
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Figure 5 - Mechanical hysteresis curves of neat polymers and their corresponding
composites: Response of a) neat PVDF under mechanical cycling deformation at 1% of
strain and b) neat SBS under mechanical cycling deformation at 20% of strain. c)

mechanical energy losses (hysteresis) results of neat SBS and SEBS for different cycles
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under different strains percentages and (d) mechanical hysteresis response of SBS and
SEBS reinforced with 50 wt.% BT.

Further, for neat SBS, it is observed that stresses under retraction become negative due
to buckling of samples. The mechanical energy losses obtained from the hysteresis curves
upon loading—unloading for neat SBS and SEBS and their nanocomposites containing 50
wt.% BT when strains up to 50 % are applied, it is shown in Figure 5c¢ and 5d respectively
that plastic deformations can be induced due to buckling of the samples. It is observed
that elastomeric polymers and their nanocomposites show cyclic properties up to large
strains. The mechanical hysteresis decreases during the initial three cycles and then trends
to a similar value for all the applied cycles. For strains of 1 and 10 % applied to the neat
polymers, a hysteresis of few kJ-m is observed (Figure 5¢). When the applied strain is
increased up to 20 and 50%, hysteresis values of 23.4 kJ-m= and 118.5 kJ-m™ were
obtained for SEBS, while SBS showed values of 89.0 kJ-m? and 381.7 kJ-m?
respectively. The larger hysteresis value of SBS arises from its larger hard (styrene)
content [6], while energy loss increases with applied strain as characteristic of rubber-like
materials after the Mullins effect [54].

As depicted in Figure 5d, upon the incorporation of 50 wt.% of BT, SBS matrix also
shows a larger hysteresis response in comparison with SEBS. Additionally, the tri-
composite SEBS sample (0.5CNT/50BT/SEBS) presents hysteresis values between the
elastomeric polymers (higher than SEBS and smaller than SBS). For 1 % of strain, all the
composite samples present a hysteresis of some tens J-m, while 10 % a hysteresis yields
9.2 kIm?3 146 kJm® and 11.8 kI-m?® for 50BT/SEBS, 50BT/SBS and
0.5CNT/50BT/SEBS respectively. When the strain is increased up to 50%, hysteresis
values of 126.4 kJ-m=3, 163.2 kJ-m= and 126.9 kJ-m™ for 50BT/SEBS, 50BT/SBS and

0.5CNT/50BT/SEBS are obtained respectively. The hysteresis is larger in the harder
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matrix (SBS) and increases with increasing strain. For composites with 50 wt.% BT the

hysteresis decreases when compared with neat polymer.

3.5.  Electrical conductivity and dielectric properties

Electrical conductivity and dielectric properties of the polymers reinforced with CNT
and BT have been evaluated by performing I-V curves and dielectric spectroscopy in the
200 Hz to 1 MHz region. Figure 6a shows obtained I-V curves for PVDF reinforced with

carbon nanotubes.

a at 1
4x10° it b
E WYL ; m PVDF
B[ eyt 107 ® seBs
a0t f 1 10°9 A ses
— N '€ °
E —]10 -5 VOItag% W) 5 1 2 SEBS-50BT-0.5CNT
- Olssssssbasatdbdsstanngs Z a " °
S =
= o m  PVDF 3
-2x10 1074
© ® 0.15CNT/PVDF S °
A 0.25CNT/PVDF A
6 ¥ 4CNT/PVDF o | & =
4x10 10 CNT (wt.%) BT (wt.%)
_]I_O 0 5 1IO 0:0 0:1 012 0:3 0:4 O:S 1‘0 Zb 3‘0 4‘0 S‘O
Voltage (V) Filler content (wt.%)

Figure 6 - a) Current-voltage (I-V) curves for PVDF and nanocomposites up to 4 wt.%
CNTs and b) bulk electrical conductivities of PVDF and SEBS and nanocomposites as a

function of CNTs loading.

Lower CNTs contents into PVDF do not strongly increase the electrical conductivity
of the composites. The percolation threshold is above 0.25 wt.% CNTs. Composites with
4 wt.% show an electrical conductivity several orders of magnitude larger than the
composite with 0.25 wt.% CNTs (Figure 6a). The dc electric conductivity (o) for PVDF,
SBS and SEBS nanocomposites as a function of BT and CNTs concentration is shown in
Figure 6b. The electrical conductivity of neat PVDF and SEBS are 2.6x10° S-m? and
1.44x101% S.m™* respectively, which matches well with previously reported values for

such polymers [55, 56]. A strong increase of the electrical conductivity up to 0.41 S-m™*
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is observed after the addition of 4 wt.% of CNTs. This increase of ¢ by ten orders of
magnitude with respect to neat PVDF is due to the formation of an electrically conducting
network within the nanocomposite. The formation of such an interconnected structure
that allows electron transport along the CNTs network is described by the percolation
theory [57]. Typically, CNT/polymer nanocomposites display percolation thresholds (pc,
filler concentration at which the transition from the insulating state to the conducting state
occurs) in the range of 0.1-2 wt.%, strongly depending on the aspect ratio, intrinsic
conductivity and dispersion of the nanofillers within the matrix [58, 59]. Based on the
results shown in Figure 6b, it can be concluded that the oc of CNT/PVDF and CNT/SEBS
nanocomposites is achieved at concentrations larger than 0.25 and 0.5 wt.%, respectively.
It should be taken into account that the addition of BT does not modify the electrical
conductivity of the prepared materials as SBS, SEBS and PVDF having BT
concentrations of 50 wt.% display a ¢ within the same magnitude than their corresponding
neat counterparts, as BT is also a dielectric material (Figure 6b).

The dielectric response of the nanocomposites measured from 500 Hz to 1 MHz is
shown in Figure 7, in which the dielectric constant and tan 4 as a function of the frequency

are shown in Figure 7a) and 7b), respectively.
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Figure 7 — a) Real part of the permittivity and b) tan 6 as a function of frequency for
neat polymers and their nanocomposites, respectively and real part of the permittivity (c)

and tan 6 (d) at 1 kHz for several composites with different matrices and fillers.

The frequency dielectric response shows the typical behaviour of the polymer
materials[60] and this behaviour is practically same for all nanocomposites i.e, the
dielectric constant (¢ ') and tan delta decreases with increasing the frequency.

To demonstrate the effect of the filler on the polymer matrix, the values of the
dielectric constant (¢ ') and tan 6 obtained for a frequency of 1 kHz are shown in Figure
7c and 7d), respectively.

At 1 kHz, neat PVDF shows a dielectric constant of nearly 10, which slightly increases
in CNTs composites, up to 13 and 11 with 0.15 and 0.25 wt.% CNTs nanocomposite
(Figure 7c). This decrease in & " for larger CNTs contents results from the hindering of the
dipolar dynamic by the numerous CNT/PVDF interfaces [61]. Ceramic nanofillers lead
to larger values of the dielectric constant ¢’= 20 for 50BT/PVDF due to the larger
dielectric constant of the filler and from the influence of interfacial polarization effects
known as Maxwell-Wagner-Sillars (MWS) contributions [62, 63]. This fact is also
demonstrated through the tan ¢ due to interfacial charge accumulation (Figure 7d). With
respect to SBS and SEBS, no relevant differences in the composites are observed for the

addition of BT or CNT due to the fact when the CNT content is below the percolation
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threshold, the CNT does not form a conductive network and the nanocomposite is highly
resistive, similar to BT nanocomposites. The dielectric constant increases with higher
concentrations of both fillers as a result of the influence of particle distribution,
polarization and interfacial polarization between the fillers and polymer matrix [30].
Interestingly, when both fillers are mixed together (0.5CNT/50BT/SEBS), the dielectric
constant markedly increases from 2.8 to 7.8, suggesting a synergetic effect of both

reinforcements, combining both conductivity and interfacial polarization contributions.

3.6.  Piezocapacitive measurements
The larger stretchability of the SBS-family with improved capacitance response shows

& great potential for the development of force sensor arrays capable of providing a
capacitance response variation when subject to an external stimulus (movements of the
fingers, touch, human weight or others) [64]. Accordingly, we have evaluated the
obtained changes in the capacitance (4C) as a function of applied static load (50, 100,
200 and 400 N of force) in neat polymers and corresponding nanocomposites and the
obtained results are shown in Figure 8. The measurements were performed without and

after applied force.
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Figure 8 - Variation of the capacitance at 1kHz for different applied force of the polymers

and composites with CNT and BT as nanofillers.

Neat polymers display a maximum increase on the capacitance of 7 and 20% upon the
application of 400 N for SEBS and SBS respectively. It is worthy to note that a small
amount of CNTs is able to result in a AC of 85 % for the SEBS nanocomposite after the
application of 400 N. Such increase is due to the higher transverse polarizability when in
the presence of carbon nanotubes [65, 66]. BT also allows to increase markedly the
obtained AC, although its effect results more marked for the SBS nanocomposite. The
concomitant addition of both CNTs and BT yields to a maximum 4C of 173 % upon the
application of 400 N. Such marked increase may be due to the combination of both
electrically conducting CNTs and insulating BT which form microcapacitor structures at
their interfaces [67]. Finally, a dramatic effect of BT on the AC is observed for the
nanocomposite based on PVDF, reaching a maximum value of 661 % when a force of
400 N was applied. These results highlight the potential of nanocomposites containing
BT to be applied as sensing materials. Moreover, the performance of the BT-based
nanocomposites could be prospectively improved upon the incorporation of a small

amount of CNTSs.

4. Conclusions

Barium titanate (BT) and carbon nanotubes (CNTSs) have been incorporated into
elastomeric and semi-ductile polymers to develop materials with potential load sensing
applications. Electron microscopy observations reveal that a good dispersion of the
nanoparticles within the polymeric matrix has been obtained even at a concentration of
50 wt.%. FTIR results indicate that the prepared nanocomposites present physical

interactions between constituents rather than chemical ones. Obtained nanocomposites
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remain thermally stable up to temperatures above 350 °C. Interestingly, BT and CNTs
incorporation into the elastomeric matrices increases the initial modulus of the
nanocomposites up to 3-times while keeping the ductility barely unchanged with &
exceeding 450 %. On the contrary, nanoparticle addition limits the ductility of PVDF,
especially when 50 wt.% BT is added.

Following the Mullins effect, mechanical energy losses up to 381.7 kJ-m were
obtained for neat SBS when a strain of 50 % was applied. Such energy losses, extracted
from the hysteresis curves upon successive uniaxial loading—unloading cycles, decreased
up to 163.2 kJ-m upon the incorporation of 50wt.% BT. dc conductivity measurements
reveal a marked conductivity increase upon CNT addition, with a percolation threshold
of 1.24 and 0.98 wt.% for CNT/PVDF and CNT/SEBS nanocomposites respectively. On
the contrary, the presence of BT does not affect the conductivity of the nanocomposites
as o remains within the same magnitude than their corresponding neat counterparts. The
dielectric constant for SEBS with CNT and BT is markedly larger, suggesting a synergetic
effect of both reinforcements. Finally, the changes in the capacitance (4C) as a function
of applied static load in neat and nanocomposite materials were evaluated. Thanks to the
combination of both electrically conducting CNTs and insulating BT which are able to
form microcapacitor structures at their interfaces, their concomitant addition into
polymers yields a maximum AC of 173 %. The materials here developed display suitable
properties to be applied in force sensor devices as they are capable of providing electric

response upon the application of loads.
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