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Abstract

Polymer—ceramic piezoelectric composites are widely investigated to combine the high
piezoelectric performance of ferroelectric ceramics with the flexibility and processability
of electroactive polymers. However, achieving enhanced dielectric properties while pre-
serving the intrinsic piezoelectric response of the polymer matrix remains challenging, par-
ticularly due to dielectric mismatch between the constituent phases and interfacial effects.
In this work, barium titanate (BaTiO3) loaded poly(vinylidene fluoride-trifluoroethylene)
(PVDEF-TrFE) nanocomposites were fabricated by solvent casting using polyvinylpyrroli-
done (PVP) and polysorbate 80 (PS80) as dispersing agents, aiming to obtain polarizable
materials capable of retaining high piezoelectric strain coefficient (ds3) values and poten-
tially exploiting the opposite polarity of matrix and filler through tailored poling strategies.
Morphological, crystallographic, structural, thermal, thermomechanical, dielectric, and
piezoelectric characterizations were performed by SEM/EDXS, XRD, FTIR, DSC, TGA,
DMTA, dielectric spectroscopy, and d33 measurements. Both dispersants improved filler
dispersion and film densification, increasing the crystalline fraction of the matrix, without
altering the relative fraction of 3-phase (up to 93%). PVP enabled moderate and stable
permittivity enhancement with weak frequency dependence, whereas PS80 introduced an
electrically active interfacial contribution that amplified low-frequency permittivity at high
filler loadings but made the permittivity more frequency-dependent. The piezoelectric
response (between —20 pC/N and —25 pC/N) remained predominantly governed by the
polymer phase, suggesting limited polarization played by BaTiOs. These results underlined
the critical role of interfacial electrical properties in designing stable high-performance
flexible PVDE-TrFE/BaTiO3; composites.

Keywords: piezoelectricity; nanocomposites; PVDF; PVDE-TrFE; BaTiO3; poling; energy
harvesting

1. Introduction

The increasing demand for self-powered systems in wearable electronics, Internet
of Things (IoT) sensors, and biomedical implants has driven significant interest in flexi-
ble piezoelectric materials capable of harvesting energy from environmental mechanical
sources such as vibrations and human motion. Piezoelectric nanogenerators convert such
mechanical energy into electrical energy, offering promising solutions for autonomous
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power supplies in distributed sensing systems [1]. Among piezoelectric materials, tra-
ditional piezoceramics such as lead zirconate titanate (PZT) exhibit very high electrome-
chanical coupling and piezoelectric coefficients (dz3 up to 600 pC/N) [2], making them
highly efficient ferroelectric materials for energy conversion. However, their inherent
brittleness, limited processability, and high density restrict their integration into flexible
devices. Moreover, PZT contains lead (Pb), whose use is increasingly regulated due to
serious environmental and health concerns associated with lead exposure [3]. For these
reasons, lead-free perovskite ceramics such as barium titanate (BaTiO3, BT) have emerged
as environmentally friendly alternatives with good piezoelectric performance and reduced
toxicity [1,3]. In contrast to ceramics, piezoelectric polymers such as poly(vinylidene fluo-
ride) (PVDF) and its copolymer poly(vinylidene fluoride-trifluoroethylene) (PVDE-TrFE)
have attracted considerable attention owing to their mechanical flexibility, low density,
biocompatibility, and ease of processing into thin films or fibrous structures, making them
particularly suitable for wearable and flexible devices. PVDF is known to crystallize in
several polymorphic forms: five crystalline phases (¢, 3, v, §, and €) are most commonly
reported in the literature, each corresponding to distinct chain conformations and dipole
arrangements [4-6]. In the a-phase, polymer chains adopt a trans-gauche-trans-gauche’
(TGTG’) conformation within a centrosymmetric monoclinic unit cell, resulting in antipar-
allel dipole arrangements and negligible piezoelectric activity [7,8]. The 6-phase can be
viewed as a polar variant of the « structure, whereas the e-phase is considered an antipolar
analogue, although both are less commonly encountered in conventional processing [6,9].
By contrast, the orthorhombic crystal 3-phase structure, with an all-trans (TTTT) planar
zigzag chain conformation, facilitates alignment of the C-F dipoles in the same direction
and, for this reason, it is the most polar and exhibits the strongest ferroelectric and piezo-
electric responses, making it the most desirable for electroactive applications [10-12]. The
Y-phase also exhibits an orthorhombic lattice and possesses a polar structure but with
a mixed trans-gauche sequence (TTTGTTTG’) and can contribute to piezoelectricity, but
its spontaneous polarization and piezoelectric activity are significantly lower than those
of the 3-phase because of the presence of gauche bonds that reduce the net dipole mo-
ment per unit cell [13]. Thus, while both (3- and y-phases are electroactive, the 3-phase is
preferentially targeted in piezoelectric materials design for energy harvesting and sensing
applications [14,15]. Despite this, the overall piezoelectric response of PVDF remains lower
than that of piezoceramics, with typical longitudinal piezoelectric coefficients (dz3) in the
range of 10-20 pC/N for oriented films. The incorporation of trifluoroethylene (TrFE) with
an extra C-F bond into the polymer backbone promotes the stabilization of the electroactive
crystalline 3-phase by favoring all-trans chain conformations. This modification reduces
the energetic barrier for 3-phase nucleation and enables the material to achieve a high
degree of polar ordering without the need for mechanical stretching. Furthermore, the
presence of TrFE units decreases the interactions between adjacent molecular segments and
modifies the dipole—dipole coupling, leading to a reduction in the Curie temperature (T.)
relative to neat PVDF [16]. As a result, PVDF-TrFE copolymers exhibit enhanced ferroelec-
tric properties, including higher remanent polarization and lower coercive fields, because
the 3-phase is more readily formed and stabilized during processing and poling [6,7,17,18].
Several strategies have been explored to further enhance the dielectric and piezoelectric
performance of PVDF-based composites, including optimization of filler morphology and
size, surface functionalization, interface engineering, and control of the polymer crystalline
phase. Recent studies have shown that tailoring interfacial interactions and promoting
[-phase stabilization can significantly improve dipolar polarization and electromechanical
response in flexible ferroelectric nanocomposites [19,20]. Embedding BaTiOj3 particles into
a PVDF-TrFE matrix to form 0-3 type composites has been investigated as a strategy to
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synergistically combine the high piezoelectric activity and dielectric constant of the ceramic
with the flexibility and processability of the polymer, resulting in enhanced dielectric per-
mittivity and piezoelectric responses [1]. Studies have shown that adding BT can promote
-phase formation and improve overall piezoelectric performance [21], although the mag-
nitude of the improvement depends on particle content, dispersion quality [22], and poling
methodology [23,24]. Achieving uniform dispersion of BaTiO3; nanoparticles within the
polymer matrix remains a critical challenge in ferroelectric composites because inadequate
dispersion or agglomeration of particles can lead to localized dielectric heterogeneities,
stress concentrations, and reduced poling efficiency, ultimately compromising device per-
formance [1,25]. SEM evidence and dielectric studies have shown that untreated BaTiO3
particles tend to cluster within polymer matrices, deteriorating electrical and mechanical
properties if not properly stabilized [26,27]. Particle’s modification and dispersion strategies
are therefore employed to enhance filler-matrix compatibility and improve microstructural
uniformity [26,28,29]. One effective approach is the use of polymeric non-ionic dispersants
such as polyvinylpyrrolidone (PVP). PVP can adsorb onto ceramic particle surfaces via its
polar lactam groups, forming a steric barrier that reduces particle-particle attraction and
promotes finer dispersion within the polymer matrix. Studies on PVP-coated BaTiO3 have
demonstrated improved dispersion and significantly enhanced dielectric performance in
polymer composites compared to uncoated BT, as evidenced by more uniform distributions
and increases in permittivity [30,31]. In contrast to ionic dispersants, which may introduce
mobile charges that screen ferroelectric domains and increase dielectric losses, non-ionic
surfactants, such as polysorbate 80 (PS80), operate via steric stabilization and interfacial
energy minimization. These agents improve particle wettability and dispersion in organic
media without contributing significantly to ionic conductivity, thereby reducing the risk of
space charge formation and dielectric loss. Although specific studies on PS80’s effects in
piezoelectric polymer composites are less common, the broader colloidal chemistry litera-
ture supports its role in enhancing dispersion stability through its long polyoxyethylene
chains and hydrophobic moieties, which interact favorably with both inorganic fillers and
polymer chains [32]. Overall, polymeric dispersants like PVP and non-ionic surfactants
such as polysorbate 80 represent valid non-ionic strategies for improving BT dispersion:
PVP primarily provides steric barrier effects through surface adsorption, while surfactants
improve interfacial wetting and particle stabilization. However, systematic comparisons
of their influence on phase crystallization, interfacial polarization, and electromechanical
performance in PVDF-TrFE/BaTiO3 composites remain scarce in the literature. This work
addresses this gap by fabricating PVDF-TrFE /BT nanocomposites using PVP and PS80 as
dispersants, followed by comprehensive characterization of dispersion quality, thermal
characterization, and dielectric/piezoelectric responses from flexible devices. By elucidat-
ing how dispersant type influences 3-phase content and device output, the study paves
the way for optimized and scalable composites for advancing autonomous powering for
next-generation electronics.

2. Materials and Methods
2.1. Materials

The thermoplastic matrix selected for this study was the FC25 poly(vinylidene
fluoride-co-trifluoroethylene) (PVDF-TrFE) copolymer, purchased from ARKEMA SA
(Colombes, France) in the form of white powder (density = 1.77 — 1.82 g/cm?, melt-
ing temperature = 150 °C, molecular weight = 450 kDa, (75/25 molar ratio). The filler
was barium titanate (BaTiO3), with an average particle diameter of 500 nm, purchased
from Acros Organics BV (Geel, Belgium) in the form of ceramic powder (purity = 99%,
density = 6.08 g/cm?). Polyvinylpyrrolidone (PVP) was purchased from Sigma Aldrich
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Inc. (Saint Louis, MO, USA) in form of solid powder (density = 1.2 g/ cm? at 25 °C,
molecular weight = 29 kDa), polysorbate 80 (PS80) was purchased from Sigma Aldrich
Inc. (Saint Louis, MO, USA) with the commercial name of Tween 80 (TW80) in form
of viscous liquid (density = 1.064 g/mL at 25 °C, molecular weight = 79 kDa). Acetone
(density = 0.791 g/mL at 25 °C, purity > 99.5%) and N,N-dimethylformamide (DMF, den-
sity = 0.944 g/mL at 25 °C, purity = 99.8%) were both purchased from Sigma Aldrich Inc.
(Saint Louis, MO, USA).

2.2. Sample Preparation

The filler, the matrix, and the dispersant were dried in a vacuum oven overnight
at 80 °C, while all other materials were used without any pretreatment. The sample
preparation route is schematized in Figure 1. BaTiO3 and a non-ionic dispersant (PVP
or PS80, 5 wt% with respect to BaTiO3) were premixed in DMF to obtain a subsequent
polymer-to-solvent ratio of 1:9 w/w, and subjected to ball milling (ball to powder ratio
10:1) to promote efficient adsorption of the dispersant onto the particle surface, thereby
achieving a more homogeneous and stable dispersion. The PVDE-TrFE powder was
subsequently introduced into the dispersion and stirred for 30 min to obtain a homogeneous
solution. After a degassing step, the resulting mixture was cast onto a biaxially oriented
polypropylene (BoPP) substrate by means of a doctor blade system AB4400, supplied
by TQC Italia SRL (Seregno, MB, Italy), equipped with a VF1824 applicator. Solvent
removal was carried out by heating the casting plate at 55 °C for 1 h, followed by 90 °C
for 2 h under a laminar air flow. The film was then transferred to a vacuum oven and
annealed at 130 °C for 3 h to ensure complete solvent removal and promote (3-phase
crystallization and stabilization in the matrix. The final thickness of the produced samples
ranged between 40 pm and 50 um. Table 1 summarizes the developed samples and their
relative composition.

(C 45 min o (C 30 min
PVDF-TrFE
Lt v e PTE o )
BaTiO, DISPERSANT $ —>
5 %wt respect to BT DMF BALL MILLING STIRRING  DEGASSING
& 3hat130°C @ 2nat9occ  C 1hatss°C ~_
P ? =
T -8 —foqua
Pt/Pd (80/20) ANNEALING SOLVENT DRYING TAPE CASTING
ELECTRODES B-phase stabilization under laminar air flow on BoPP film
sputtering
Figure 1. Film preparation route for all the produced samples.
Table 1. Relative compositions of all the produced samples.
PVDEF-TrFE BaTiO; . 1
Sample vol%) (vol%) Dispersant
p 100 - -

P_5PVP 95 5 pPvP

P_10PVP 90 10 pPvPp

P_20PVP 80 20 PVP

P_5PS80 95 5 PS80

P_10PS80 90 10 PS80

P_20PS80 80 20 PS80

1 5 wt% with respect to the BaTiO3 wt%.

https:/ /doi.org/10.3390/jcs10060286


https://doi.org/10.3390/jcs10060286

J. Compos. Sci. 2026, 10, 286

50f23

2.3. Poling Treatment

The poling treatments adopted in the present investigation are schematized in Figure 2
together with the utilized poling setup. Prior to the poling process, Pt/Pd layers of
approximately 4 nm were sputtered through a mask onto the samples to act as circular
electrodes (1.5 cm diameter) and ensure an effective application of the electric field. During
the contact poling process, square specimens (2 x 2 cm?) were positioned between a high-
voltage electrode and a grounded counter-electrode. To prevent dielectric failure caused by
air, the entire assembly was submerged in an FR3 natural ester insulating oil bath (Cargill
Inc., Minneapolis, MN, USA). Immersion enabled the application of elevated electric fields
without triggering breakdown phenomena. To perform an effective poling, it was necessary
to take into account the opposite piezoelectric response that emerges from the two phases of
the composite when subjected to the same electric field (i.e., negative ds3 of PVDF-TrFE and
positive dzz of BaTiO3). A one-step poling was performed, subjecting the films to a constant
positive DC electric field of +20 kV/mm at 120 °C for 15 min, then the temperature was
lowered to room temperature before removing the electric field. Alternatively, a two-step
poling was performed: initially, a constant positive DC electric field of +20 kV/mm was
applied at 125 °C (T, of BaTiO3) for 30 min; then, a constant negative DC electric field of
—20 kV/mm was applied at 100 °C (below T. of PVDF-TrFE) for 10 min; and finally, the
samples were cooled to room temperature before removing the electric field [23,24,33]. All
samples were connected to a discharge setup with both sides grounded overnight. This
allows the samples to be discharged so that there are no accumulated charges that could
affect the piezoelectric measurements.

s
ectrode (Pt/Pd)

(@)

E . - F\d rr E=0KV/
. _@T 120 °C E 2? KV/mm DC @l mm

Qil bath

Sample

Ground

Figure 2. Cont.
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Figure 2. (a) Poling setup with high voltage and ground connections in air and (b) immersed in
insulating oil; (c) one-step poling procedure and (d) two-step poling procedure applied on the
prepared nanocomposite films.

2.4. Experimental Techniques

To investigate the elemental composition and distribution of the constituent phases
within the composite, the lateral surfaces of the samples were observed by scanning
electron microscopy (SEM) equipped with energy-dispersive X-ray spectroscopy (EDXS).
The analyses were performed using a JEOL IT300 scanning electron microscope equipped
with an EDXS detector, operating at an accelerating voltage of 20 kV. Elemental mapping
was carried out to assess the distribution of the elements present in the composite and to
evaluate the homogeneity of the filler within the sample cross-section. In addition, the
acquired micrographs were used to determine lognormal BT size distribution curves by
means of at least 200 measurements performed using the Image] (ver. 1.53e) software.

Field emission scanning electron microscopy (FESEM) images of the cryo-fractured
surfaces of the prepared films were acquired by using a Zeiss SUPRA 40 FE-SEM (Carl
Zeiss Industrielle Messtechnik GmbH, Oberkochen, Germany), operating at an accelerating
voltage of 10 kV. Prior to the observations, the samples were fixed on a metallic stub through
the use of a conductive strip and then underwent Pt-Pd (80:20) sputtering by means of a
Q150T coater (Quorum Technologies Ltd., Lewes, UK).

X-ray diffraction (XRD) measurements were performed on an Italstructures IPD3000
diffractometer (GNR Analytical Instruments, Novara, Italy), equipped with a Cu anode
source (at 40 kV, 30 mA) coupled to a parallel multilayer optics (AXO-DRESDEN GmbH,
Dresden, Germany). Samples were positioned flat on a zero-background substrate and
scanned in reflection geometry. XRD patterns were collected by means of a MYTHEN
multichannel silicon strip detector (DECTRIS AG, Baden, Switzerland) over a 10-110°
2-theta range (0.02° step size) in continuous scan mode (30 min total acquisition time). XRD
data were analyzed by means of the Rietveld methodology as implemented in the Maud
software (ver. 2.99993) [34]. The crystal structure for 3 PVDE-TrFE and its polymorphs
were modeled with Crystallographic Information files for standard PVDF as reported
in Hasegawa et al. [35]. Based on preliminary diffraction data analysis, a three-phase
model was adopted for quantitative phase analysis of the PVDF-TrFE /BaTiO3 composites,
consisting of three contributions, namely PVDF-TrFE in its crystalline 3-phase, BaTiO3, and
an amorphous polymer fraction. This choice was motivated by the clear identification of
the {3 crystalline form of PVDE-TrFE in all samples, together with the presence of BaTiO3,
while no additional crystalline polymorphs could be unambiguously detected within the
resolution limits of the technique. The possible presence of other PVDF-TrFE polymorphs
was therefore considered either negligible or below the detection threshold, likely due
to nanocrystalline disorder or their absence in the investigated systems. The amorphous
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polymer fraction was simulated using a single pseudo-Voigt peak with large full width at
half maximum (FWHM), introduced to reproduce the broad diffuse shoulder of the main
PVDE-TrFE reflection located at approximately 18.5° [23,36]. Quantitative phase analysis
was carried out by refining the intensity scale factors and the background contribution.
The background was modeled using a third-degree polynomial function in order to avoid
overfitting of the diffuse scattering signal. The resulting weight fractions were subsequently
renormalized, considering the known reference content of BaTiOj3 in the composites. In
addition, the average volume-weighted crystallite size of PVDE-TrFE was refined, together
with the lattice parameters of BaTiO3. No additional XRD characterization was performed
on the neat BaTiO3 powder, as its structural analysis was reported in detail in a previous
study of our research group [37].

Fourier-transform infrared (FTIR) spectroscopy was performed in attenuated total
reflectance (ATR) mode by using a Perkin-Elmer Spectrum One spectrometer (Perkin-Elmer
GmbH, Waltham, MA, USA) equipped with a ZnSe crystal and operating in a wavenumber
range 650-4000 cm~!; 50 scans were collected for each spectrum (resolution: 4 cm™1).
The determination of the crystalline phases of PVDF-TrFE involved the identification of
their characteristic peaks as follows: o-phase can be detected at 764 cm~!, 975 cm—V
and 1212 cm~!; B-phase at 840 cm ! and 1275 cm~! (1275 cm ™! is exclusive to B-phase);
y-phase: 812, 832, 840, and 1234 em~! (1234 ecm ™! is exclusive to v-phase) [4,38-40]. The
fraction of polar phase F(f3, v) was determined according to Equation (1) [41]:

A A

By By

FB, 7v) = = 1)
(Klgj ) Ay + Aﬁ,’y 1.26A, + A/g,,y

where Ay and Ag ,, are the absorbance at 764 cm~! and at 840 ecm~t, respectively, while
Ay =6.1:10* cm?/mol and Ay = 7.7-10* cm?/mol are the corresponding absorbance
coefficients. The a-phase fraction could be calculated as F(x) =1 — F(B,y).

Thermal characterization of the prepared films was conducted by differential scanning
calorimetry (DSC) using a Mettler DSC 5+ calorimeter (Mettler Toledo Inc., Columbus, OH,
USA). Specimens with a mass of approximately 10 mg were inserted in aluminum pans
and analyzed following a heating—cooling—heating protocol over a temperature range from
—60 °C to 170 °C, with a scanning rate of 10 °C/min for both heating and cooling steps.
All measurements were performed under a continuous nitrogen purge at a flow rate of
100 mL/min. The DSC measurements allowed to determine the melting and crystallization
temperatures of the polymeric phase (T, and Tr), as well as the associated enthalpy values
(AHm and AHc,). The degree of crystallinity (x) was calculated according to Equation (2),
taking into account the cold crystallization contribution:

AH,, — AH,.

-1 2
AH()-ZU 00 ()

X g
where AH,. represents the cold crystallization enthalpy, AHj corresponds to the melting
enthalpy of a fully crystalline polymer, assumed to be 104.7 ] /g [42,43], w is the weight frac-
tion of PVDF-TrFE. Finally, DSC measurements allowed to determine the Curie temperature
(T¢) and the specific enthalpy value associated with this transition (AH,).

Thermal stability of the material was evaluated by thermogravimetric analysis (TGA)
using a Q5000 IR thermobalance (TA Instruments Inc., New Castle, DE, USA). Approxi-
mately 10 mg of material was heated from 30 °C to 700 °C at a constant rate of 10 °C min !
under an inert nitrogen atmosphere with a flow rate of 10 mL/min. The TGA measure-
ments allowed to determine the onset temperatures associated with specific mass losses

of 1 wt%, 3 wt%, and 5 wt% (T19,, T39, Tse,), the residual mass at 700 °C (mg 7q0), and the
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characteristic degradation temperature (Ty4), defined as the temperature corresponding to
the maximum of the first derivative of the mass loss curve (DTG).

Dynamic mechanical thermal analysis (DMTA) was performed using a DMA Q800
instrument (TA Instruments Inc., New Castle, DE, USA) to investigate the material response
to stress and temperature at constant frequency. Rectangular specimens (4 x 30 cm?) were
tested in tensile mode at a frequency of 1 Hz over a temperature range from —70 °C to
140 °C, with a heating rate of 3 °C/min. The storage modulus (E’), loss modulus (E”), and
loss factor (tand) were measured as a function of temperature. One specimen was tested
for each composition.

Dielectric breakdown tests were performed to determine the maximum applicable
electric field for the poling process. To achieve an efficient application of the electric field,
Pt/Pd electrodes of around 4 nm thickness were sputtered onto the samples to create a set
of electrodes. In particular, one face of the samples was fully coated with a ground electrode,
while high-voltage circular electrodes (3 mm diameter) were coated on the other side with
a mask, with a minimum distance of at least 5 mm between adjacent electrodes. A DC
voltage ramp was applied to the samples in a parallel-plate electrode configuration, and
the electric field was increased at a constant rate of 0.1 kV /s until electrical failure occurred.
The breakdown strength (Egp) was calculated as the ratio between the breakdown voltage
and the sample thickness, previously measured using a micrometer. Measurements were
carried out at room temperature under ambient conditions. At least five specimens were
tested for each sample. The results of this analysis allowed the definition of a practical
reference for safe poling conditions.

Dielectric characterization was performed using a precision LCR meter (LCX100,
Rohde & Schwarz GmbH & Co. KG, Munich, Germany) operating over a frequency range
from 4 Hz to 300 kHz. Measurements were conducted by applying an AC excitation voltage
of 10 V while sweeping the frequency at selected values of 4 Hz, 10 Hz, 100 Hz, 1 kHz,
10 kHz, 100 kHz, and 300 kHz. The relative dielectric permittivity (¢;) was determined
from the measured capacitance (C) values by rearranging Equation (3):

C= €0€r§ 3)
where ¢ is the permittivity of free space, A represents the effective electrode area, and d is
the sample thickness.

The piezoelectric response of the polarized samples was assessed through the deter-
mination of the longitudinal piezoelectric coefficient d33 (generally reported in pC/N or
pm/V), measured using a high-precision Berlincourt piezometer (PKD3-2000, PolyK, Singa-
pore) with alternating force of 0.25 N, and 110 Hz frequency, while static pre-load was set to
10 N. For each poling condition, at least three independent measurements were collected.

3. Results and Discussion

The results obtained from energy-dispersive X-ray spectroscopy (EDXS) on samples
with PVP and PS80 dispersants are reported in Figures 3 and 4, respectively. EDXS recog-
nized the bright little regions as BT inclusions and the darker gray parts as the polymer
matrix. Despite the PVP surface mediation, regions with enriched oxide contents appear
to form. However, percolation is prevented by the particles’ good separation from one
another. The elemental distribution obtained from EDXS mapping of barium exhibits
marked differences, indicating variations in the spatial dispersion of the Ba-containing
phase within the composites, with the amount of included filler. In particular, all the
samples show a certain agglomeration of the filler, which is more marked and visible in the
10 vol% filled samples. Indeed, P_10PVP and P_10PS80 nanocomposites report a higher
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particle mean size value and a broader lognormal size distribution curve compared to the
other samples. Meanwhile, samples with 5 vol% and 20 vol% filler content display less
pronounced differences in mean particle size and distribution width. The literature reports
that isolated nanoparticles are observed at low filler contents, while particle aggregation
and morphological irregularities emerge as the filler content increases, due to the onset of

particle—particle interactions [44].

Mean size (um)

404 ——P_5PVP 143+£123

-- P_10PVP 1.75+£0.94
P_20PVP 1.19+0.74

W
t=}
1

Relative frequency (%)
S
.

Size (um)

(b)

Figure 3. (a) EDXS barium elemental maps and images of the reference areas of PVDF-TrFE/BaTiO3
composites, prepared using PVP as dispersant, (b) relative lognormal size distribution of BaTiO3
within the nanocomposite samples.
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Figure 4. (a) EDXS barium elemental maps and images of the reference areas of PVDF-TrFE/BaTiO3
composites, prepared using PS80 as dispersant, (b) relative lognormal size distribution of BaTiO3
within the nanocomposite samples.

SEM micrographs of the PVDE-TrFE /BaTiO3 composite films are reported in Figure 5.
BaTiO3 powder appears as irregularly shaped particles with a broad size distribution. Most
grains are in the submicron to ~2-3 um range, with evident angular morphology and
faceted surfaces, typical of crushed or calcined ceramic powders. With reference to the
composites, no significant macroscopic defects in the matrix, such as widespread porosity,
are observed, indicating that the solvent casting process ensured good film densification
and structural integrity, regardless of the dispersant used (PS80 or PVP) and filler loading.
The ceramic particles appear in some cases well embedded within the polymer matrix
without evident particle pull-out cavities, suggesting adequate interfacial adhesion between
BaTiO; and PVDF-TYFE, even if Figure 5i reports that in some cases the adhesion does not
seem adequate. Figure 5i also allows to appreciate the common feature of the 3-phase
grains of the PVDF-TrFE matrix, made up of rod-like crystallites, tens of nanometers in
size [45]. The formation of cavities surrounding particles could also be attributed to the
differential shrinkage and debonding deriving from the thermal expansion coefficient
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P_5PS80

mismatch (approximately 8 x 10~° K~! for PVDE-TrFE [46,47] and 2 x 1072 K1 for
BaTiOs3 [48]). A comparison between the two dispersant systems suggests minor differences.
At low filler content (5 vol%), BaTiO3 particles are relatively homogeneously distributed
within the matrix, with limited evidence of aggregation, both in PS80 and PVP-containing
samples. As the filler loading increases (10 and 20 vol%), the agglomerates become more
visible, particularly in the 10 vol% samples and with the PVP dispersant. These aggregates
behave like single particles; however, they are typically not surrounded by interfacial gaps,
indicating effective wetting of the filler by the polymer despite partial clustering.

Figure 5. SEM micrographs on the cross-section of the cryofractured surfaces of the nanocomposite
films; (a—c) samples with PS80 at 10 kX magnification, (d—f) samples with PVP at 10 kX magnifi-
cation, (g) BaTiO3 nanoparticles at 10 kX magnification, (h) cluster in a P_10PVP sample at 10 kX
magnification, (i) single BaTiO; particle in P_5PVP at 60 kX magnification.

XRD diffractograms and their relative Rietveld analysis are shown in Figure 6, and
the main results are reported in Table 2. Figure 6a reports that in all samples, the presence
of the B3 crystalline form of PVDF is immediately confirmed by characteristic Bragg reflec-
tions located at 20°, corresponding to the orthorhombic 3-phase’s (200/110), and at 35°
and 41°, corresponding to the planes (001) and (201, 111), respectively [35,49]. Since no
diffraction peaks from the - and y-phases could be found, the XRD analysis data reveal
that the produced samples primarily crystallized in the 3-phase. Figure 6¢c reports how
the amorphous region has been simulated with a single Pseudo-Voigt signal with a large
FWHM to account for the broad, diffuse shoulder of the main PVDF peak located approxi-
mately at 18.5° [23,36], as specified in Section 2.4. In Figure 6a, at 22.2°, 31.5°, 38.9°, and
45.3°, diffraction peaks associated with the perovskite structure of BaTiO3 and belonging,
respectively, to the orientation planes (100), (110), (111), and (200) [50] are clearly visible.
The Rietveld refinement results (Table 2) indicate a weakly distorted tetragonal structure

https://doi.org/10.3390/jcs10060286


https://doi.org/10.3390/jcs10060286

J. Compos. Sci. 2026, 10, 286

11 of 23

of BaTiO3, with a = 3.987-3.992 A and c = 4.022-4.028 A, corresponding to a tetragonality
factor of ¢/a = 1.0084-1.0089. These values indicate a stable tetragonal form [37] and are
consistent with BaTiO3 particles in the submicrometric regime (~500 nm), where the struc-
ture is expected to be bulk-like with minor reduction in lattice distortion due to residual
strain or microstructural effects reported in the literature [51]. Upon BaTiO3 incorporation,
a significant reduction in the average volume-weighted crystallite size of PVDF-TrFE is
observed, decreasing from approximately 236 A in the neat polymer to values in the range
of 120-190 A in the composites. This reduction indicates a pronounced confinement effect
induced by the ceramic filler, which limits crystal growth and promotes the formation of
smaller crystalline domains [21]. The addition of BaTiOj3 favors the formation of the crys-
talline fraction of the polymer matrix with a non-monotonic evolution: the reported values
are strongly affected by the refinement operation conducted through Rietveld analysis, and
should be considered as a qualitative indication of the nucleation effect played by BaTiO;
particles in the PVDF-TrFE systems.

®  Experimental data i ®m  Experimental data
- Fited fl Fitted
Amorphous [t Amorphous
—aror T
£ £ | | v £ [ “
0l
Mwiywwx § b e <
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@) (b) ()
Figure 6. (a) XRD diffractograms of all the samples on the whole acquired 26 range; (b) example
Rietveld fit as obtained on sample P_5PS80; (c) detail of the 13-26° pattern region showing PVDF-f3
main reflections ((200)/(110)) as well as the signal attributed to the amorphous fraction.
Table 2. Refined parameter values obtained from the Rietveld analysis performed on XRD diffrac-
tograms on all the prepared samples.
PVDEF-TrFE BaTiO3
Sample . . -
Avg. Domain Size [A] Crystalline Fraction ! (wt%) al[Al] c[A] c/a
P 236 15.6 N/A N/A N/A
P_5PVP 148 21.9 3.99045 4.02409 1.00843
P_10PVP 194 19.0 3.98937 4.02349 1.00855
P_20PVP 190 21.3 3.98911 4.02326 1.00856
P_5PS80 120 20.8 3.99239 4.02772 1.00885
P_10PS80 120 19.6 3.98744 4.02268 1.00884
P_20PS80 134 40.6 3.98757 4.02315 1.00892

1 Crystalline fraction of the matrix, calculated by normalizing the crystalline percentage of PVDF-TrFE obtained
from Rietveld analysis with respect to the weight fraction of the matrix.

Figure 7 reports the FTIR spectra of all the samples in the range 1650 + 550 cm ™.
The PVDEF-TrFE spectrum shows the three main PVDF bands [52] centered at 880, 1170,
and 1400 cm ™!, respectively assigned to C-C symmetric vibration, C-C antisymmetric
vibration, and CH, wagging [53]. The bands at 1072 cm !, with a barely visible shoulder
at 1056 cm~! and at 1119 cm ™!, are reported to mark the presence of the TrFE units [52,54],
as well as peaks at 1345 cm~! and at 1366 cm ! associated with CHF deformation modes.
Resende et al. proposed the origin of these signals from the ¢t and tg chain conformation
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modes, respectively [54]. Since the presence of the 3-phase is the primary determinant
of PVDEF-TrFE’s piezoelectricity, the composites” FTIR spectra were examined to verify
the amount of the piezo-active 3-phase. The FTIR spectra of neat PVDF-TrFE and its
BaTiO;-based composites exhibit an intense absorption band at about 840 cm !, attributed
to the symmetric stretching vibration of the CF, groups and commonly regarded as a
fingerprint of the electroactive (3- and y-phases [38]. The predominance of the all-trans chain
conformation is further corroborated by the presence of characteristic 3-phase bands located
at1285cm !, 1431 cm ! [54]. A very weak shoulder at approximately 765 cm ™!, originating
from CF; and skeletal bending vibrations related to the TGTG’ chain conformation of the «-
phase, can be identified [17,55], as well as CF3 rocking bands at 975 cm 1 [56]. The very low
intensity of these features, together with the absence of bands characteristic of the y-phase
(812cm~1, 832 cm™1, 1245 cm_l), confirms the dominance of the crystalline 3-phase in all
the prepared PVDF-TrFE /BaTiOs films. These findings are fully consistent with literature
data on PVDEF-TrFE copolymers, which are known to preferentially crystallize in the (3-
phase [54]. The incorporation of BaTiO3 nanoparticles into the PVDF-TrFE matrix does not
induce any noticeable band shifts in the FTIR spectra, indicating the absence of specific
chemical interactions between the copolymer chains and the ceramic fillers. As reported
in Table 3, a very high fraction of the electroactive 3-phase is present for neat PVDF-TrFE,
reaching approximately 93%, while the nanocomposites show (3-phase contents as high
as 92%, and never below 90%. These results indicate that the incorporation of BaTiO;
nanoparticles does not hinder the formation of the crystalline 3-phase. This observation is
in agreement with the literature and confirms that the solvent-based production process
predominantly governs the development of the 3-phase in both the neat copolymer and
the corresponding nanocomposites [23]. The characteristic BaTiO3 absorption bands at
~440 cm~! and ~550 cm !, which are assigned to the Ti~O stretching and O-Ti-O bending
vibrations within the crystal lattice, are not discernible in the composite spectra because
they are outside the investigated spectral region, while other BaTiO; signals are masked by
the intense PVDF-TrFE bands occurring in the same spectral regions [37,55].

B «a B ya a Bywy a

Intensity (a.u.)
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——P_5PVP
——P_5PS80
——P_10PVP
——P_10PS80
P_20PVP
—— P_20PS80
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1600 1500 1400 1300 1200 1100 1000 900 800 700
Wavenumber (cm™)

Figure 7. FTIR spectra of the prepared films; the bands related to the different crystalline phases of
PVDF are highlighted.
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Table 3. Crystalline phases relative amount from FTIR spectra on all the prepared samples.

FB,y) ! F(o) 2

Sample (%) (%)
P 93.1 6.9
P_5PVP 89.9 10.1
P_10PVP 92.6 7.4
P _20PVP 92.5 7.5
P_5PS80 90.0 10.0
P_10PS80 92.0 8.0
P_20PS80 91.9 8.1

LF(B,y) = electroactive (B +v) phase content, determined according to Equation (1); 2F() =1 — F(B,Y).

DSC thermograms are reported in Figure 8 for PVDE-TrFE and the corresponding
BaTiOs3-filled composites recorded during the first heating, cooling, and second heating
cycles, while the most important numerical results are summarized in Table 4. In all samples,
the glass transition temperature is hard to discern in the investigated temperature range.
This behavior is attributed to the high degree of crystallinity, which strongly constrains
the amorphous fraction and suppresses the signal of Ty, as reported for highly crystalline
PVDEF-TrFE systems. Moreover, no relaxation phenomena associated with the x-phase are
observed, typically reported at 65 °C for neat PVDF [57,58] and in the 40-50 °C range for
PVDF copolymers with up to 35 mol.% TrFE unit content [24,57,59]. The absence of such
relaxation confirms that the o crystalline fraction is negligible, in agreement with the FTIR
results indicating a dominant 3-phase content across all compositions. This further supports
the conclusion that the adopted production route promotes direct crystallization into the
all-trans ferroelectric phase, even in the presence of ceramic fillers. Indeed, achieving a
particular sort of crystalline fraction (mainly «, {3, v) depends on whether the crystallization
temperature is above or below a specific « nucleation temperature. Gregorio et al. reported
the mentioned « onset temperature, for PVDF-TrFE copolymers with 60 and 80 mol%
PVDF to be between 70 °C and 80 °C [41,59], which is significantly higher than the 55 °C
utilized in this work for the PVDF-TrFE with 75 mol% PVDE. During heating, all samples
exhibit a well-defined endothermic peak associated with the ferroelectric to paraelectric
transition, related to the Curie temperature (T.) [21] at 112.6 °C, marginally different
from the nominal values suggested by the supplier (116.0 °C). In the composite samples,
this ferroelectric-to-paraelectric transition is slightly shifted towards higher temperatures,
contrary to what has been reported in the literature for similar systems [21]. At higher
temperatures, the melting endothermic peak of the crystalline phase (Tn) at about 150 °C
is not significantly influenced by the filler presence. The associated enthalpy (AHm) should
be seen in relation to the amount of matrix, revealing the nanoparticles” nucleating effect
on the polymer, which leads to an appreciable increase in the total crystallinity of the
matrix. This further supports the evidence that both dispersants used in this study have
beneficial effects on the filler dispersion. Moreover, the fact that BaTiO3 nanoparticles act
as a nucleating agent for the PVDF or PVDF-TrFE is mentioned in the literature only for
low filler additions, generally up to 10 vol% [21,23,44], or not reported at all for similar
systems [60]. It is possible to correlate the total matrix crystallinity result with the fraction of
polar crystalline phase present in the matrix (see Table 3), which remains high even with the
addition of BaTiOs. This observation is encouraging, as it demonstrates that increasing the
filler volume, even if the effective polymer volume is reduced, preserves the piezoelectric
capability of the matrix. Upon cooling, the corresponding exothermic crystallization peaks
are clearly visible at around 130 °C for all the samples, while the crystallization enthalpy
shows a decreasing trend with the BaTiO3 content. Also, AHyy, reflects the same trend,
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with a peak that stands at around 150 °C for all composites. The paraelectric-to-ferroelectric
transition during cooling and the corresponding transition during the second heating stage
are clearly visible, thus witnessing the reversible nature of this process. In this instance, the
corresponding enthalpies are connected to the energy difference between the paraelectric
and the ferroelectric crystalline structures involved in the process [59].
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Figure 8. DSC thermograms (first heating, cooling, and second heating scans) of all the samples.
Table 4. Main results of the DSC tests on all the prepared samples.
T AH X T T AH Tm2 AHmo
S 1 ml ml c cr cr m m
ampre 0) (/g) (%) 0) 0) (/g) 0 (/g)
P 147.9 284 27.2 112.6 129.8 30.4 151.7 29.5
P_5PVP 151.3 29.3 32.9 117.3 131.0 254 150.4 23.2
P_10PVP 148.6 234 31.0 120.0 128.8 225 151.4 21.8
P_20PVP 148.6 20.9 35.7 120.2 129.8 20.5 151.2 19.4
P_5PS80 148.0 29.0 32.6 118.1 130.5 26.2 150.9 235
P_10PS80 147.8 234 31.0 1214 130.4 24.3 151.1 2211
P_20PS80 147.5 20.3 34.7 120.2 130.2 18.7 149.9 18.1

Tmi1, AHm1 = melting temperature and enthalpy (first heating scan); x = degree of crystallinity (first heating scan);
T, = Curie temperature (first heating scan); T, AH¢ = crystallization temperature and enthalpy (cooling scan);
Tm2, AHmy = melting temperature and enthalpy (second heating scan).

Thermogravimetric curves are reported in Figure 9, and the main results are sum-
marized in Table 5. PVDF-TrFE shows a first mild degradation until 500 °C and then its
characteristic degradation step around 550 °C, with a final residual mass at 700 °C of 11%.
On the contrary, BaTiO3 powder, like the majority of inorganic materials, has a very low
weight loss of 0.4% and is stable across the whole temperature range. The incorporation
of BaTiOj3 particles enhances the thermal stability, as evidenced by a shift in the degra-
dation temperature (see Table 5) toward higher temperatures in the presence of the filler,
as previously observed for comparable systems [23,60]. The slightly different behavior of
composites with PVP compared to those with PS80, visible up to the degradation tempera-
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ture, can be attributed to the lower stability of PVP in that temperature range. In fact, it is
reported in the literature that PVP, with the molecular weight employed, shows an initial
weight loss between 200 °C and 400 °C [61], whereas PS80 remains more stable [62]. After
complete decomposition of the polymeric phase, the remaining mass closely matches the
nominal BaTiO3 loading without any appreciable difference for systems compatibilized
with PVP or PS80, confirming the effective and homogeneous incorporation of the inorganic
phase within the composites.
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Figure 9. Residual mass and mass loss derivative (DTG) as a function of temperature from TGA tests
on samples prepared with (a) PS80 dispersant and with (b) PVP dispersant.

Table 5. Main results of the TGA tests on the prepared samples.

Tao Tko, T m
1 3% 5% d 1,700
Sample ©C) Q) Q) C0) (Wt%)
P 145.3 271.8 371.2 560.3 10.8
P _5PVP 342.8 503.5 528.9 576.8 33.4
P_10PVP 271.5 470.9 521.5 575.5 39.0
P_20PVP 236.1 445.8 506.5 576.8 49.0
P_5PS80 179.9 4275 537.1 565.0 33.6
P_10PS80 338.9 516.6 548.6 568.0 40.3
P_20PS80 274.9 4519 550.5 570.7 48.7
BaTiO; - - - - 99.6

T19, T3%, Tsy, = temperatures at a mass loss of 1 wt%, 3 wt%, or 5 wt%; T4 = degradation temperature (DTG peak);
my 7o = residual mass at 700 °C.

Figure 10 shows the DMTA thermograms (E’, E”, and tand) of all the samples. As
reported in Figure 10a, the storage modulus E’ at low temperature grows from approx-
imately 2.1 GPa for neat PVDF-TYrFE to about 3.1-3.5 GPa for the 5-10 vol% composites
and up to 4.5 GPa for the 20 vol% formulation, indicating the reinforcing effect of the
ceramic phase. Moreover, the increase in the storage modulus can be correlated with an
increase in the crystallinity of the matrix, as evidenced by data extracted from XRD and
DSC. Nonetheless, a progressive decrease of E’ with increasing temperature is observed for
all samples, confirming that the polymer matrix still governs the viscoelastic response of
the composites. From the thermograms of Figure 10b, two main thermal transitions can be
recognized. The broad relaxation observed between —35 °C and —20 °C for all samples
is probably associated with molecular motions occurring in the amorphous fraction of
PVDE-TtFE (glass transition), commonly reported as 3 or o, relaxation [63,64]. The increase
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in loss modulus at higher temperature is commonly reported for PVDF-based systems
as relaxations involving constrained polymer regions («. relaxation) and crystal-related
motions [65,66] and is associated with a corresponding rise in the damping factor, as vis-
ible in Figure 10c. The intensity of this relaxation signal is enhanced with the increasing
BaTiO3 mass fraction, particularly for PVP-containing samples, and it is generally shifted
towards higher temperatures, indicating a macromolecular constraint effect played by the
filler. The maximum tand value increases from approximately 0.09 for neat PVDF-TrFE
to about 0.12-0.13 for the 20 vol% composites, while the corresponding E” peaks reach
values up to 130 MPa. Overall, the DMTA results demonstrate that the addition of BaTiO3
effectively enhances the stiffness and therefore the dimensional stability of the films, while
still retaining good flexibility. This aspect is particularly relevant for flexible piezoelectric
and dielectric devices [67].
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Figure 10. DMTA thermograms of the prepared samples. Trends of (a) storage modulus, (b) loss
modulus, and (c) tand as a function of the temperature.

The dielectric strength of the PVDE-TrFE/BaTiO3 composites reported in Figure 11a
decreases with increasing filler content, as expected from the introduction of a ceramic
phase in a polymeric system [68]. In particular, 5 vol% BaTiO3 composites retain a com-
paratively high dielectric strength, while the 10 and 20 vol% formulations exhibit lower
values, yet still remain above a minimum average value of 70 kV/mm (sample P_20PVP),
which allows poling at electric fields of a few tens of kV/mm. Overall, it is worth notic-
ing that polysorbate 80 is more effective in preserving a high dielectric strength of the
composite. Figure 11b reports the frequency dependence of the relative permittivity (&)
at room temperature for PVDF-TrFE/BaTiO3 composites containing different dispersants
(PVP and PS80) and filler loading, compared to the neat polymer matrix. Because of
the large C-F dipole moment, PVDF and PVDEF-based copolymers have the highest di-
electric constant among polymeric materials [69]. Neat PVDE-TrFE sample () exhibits a
nearly frequency-independent permittivity in the investigated range (10'-10° Hz), with
er & 10-12, characteristic of a stable dipolar polarization of this copolymer with 25%mol of
TrFE [70]. The stability of the &, values with the frequency confirms the low contribution of
space-charge polarization mechanisms in the neat matrix. Upon incorporation of BaTiOs
with PVP as dispersant (P_5PVP, P_10PVP, P_20PVP), ¢, increases moderately and mono-
tonically with the filler content, while preserving a relatively weak frequency dependence.
Indeed, real permittivity decreases in all samples passing from low to high frequency
regime, and this loss gets more pronounced as the filler fraction rises because of a relaxation
mechanism that makes dipolar polarization more difficult at higher frequencies [21,56].
Even at the highest loading (20 vol%), the permittivity decreases only slightly with increas-
ing frequency. This behavior indicates that PVP enables an efficient dispersion of BaTiO3
particles while maintaining electrically stable interfaces. The dielectric response is therefore
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mainly governed by intrinsic dipolar polarization of the polymer and the high-permittivity
ceramic phase, with a limited contribution from Maxwell-Wagner-Sillars (MWS) interfacial
polarization occurring between the matrix and the filler [25,56,60]. In contrast, composites
prepared using PS80 dispersant show a markedly different dielectric behavior. At low
BaTiO3 contents (P_5PS80 and P_10PS80), ¢, values are comparable to or slightly higher
than those of the corresponding PVP-based samples, but a clearer frequency dispersion
already emerges, especially below 10° Hz. This suggests the onset of interfacial polarization
processes associated with the presence of a more mobile, highly polar dispersant at the
polymerfiller interface. The effect becomes severe at 20 vol% BaTiO3; (P_20PS80). In this
case, ¢; reaches very high values at low frequency (45-50 at 10 Hz) and decreases steeply
with the frequency, dropping to 17-18 at 10°~10° Hz. Such a strong dispersion is a clear
indication of dominant MWS polarization and space-charge accumulation [71]. At this filler
loading, the amount of PS80 (5 wt% relative to BaTiO3) is sufficient to form continuous or
quasi-continuous interfacial layers with high dipolar mobility. These soft interphases act
as highly polarizable regions at low frequency, but cannot follow the alternating field at
higher frequencies, leading to the observed collapse of ¢,. This behavior can be associated
with the formation of interfacial regions having dielectric properties different from those
of both the ceramic filler and the polymer matrix. Under an alternating electric field,
charge carriers and dipoles can accumulate at these heterogeneous interfaces because of
the mismatch in conductivity and permittivity between BaTiO3 and PVDE-TrFE, giving
rise to MWS interfacial polarization. In composites containing soft organic interphases, the
surfactant layer may additionally facilitate local dipolar mobility and charge trapping at
the filler /polymer interface, thereby enhancing low-frequency dielectric dispersion and
dielectric losses [68]. Figure 11c presents the evolution of the piezoelectric strain coefficient
(ds3) as a function of the BaTiO3 content. Neat PVDE-TrFE exhibits the highest absolute
d33 value (=25 pC/N), consistent with the high 3-phase content. Upon incorporation of
BaTiO3, a gradual decrease in the absolute d33 value is observed for both PVP and PS80
nanocomposites, and for both poling routes, with ds3 approaching —20 pC/N at 20 vol%
BaTiOj3. This slight decrease in the piezoelectric response suggests that, despite the intrin-
sic ferroelectricity of BaTiOj3, the ceramic nanofiller does not effectively contribute to the
macroscopic piezoelectric coefficient of the composite. Recent literature reports dzz values
for flexible PVDF-TrFE/BaTiO3; composite films typically in the range of 15-35 pC/N for
filler contents comparable to those investigated in the present work. In particular, Otero
et al. reported djz3 values of approximately —25 to —33 pC/N for PVDF-TrFE compos-
ites containing 10-20 vol% BaTiOj particles smaller than 500 nm but with higher poling
fields [21]. Similar values were also reported for PVDF-TrFE/BaTiO3 nanocomposite mats
(=31 pC/N) [24], for PVDF-TrFE/BaTiO3 (7 pC/N), and for BaTiO3/MXene/PVDEF-TrFE
flexible composites (15.5 pC/N) [72], confirming that the dz3 values obtained in the present
work are consistent with the current state of the art for flexible fluoropolymer-based piezo-
composites. In terms of the piezoelectric characteristics, it is crucial to highlight that the
generated electric fields in PVDE-TrFE and BaTiO3 have an opposite sign under the same
mechanical stress and that their piezoelectric response is thus reversed. As a result, when
measured in the same direction as the poling field, the ds3 values after poling have opposite
sign: positive (d33 > 0) for the ceramic filler and negative (ds3 < 0) for PVDF-TrFE [21,23,24].
Moreover, when a direct current electric field is imposed through a composite material, its
allocation among the phases depend on the discharge time (given by the ratio between the
permittivity and the conductivity, typical of each phase, according to MWS polarization
theory) during a transition period, while it is gradually redistributed depending on the
ratio of the resistivities of the constituent phases, in the regime state [73,74]. The observed
behavior in the investigated composites can be attributed to the high mismatch in dielectric
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permittivity (epypr-1rrg ~ 10, €BaTiO3 = 10%) and in electric resistivity at the poling tempera-
tures (opyprre ~ 1011 Q em [73], ogatios ~ 108 Q) cm [75]) that result in a rather different
electric field distribution among the filler and the matrix [76] both in the transient and in
the regime period, that is not sufficient to fully polarize the ceramic phase [77]. Finally, the
shifting in the ferroelectric-to-paraelectric transition temperature (see Table 4) results in
Curie temperatures of the two phases probably too close to each other, and this has most
likely caused the two-step poling to lose its effectiveness. Besides the piezoelectricity, the
high dielectric constant obtained can find possible applications in dielectric transducers
(actuators and sensors) [78,79] or in systems that combine the functions of a piezoelectric
generator and a capacitor within the same material, as proposed by Tong [80].
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Figure 11. (a) Dielectric strength, (b) relative permittivity, and (c) piezoelectric coefficient (d33) of
neat PVDF-TrFE and the relative nanocomposite samples.

4. Conclusions

In this work, PVDF-TrFE /BaTiO3 nanocomposites, prepared using polyvinylpyrroli-
done (PVP) or polysorbate 80 (PS80) as dispersants, were successfully fabricated by solvent
casting in order to propose a possible route for high dielectric and easy polarizable ma-
terials, able to retain high piezoelectric strain coefficient (dz3) and possibly synergically
exploit the opposite polarity of the matrix and the filler through a carefully designed poling
process. The EDXS and SEM comparison between PVP-based and PS80-based systems
demonstrated that both dispersants improved filler dispersion, with ceramic nanoparticles
firmly embedded in the polymer matrix, indicating good interfacial adhesion between
BaTiO3; and PVDEF-TrFE. The solvent casting process ensured good film densification and
structural integrity, and the crystallization and annealing temperatures allowed the forma-
tion and consolidation of the electroactive crystalline 3-phase. SEM high-magnification
images allowed for distinguishing the rod-like crystallite features of the -phase in the
matrix. FTIR, DSC, and XRD analyses confirmed that the increasing content of BaTiO3
did not influence the relative amount of electroactive phase (which was about 90% of
the total matrix crystalline phase) while it favored the nucleation of the crystals in the
matrix and moderately influenced the ferroelectric and melting transitions of PVDF-TrFE.
DMTA measurements demonstrated that BaTiO3 introduction enhanced the stiffness and
the dimensional stability of the samples without substantially compromising their flex-
ibility. Upon incorporation of BaTiO3 through PVP dispersant, ¢; increased moderately
and monotonically with filler content, while preserving a relatively weak frequency de-
pendence, indicating that PVP enabled an efficient dispersion of BaTiO3 particles while
maintaining electrically stable interfaces. PS80 instead introduced an additional electrically
active interfacial phase. At high BaTiO3; volume fractions (20 vol%), the PS80 raised the
dielectric response at low frequency and decreased its influence on permittivity with in-
creasing frequency. These results highlighted that, beyond dispersion quality, the electrical
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properties of the dispersant play a critical role in controlling interfacial polarization and
frequency-dependent dielectric behavior in PVDF-TrFE/BaTiO3 composites. The piezo-
electric response was between —20 pC/N and —25 pC/N for all the nanocomposites and
was mainly governed by the polymeric phase, while BaTiO3 was poorly poled due to
permittivity mismatch and the shift in the matrix Curie temperature toward that of the
ceramic, which limits the effectiveness of the two-step poling process on matrix and filler
separately. Alternative PVDF-TrFE compositions with different Curie temperatures, or
perovskite structures with low permittivity, high ds3, and tunable T, could address these
issues. This type of composite is still not fully explored, and the opposing response of the
piezoceramic filler relative to the matrix is often overlooked. Overall, this study evidences
the possibility of obtaining high 3-phase PVDF copolymer composite films with enhanced
dielectric properties while preserving the piezoelectric capabilities of the matrix. Besides
piezoelectric applications, the high permittivity achieved by the proposed composites can
be used in electrostatic transducer applications.
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