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Abstract
Polyvinylidene fluoride (PVDF) is a semi-crystalline ferroelectric polymer which can be stabilized in its distinct electroac-
tive polymorphs α and γ by selective processing techniques. In this article, to study the effect of processing temperature and 
barium calcium zirconium titanate (BCZT) ceramic-doping on PVDF phase stabilization, the pure PVDF and PVDF/BCZT 
composite films were fabricated by solution-casting and melt-pressing. The Fourier-transform infrared spectroscopy and x-ray 
diffraction studies showed that the pure PVDF and PVDF/BCZT composite films fabricated by solution-casting possessed the 
characteristic γ-PVDF peaks while melt-pressing stabilized PVDF mostly in the α-phase. The BCZT ceramic particles were 
found to have no significant effect on PVDF phase stabilization, but it enhanced the overall crystallinity of polymer matrix. 
The dielectric studies revealed that the relative permittivity (εr) of γ- and α-PVDF phases in pure PVDF film samples was ≈ 
10 and 7.5 (at 120 Hz) respectively. The εr of PVDF/BCZT composite films having 50 wt.% BCZT content synthesized by 
solution-casting and melt-pressing were estimated to be ≈ 31 and 20 (at 120 Hz), respectively, which was about three times 
that of pure PVDF film synthesized by the respective technique. The value of loss tangent (tanδ) for pure PVDF films syn-
thesized by solution-cast and melt-press technique were ≈ 0.07 and 0.35 (at 120 Hz) respectively. In temperature-dependent 
dielectric studies, γ-PVDF showed distinct α-relaxation peak at ≈ 120°C and polymer melting at temperature > 130°C. For 
α-PVDF, the increase in εr and tanδ was observed during α-relaxation transition at higher temperatures. The dielectric studies 
indicated that the introduction of BCZT ceramic particles in PVDF matrix increased the εr-value by enhancing the dipolar 
and interfacial polarizations in composites, while the decrease in tanδ-value was observed due to decrease in molecular 
dipoles with a decrease in wt.% of PVDF content. These phenomena collectively improved the overall electric properties 
of ceramic/polymer composites which makes them suitable candidates to explore for flexible electroactive material form.
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Introduction

Polyvinylidene fluoride (PVDF) is a semi-crystalline 
multiphase ferro/piezoelectric polymer.1–4 It can be sta-
bilized in its distinct polymorphs, α (TGTG′, form II), β 
(TTTT, form I), γ  (T3GT3G′, form III), δ and ε depending 
on the molecular chain conformation during the fabrica-
tion process.3,5–10 Various techniques and treatments such 
as mechanical (stretching),11,12 thermal (heat tempera-
ture),13 electrical (poling process)14  and chemical treat-
ments (effect of solvents or other additives)9,15–19  dur-
ing the processing of PVDF affect the molecular phase 
stabilization in it and hence, the final properties. Among 
its all forms, β-PVDF is the most electroactive showing 
good ferro/piezoelectric properties.2–4,10,16,20–23 However, 
the α- and γ-phases of PVDF are the most explored for 
applications in dielectric energy storage capacitors due 
to their low remnant polarization (Pr) value.24 Obtaining 
PVDF in these phases by chemical treatments is found 
to be an effective and convenient methodology due to its 
ease of control, low haze and low processing tempera-
ture requirements.4,9,18,25–27 Moreover, in general, the sol-
gel techniques involve softer synthesis conditions during 
processing which further affect the properties of the final 
material form.25,26,28 The recent research work in the devel-
opment of electroactive polymers, particularly on PVDF, 
has reported the effect of various additives and techniques 
involved in phase stabilization to obtain enhanced electric 
properties.6,7,10,15,18,23,29–33 In this article, the PVDF films 
were fabricated by solution-casting and melt-pressing 
which involved different methodologies and processing 
temperatures during fabrication. PVDF, being a typical 
engineering polymer material, possesses outstanding ferro/
piezo/pyroelectric properties, high dielectric breakdown 
strength, better chemical, mechanical and thermal stabil-
ity, and biocompatibility which makes it a suitable can-
didate for application in flexible memory, energy trans-
ducers, self-charging energy storage capacitors, sensors 
and electronic bio-medical devices.2–4,6,10,18,20,22,30–32,34,35 
However, with the progress in the field of electronics and 
electric industries, the single-phase polymer materials 
cannot meet the ever-increasing requirements for appli-
cation in various fields.27 To enhance the properties of 
polymers for application purposes, organic, ceramic 
and carbon-based fillers are either randomly dispersed, 
aligned or ordered in a multi-layer form in the polymer 
matrix.15,20,22,25,27,33,36–38 In the last few years, among 
the various lead-free piezoceramics, barium calcium zir-
conium titanate (BCZT) with composition xBCT-(1-x)
BZT has been widely explored for its piezoelectric and 
relaxor-type ferroelectric properties.28,39,40 This system 
showed a maximum value of piezoelectric coefficient d33 

of ≈ 620 pC/N in one of its composition (for x = 0.5).41 
Because of the high permittivity, good polarization and 
large energy density, the BCZT ceramics are also studied 
for energy storage purposes.27,40,42,43 In this article, the 
as-synthesized BCZT ceramic particles with composition 
0.5((Ba0.7Ca0.3)TiO3)–0.5(Ba(Zr0.2Ti0.8)O3) were dispersed 
in the PVDF matrix to enhance the electric properties of 
the polymer. The purpose is to integrate the enhanced elec-
tric properties of BCZT ceramic with the flexibility of 
PVDF polymer via a proper fabrication technique to form 
a suitable flexible electroactive material.10,31,34

Experimental Synthesis 
and Characterization

The BCZT source powder with composition 0.5((Ba0.7Ca0.3)
TiO3)–0.5(Ba(Zr0.2Ti0.8)O3) was synthesized by sol-gel 
technique.44 The precursor solution was formed using the 
starting materials of barium acetate (Ba(CH3COO)2) (LR 
grade purity), calcium nitrate tetrahydrate (Ca(NO3)2·4H2O) 
(AR grade purity), zirconium oxychloride octahydrate 
 (ZrOCl2·8H2O) (LR grade purity) and titanium isopropox-
ide (TTIP) as received without further purification.33,45,46 
Absolute ethanol and distilled water were used as solvents. 
Glacial acetic acid was added as a chelating agent.45,46 On 
drying the precursor solution the obtained white solids were 
crushed and annealed at 1000°C for 4–5 h.33,43,45,46

Pure PVDF and PVDF/BCZT Composite Films

The fraction of α, β, and γ phases of PVDF in pure polymer 
and composite film samples depends on the synthesis tech-
nique and wt.% of dopant in the polymer matrix. To study 
the effect of synthesis technique and doping of as-synthe-
sized BCZT nanoparticles, pure PVDF and PVDF/BCZT 
composite films with different wt.% of BCZT content were 
fabricated by solution-casting and melt-pressing.

a) Solution-Casting: Pure PVDF and PVDF/BCZT com-
posite films with 10 wt.%, 20 wt.%, 30 wt.%, 40 wt.%, 
50 wt.% and 60 wt.% of BCZT content were prepared by 
a solution-cast technique. The N,N-Dimethylformamide 
(DMF) was used as solvent to prepare PVDF solution.33 
The calculated amount of as-synthesized BCZT pow-
der in proper wt.% ratio with PVDF was added to the 
polymer solution under continuous stirring. The mix-
ture was sonicated several times for proper dispersion 
of ceramic particles. The prepared thick homogenous 
PVDF/BCZT mixture was then poured on a clean glass 
substrate and kept at 50°C overnight for drying. The 
as-prepared dried film was used for further analysis and 
testing.9,18,25–27,33,43
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b) Melt-Pressing: For comparative studies of the process-
ing temperature, pure PVDF and PVDF/BCZT compos-
ite films with 40 wt.%, 50 wt.% and 60 wt.% of BCZT 
were synthesized by melt-pressing. The BCZT powder 
and PVDF taken in different wt.% ratios were mixed 
and ground using a mortar and pestle. The mixed pow-
der was placed between brass sheets in a stainless-steel 
die in a melt-press machine. The mixture was heated to 
215°C and then a pressure of 250 kg/cm2 was applied for 
60 s. The die was cooled to room temperature slowly by 
flowing water through the heating platens. The sample 
film was pealed off carefully from the brass sheet and 
used for further analysis and testing.47,48

Characterization

A Fourier-transform infrared spectroscopy (FTIR) spec-
trophotometer (Spectrum Two, Perkin Elmer) was used 
to analyze the chemical structure of the sample films. The 
FTIR spectra of pure PVDF and PVDF/BCZT composite 
films were taken over a range of 450–1500−1 . An x-ray 
diffractometer (X’Pert Pro, PANalytical, Netherlands) with 
Cu-Kα radiation of wavelength λ = 0.1540598 nm was used 
to obtain the structural information of the sample films. The 
x-ray diffraction (XRD) data were collected over a range 
of 2θ = 10°–80°. To study the electric properties, Au-
electrodes were sputtered using an automatic sputter coater 
(Agar Scientific, UK). The dielectric properties were ana-
lyzed using an impedance analyzer (Wayne Kerr, 6400B) 
over the frequency range of 20 Hz to 1 MHz at room tem-
perature. The temperature-dependent dielectric properties 
were studied in the range 32–134°C at frequencies 100 Hz, 
1 kHz, 10 kHz, 100 kHz and 1 MHz.

Results and Discussion

FTIR Spectroscopy

FTIR spectroscopy was used to analyze the chemical 
structure, and hence, the phase stabilization in the film 
samples. As explained earlier, PVDF is a semi-crystalline 
polymer which crystallizes into different structural poly-
morphs. In the α- and δ-phase, the chain conformations are 
designed as TGTG′ (T=trans, G=gauche+, G′=gauche−) 
and for β-phase are all trans, TTTT. However, for γ and 
ε the conformations are TTT GTT TG′, i.e.  T3GT3G′.9,10 
The FTIR peaks in the range 876–885  cm−1, 1067–1075 
 cm−1, 1171–1182  cm−1, and 1398–1404  cm−1 are com-
mon PVDF peaks that appear in all three phases (α, β, 
and γ).8 The characteristic BCZT peak lies in the range 
500–503  cm−1 of the spectra.27 In pure PVDF film sam-
ples synthesized by solution-casting and melt-pressing, the 

FTIR peaks corresponding to common PVDF peaks were 
all present in both the samples (Fig. 1a). In the PVDF film 
synthesized by solution-casting, the peaks at 1232  cm−1, 
834  cm−1, and 478  cm−1 were the characteristic PVDF 
γ-phase peaks, while for the PVDF film synthesized by 
melt-pressing, the peaks at 762  (CF2 bending and skeletal 
bending), 612  cm−1, 486  cm−1  (CF2 wagging), 528  cm−1, 
798  cm−1, 976  cm−1, 1150  cm−1, and 1206  cm−1 were 
the characteristic PVDF α-phase peaks.8,18,49 The peak at 
around 1276  cm−1 corresponds to the PVDF β-phase.

The FTIR data are generally normalized proportional 
to the thickness of samples for quantitative analysis. For 
pure PVDF film samples synthesized by solution-casting 
and melt-pressing, the FTIR data were normalized based 
on the transmittance peak at around 877  cm−1 as per the 
international standards (Fig. 1b).50,51 The intensity of trans-
mittance (%) peaks for all the common PVDF peaks were 
almost same for both the film samples. This reflects that 
the PVDF processing technique does not affect the overall 
crystallinity of the PVDF polymer matrix.

The PVDF/BCZT composite films having different wt.% 
of BCZT content synthesized by solution-cast and melt-
press technique possessed the similar characteristic PVDF 
phase peaks as observed in pure PVDF film samples syn-
thesized by the respective technique (Fig. 1c). The BCZT 
ceramic doping in the PVDF polymer matrix was found to 
have no significant effect on the structural conformation of 
PVDF.52 For the composite films, the presence of BCZT in 
samples influenced the overall FTIR pattern, and the charac-
teristic BCZT peak was present in the range 500–503  cm−1. 
The FTIR pattern of composite films with different wt.% 
of BCZT content synthesized by the same technique was 
almost similar. The FTIR spectra of pure BCZT ceramic and 
PVDF/BCZT composite film with 50 wt.% BCZT content 
synthesized by solution-casting and melt-pressing has been 
compared (Fig. 1c). In the composite film samples fabricated 
by solution-casting, the PVDF peak at around 762  cm−1  (CF2 
bending and skeletal bending) was the characteristic α-phase 
peak whose intensity decreased with increasing BCZT con-
tent.8 There was no peak at this position in the pure PVDF 
sample, i.e. the α-phase peak in the composite film arose 
due to the introduction of BCZT in PVDF polymer matrix 
whose intensity decreased with increasing BCZT content 
(Fig. S1).27,49,52

The normalized FTIR data of composite films with dif-
ferent wt.% of BCZT content fabricated by solution-casting 
and melt-pressing (Fig. 1d and e) revealed that the BCZT 
ceramic in PVDF affected the overall crystallinity of the 
polymer matrix.52 It increased with an increase in BCZT 
content in the composite film. For films synthesized by 
solution-casting, it was maximum for 40 wt.% BCZT con-
tent composition. Similar results were reported earlier by 
analyzing XRD and DSC data. 49
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Fig. 1  (a) FTIR spectra in the range of 450–1500  cm−1 for pure 
PVDF film samples synthesized by solution-casting and melt-press-
ing (b) Normalized FTIR spectra in the range of 450–1500  cm−1 for 
pure PVDF films synthesized by solution-casting and melt-pressing 
(c) FTIR spectra in the range of 450–1500  cm−1 for pure BCZT pow-
der and 50 wt.% BCZT content composite films synthesized by solu-

tion-casting and melt-pressing (d) Normalized FTIR spectra in the 
range of 450–1500  cm−1 for pure PVDF and PVDF/BCZT composite 
films with different wt.% of BCZT content synthesized by solution-
casting (e) Normalized FTIR spectra in the range of 450–1500  cm−1 
for pure PVDF and PVDF/BCZT composite films with different wt.% 
of BCZT content synthesized by melt-pressing.
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The FTIR spectroscopy results revealed that the polymer 
PVDF processed by solution-casting possessed γ-PVDF 
phase peaks while it stabilized mostly in the α-phase by 
melt-pressing.5 Second, the BCZT ceramic particles in the 
PVDF matrix were found to have no significant effect on 
PVDF phase stabilization. However, it influenced the overall 
crystallinity of the polymer matrix.

X‑Ray Diffraction (XRD) Studies

The structural analysis of as-synthesized BCZT powder, 
pure PVDF and composite films was done by x-ray diffrac-
tion (XRD). The XRD pattern of a pure PVDF film sample 
fabricated by melt-pressing (Fig. 2a) showed the presence 
of two intense peaks at around 18.4° and 20.0° correspond-
ing to the α-phase of PVDF on the planes (020) and (110), 
respectively.8,24,47,53 Along with these were the medium or 
weak peaks at 17.8°, 26.6° (021) and 35.9° (200) of α-PVDF. 
On the other hand, the XRD pattern of pure PVDF film pre-
pared by solution-casting (Fig. 2a) exhibited a strong peak 
at 20.42° and two medium peaks around 18.52° and 39.24°, 
which correspond to diffraction peaks on planes (110/101), 
(020) and (211), respectively, of monoclinic γ-phase crys-
tal. A medium diffraction peak around 36.23° was β-PVDF 
phase peak. The XRD results confirmed the formation of 
an α-phase and γ-phase with traces of a β-phase with melt-
pressing and solution-casting, respectively.5,8,18,24,27,43 These 
results were in good agreement with FTIR results of pure 
PVDF films.

The XRD pattern of 50 wt.% BCZT content composite 
films synthesized by solution-casting and melt-pressing dis-
played all the peaks corresponding to the pure BCZT phase 
and the similar characteristic PVDF phase peaks as observed 
in pure PVDF film samples synthesized by the respective 

technique (Fig. 2b). This indicates the incorporation of 
BCZT particles into the PVDF matrix without any second-
ary phase formation by both techniques.49 The phase forma-
tion estimations were also in good agreement with FTIR 
analysis. In the XRD pattern of a composite film sample 
synthesized by solution-casting, peaks were less intense and 
the characteristic peaks of PVDF and BCZT were not well 
differentiated. This revealed that the BCZT ceramic particles 
were properly incorporated into the PVDF polymer matrix 
or polymer molecular chains properly covered the surface 
of ceramic particles in the samples prepared using solution-
casting. Field emission scanning electron microscopy (FE-
SEM) images of these samples also showed well-connected 
and uniformly distributed ceramic particles in the PVDF 
matrix.54

On the other hand, in the XRD pattern of the sample film 
fabricated by melt-pressing, the PVDF and BCZT character-
istic peaks were well differentiated and intense. This showed 
that the polymer and ceramic particles were not mixed well/
uniformly. SEM scans of the samples prepared using melt-
pressing also revealed the non-uniformly distributed clusters 
of ceramic particles in the polymer matrix.54 Moreover, the 
XRD pattern of a composite film prepared by solution-cast-
ing was slightly shifted towards a higher angle which might 
be due to the strain in the film. This could be due to the 
free-standing casting of the composite film prepared using 
solution-casting.49,55

Dielectric Properties

The dielectric permittivity of pure PVDF and PVDF/BCZT 
composite films was measured as a function of frequency in 
the range 20 Hz–1 MHz at room temperature. The dielec-
tric permittivity of a medium depends on its electroactive 

Fig. 2  (a) XRD pattern in the range of 10–80° for pure PVDF film samples synthesized by solution-casting and melt-pressing (b) XRD pattern 
in the range of 10–80° for pure BCZT powder and 50 wt.% BCZT content composite films synthesized by solution-casing and melt-pressing.
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content and is related to the degree of polarization which 
includes all polarizations (electronic, ionic, orientational 
and interfacial).27,33 The dielectric properties of multiphase 
PVDF are mostly related to their crystal structure which 
influence the polarity, portion of polar region and the free-
dom of molecular chains in the polar region.24 The rela-
tive permittivity of pure PVDF film sample synthesized by 
solution-casting was measured to be ≈ 10 (at 120 Hz) which 
was comparatively more than the value of ≈ 7.5 (at 120 Hz) 
for the film synthesized by melt-pressing (Fig. 3a). As the 
phase stabilization was confirmed by FTIR and XRD stud-
ies, the dielectric studies showed that the γ-PVDF stabilized 
by solution-casting has higher polarity than α-PVDF stabi-
lized by melt-pressing. This may be due to different chain 
conformations in two phases, i.e.  (T3GT3G′) for γ-PVDF 
while (TGTG′) in α-PVDF. For PVDF/BCZT composite 
films, the resultant dielectric permittivity increased due to 
the introduction of ferroelectric BCZT ceramic powder and 

increase in interfacial interactions between BCZT ceramic 
particles and PVDF matrix.36 The relative permittivity (εr) 
of composite films with 50 wt.% BCZT content synthesized 
by solution-casting and melt-pressing was ≈ 31 and 20 (at 
120 Hz), respectively, which is about three times more than 
that of pure PVDF samples synthesized by the respective 
techniques (Table I).49

The dielectric loss of medium depends on polarization 
(dipolar, distortional and interfacial), i.e. loss due to bound 
charge and dipole relaxation phenomenon, and conduction 
loss due to dc electrical conduction.27,33 For the pure PVDF 
film synthesized by melt-pressing the value of dielectric 
loss (tanδ) was found to be ≈ 0.35 (at 120 Hz) which was 
very large as compared to ≈ 0.07 (at 120 Hz) for the pure 
PVDF sample fabricated by solution-casting (Fig. 3b), i.e. 
the α-PVDF showed larger dielectric loss than γ-PVDF 
at low frequency (ranging 100 Hz to 10 kHz). When the 
test frequency was increased to 10 kHz, the electroactive 

Fig. 3  (a) Variation of relative permittivity (εr) with frequency in 
the range 20  Hz–1  MHz for pure PVDF and 50 wt.% BCZT con-
tent composite films synthesized by solution-casting and melt-press-
ing (b) Variation of loss tangent (tanδ) with frequency in the range 

20 Hz–1 MHz for pure PVDF films synthesized by solution-casting 
and melt-pressing (c) Variation of loss tangent (tanδ) with frequency 
in the range 20  Hz–1  MHz for 50 wt.% BCZT content composite 
films synthesized by solution-casting and melt-pressing.



5573Dielectric Properties and Phase Stabilization of PVDF Polymer in (1−x)PVDF/xBCZT Composite…

1 3

γ-phase had slightly large dielectric loss. At higher frequen-
cies, the dielectric loss for both phases increased obviously 
because of dielectric relaxation.24 The addition of BCZT 
in PVDF introduced strong polarity groups derived from 
ionic polarization in its cell structure and also increased the 
charge accumulation at the interface of ceramic particles 
and PVDF matrix. This increased the overall polarization 
mechanism in composites. Moreover, with BCZT particles 
in the PVDF matrix, the long polymer chains were separated 
into smaller domains affecting the overall conductive net-
work.33 The loss tangent (tanδ) variation with frequency for 
composite films with 50 wt.% BCZT content synthesized by 
solution-casting and melt-pressing (Fig. 3c) confirmed the 
PVDF α-relaxation phenomenon in composites. At lower 
frequencies, the value of loss tangent (tanδ) was greater for 
the composite film synthesized by solution-casting. This 
may be due to the proper incorporation of BCZT ceramic 
particles in to the PVDF matrix by solution-casting as con-
firmed by XRD studies which led to significant increase in 
interfacial polarization and conduction loss due to formation 
of smaller domains of long polymeric chains, and hence, 
the higher tanδ value.27,33,56 As the frequency increased, the 
difference in value of loss tangent decreased continuously 
and at one point, two curves coincided. This was due to the 
PVDF-α relaxation phenomenon at higher frequencies.

The variation of relative permittivity (εr) and loss tangent 
(tanδ) for pure PVDF and 50 wt.% BCZT content PVDF/
BCZT composite films fabricated by solution-casting and 
melt-pressing were also studied with temperatures in the 
range 32–134°C at frequencies 100 Hz, 1 kHz, 10 kHz, 
100 kHz and 1 MHz (Fig. 4). The increase in εr for com-
posite films (Fig. 4b and d) is due to the increase in dipolar 
and interfacial polarization with the introduction of BCZT 
nanoparticles in the PVDF matrix. However, the low value 
of loss tangent (tanδ) for composites can be attributed to 
reduction in molecular dipoles with the decrease in wt.% of 
the PVDF matrix.57

For the pure PVDF film sample fabricated by solution-
casting, a peak in variation of εr at ≈ 120°C corresponds 
to PVDF α-relaxation transition (Fig. 4a).57,58 This could 

be due to the wide-angle oscillations of dipoles attached 
to the main chain in the PVDF crystalline region and fer-
roelectric-paraelectric phase transition in PVDF at higher 
temperature.59–61 The sudden decrease in εr and increase in 
tanδ above 130°C was due to melting of the polymer.59 For 
the 50 wt.% BCZT content composite film fabricated by 
solution-casting, the characteristic PVDF α-relaxation peak 
was observed at around 120°C (Fig. 4b). In composites, the 
easier torsoinal and rotational movements of PVDF dipoles 
with field at higher temperature is significant as compared 
to BCZT nanoceramics.57 Hence, the PVDF response was 
dominated in the overall dielectric relaxation phenomenon 
in composites. For the pure PVDF and 50 wt.% PVDF/
BCZT composite film fabricated by melt-pressing, there 
was an increase in εr and tanδ at higher temperature dur-
ing α-relaxation transition. However, no distinct peak was 
observed in both pure and composite film samples. This 
could be due to α-PVDF phase stabilization by melt-pressing 
while γ-PVDF stabilized in solution-cast films as confirmed 
by FTIR and XRD studies earlier.62 At higher frequencies, 
a fluctuation in values was observed. This could be due to 
inhomogeneous dispersion and agglomeration of ceramic 
particles by melt-pressing.52,54,56,63

For the two different processing techniques, the results 
of FTIR, XRD and dielectric studies correlated and sug-
gested that the pure PVDF film fabricated by solution-
casting exhibited more PVDF electroactive phase content. 
Moreover, solution-casting is preferred due to its ease of 
control, low haze and low processing temperature require-
ments. With the progress in polymer sciences, a better 
understanding of the electric phenomenon in polymers 
has enabled a better design of polymer-based electroactive 
materials with desired/targeted properties for applications 
in flexible electronics.1,2,29 Ceramic-polymer composites are 
the most promising material form in this regard. The fer-
roelectric PVDF/BCZT composites are widely studied for 
energy storage related applications.1,2,29,43 The addition to 
BCZT particles in PVDF matrix has enhanced the electric 
response of the composite films which is most desirable in 
flexible electronics.

Table I  Value of relative permittivity (εr) and loss tangent (tanδ) of pure PVDF and 50 wt.% BCZT content composite films synthesized by 
solution-cast and melt-press techniques

Serial number Sample Electroactive phases Relative permittivity εr (at 
120 Hz)

Loss tan-
gent tanδ (at 
120 Hz)

1 Pure PVDF film (by solution-casting) γ-PVDF 10 0.07
2 Pure PVDF film (by melt-pressing) α-PVDF 7.5 0.35
3 PVDF/BCZT composite film with 50 wt.% 

BCZT content (by solution-casting)
γ-PVDF, BCZT ceramic 31 0.16

4 PVDF/BCZT composite film with 50 wt.% 
BCZT content (by melt-pressing)

α-PVDF, BCZT ceramic 20 0.11
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Conclusions

1. The synthesis technique affected the PVDF molecular 
chain conformation during processing. Solution-casting 
involving softer synthesis conditions at low tempera-
ture ≈ 50°C stabilized PVDF mostly in the electroactive 
γ-phase. While high temperature (≈ 210°C) involved 
melt-pressing stabilized PVDF mostly in the α-phase.

2. The BCZT ceramic particles in composite film had no 
significant effect on PVDF phase stabilization. But it 
enhanced the overall crystallinity of the PVDF polymer 
matrix, and in this article, it was found to be maximal 
for 40 wt.% BCZT content film by solution-casting.

3. The relative permittivity (εr) of α-PVDF was less than 
γ-PVDF but the value of dielectric loss (tanδ) was very 

large for α-PVDF. With an addition of BCZT ceramic in 
the PVDF matrix, the εr of composite samples increased. 
This was because of an increase in dipolar and interfa-
cial polarizations in the composites.

4. The γ-PVDF stabilized in pure and composite film sam-
ples fabricated by solution-casting showed a distinct 
PVDF-α relaxation peak at ≈ 120°C and polymer melt-
ing at temperature > 130°C. Meanwhile, for α-PVDF 
stabilized by melt-pressing, there was an increase in εr 
and tanδ at higher temperature during α-relaxation tran-
sition.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11664- 021- 09075-4.

Fig. 4  Temperature-dependent variation of relative permittivity (εr) 
and loss tangent (tanδ) in the range 32–134°C at frequencies 100 Hz, 
1 kHz, 10 kHz, 100 kHz and 1 MHz for (a) pure PVDF film fabri-
cated by solution-casting (b) 50 wt.% BCZT content PVDF/BCZT 

composite film fabricated by solution-casting (c) pure PVDF film 
fabricated by melt-pressing, and (d) 50 wt.% BCZT content PVDF/
BCZT composite film fabricated by melt-pressing.
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