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Abstract
Free-standing flexible poly(vinylidene fluoride)-barium strontium titanate (PVDF-BST) composite films loaded with 5 vol% 
of Ba0.7Sr0.3TiO3 submicronic particles have been synthesized. The synthesized PVDF-BST composite film was quenched in 
ice water as quenching strongly affects its crystalline phase, dielectric and energy storage behavior. X-ray diffraction (XRD) 
and Fourier transform infrared (FTIR) studies confirmed that quenching leads to the evolution of the β-phase of PVDF in 
the PVDF-BST composite films. At 1 kHz, the dielectric constant of the quenched film is ~ 17, which is higher than that of 
the unquenched film, i.e. ~ 15. At 460 kV/cm, the energy density of the quenched film is 2.5 times higher (~ 4.8 J/cc) as com-
pared to the unquenched film (1.9 J/cc). Significant improvement in the dielectric constant and energy density is attributed 
to the formation of β-phase of PVDF in PVDF-BST composite film. Mechanism for β-phase formation by quenching at low 
temperatures has also been suggested.
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1  Introduction

High energy density capacitors have currently gained a lot 
of interest due to their wide range of applications in defense, 
rail guns and high-power electronics [1–3]. The energy den-
sity of any material is given by U = 1

2
 εrε0 E

2

b
 , where U is the 

energy density, εo is the vacuum permittivity, εr is the dielec-
tric permittivity of the material, and E2

b
 is the breakdown 

strength of the material or by using the formula UE = ∫E.dP, 
where E and P refer to the electric field and polarization, 
respectively and UE is the calculated energy density. There-
fore, materials having high dielectric constant and high 
breakdown strength are required for this purpose. Many 
ceramics such as lead zirconium titanate (Pb(ZrxTi1-x)O3) 
[PZT], barium strontium titanate (BaxSr1-xTiO3) [BST], and 
barium titanate (BaTiO3) [BT] have high dielectric constant; 
but have very low breakdown strength [4, 5]. The composites 

of PVDF with ceramic particles like BST can be used for 
producing relatively high dielectric constant (~ 25) and mod-
erate breakdown strength [6]. These composites can be used 
as an alternative for high energy density capacitors [4, 5, 7, 
8]. Ferroelectric ceramics such as PZT or BaTiO3 are pre-
ferred as dielectric materials in capacitors because of their 
high dielectric constant [9, 10]. However, being ferroelec-
tric, they are defined by their high remanent and saturation 
polarization, both of which reduce the energy density [11, 
12]. Among the various lead-free ferroelectric materials, 
barium strontium titanate (BST) was chosen for this study 
because of its very good and stable dielectric behavior. BST 
not only exhibits an extraordinarily giant dielectric constant 
at room temperature (e.g. 2500–3000) but also a nearly con-
stant dielectric constant up to a temperature of 120 ℃, and 
over a wide frequency range (100 Hz to 1 MHz) [13, 14]. 
The non-toxic nature of BST and very good dielectric behav-
ior place it on edge as compared to other ceramic nanofillers.

High energy density in PVDF-based composites is mostly 
achieved by high loading of ceramic particles. However, 
the high loading of ceramic particles in the PVDF matrix 
decreases the breakdown strength [10, 15]. Moreover, at 
low loading of ceramics in PVDF composites, a significant 
improvement in high dielectric constant and high energy 
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density is reported [16, 17]. Tang et al. [16] studied the 
effect of the incorporation of Ba0.2Sr0.8TiO3 nanowires into 
the PVDF matrix. It was observed that the energy density 
with 7.5% Ba0.2Sr0.8TiO3 reached 14.86 J/cc at 450 MV/m, 
which represents a 42.9% increase in comparison to the 
PVDF which is ascribed to high aspect ratio nanowires. On 
the other hand, Pan et al. [17] found that the inclusion of 
10.8 vol% dopamine-modified BaTiO3 (BT-DA) nanotubes 
into the PVDF polymer matrix increased the dielectric con-
stant to 47.05, which is ascribed to two main factors: (i) 
introduction of high dielectric constant BT-DA nanotubes 
and (ii) accumulation of a large amount of charges at the 
interfaces between the fillers and the matrix. The crucial fac-
tor responsible for achieving high energy density in PVDF-
based composite films is the stability of the ferroelectric 
β-phase. The β-phase is desirable for device applications due 
to its good piezoelectric and ferroelectric properties since 
it conforms TGTG configuration of CH2 and CF2 dipole in 
PVDF [18–20]. Therefore, various ways are employed to 
modify the crystalline structure of PVDF in PVDF-based 
nanocomposites, such as stretching [11], functionalization 
[21], poling [22] and quenching [23]. It is well known that 
PVDF exists in three different crystalline forms. These are α 
(non-polar), β (polar), γ (polar) phases. Among the various 
crystalline phases of PVDF, the α-phase is most stable and 
commonly obtained during the synthesis of PVDF, while 
the β-phase of PVDF could be obtained through unusual 
processing such as stretching and quenching of the film [11, 
23–25].

There are few reports on the quenching of the PVDF 
films. Tiwari et al. reported that quenching of the PVDF 
film in ice water leads to the formation of polar β-phase [26], 
while Li et al. have observed γ-phase [27]. Soin et al. [28] 
have investigated the effect of quenching on the crystalline 
structure of PVDF films. The samples have been quenched 
at three different temperatures, viz. 100 ℃, 0 ℃ and – 20 ℃. 
They have suggested that the low-temperature quenching 
promotes the formation of self-aligned β-phase of PVDF. 
Liu et al. [29] have studied the effect of quenching on the 
structural properties of PVDF-BST composite films. They 
obtained α-phase even after quenching. These investiga-
tions have not covered the influence of quenching on the 
structural, dielectric and energy storage behavior compre-
hensively. Moreover, they also lack the explanation of the 
phenomena causing the variation in these properties. The 
present study aims to investigate the quenching-induced 
modification in crystalline structure and its effect on the 
dielectric and energy storage behavior of PVDF-based com-
posite films. Here, we report the effect of quenching in ice 
water on the structural, dielectric and energy storage proper-
ties of PVDF-Ba0.7Sr0.3TiO3 (PVDF-BST) composite film. 
The underlying mechanism for the improved behavior has 
also been suggested.

2 � Experimental procedure

The submicronic Ba0.7Sr0.3TiO3 (BST) cuboid particles of 
(~ 100 nm) were synthesized by the sol–gel method, as 
reported earlier [30]. For this, a stoichiometric mixture 
of barium acetate (Ba(CH3COO)2; Sigma Aldrich), stron-
tium acetate (Sr(CH3COO)2; Sigma Aldrich) and Ti(IV) 
isopropoxide (TiO4C12H28; 97% Sigma Aldrich) chemicals 
were used as precursors. Barium acetate and strontium 
acetate were dissolved in acetic acid, whereas titanium 
isopropoxide was dissolved in 2-methoxy ethanol. The two 
solutions were then mixed under vigorous stirring. The 
resulting solution was refluxed for 2 h at 100 °C and a 
white powder was obtained. This white powder was then 
calcined at 1000 °C for 8 h to get Ba0.7Sr0.3TiO3 (BST) 
cuboid particles. The PVDF powder purchased from Alfa 
Aesar (purity 99.8%) was used in the received condition. 
2gm PVDF powder was dissolved in polar dimethylfor-
mamide (DMF) solvent and kept in an ultrasonic bath for 
30 min. In the sonicated solution of PVDF and DMF, 5 
vol% of BST submicronic cuboid particles were added and 
stirred at 50 °C for 2 h. The homogenized solution was 
then poured into a petri dish and then left for drying in 
the air for ~ 24 h. The complete evaporation of DMF was 
ensured by heating the petri dish in an oven at 160 ℃ for 
2 h. Afterward, the petri dish was allowed to cool down 
in the air to get the unquenched film. Same procedure 
was followed to get different sets of unquenched film. For 
obtaining PVDF-BST quenched films, a petri dish con-
taining film, which was prepared by heating in an oven at 
160 ℃ for 2 h, was transferred immediately into a beaker 
containing ice cubes. The schematic of the quenching 
arrangement is shown in Fig. 1a. Ice cubes were placed in 
a beaker and a copper metal plate was kept on it to main-
tain temperature uniformly. A PT-100 sensor was used to 
measure the temperature and it was found to be ~ 3 ℃. The 
as synthesized film and the schematic for the electrical 
characterization are shown in Fig. 1b and c. The copper 
metal plate had a thickness of 5 mm and a diameter of 
10 cm and the sample of ~ 150 μm thickness was cut into 
small circular pieces of diameter 15 mm. The temperature 
sensor was connected to a thermocouple unit, which was 
simply dipped into the beaker containing ice cubes and 
the dipping distance was up to the copper plate. This gave 
a temperature reading of ~ 3 ℃ at the copper plate, which 
acted as the quenching medium.

X-ray diffraction (XRD) spectra of PVDF-BST compos-
ite films was recorded with Xˈpert PROMRD (Pan Ana-
lytical) diffractometer with Cu Kα radiation (λ = 1.5460 
Ǻ). XRD was measured in the range of 10–60°. Fourier-
transformed Infrared spectroscopy (FTIR) spectra were 
recorded using a Perkin Elmer spectrophotometer (Model 
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Frontier). The FTIR spectra was taken in the range of 
700–1500  cm−1 wavenumber range for the testing pur-
pose. Differential Scanning Calorimetry (DSC) of com-
posite films was carried out by NETZSCH STA449C 
Jupiter instrument under a nitrogen atmosphere with a 
heating rate of 5 ℃/min. DSC was taken in the range of 
80–180 ℃. For electric measurements, circular electrodes 
of gold having a diameter (~ 7 mm) were deposited on both 
sides of the composite films using a metal shadow mask. 
Dielectric properties of the composite films were meas-
ured by Hioki 353,250 LCR meter in the frequency range 
from 100 Hz to 1 MHz at room temperature. The unipolar 
polarization–electric field (P-E) loop measurements were 
carried out using Premier II Radiant Ferroelectric Tester 
by applying a triangular wave of 10 Hz frequency. The 

energy storage properties were studied in the electric field 
range of 0 to 550 kV/cm.

3 � Results and discussion

Figure 2a and b show the XRD pattern of the unquenched 
and quenched PVDF-BST composite films, respectively. The 
XRD pattern of BST matches well with JCPDS card no. 
79–2263. Figure 2a shows a prominent peak at ~ 18.5°, cor-
responding to the α-phase of PVDF [31]. The inset of Fig. 2a 
shows the enlarged view of the XRD pattern in the range 
17.5–21.5°. The inset exhibits two peaks, a more intense 
peak at ~ 18.5° and a peak of relatively low intensity at 20.7° 
[32]. The peak at 18.5° and 20.7° corresponds to α and β 
crystalline phases of PVDF, respectively [31]. Therefore, 

Fig. 1   Schematic of the a 
quenching arrangement, b as-
synthesized film and c electrical 
characterization

Fig. 2   X-ray diffraction of PVDF-BST composites of a unquenched film and b quenched film. Inset of Fig. 1a and b showing α and β-phase of 
PVDF composite films
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the XRD studies indicate that the unquenched PVDF-BST 
film is predominantly dominated by the α-phase of PVDF.

Figure 2b shows a prominent peak at ~ 20.7° with an 
inset showing the enlarged view of the XRD pattern, which 
shows the presence of a weak intensity peak at ~ 18.5° along 
with the intense peak at ~ 20.7°. The broadening of the peak 
at ~ 20.7° (Fig. 2b) in the quenched composite film is large as 
compared to the peak at ~ 18.5° (corresponding to α-phase). 
Therefore, the α-phase crystallites of PVDF are large as 
compared to β-phase. This also indicates that quenching 
promotes the conversion of large α-phase crystallites into 
smaller β-phase crystallites.

Figure  3 shows the FTIR spectra of quenched and 
unquenched PVDF-BST composite films. The ice water 
quenched PVDF-BST composite film exhibits IR absorp-
tion bands at 840, 878, 1172, and 1278 cm−1, which cor-
respond to the β-phase of PVDF [33]. The absorbance 
bands corresponding to the α-phase of PVDF (765 and 
975 cm−1) are also present [34]. The absorption bands in 
the range 1230–1240 cm−1 may either be related to β or γ- 
phase of PVDF, whereas the absorption band in the range of 
1275–1280 cm−1 confirmly corresponds to β-phase of PVDF 
[18, 35]. On the other hand, in unquenched PVDF-BST 
film, the absorbance bands of α-phase (765, 795 cm−1) are 
prominent, whereas the absorbance bands corresponding to 
β-phase (872, 1178 cm−1) are weak. The band at 1070 cm−1 
is attributed to the bending of C–C–C [36].

The FTIR results indicate that after quenching in ice water, 
the absorbance peaks of the β-phase have become stronger, 
as compared to the α-phase. IR studies also confirm that 
quenching promotes the conversion of α-phase into β-phase 

in PVDF-BST composite film. The IR studies also corroborate 
with the results of XRD, i.e. the quenching of PVDF-BST 
composite film in ice water promotes the formation of β- phase 
of PVDF.

Figure 4 shows the melting thermographs of quenched 
and unquenched PVDF-BST composite films. Both the films 
exhibit the melting temperature (Tm) in the temperature range 
of 160–165 ℃. The melting temperature of the quenched 
composite film in ice water is found to be ~ 160 ℃, whereas it 
is ~ 165 ℃ for the unquenched composite film. It is reported in 
the literature that melting of the β-phase of pure PVDF occurs 
in the range of 165–172 ℃, whereas α-phase and γ-phase melt 
in temperature ranges of 172–175 ℃ and 175–180 ℃, respec-
tively [36, 37]. The melting temperature of composite films 
is usually found to be lower as compared to pure PVDF film 
[38] because the addition of ferroelectric ceramic filler in the 
polymer matrix causes a reduction in crystalline content and 
enhances loosely packed molecular chain structure.

The observation of lower melting temperature of quenched 
PVDF-BST composite film at ~ 160 ℃ suggests that quench-
ing enhances the formation of β-phase. The melting tempera-
ture of ~ 165 ℃ in the unquenched composite film suggests 
the dominance of the α-phase of PVDF. Although DSC is 
not considered an important tool for deciding the crystalline 
phases of PVDF, but it supports XRD and IR results. The melt-
ing crystallinity Xm

c
 of quenched and unquenched PVDF–BST 

composite films based on their melting data can be obtained 
from the following equation:

where ΔH100% crystalline is the melting enthalpy for 100% crys-
talline PVDF, which is equal to 104.7 J/g [39] and ΔHm is 

Xm
c
=

ΔHm × 100

ΔH100% crystalline

Fig. 3   Fourier transform infrared spectroscopy of quenched and 
unquenched PVDF-BST composite films

Fig. 4   DSC thermogram showing melting behavior of quenched and 
unquenched PVDF composite films
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the melting enthalpy of the samples. The values of melting 
temperature (Tm), melting enthalpy (Hm) and crystallinity 
(Xc) are given in Table 1. The crystallinity for quenched 
composite film (~ 34%) has been found to be higher as com-
pared to unquenched film. DSC result also indicates the 
enhancement in the β-phase of PVDF upon quenching. The 
increase in crystallinity for β-phase has also been observed 
by Buonomenna et al. [40].

The α and β crystalline phases of PVDF are non-polar 
and polar in nature, respectively. The strong dipole moment 
(5–8 × 10–30 Cm) of the PVDF monomer unit is caused by 
the large electronegativity of fluorine as compared to car-
bon and hydrogen atoms [41]. XRD, FTIR and DSC studies 
reveal the enhancement of the β-phase of PVDF in quenched 
film of PVDF-BST composite. Therefore, to get insight into 
the dipolar behavior of quenched and unquenched films, the 
electrical characterization at low and high fields is carried 
out.

Low-field studies have been carried out by measuring 
frequency-dependent dielectric constant and tangent loss. 
Figure 5a shows the frequency-dependent dielectric constant 
of quenched and unquenched PVDF-BST composite films. 
The dielectric constant for quenched PVDF-BST composite 
film increases over the entire frequency range as compared 
to unquenched film. At 1 kHz, the dielectric constant of 
quenched film (~ 17) is higher as compared to unquenched 
film (~ 15). The dielectric constant in PVDF-BST composite 

film is mainly due to the Maxwell–Wagner-Sillars (MWS) 
interfacial polarization and space charge polarization [42, 
43]. The variation of frequency-dependent dielectric con-
stant for quenched as well as unquenched film is similar, 
i.e. dielectric constant decreases with frequency. At higher 
frequencies (> 100 kHz), the dielectric constant of all com-
posites is found to decrease because the dipoles of fillers and 
PVDF cannot shift their orientation because the relaxation 
frequency of PVDF and ceramic filler is lower as compared 
to the frequency of applied electric field [44].

The high dielectric constant of quenched PVDF-BST 
composite film is attributed to (i) Formation of β-phase in 
PVDF and (ii) Formation of a large number of interfacial 
dipoles between β-phase of PVDF matrix and Ba0.7Sr0.3TiO3 
submicronic particles. The loss tangent for the quenched 
and unquenched PVDF- BST composite film is shown in 
Fig. 5b. The tan δ for the unquenched film is 0.024, while for 
the quenched film, it is 0.025 at 1 kHz. The tangent loss is 
mainly arising due to the combined effect of DC conductiv-
ity, interfacial polarization and dipolar relaxation [45]. High 
field studies are carried out by measurement of polarization 
with respect to electric field.

The unipolar polarization vs. electric field behavior is 
shown in Fig. 6. The energy behavior of PVDF-BST com-
posite is measured by its discharge energy density and energy 
efficiency. The energy density is calculated from a unipolar 
P-E loop by using the formula UE = ∫E.dP, where E and P 
refer to the electric field and polarization, respectively and 
UE is the calculated energy density [46]. Usually, the energy 
density is represented by UE = ∫E.dD; where D = εoE + P; 
for P >  > εoE, therefore, D ~ P. Hence, the energy density is 
calculated by using the formula UE = ∫E.dP.

The schematic for the calculation of energy density is 
shown in Fig. 7, where region A shows discharge energy 
density, region A + B shows charge energy density and 

Table 1   Crystallization parameter of the samples calculated from the 
DSC data

Sr. No. Tm (℃) X
m

c
 %

PVDF quenched composite 166.3 33.67
Unquenched composite 172.9 30.19

Fig. 5   Frequency dependence of a dielectric constant and b dielectric loss for PVDF-BST quenched and unquenched composite films
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region B shows loss in energy density. Variations of energy 
density for both types of films are shown in Fig. 8. The mate-
rial for high energy density must have (a) a high breakdown 
field, (b) high maximum polarization and (c) low remnant 
polarization. The respective value of maximum polariza-
tion for quenched and unquenched films is found to be 6.75 
μC/cm2 and 6.06 μC/cm2 at an electric field of 550 kV/cm 
and 460 kV/cm. These values are higher for the quenched 
PVDF-BST composite film as compared to the unquenched 
film. The values of remanent polarization for quenched and 
unquenched films are ~ 1.40 μC/cm2 and ~ 2.67 μC/cm2, 
respectively.

Low remanent polarization of quenched film might be 
arising due to the smaller crystallite size of the β-phase. 
Smaller crystallites get polarized even at low electric field 

and the polarization is easily reversible [32]. High saturation 
polarization at a high electric field is ascribed to the polar 
nature of the β-phase of quenched film. The energy density 
for quenched and unquenched films at 460 kV/cm is found 
to be 4.8 J/cc and 1.9 J/cc, respectively. Thus, the energy 
density for quenched PVDF-BST composite film is 2.5 times 
higher as compared to unquenched film. The energy effi-
ciency for quenched and unquenched films has also been 
calculated by using the formula:

The energy efficiency for quenched and unquenched films 
are found to be 67% and 30.6% at 460 kV/cm, as shown in 
Fig. 9. The energy density as well as energy efficiency for the 
ice water quenched PVDF-BST composite film is higher as 
compared to unquenched film. Structural, dielectric, polari-
zation and energy density studies confirm the formation of 
β-phase of PVDF in quenched PVDF-BST composite film. 
The prospective mechanism for the formation of β-phase 
of PVDF in PVDF-BST composite film upon quenching in 
ice water is described below. The error bars are denoting 
the error in data of energy density and efficiency at ± 0.5%.

There are reports mentioning that the nucleation rate of 
β-phase is large as compared to α-phase at low temperatures 
[41, 47, 48]. Water is a polar solvent and quenching at low 
temperatures in ice water might promote the nucleation of 
β-phase. Specifically, the role of quenching of PVDF- BST 
composite film in water is still not clear. At low tempera-
tures, the interaction between the -OH group of water and 
the –CF2 group of PVDF in PVDF-BST composite film is 
dominant.

Energy efficiency(�%) =
Discharge energy density

Charge energy density
× 100%

Fig. 6   Polarization vs. electric field loop for PVDF-BST quenched 
and unquenched composite films

Fig. 7   Schematic for the calculation of energy density

Fig. 8   Energy density vs. electric field of PVDF-BST quenched and 
unquenched composite films



Quenching induced modified nanoarchitectonics in the dielectric and energy storage behavior… Page 7 of 8  279

Immediate quenching at low temperatures in ice water 
induces a thermal gradient that reduces the thermal bar-
rier [62, 63] between the –OH group of water and the –CF2 
group of PVDF in PVDF-BST composite film, which helps 
the crystal to align in the thermal field direction.

The field for β-phase alignment is originated by the 
development of polarizing field at the interface of the –OH 
group of ice water and –CF2 group of PVDF by virtue of the 
electronegativity difference between oxygen and fluorine. 
The electronegativity difference leads to the formation of 
hydrogen bonds which in turn promotes the formation of the 
β-phase of PVDF in PVDF-BST composite film. The forma-
tion of β-phase is shown schematically in Fig. 10.

4 � Conclusion

The effect of ice water quenching in (PVDF-BST) compos-
ite film loaded with 5 vol% of Ba0.7Sr0.3TiO3 submicronic 
particles in the PVDF matrix has been investigated. Struc-
tural studies carried out by XRD, FTIR, and DSC confirm 
the enhancement of the β-phase of PVDF in quenched 
PVDF-BST composite film. Significant improvement 
in dielectric and energy storage behavior has also been 
observed. At 1 kHz, the dielectric constant of quenched 
film is found to be ~ 17, which is higher as compared to 
unquenched film ~ 15. Apart from the dielectric constant, 
the difference in energy density and energy efficiency is 
more remarkable. At an electric field of 460 kV/cm, the 
energy density for quenched PVDF–BST composite film is 
(4.8 J/cc) 2.5 times higher as compared to unquenched film 
(1.8 J/cc), whereas the corresponding energy efficiency 
is 67% and 30.6%, respectively. The increased dielectric 
constant and energy density is ascribed to the formation of 
the β-phase of PVDF in quenched PVDF-BST composite 
film. The formation of β-phase is attributed to the reduc-
tion in the thermal barrier, which is easily suppressed by 
polarizing field developed by the electronegativity differ-
ence of oxygen of -OH bond in water and fluorine of -CF2 
bond in PVDF. Thus, quenching at low temperatures could 
be a process for the development of PVDF-BST composite 
capacitor-grade film with enhanced dielectric and energy 
storage properties, which could be employed for the design 
of high energy density capacitors. The quenching of poly-
mer-ceramic composite thick films has significant implica-
tions for future strategies for improving the dielectric and 
energy storage behavior.

Fig. 9   Energy efficiency of PVDF-BST quenched and unquenched 
composite films

Fig. 10   Schematic diagram representing the formation of β-phase of PVDF in PVDF-BST composite film on quenching in ice water
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