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Dielectric polymer film capacitors with a high-power density as well as efficient charge and discharge rates have great potential 
for application to fulfill the miniaturized and lightweight requirements of the electronic and stationary power systems. It was 
reported that the elastic recovery rate and energy storage density of poly (vinylidene fluoride-chlorotrifluoroethylene) [P(VDF-
CTFE)] polymer film can be enhanced through thermostatic uniaxial stretching. But it is unknown about the relationship between 
the stretching rate and above properties. In this study, we investigated the effect of different stretching rates on the conformation, 
elastic recovery, dielectric constant, and energy storage density of stretched P(VDF-CTFE) polymer films. It was found that the 
stretching rate significantly affected the formation of polar β-crystal phase, causing different dielectric properties. The degrees 
of elastic recovery of P(VDF-CTFE) film vary with stretching rates. Among them, the elastic recovery rate of the P(VDF-CTFE) 
94/6 film is 46.5% at a stretching rate of 15 mm/min, the dielectric constant is 12.25 at 100 Hz, and the energy density reaches 
3.95 J/cm3 with the energy loss of 39% at 200 MV/m field.
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1. � Introduction

Polymer film capacitors are considered to be important elec-
trical storage components for high-energy density pulse 
discharge capacitors due to their superior breakdown char-
acteristics, charge–discharge rate (µs), and easy processing 
properties.1–3 It significantly reduces the volume, weight, and 
cost of energy storage systems4–7 and is widely used in flexible 
energy transmission systems, pulsed power supplies, electric 
vehicles, and electromagnetic energy equipment.8,9 However, 
the low-energy density of polymer film capacitors is a key 
issue that limits commercial applications in high-energy den-
sity storage fields. Therefore, it is necessary to develop an 
effective method to further increase the dielectric constant 
and energy density of the polymers, which will contribute to 
the development of high-electric performance film capacitors.

For a linear dielectric material, the released energy density 
(Ue) of dielectric material can be expressed as an equation:

	 U Ee r b=
1

2 0
2ε ε , 	 (1)

where ε0 is the vacuum dielectric constant (ε0 = 8.854 × 
10−12 F/m), εr is the material’s relative permittivity and Eb 
is the dielectric breakdown strength.10 Based on Eq. (1), 

the Ue of a polymer film is determined by the εr and Eb.11–13 
The dielectric constant of polymer nanocomposites can be 
increased by adding high-dielectric fillers, such as ferro-
electric ceramics, and conductive particles (metal particles, 
graphite, and carbon nanotubes).14–23 Usually, the concentra-
tion of high-dielectric filler is higher than 50 vol%, which 
leads to a decrease of Eb for the polymer nanocomposite due 
to a continuous conductive path. Thus, Ue of the polymer 
nanocomposite is depressed.24 If the material is nonlinear 
or hysteretic, Ue of a capacitor in an external electric field 
can only be got by calculating the integral area between the 
discharging branch and the dielectric displacement axis of a 
dielectric displacement–electric field hysteresis loop, which 
is expressed as

	 U E D dDe
Dr

D

= ⋅∫
max   

( ) 	 (2)

with the dielectric displacement given by the polarization 


P 
of the material and the εr of free space.

	
   

D E P E= ⋅ +ε 0 ( ), 	 (3)

where E is the electric field, Dr and Dmax are the electric dis-
placement at zero field and the highest field, respectively.25 
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It can be seen from Eq. (2) that the density is defined by the 
area between the discharge part of the D–E hysteresis loop 
and the dielectric displacement axis. Therefore, relaxor ferro-
electric materials with high polarizability and slender hyster-
esis loops are more suitable for energy storage applications. 
At present, polymers exhibiting high polarizability, such as 
polypropylene (BOPP), polycarbonate (PC), polyethylene 
terephthalate (PET),26 are promising to achieve a high-energy 
density. In addition, ferroelectric polyvinylidene fluoride 
(PVDF) and its copolymers, with trifluoroethylene (TrFE), 
hexafluoropropylene (HFP), chlorofluoroethylene (CFE), 
poly(methyl methacrylate) (PMMA), and chlorotrifluoroeth-
ylene (CTFE),25,27–31 are also widely investigated by copoly-
merization,32,33 grafting,34,35 and cross-linking.36–38

Poly (vinylidene fluoride-chlorotrifluoroethylene) [P(VDF- 
CTFE)] is a binary copolymer composed of VDF and CTFE 
units with a certain ratio. The introduction of CTFE increases 
the disordering of the polymer molecular chain, thus making 
it easier for the dipole reorientation under an external electric 
field. When the content of CTFE is higher than 16.6 mol%,39 
the binary copolymer appears as an amorphous phase. In 
the case of low contents of VDF, the composite behaves as 
a semi-crystalline polymer with a hexagonal phase crystal-
line structure,40 showing good dielectric properties owing 
to the strong polarity of C-F.41 P(VDF-CTFE) copolymers 
were reported to show a relatively slim D–E loop under a 
high electric field.42–44 A few research works have revealed 
that a low-temperature quenching or modifying the fillers 
of the composites could improve Ue of the P(VDF-CTFE) 
polymer.33,45 Few studies have investigated how the stretch 
rate affects the elastic recovery, dielectric, and energy storage 
performance of pure P (VDF-CTFE) at high Eb.

In this work, the solution-casting was used to prepare 
the P(VDF-CTFE) films with different CTFE content. The 
stretching process is processed to prepare oriented P(VDF-
CTFE) films by different stretching rates. P(VDF-CTFE) 
94/6 presents high-dielectric properties and high-energy 
density. The maximum dielectric constant of the P (VDF-
CTFE) 94/6 film reaches 12.25 at 100 Hz with a dielec-
tric loss of 0.02 with a stretching rate of 15 mm/min. The 
energy density of the film was enhanced from 1.85 J/cm to  
3.95 J/cm3 at 200 MV/m, compared with the unstretched 
P(VDF-CTFE) film.

2. � Experimental Section

2.1. � Materials

P(VDF-CTFE) powders were purchased from Zhong Hao 
Chen Guang Chemical Research Institute, and the molar 
content of CTFE units was 6%, 9%, and 12%, respectively. 
N, N-dimethylformamide (DMF) solvent was bought from 
Wuxi Haisuo Biological Co. All the materials and solvents 
were used directly without further purification.

2.2. � Fabrication of P(VDF-CTFE) films

Figure 1 presents a schematic of the preparation of P(VDF-
CTFE) films, in which the structural formula and the molec-
ular chain arrangement after stretching are also shown in the 
inset. The P(VDF-CTFE) powders were dissolved in DMF 
solution (the concentration of the solution was set to 15 g/mL)  
by continuously stirring at room temperature for 8 h. All 
P(VDF-CTFE) films were prepared by casting the copolymer 
solution onto a glass substrate. The coating was dried at 70°C 
for 6 h, followed by annealing under vacuum at 130°C for 
4 h and slowly cooling down to room temperature. Finally, 
the films were soaked in distilled water to peel them off. The 
prepared films are denoted as A, B, and C, corresponding to 
the molar content of CTFE of 12%, 9%, and 6%, respectively. 
Then, the solution-casting films were uniaxially stretched 
under air circulation at 50°C. The stretched film is marked as 
Cn, where n represents the stretching rate (n mm/min). The 
stretched film was further annealed under tension at 50°C for 
15 min to release internal stresses. The center view of Fig. 1 
is the scheme of molecular chain orientation of the P(VDF-
CTFE) film before and after uniaxial stretching. The final 
thickness of free-standing films is around 15 μm.

2.3. � Characterizations

Au electrodes were deposited onto the films using an ion 
sputter coater (IXRF MSP-2S, Japan), with a diameter of 
3 mm. X-ray diffraction (XRD-700, SHIMADZU, Japan), 
Differential scanning calorimeter (DSC, Netzsch, TA-Q2000, 
Germany) were utilized to characterize the phase compo-
nents of the films. Fourier transform infrared spectroscopy 
(FTIR, IRspirit, Hitachi, Japan) was used to characterize the 
crystalline structure and chain conformation of the samples. 
The electronic universal testing machine (UTN7104H, Shen 
Zhen san si, China) was used to stretch the P(VDF-CTFE) 
films. The dielectric property was characterized at different 
frequencies (102–107Hz) using Novocontrol Concept 40. 

Fig. 1.  Schematic illustration of the preparation of P(VDF-CTFE) 
film and the scheme of molecular chain orientation in the film before 
and after uniaxial stretching.
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The  electric displacement–electric field loops (D–E loops) 
were obtained by a TF Analyzer 2000 ferroelectric test sys-
tem under the electric field with a triangular waveform at a 
frequency of 10 Hz. The values of elastic recovery (Er) were 
obtained by taking the average of the four measurements.

3. � Results and Discussion

3.1. � Mechanical properties of P(VDF-CTFE) films

The elastic recovery rate (Er) of the P(VDF-CTFE) film is 
tested by the universal material testing machine. Here, the 
P(VDF-CTFE) film with a length of 30 mm was stretched 
to 400% deformation at different stretching rates and main-
tained for 15 min. Then, the stress load was removed and 
the sample was left in a relaxed state for 30 min. Finally, the 
straightened length of the sample is measured as reversion 
length. The Er is calculated as follows46

	 E
L L

L Lr =
−
−

∗1 2

1 0

100%, 	 (4)

where L1 is the total length of the film after stretching, L2 is 
the length of the film after reversion and L0 is the original 
length of the sample film before stretching (original scale). 
Figure 2(a) shows that the elastic recovery rate of the P(VDF-
CTFE) film decreases with the content of the CTFE at the 
same stretching rate. The films were stretched at varied rates 
of 5, 10, 15, and 20 mm/min to study the effect of the stretch-
ing rate on the elastic recovery rate of P(VDF-CTFE) films. It 
was found that the elastic recovery rate of the P(VDF-CTFE) 

films increased with increasing stretching rate. When the 
stretching rate is 20 mm/min, the elastic recovery rate reaches 
55%. Figure 2(b) shows the stress–strain curves of P(VDF-
CTFE) films. The stress–strain curves of all films have typi-
cal yield points. After the yield point, the stresses of the films 
show a tendency of first decrease and then slowly increase. 
The large deformation of the material after the yield point is 
mainly due to the movement of the originally frozen chain 
segments. In addition, the film necking happens during the 
uniaxial stretching process, causing the phase transition 
from a spherulitic structure to a fine fibrous structure. It was 
considered that there exists a transition from α phase to β 
phase under the necking process.47,48 Figures 2(c) and 2(d) 
show SEM images of P(VDF-CTFE) 94/6% before and after 
stretching (15 mm/min), respectively. It can be seen that the 
morphology of the P(VDF-CTFE) film changed after stretch-
ing along the direction of the external force, indicating that 
the stretching caused a deformation of the film.

3.2. � Crystalline properties

Figure 3(a) shows the XRD patterns of the P(VDF-CTFE) 
films. Regarding PVDF-based polymers, the diffraction 
peaks at 2θ = 17.66°, 19.2°, and 20.4° correspond to α phase 
(100), γ phase (020), and β phase (110/200), respectively.49,50 
So, the films with different CTFE contents present the mixed 
phases of α, β, and γ before stretching. After stretching, the 
overlapping peaks at 2θ = 17.66°, 19.2° become weak or 
even disappear. The diffraction peak of the β phase at 2θ = 
20.4° becomes strong, indicating that the stretch process is 

Fig. 2.  (a) Influence of CTFE content and stretching rate on P(VDF-CTFE) casting films’ elastic recoveries; (b) the stress–strain curves 
of P(VDF-CTFE) 94/6 film. SEM images of P(VDF-CTFE) 94/6 mol% film (c) before and (d) after being uniaxially stretched (5 mm/min).
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helpful for the phase transition from α to β. This is because 
the stretching promotes the rearrangement of the molecular 
chains along the direction of stress, leading to a transition 
from α to β phase and an increase in dipole density. At the 
same time, the denseness of the film and the ordering of the 
crystals are also improved. Figure 3(b) gives the DSC curves 
of the P(VDF-CTFE) films before and after stretching. All 
films show two peaks, corresponding to Curie temperature 
(Tc) and melting temperature (Tm). Tm of P(VDF-CTFE) 
decreases from 130°C to 84.2°C as the CTFE content 
decreased from 12% to 6%. Tm (127.6°C) of the stretched 
film is a little lower than the value of the unstretched film 
(130.8°C) and the endothermic peak becomes wide.

Figure 4 shows the typical FTIR spectra of P(VDF-CTFE) 
94/6 mol% films with different stretching rates. The polymer 
chains have obvious bands at 1279, 1234, 840, 764 and 512 
cm−1, indicating that crystalline α, β, and γ phases coexist in 
the stretched P(VDF-CTFE) film.51,52 As the stretching rate 
increases, the intensity of the absorption peak at 840 cm−1 
increases, indicating the transformation of the α phase to the 
β phase. The FTIR results are consistent with the XRD results 

shown in Fig. 3(a). The relative proportion of the β phase 
(F(β)) in the sample can be calculated based on the infrared 
spectrum given in the following equations53:

	 F
A

K K A Aβ γ
α β

, /
,= ( ) +

×840

840 764 764 840

100% 	 (5)

	 F Fα β γ= −100% , , 	 (6)

	 F F
A

A Aβ β γ
β

β γ
= ×

+









 ×, ,100% 	 (7)

where Ab and Ag are the integrated areas of β and γ phases 
based on the deconvolution curves of FTIR peaks at  
840 cm−1. A764 and A840 are the absorption peak intensities at 
764 cm−1, 840 cm−1, respectively; 6.1 × 104 cm2/mol of Kα 
and 7.7 × 104 cm2/mol of Kβ are the absorption coefficients of 
α and β phases. F(β) is the total relative proportion of electro-
active β. The calculated results are listed in Fig. 4(b). It can be 
found that the portions of polar crystal phases increase with 
the stretching rate. Furthermore, the F(β) of 58.5% for C15 

(a)

(b)

Fig. 3.  (a) XRD patterns, (b) DSC curves of P(VDF-CTFE) films 
with different amounts of CTFE and at different stretching rates.

(a)

(b)

Fig.  4.  (a) FTIR spectra of P(VDF-CTFE) films at different 
stretching rates, (b) the relative β-phase fractions.
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can be achieved when the stretching rate is 15 mm/min. It can 
be considered that during the stretching process, the α crystal 
form will be highly oriented and arranged due to the uniform 
external force, resulting in a change from a cis conformation 
to an all-trans conformation, increasing the β phase.

3.3 � Dielectric property and breakdown behaviors of 
P(VDF-CTFE) films

Figure 5 gives the relative permittivity (εr), dielectric loss 
(tanδ) of P(VDF-CTFE) films in the frequency range of 102 
Hz to 107 Hz, and a Weber distribution to explore the effect of 
the stretching rate on breakdown strength. εr of the stretched 
P(VDF-CTFE) film is higher than that of the unstretched 
sample and increases with the stretching rate due to the 
enhanced ordering of the molecular chains.54,55 When the fre-
quency of the external electric field is higher than the relax-
ation frequency (100 kHz) of the dipole, εr decreases with 
further increasing frequency. At a high frequency, the dipole 
moment and segment motion cannot keep up with the change 
of electric field frequency. At frequencies above 104 Hz, 
dipole relaxation leads to a rapid increase of tanδ. The dielec-
tric loss of the unstretched sample is about 0.12 at 102 Hz, 
while the stretched sample was lower than 0.05 at the same 
frequency, which can be explained by the restricted mobility 
of the polymer chains. The molecular chains and segments 

of the molecular chain are unwrapped by an external force 
during stretching, which could also increase the free volume. 
On the other hand, the dielectric constant and loss present a 
slight change with further increasing stretching rate. It can 
be deduced that the film compacting was also accompanied 
with the potential disruption of the molecular chain. Thus, the 
dielectric properties could not be further enhanced through 
increasing the stretching rate.

The breakdown strength is a critical metric of dielectric 
materials. The breakdown strength of C, C5, C10, C15, and 
C20 film was tested, and the results were analyzed using 
Weibull distribution function56

	 P E E Eb( ) / ,= − −( )



1 exp

β

where P(E) is the cumulative probability of voltage break-
down, E is the measured breakdown field, Eb is the break-
down strength when the cumulative breakdown probability is 
63.2%, and β is the slope parameter of Weibull fitting curve. 
The fitting results are shown in Fig. 5(c); β equals 17.3, 
26.9, 28.6, 31.8, and 22.8. The Weibull breakdown strengths 
of P(VDF-CTFE) films are 200.1, 205.5, 207.4, 211.6, and 
209.3 MV/m, respectively (Fig. 5(d)). As the stretching rate 
increased, the breakdown electric field also increased. The 
breakdown field of P(VDF-CTFE) films decreases when 
the stretching rate is 20 mm/min. This is because the rapid 

Fig. 5.  (a) The dielectric permittivity and dielectric loss versus frequency of five P(VDF-CTFE) 94/6 mol% films at 100 Hz. (b) The di-
electric constant and dielectric loss of five P(VDF-CTFE) 94/6 mol% films at 100 Hz. (c) The Weibull analysis of breakdown strength of five 
P(VDF-CTFE) 94/6 mol% films. (d) Weibull breakdown strength of five P(VDF-CTFE) 94/6 mol% films.
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stretching rate could result in local stresses and some struc-
tural defects, thus reducing the breakdown strength of the 
polymer film.

Figure 6 shows the bipolar D–E loops of P(VDF-CTFE) 
94/6 mol% films and a comparison of Pr with Pm under an 
applied electric field of 200 MV/m. All measurements were 
performed at a frequency of 10 Hz with an electric field of 
25 MV/m increment. As shown in Fig. 6(a), the D–E loop of 
unstretched P(VDF-CTFE) film shows a spindly loop under 
a high electric field of 200 MV/m, indicating a feature of 
linear dielectric with some leakage. However, the stretched 
P(VDF-CTFE) films show a different polarizing process, as 
shown in Figs. 6(b)–6(e). The electric hysteresis loops are 
linear-shaped in the case of the applied external electric field 
being less than 75 MV/m. When the electric field is lower than 
the coercive electric field, the electric displacement mainly 
comes from the vibration of the molecular chain, electrons, 
and atomic polarization.57 As the electric field continues to 
increase, dipole polarization plays a dominant role. Even 
when the electric field reaches 200 MV/m, the D–E loops 
of the stretched P(VDF-CTFE) films cannot reach saturation. 

Figure 6(f) shows the dependences of remanent polariza-
tion (Pr) and maximum polarization (Pm) on the stretching 
rate. The electric displacement value remained stable when 
the stretching rate was greater than 15 mm/min. The sample 
of C15 gets the largest Pm and Pr values of 9.12 μC/cm2 and 
4.14 μC/cm2, respectively.

3.4. � Energy storage properties of P(VDF-CTFE) films

Figure 7(a) gives the unipolar D–E hysteresis loops under 
175 MV/m to further evaluate the effect of CTFE content 
on the energy storage performance of ferroelectric poly-
mers. Both Pr and Pm of C samples remained at low values 
compared to A and B samples. In addition, the Pr of the C 
sample was 3.02 μC/cm2, while Pm of the film after stretch-
ing was 7.25 μC/cm2 under the electric field of 175 MV/m 
as shown in Fig. 7(b). Figure 7(c) gives the unipolar D–E 
loops of four stretched P(VDF-CTFE) films at 200 MV/m. 
Figure 7(d) shows the charging energy density and loss as a 
function of the stretching rate. Ucharged of the stretched films 
has a larger value. Ucharged values of C5–C20 are 3.34, 3.73, 

Fig. 6.  Bipolar D–E loops for P(VDF-CTFE) films at room temperature (a) C sample, (b) C5 sample, (c) C10 sample, (d) C15 sample, 
(e) C20 sample, and (f) relationship between stretching rate and Pr and Pm at 200 MV/m. The tests were performed at room temperature, and 
the poling frequency was 10 Hz with a sinusoidal waveform.
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3.95, and 3.75, respectively, which are greater than 1.83 of C 
sample. The energy loss of C15 sample is the smallest, only 
39%. So, a large energy density was achieved simultaneously 
with a high-dielectric constant and low-dielectric loss under 
a proper stretching rate.

4. � Conclusions

This work demonstrates that the stretching can enhance 
the dielectric property and energy storage capability of 
P(VDF-CTFE) films. It was found that the isothermal uni-
axial stretching of the P(VDF-CTFE) polymer film further 
induced the transformation of P(VDF-CTFE) crystals from 
α phase to β phase, which reduces the formation of internal 
defects and improved the denseness of the polymer film. The 
dielectric constant in C15 was 12.2 at 100 Hz with a dielec-
tric loss of 0.03 due to the improved ordering of the molecu-
lar chains after stretching. This method effectively increases 
the dielectric constant of the material while reducing the 
dielectric loss of the polymer film. The energy density of 
C15 film achieves 3.95 J/cm3 with an energy loss of 39% at 
200 MV/m. A promising P(VDF-CTFE) film was proposed 
as a candidate with high-energy density for flexible film 
capacitor.
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