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It is known that polymer films based on a copolymer of polyvinylidene fluoride and tetrafluo-
roethylene P(VDF-TFE) have piezoelectric properties, and these properties appear only after 
preliminary stretching of the films. The polar crystalline β-phase of the copolymer is respon-
sible for the piezoelectric properties in the P(VDF-TFE), the percentage of this phase in the 
polymer can vary. In this work, we have studied the influence of the orientational stretching 
rate on the stability of the electret, and, as a consequence, the piezoelectric state. The influence 
of rheological parameters on the polymer structure and the parameters of electrically active 
defects responsible for polarization processes is shown.
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Introduction

The piezoelectric properties of polyvinylidene 
fluoride (PVDF) and copolymers based on it 
are used in various piezoelectric elements [1 
– 3]. Piezoelectric properties of PVDF were 
observed for the first time in 1969 by H. Kawai 
[4]. Even then, it became clear to researchers that 
piezoelectric properties of PVDF films appear only 
after their preliminary stretching. Since there are 
certain difficulties in the production of dielectric 
films with piezoelectric properties  from a PVDF 
homopolymer associated with a high coercive field 
of about 108 V/m (this is two orders of magnitude 
higher than that of piezoceramics) [5], there 
are usually used piezoelectric polymers with a 
lower coercive field based on vinylidene fluoride 
copolymers with trifluoroethylene (VDF-TrFE) 
and vinylidene fluoride with tetrafluoroethylene 
(VDF-TFE), which also have piezoelectric 
properties after stretching several times in 
comparison with the original length [6–9].

In this work, we have studied thermally 
stimulated depolarization currents in P(VDF-
TFE) films manufactured at different rates of 
preliminary stretching and electreted in a negative 
corona discharge field. 

It should be noted that prior to this, no proper 
attention was paid to the effect of the rate of 
preliminary stretching on charge relaxation in 
P(VDF-TFE) films.

Samples and research methods

The subjects of inquiry were copolymers 
P(VDF-TFE) of the F2ME trademark with 
different rates of preliminary stretching. The 
pre-stretching rate (percentage increase in length 
per minute) was 5, 30, 50 and 200. The samples 
were examined by IR spectroscopy using the at-
tenuated total reflection (ATR) on the FT-IR 
spectrometer FSM-1202 to determine the degree 
of crystallinity.

We also studied the thermally stimulated de-
polarization currents in P(VDF-TFE) films, in 
which the corona-electret state was created. The 
corona-electret state was created as follows: the 
samples were heated to a temperature of about 
70°C, placed in positive or negative corona dis-
charge (field of about 1 MV/cm) and held at an 
elevated temperature for 10 min, then the samples 
were cooled down in the corona discharge field 
to room temperature. After that, the depolariza-
tion currents were measured in the films using a 
Setaram TSC II device; measurements were car-
ried out in the linear heating mode at two heating 
rates: 6 °C/min and 9 °C/min.

Experimental results and their discussion

IR spectroscopy. Fig. 1 shows the IR trans-
mission spectra obtained using the ATR method 
for copolymer P(VDF-TFE) with pre-stretch-
ing rates (in % per min): of 5, 30, and 200. To 
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determine the degree of crystallinity of PVDF, 
we studied the conformationally dependent 
band at 840 cm–1 (crystalline phase, α peak in 
Fig. 1) and the conformationally independent 
band at 876 cm–1 (amorphous phase, β peak in 
Fig. 1). Since there are no bands correspond-
ing to the α phase for copolymers of VDF with 
TFE, the ratio of the intensities of these bands 
characterizes the degree of crystallinity of the 
polymer. By calculating the peak area ratio, it 
was obtained that the degree of crystallinity of 
the copolymer increased slightly from 49 % to 
57 % as the stretching rate increased. Thus, 
it can be concluded that an increase in the 
stretching rate leads to a slight increase in the 

proportion of the crystalline β phase responsi-
ble for the piezoelectric properties of P(VDF-
TFE). It should be noted that the quality of a 
piezoelectric element is determined not only by 
the magnitude of its piezoelectric modulus, but 
also by its stability.

Thermally stimulated depolarization currents. 
Fig. 2 shows a comparison of the curves of the 
depolarization currents P(VDF-TFE) with 
a preliminary stretching rate of 50 %/min 
electreted in the field of a positive and negative 
corona discharge (heating rate was 6°C/min).

The curves show two closely located peaks, 
the magnitude and temperature position of 
which strongly depend on the polarity of the 

Fig. 1. ATR-IR spectra in copolymer P(VDF-TFE) for different rates of preliminary stretching (in % per min) 

Fig. 2. Thermally stimulated depolarization currents in the P(VDF-TFE) with a preliminary stretching 
rate of 50 %/min, electreted in the field of the negative (1) and positive (2) corona discharges
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corona electrode. It should be noted that 
for other rates of preliminary stretching, the 
result was similar, i.e., the peak on the curve 
for negative polarity of the corona electrode 
was higher in magnitude and shifted along the 
temperature axis position compared with the 
peak for the positive polarity of the corona 
electrode. This difference suggests that these 
peaks are associated with the relaxation of the 
homocharge, i.e., with the release of charge 
carriers from deep subsurface traps. Such traps 
can be caused, for example, by various defects 
in the structure of polymer films. Apparently, 
the number and depth of traps for positive 
and negative charge carriers are different: for 
negative charge carriers the traps are deeper and 
their number is greater. This result is consistent 
with literature data [10].

The dependence of the depolarization 
currents in the P(VDF-TFE) electreted in the 
field of the negative corona discharge on the 
rate of preliminary stretching is shown in Fig. 
3 (heating rate was 6°C/min). It can be seen 
that the high-temperature peak increases in 
magnitude and shifts to the region of higher 
temperatures with an increase in the stretching 
rate. Since we concluded earlier that this 
peak is associated with the release of charge 
carriers from traps, which, in turn, are caused 
by structural defects, it can be assumed that 
with a faster orientation of polymer films, the 
number of polymer chain defects increases, 
which means that the number of traps also 
increases.

Using the method of varying the samples 
heating rate, the parameters of the traps 

(activation energy and frequency factor) for 
negative charge carriers were calculated. For 
this purpose, we measured the depolarization 
currents of the P(VDF-TFE) films with a pre-
liminary stretching rate of 30 %/min, electreted 
in the field of the negative corona discharge, at 
two different heating rates (6 °C/min and 9 °C/
min). The results are shown in Fig. 4, a. It is 
seen that with an increase in the heating rate, 
the peak increases in magnitude and shifts to 
the right along the temperature scale. This re-
sult is consistent with the theory of thermally 
stimulated depolarization currents. Calculations 
revealed that, in this case, the activation energy 
of traps for negative charge carriers is 0,89 ± 
0,05 eV, and the frequency factor is 1012 s–1 
(with an accuracy of half a decade). 

For the P(VDF-TFE) films with a prelim-
inary stretching rate of 200%, electreted in 
the field of a negative corona discharge, the 
depolarization currents obtained for different 
heating rates are shown in Fig. 4,b. The chart 
also shows a shift in the peak towards higher 
temperatures with an increase in the heating 
rate from 6°C/min to 9°C/min. In this case, 
calculations give the following trap parameters: 
activation energy 0,93 ± 0,05  eV, frequency 
factor 1013 s-1 (with an accuracy of half a de-
cade). Thus, it can be concluded that with an 
increase in the rate of preliminary stretching, 
the activation energy (depth) of traps for nega-
tive charge carriers slightly increases.

The curves in Fig. 3 also show a low-tem-
perature peak (in the region of 50 – 60°C), 
which is partially superimposed on the 
high-temperature peak (in the region of 75°C). 

Fig. 3. Depolarization currents in the P(VDF-TFE) electreted in the field of the negative corona 
discharge at two values of a preliminary stretching rate (%/min): 30 (1) and 200 (2)
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Since the growth of the low-temperature peak 
correlates with the growth of the high-tem-
perature peak, we assume that the process in 
the region of 60°С is associated with the reori-
entation of polar structures that are present in 
the amorphous phase. With an increase in the 
stretching rate, the value of the homocharge, 
as noted above, increases, which means that 
the field of this homocharge also increases, 
and therefore the reorientation of polar struc-
tures becomes more and more evident.

It should be noted that it is the presence of 
the component associated with the reorienta-
tion of polar structures present in the amor-
phous phase of P(VDF-TFE) that determines 
the stability of the electret state, and, accord-
ingly, the stability of the piezoelectric state. 
The increase in the tensile rate leads to an in-
crease in this component and, as might be ex-
pected, to an improvement in the stability of 
the electret and piezoelectric properties of the 
copolymer under study. 

Fig. 4. Thermally stimulated depolarization currents in the P(VDF-TFE) with preliminary stretching 
rate of 30 %/min (a) and 200 %/min (b), electreted in the negative corona discharge field, 

for a heating rate of 6°C/min (1) and 9°C/min (2)

                                                     a) 
 

 

                                                      b) 
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Summary

IR spectroscopy data on the subjects of in-
quiry showed that with an increase in the stretch-
ing rate, the proportion of their ferroelectric 
β-phases increases. On the curves of thermally 
stimulated depolarization currents, two closely 
spaced peaks were found: a low-temperature 
one with a maximum in the region of 60°C and 
a high-temperature one with a maximum at 
75°C. The high-temperature peak is associated 
with the release of charge carriers from deep 
near-surface traps, i.e., with relaxation of ho-
mocharge, the value of which depends on the 
rate of preliminary stretching. The activation 
energy of the traps increases with an increase 
in the stretching rate from 0,89 eV to 0,93 eV. 
The low-temperature peak is due to the reori-
entation of polar structures that are present in 

the amorphous phase. As the stretching rate in-
creases, i.e., with an increase in homocharge, 
the proportion of oriented polar structures also 
increases. The presence of a component asso-
ciated with the reorientation of polar structures 
determines the stability of the electret and, 
consequently, the piezoelectric state.
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