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DIELECTRIC MEASUREMENTS IN NONLINEAR FERROELECTRIC
POLYMERS

Prof. S. N. Fedosov, D.Sc. and Prof. A. E. Sergeeva, D.Sc.
Odessa National Technology University, Odessa

Ferroelectric polymers, in particular polyvinylidene fluoride (PVDF) and its copolymers P
(VDF-TFE) and P (TrFE), are considered as alternative materials for replacing ceramic
ferroelectrics in production of sensors and electromechanical converters [1]. The most important
parameter of such materials is the magnitude and stability of the residual ferroelectric polarization
P. Such polarization is created in original materials, usually thin films, by electrifying (poling) them
in a strong DC electric field, which is carried out either by the sandwich methed (a polymer film is
located between two metal electrodes), or under the action of corona discharge [2].

Performance characteristics, such as the piezoelectric and pyroelectric coefficients, depend
on the magnitude of the residual polarization. At the same time, it is known that the magnitude of
the residual polarization in ferroelectric polymers depends on the #alue ofthe applied eleetric field
during poling, as well as on the duration of poling, and on temperature [3]. Tt is also known that a
part of the formed residual polarization can be switched back, ifithe conditions for. neutralizing the
depolarizing field, which inevitably arises during electrification, ar¢ not provided [4].

The dielectric properties of ferroelectric polymets, are detetmined by both the crystalline and
amorphous phases. The measurement of dielectric non-linearities, that is, the expansion coefficients
of the function D (E) in a power series, is useful.for obtaming information about the ferroelectric
properties of these materials.

A phenomenological description of ferroelectric materials is given in Landau's theory [5].
The purpose of this presentation is to describe how to make the corresponding measurements of the
dielectric properties in practice. Nonlinear ferroelectric P (VDF-TFE) polymer has been used as the
typical sample material.

The ferroelectric contribution to the free energy F is written as the polynomial D

E&F, + (L D> +(1/4)y-D* +(1/6)5-D° (1)

The Landau parameters o, y and & generally depend on temperature. Direct determination of
the Landau parameters is possible by measuring the dielectric nonlinearities, that is, the coefficients
& in the power serics expansion of the displacement D in the field £

D=P +c e E+e,e,E” +e,6,E +... )

In the paraclectric phase, i.e. at P; = 0, the first nonlinear coefficients are related to the
Landau parameters by the following relations

e =la &¢&=0  ¢geg=-yla (3)
The parameters o and y can be calculated based on the measurement of €1 u €3. In particular,

the sign &; indicates the order of the phase transition. The presence of the second-order dielectric
constant & in the paraelectric phase can be explained by the action of the bias field £;

o 0 o) 2

D=P;" +ge (E+E)+e e, (E+E) +.. 4)
where ¢ and PSO are the nonlinear dielectric constants and the spontaneous polarization of a
centrosymmetric material. Coefficients &, can be calculated as a function of E; and &_ . In the

paraphase, where all £ with even 7 is equal to zero, the approximate equalities are valid
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To find E;, you can measure & as a function of the external applied field £, and find such a

field E,’, for which 3¢y (E, + E',)=0. One can also calculate E; from the second and third order
dielectric constants

E =¢,/(3¢,). (6)

X

1 — Sinusoidal voltage generator, 2 — Thermostat with a sample,; 3 — Spectrum analyzer;
4 — Automatic temperature control device, 5 — Computer,; 6 — Printer
Fig. 1 — Block diagram of the non-linear dielectric spectroscopy method

In the ferroelectric phase, the second-order dielectric constant depends on the residual
polarization P, and the spontaneous polarization P,

£,6,==P(¢,6) By +105F) . (7)
The temperature dependence 1/¢; in the ferroelectric phase gives a criterion of whether the
value 10-8-P’ is small compared to 3. In this case, &/&/° is proportional to the polarization
£,6,13(¢,6) = Py. ®)
Dielectric nonlinearities were measured on P(VDF-TFE) films, on both sides of which
electrodes with 176 mm? area were deposited. The measurement scheme is shown in Fig.1. A
sinusoidal voltage generator with a high spectral frequency (V, = 130 V, f= 1000 Hz) was used as a
source. The signal was taken from a 100 Q load resistor connected in series with the sample. Using
a spectrum analyzer, the first, second, and third harmonics were isolated, their amplitude was
measured, and g;, & and g were calculated. The measurements were carried out in a thermostat in
the temperature range from 20 to 150 °C during heating and cooling. For each permittivity, the real
and imaginary parts were found. Measurements at each temperature took 5-8 min. The results were
averaged over ten spectra. The installation was completely computerized.
Several series of experiments were carried out on non-polarized and polarized, non-annealed
and annealed P(VDF-TFE) films during their heating and cooling in the temperature range of 20-
150 °C. Obtained experimental results and their discussion are presented in a separate paper.
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THEORETICAL CALCULATION OF THE DIELECTRIC PERMITTIVITY
OF A TYPICAL FERROELECTRIC POLYMER

Prof. S. N. Fedosov, D.Sc. and Prof. A. E. Sergeeva, D.Sc.
Odessa National Technology University, Odessa

Ferroelectric polymers have an advantage over traditional ferroelectric materials due to their
good mechanical properties. At the same time, the value and stability of the ferroelectric
polarization in ferroelectric polymers are not sufficient to ensure their wide scale practical
application in the field of sensors and actuators. That is why an understanding of polarization
related phenomena in ferroelectric polymers is important for improving their electrical properties.

In the last few decades several groups have worked on ferroelectric switching in poly
(vinylidene fluoride) (PVDF) and its copolymers. A qualitative charge trapping model has been put
forward that assumes an instantaneous alignment of dipoles that flip back if not compensated by
trapped charges. However, the large depolarization current that would result from the flipping back
was not observed experimentally.

Another opinion exists stating that in ferroelectric polymers charges play only a minor role
in processes of high field polarization switching which is assumed to be accomplished in
microseconds. This assumption, however, contradicts experimental data. It was shown that the
ferroelectric polarization continues to grow for times of five to six orders of magnitude longer than
the usually assumed switching times.

In this respect an important detail was not given enough consideration, namely, that PVDF
is a semicrystalline material composed of a non-ferroclectric amorphous phase occupying about
50% of the volume and a crystalline phase gencrally containing ferroelectric crystallites along with
paraelectric a crystals. Ferroelectric and paraelectric parts exhibit different dielectric constants and
polarization field dependencies. It has been shown that the presence of conductivity in a polymer-
ceramic composite delays the polarization switching. However, this idea has not been adopted for
ferroelectric polymers.

Despite numerous studies, the exact value of the dielectric permittivity € of PVDF, a typical
ferroelectric polymer, is unknown, because reported values of € are in the range 2 - 30 depending on
the method of measurement or the calculation methodology, as well as the technology of obtaining,
structure and composition of samples.

Experimentally measured values of the dielectric permittivity usually are not reliable, if the
commonly used method of Sawyer—Tower is applied. The reason is dependence of the obtained
values on of the applied electric field frequency. Maxwell’s relaxation time in ferroelectric
polymers are in the order of seconds, while standard frequency of the electric hysteresis
measurements is 1000 Hz. Under this condition, induction does not keep up with the field, and the
hysteresis loop became distorted.

PVDF is the two-component semi-crystalline material consisting of the ferroelectric f-phase
(50-90 %) and amorphous phase (10-50 %). Furukawa [1] has found that ¢ is a function of the
applied field, namely € = 19 in a zero field, while € = 9 when the ferroelectric polarization reaches
saturation and ¢ = 30 when the polarization is zero near the coercive field.

All components of the polarization in the non-ferroelectric phase of PVDF are linear,
whereas, the ferroelectric nonlinear component PF in the ferroelectric phase consists of electron and
dipole components. The polarization P in linear dielectrics is proportional to the applied field
strength £
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