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ABSTRACT: Relaxation processes in copolymers of vi-
nylidene fluoride with hexafluoropropylene (93/7) were
studied by means of a dielectric method. The initial
extruded film was recrystallized by free heating to temper-
atures above the melting point and by subsequent cooling.
This increased both the perfection of the crystal phase and
the degree of crystallinity. The impact of recrystallization
on both the relaxation times (s’s) and the activation pa-
rameters of the local mobility (b process) and micro-
Brownian cooperative mobility in amorphous phase (aa
process) was almost negligible, whereas the s’s of the ac
relaxation were an order of magnitude higher after recrys-
tallization. Qualitatively, it was predicted by the soliton
model for the ac relaxation. The recrystallization affected
characteristics of the transition at the highest temperature

(a) registered in the region of the melting of the crystals
even more. The process is related to the relaxation of the
space charge formed by ionogenic impurities, which
migrate through the amorphous phase with high free vol-
ume. It was shown that the dynamics in the amorphous
phase controlled the drift mobility of free charge carriers
and, by that, determined the s of the space charge relaxa-
tion process. The structuring processes during the recrys-
tallization also affected the parameters of the order–
disorder transition in the low-perfect ferroelectric (antifer-
roelectric) phase. VC 2010 Wiley Periodicals, Inc. J Appl Polym
Sci 120: 13–20, 2011

Key words: dielectric properties; ferroelectricity;
fluoropolymers; relaxation

INTRODUCTION

Poly(vinylidene fluoride) (PVDF) and its copolymers
are of great interest of researchers because of the vari-
ety of their properties valuable for applications. It is
one of the crystallizing polymers possessing ferroelec-
tricity.1,2 Strong piezoelectric activity and pyroactivity
in these compounds along with the specific properties
of the polymers allow one to obtain a variety of sen-
sors whose characteristics cannot be obtained with
classical inorganic materials.3,4 Fluorinated elastomers
based on this class of polymers were recently applied
to membrane production engineering, where they can
be used as a matrix in gel polymer electrolytes.5 The
conductivity (r) in these systems is controlled by the
structural and dynamic characteristics of the polymer,
and thus, the study of molecular mobility in these
polymers is a topical problem.

The relaxation processes in two copolymers of vi-
nylidene fluoride (VDF) with hexafluoropropylene
(HFP) were investigated earlier by means of broad-

band dielectric spectroscopy.6 Three or four relaxation
transitions were detected, depending on the composi-
tion of the copolymers. In this study, the effects of
recrystallization on the molecular mobility in a VDF/
HFP 93/7 copolymer were investigated. We found
that increased perfection of the crystalline structure
weakly influenced both the local and cooperative
micro-Brownian dynamics. At the same time, the
essential effect on the ac relaxation related to the crys-
talline phase was observed. The high-temperature
relaxation process caused by melting also appeared to
be sensitive to the structurization at recrystallization.

EXPERIMENTAL

VDF/HFP 93/7 copolymers (Plast-Polymer, St.
Petersburg, Russia), with their composition con-
trolled by 19F-NMR,7 were investigated. The initial
films were prepared by extrusion. Recrystallization
was made by the free heating of the film above its
melting point with subsequent cooling.
Dielectric measurements were performed with a

Novocontrol (Novocontrol GmbH, Hundsangen,
Germany) Concept 40 broadband dielectric spec-
trometer at 10�1 to 107 Hz and �100 to 150�C.
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Differential scanning calorimetry (DSC) was carried
out with a PerkinElmer DSK-7 calorimeter (Wal-
tham, Massachusetts, USA). The heating rate was
20�/min, and the sample weights were about 20 mg.
Calibration was made with indium. Wide-angle X-
ray scattering (WAXS) measurements were per-
formed in the transition mode with KARD-6 and
KARD-7 X-ray diffractometers (Institute of Crystal-
lography RAS, Moscow, Russia)8 with two-dimen-
sional area position-sensitive detectors [Cu Ka radia-
tion, wavelength (k) ¼ 0.154 nm]. The diffraction
peaks were analyzed by profile fitting.

RESULTS

Figure 1 demonstrates the changes in several relaxa-
tion processes observed both in the initial and recrys-
tallized films. According to ref. 6, the four relaxation
transitions in the initial film were denoted as b, aa, ac,
and a in the order of increasing temperature [or
decreasing frequency (f)]. Three of these transitions
(aa, ac, and a) are shown at the dielectric loss tangent
[tan d(f)] spectra presented in Figure 1. The aa and ac
relaxations overlapped. Their separation was made
with the assumption that both relaxations were
described by the Havriliak–Negami function:

e�ðxÞ � e1 ¼
X
k

Dek

1þ ðixskÞ1�ak
h ibk � iAx�s (1)

e* is the complex dielectric permittivity, x is the
angular frequency (x ¼ 2*p*f), i is the imaginary
unit, where the first term on the right express the
dielectric relaxation based on Havriliak–Negami
function, where De (¼ e0 � e1) is the relaxation
strength [where e0 and e1 are the low-f and high-f
limits of the real part of the permittivity (e0)], s is the
relaxation time, and both a and b (0 < a, b � 1) are

parameters expressing the asymmetry and width of
the distribution of s’s. The subscript k is used to
express multiple relaxation processes (in our case, k
¼ 2). The second term on the right expresses the
contribution from the direct-current conductivity
(rdc), where A is the constant and s (s � 1) is the
power parameter.9 Figure 2 shows an example of the
curve-fitting with regard to the imaginary part of
the dielectric permittivity [e00(x)] obtained for both
the initial and recrystallized films at 20�C.
The temperature behavior of the relaxation transi-

tions mentioned previously for both the initial and
recrystallized samples was demonstrated on a correla-
tion diagram in Arrhenius coordinates (Fig. 3). The b,
ac, and a transitions followed the Arrhenius equation:

f ¼ f0 exp � Ea

kT

� �
(2)

where f0 is a constant, k is the Boltzmann constant,
Ea is the activation energy, and T is the temperature.

Figure 1 F dependence on the loss tangent [tan d(f)] illus-
trating the processes of (1,2) aa and ac and (10,20) a relaxa-
tion at (1,2) 20 and (10,20) 100�C: (1,10) the initial sample
and (2,20) the recrystallized sample.

Figure 2 Decomposition of the dielectric loss spectra
[e00(x)] of the (a) initial and (b) recrystallized samples of
the VDF/HFP copolymer at 20�C into the aa and ac proc-
esses and r according to eq. (1).
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aa processes followed not Arrhenius but the Vogel–
Tamman–Fulcher (VTF)10 equation

f ¼ f0 exp � B

T � T0

� �
(3)

where f0 and B are the fit parameters and T0 is the
characteristic temperature, which is usually approxi-
mately 50� lower than the glass-transition tempera-
ture (Tg).

For the aa transition, the conventional glass-transi-
tion temperature (T0), for which the reorientation f of
the kinetic units was 1 Hz, was obtained from
curves 2 and 20 in Figure 2. Also, the thermody-
namic parameter (m; the fragility),11 which character-
izes the changes of cooperativity with temperature,
was calculated with eq. (4):

m ¼ d log s

d T0
=T

� � ¼ B

T= � ln 10� 1� T0

T0
� �2 (4)

All of these parameters for all types of mobility
are summarized in Table I.
As shown, the influence of recrystallization on the

b s’s and processes was weak, whereas for the high-
temperature processes (ac and a), it was much stron-
ger. We discuss these facts from the point of view of
the structural modifications controlled by DSC and
WAXS. DSC scans (Fig. 4) showed that the width of
the melting peak was reduced after recrystallization,
whereas the peak temperature remained approxi-
mately the same. It is known that the width of the
endothermic peak and the crystal size (lc) distribu-
tion are related in crystalline polymers, so this

Figure 3 Correlation diagrams for the processes of (1,10) b, (2,20) aa, (3,30) ac, and (4,40,5,50,6,60) a relaxation in the (1–6)
initial and (10–60) recrystallized VDF/HFP 93/7 films. The insert shows additional data on the a process: (4,40) tan d(f)
peaks, (5,50) peaks of the imaginary part of the dielectric modulus [M00(f)], and (6,60) rdc.

TABLE I
Ea, Parameters of VTF Analysis [T0, B, and log f0 from eq. (3)], DS, T0, and m for the Relaxation Processes in the Initial

and Recrystallized Films of the VDF/HFP 93/7 Copolymers

Sample Initial film Recrystallized film

Relaxation process b aa ac a b aa ac a

T0 (K) — 199 6 2 — — — 195 6 1 — —
B — 845 6 33 — — — 980 6 45 — —
log f0 — 10.3 6 0.3 — — — 10.6 6 0.2 — —
Ea (kJ/mol) 48 6 2 78 6 3 114 6 3 155 6 4 52 6 2 66 6 2 101 6 4 106 6 2
DS (J/mol K) 38 6 2 146 6 7 174 6 8 169 6 8 54 6 3 93 6 5 116 6 5 59 6 5
T0 (K) 177 6 5 235 6 5 278 6 5 379 6 5 181 6 5 234 6 5 286 6 5 355 6 5
m — 65 6 3 — — — 71 6 3 — —
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distribution was more narrow in the recrystallized
sample. The shape of the peak at the low-tempera-
ture side pointed to the fact that the fraction of the
small (defective) crystals decreased after recrystalli-
zation. It was equivalent to the growth of their mean
size. This was confirmed by WAXS measurements
(Fig. 5). lc was estimated by the Scherrer formula:

lc ¼ 0:9k

cos h
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � br

2
q (5)

where y is the diffraction angle, b and br are the
half-widths of the analyzed and reference lines.
According to Table II, the lc values in different lattice
directions were larger in the recrystallized film. We
could also judge the structural perfection of the film
by the increase of the number of peaks typical for
the a phase. Intramolecular peaks indicated the pro-
cess of the structural perfection of the lattice.

The crystallinity (/) was calculated for both films
by decomposition of the experimental curves into
peak components and the amorphous halo (Table II).
/ increased from 0.30 to 0.38 after recrystallization.
Figure 4 shows more information about the changes
in the crystal structure after recrystallization. In
addition to the melting peak, two endothermic peaks
at lower temperatures were observed in the initial
film. The peak at the lowest temperature was related
to the order–disorder phase transition in the low-

perfect (QL-) ferroelectric phase.6 Only one endo-
thermic process was left after recrystallization, and it
shifted to higher temperatures. A similar effect was
observed in PVDF,12,13 where the low-temperature
endotherm was not observed in the second heating
cycle. Detailed experiments demonstrated11 that the
low-temperature endotherm was related to the pro-
cess of melting in the QL- crystals formed as the
result of the secondary crystallization. We adhere to
the same opinion.

DISCUSSION

Here, we begin to discuss the influence of the recrys-
tallization on the relaxation processes in VDF/HFP
from the data on aa transition. According to our
results, De for the aa transition decreased in the
entire temperature interval after recrystallization.
Because / was higher in this sample (Table I), this
process was related to the amorphous phase and/or
to its interphase boundaries with a crystal.14,15

Figure 4 DSC thermograms for the (a) initial and (b)
recrystallized VDF/HFP films.

Figure 5 Wide-angle X-ray diffraction patterns in the
region of intramolecular order manifestation for the (a) ini-
tial and (b) recrystallized VDF/HFP films. I is the intensity
of the diffraction.

16 KOCHERVINSKIJ ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



We also wanted to check possible relations
between the relaxation parameters of the aa and ac
transitions. For this, the temperature dependences of
the mean relaxation time (s0; Fig. 6) were compared
in the region of temperatures where the specified
relaxation processes overlapped. Those processes
were separated according to the procedure shown in
Figure 2. We assumed that for temperatures above
30�C, s(T) for the aa transition followed Arrhenius
behavior, and therefore, Ea and the activation en-
tropy (DS) were calculated for this process [Fig.
6(a)]. Their values are also listed in Table I. Recrys-
tallization was accompanied by a decrease in the
activation parameters, and DS decreased more essen-
tially. The observed difference was related to the
modifications in the crystalline polymers at anneal-
ing.16 It is known that the latter leads to the forma-
tion of more perfect crystals because of the displace-
ment of chemical defects into the interlamellar
intervals. We considered the comonomer component
with CF3 groups as a chemical defect, which got into
the crystal and broke its perfection.6 We considered
HFP groups as branchings with respect to the PVDF
chains, and so their displacement into the amor-
phous phase should have decreased the packing
density of the latter.17 Thus, the interlamellar inter-
vals in the recrystallized sample should have con-
tained raised concentration of both the CF3 groups
and other branchings, end groups, and head-head-
tail-tail (HHTT) defects. Lower packing density in
the amorphous phase obviously was the main rea-
son for the changes in m, Ea, and DS (Table II).

As shown in Figures 3 and 6(b), recrystallization
also affected the ac relaxation. The s’s of this process
were almost 10 times higher in the recrystallized
sample. In PVDF crystallized in a nonpolar a-modifi-
cation, this relaxation mechanism is usually con-
nected with the longitudinal component of the
dipole moment, which can change its direction to
the opposite at conformational transformations of
the TGTG�$G�TGT (T goes for trans, G goes for
gauche) type.18 Because the copolymer under study
crystallized in the same modification,6 we proceeded
from the same relaxation mechanism. We assumed
the mobility of conformational defect along the c
axis of a crystal, and thus, s should have depended
on the crystal’s longitudinal size. The last was esti-
mated with the width of the 002 peak, which was
broader in the initial sample (Fig. 5). Thus, if we
proceeded from the ac relaxation mechanism pro-

posed in refs. 18–21, s should have been higher in
the recrystallized sample, which is what we
observed, as shown in Figures 3 and 6(b).
As shown in Table I, there was a drop in the Ea

value for this process in the recrystallized sample.
The reason for it, in our opinion, was in the nature
of aa mobility. According to ref. 18, the stage of ini-
tiation of the initial conformational defect in a crys-
tal is an important and required part of the relaxa-
tion mobility in the a phase. This defect may
originate from a specific structure of interphase
boundaries in crystalline polymers. It is theoretically
predicted that there can be a layer with an interme-
diate form of order.22,23 Because of the chain molecu-
lar structure, the same molecule can be located both
in the crystal and in the transition layer (amorphous
phase). Consider that the mobility at the aa transi-
tion takes place in this interlayer,14,15 and the reor-
ientation f’s of the segments involved in the coopera-
tive mobility reach 106–107 Hz (see Figs. 3 and 6) at

TABLE II
Structural Parameters of the VDF/HFP 93/7 Films Before and After Recrystallization

Sample l002 (nm) l200 (nm) l021 (nm) l100 (nm) /

Initial film 3.0 6 0.2 5.1 6 0.3 3.2 6 0.2 2.6 6 0.1 0.30 6 0.02
Recrystallized film 4.5 6 0.2 6.6 6 0.3 3.6 6 0.2 3.4 6 0.2 0.38 6 0.02

Figure 6 Temperature dependence of s0 for the (a) aa
and (b) ac processes for the (1) initial and (2) recrystallized
VDF/HFP films.
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temperatures when the mobility in the crystal
appears. Because the adjacent segments of the same
chain at the crystal surface and in the interface layer
are covalently bound, the high amplitude coopera-
tive motions of the chains in the interface layer will
cause internal stress for the chain in the crystal.
Such internal stress, along with thermal fluctuations,
can be the origin for the conformational defect in the
crystal. The higher the reorientation f of segments in
the interface region is, the higher the probability of
appearance of the conformational defect will be.

As follows from Table I, the Ea and DS values for
the aa transition at temperatures above 30�C were
lower in the recrystallized sample. This may have
been the reason why the reorientation f’s of the seg-
ments in the transition zone appeared to be higher
in the recrystallized sample [Figs. 3 and 6(a)]. This
meant that the enhanced internal stress for the
chains at the crystal interfaces generated conforma-
tional defects inside the crystal. This should have
decreased the Ea and DS values for the ac relaxation,
as observed in the experiment (Table I).

If the ac relaxation is limited by the formation of
the conformational defect in the crystal, it becomes
clear why there is a quantitative disagreement
between the longitudinal length of the crystal (l002)
and the s of the ac transition. As follows from Table
II, there was a 50% change in lc after recrystalliza-
tion. However, at the same time, s changed by a fac-
tor of 10. When the conformational defect moves
along the macromolecule axis by the solitone mecha-
nism,24,25 the macroscopic s will not be limited by
the high propagation speed of the solitone wave.
Because there is a displacement of chemical defects
and impurities into the interlamellar intervals at
recrystallization, the probability of solitone wave
attenuation at its propagation from one crystal to
another should increase.26 This should result in an
additional increase of the macroscopic s, as shown
in the experiment.

Let us discuss the effect of recrystallization on the
dielectric anomalies, which we connected earlier to
the diffusive order–disorder transition in the QL-
ferroelectric or antiferroelectric phase.6,27 Figure 7
illustrates that there was a dielectric anomaly at
approximately 60�C for the initial film, which is typ-
ical for the diffusive ferroelectric phase transition.
This conclusion was supported by the existence of
the endothermic peak (Fig. 4). As noted previously,
the last was assigned to the melting of the secondary
crystals. Before the first measurement cycle, the ini-
tial film was kept at room temperature for several
years, and slow processes of secondary crystalliza-
tion11 should have been completed here. In the sec-
ond measurement cycle (recrystallized film), the
low-temperature endotherm broadened and shifted
to higher temperatures (Fig. 4), and so did the

dielectric anomaly (Fig. 7). The shift of this anomaly
to higher temperatures in the recrystallized film is
typical for ferroelectric materials in general and for
polymer ferroelectrics in particular. It is known that
the increase in lc both in inorganic ferroelectric crys-
tals28 and polymer ferroelectrics28,29 is accompanied
by a shift of the Curie point to higher temperatures.
In our case, we related the QL- ferroelectric (antifer-
roelectric) phase areas to the 100 peak.27 It follows
from Table II that the size of the coherent scattering
region for this peak appeared to be higher for the
recrystallized film. This should have led to the shift
of the transition to higher temperatures, as con-
firmed by the experiment (see Fig. 7). The smaller
diffusiveness of the phase transition in the initial
film was attributed to the fact that spontaneous
polarization areas in the QL- or antiferroelectric
phase were partially activated by the orientation
processes emerging at the extrusion.27 Nonreversible
conformational changes27 and a partial loss of the
mean orientation registered by the magnitude of the
birefringence7 took place in the initial film during
the first heating cycle. It was directly demonstrated
that the decrease in the mean orientation was accom-
panied by the appropriate increase in the diffusive-
ness of the observed phase transition. Thus, the for-
mation of spontaneous polarization regions in the
QL- ferroelectric (antiferroelectric) phase was limited
by the processes of the secondary crystallization.
The last may have led to the formation of small and
imperfect crystals where the spontaneous polariza-
tion regions may have been localized. A similar con-
clusion was drawn in ref. 12 from another type of
experiment.
Let us now discuss the high-temperature a relaxa-

tion, which we related to the manifestation of the

Figure 7 Temperature dependence of the dielectric per-
mittivity (e0) for the (1) initial and (2) recrystallized VDF/
HFP films at f ¼ 1 kHz.
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space charge. As shown in Figures 1 and 3, the tran-
sition shifted to higher f’s and its Ea decreased after
recrystallization (Table I). This should have been
related to the modification of the microscopic struc-
ture of the amorphous phase. If we proceed from
the Maxwell–Wagner–Scillars relaxation and take
into account the heterogeneity of the two phases, at
first approximation

s ¼ eae0
Ar

(6)

where e0 is the free space permittivity and ea is
the dielectric permittivity of the matrix containing
the volume fraction of inclusions with r and the
form factor A. It follows from eq. (6) that if this
relaxation mechanism is realized for the a relaxation,
the experimentally detected decrease of s (Fig. 3) for
the recrystallized sample should be accompanied,
for example, by the growth of r in one of the
phases. As shown in Figure 8, the plateau value of r
increased. As shown in the insert in Figure 3(6,60),
this was valid for all temperature regions of this
relaxation. Moreover, there was a certain quantita-
tive correspondence. The r changed by an order of
magnitude (Fig. 8), and so did s after recrystalliza-
tion (Fig. 3).

We now discuss the changes in the electrical pa-
rameters, taking into account the structural modifica-
tions at recrystallization. As noted, this process was
accompanied by the displacement of chemical defects
(including the copolymer CF3 groups) into interlamel-
lar amorphous intervals. The less dense (because of
stronger steric interactions of CF3 groups) amorphous
phase played a special role in the mechanisms of
space charge carrier mobility. In such a heterogeneous
system, extrinsic charge carriers will migrate through
areas with increased free volume. As we speak about

extrinsic conduction in dielectrics, the charges can be
trapped in the local sites generated by various defects.
The particular feature of the observed systems was
that the phase where charge carriers moved was in a
liquidlike state where the atoms and molecules had
intensive micro-Brownian dynamics, so charge car-
riers moved under multiple trapping–detrapping
mechanisms. The number of such events in time units
specified the drift mobility of the charges. Thus,
the last was obviously determined by the f’s and the
amplitudes of the reorientation of kinetic units in the
amorphous phase.
As noted previously, the activation parameters of

such mobility (aa process) appeared to be lower in
the recrystallized sample (Table I), and so the corre-
sponding f’s of the reorientation of segments in the
amorphous phase (at temperatures of the a transi-
tion) were higher in this sample (Fig. 3). Such
increase meant the enhancement of the space charge
carriers’ mobility. With the assumption that there
was the same type and same concentration of the
charges in both samples, this should have led to an
increase in r after recrystallization, as was observed
in the experiment (Fig. 8).

CONCLUSIONS

During the process of recrystallization taking place in
the extruded VDF/HFP 93/7 film at free heating,
more perfect crystals of the a phase were formed,
and / increased. This was due to the changes in the
microstructure of interlamellar intervals: they became
less closely packed because of the displaced chemical
defects of macromolecules, including the CF3 groups
of the HFP monomer. So the probability of the
appearance of conformational defects became lower,
which led to an increase in the s’s of mobility in the
crystal phase. At the same time, the mobility of the
charge carriers, which formed the space charge,
increased, and the corresponding s decreased.
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