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ABSTRACT: Three types of poly (vinylidene fluoride-
hexafluoropropylene) (PVDF-HFP) copolymer films were
prepared by extrusion, stretching as well as simultaneously
stretching and static electric field poling (SSSEP), respec-
tively, and measured by the differential scanning calorimet-
ric, wide angle X-ray diffraction, fourier transformation
infrared-attenuated total reflection, and Dynamic mechani-
cal analysis. The experimental results showed that the films
prepared by stretching and SSSEP have higher crystallinity
and B phase than by extrusion. SSSEP improved the chain
orientation enormously both in crystalline and amorphous
regions, resulting in the highest storage modulus. Because

of the lower B phase content, the extruded films exhibited
the lowest piezoelectric coefficient dj;. For the stretched
and SSSEP films, although the B phase content was similar,
the ds;; was distinct because of the different potential
energy for the rotation of the dipoles. In addition, the
SSSEP films gave the maximum ds3 (24 pC/N), higher than
the other PVDF-HFP copolymer films that have been
reported. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 104:
858-862, 2007
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INTRODUCTION

Polyvinylidene fluoride (PVDF) and its copolymers
have ascendant piezoelectric and ferroelectric proper-
ties and were widely studied in the past 40 years."™ At
least four crystalline phases, o, B, v, and 9, have been
reported in PVDF while the molecular chain conforma-
tions of these phases are: trans-gauche-trans-gauche™
(TG'TG™) for o and & phase, all trans (TTTT) for B
phase, and T;G*T5G~ for y phase.> The « phase is a
common phase with a TG"TG™ molecular chain confor-
mation and can be obtained from melt or solvent cast-
ingS_9 and the B phase is the most useful phase, which
has aroused more technological interest for providing
the piezoelectric and ferroelectric properties. For the
excellent piezoelectric and ferroelectric properties, B
phase was studied most, the results showed that it can
be obtained by transforming from o phase under spe-
cial conditions such as, mechanical deformation,'™!!
high electric field,'*'* quenching,'* and through the use
of nucleating agents.'” It has been found that B phase of
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DISCOVER SOMETHING GREAT

random copolymers of PVDF with trifluoroethylene
(PVDE-TrFE) or tetrafluorethylene (PVDF-TeFE) can
be directly obtained from melt. The Curie transition
temperature, which has not been found in the PVDF
homopolymer, has also been detected in these copoly-
mers.>> Interestingly, the PVDF-TrFE copolymers
exhibited excellent electrostrictive response if irradiated
by high energy electron beam.'®'” Lately, another
PVDF copolymers poly (vinylidene fluoride-hexafluor-
opropylene) (PVDF-HFP) were reported to exhibit
giant electrostrictive response when were hot pressed
followed by quenched in ice water.'®'’ Piezoelectric
coefficient (d3;) comparable to PVDF and pyroelectric
coefficient higher than PVDF were reported on
stretched and poled PVDF-HFP films.*® This indicate
that PVDF-HFP copolymers, which are often used in
lithium batteries as electrolytes,>** have excellent pros-
pect in piezo- and ferroelectric fields.

The influence of processing conditions on the struc-
tural and piezoelectric properties of PVDFE-HFP copoly-
mers is not well understand and compared with the
comprehensive studies of PVDF homopolymer and
PVDE-TrFE copolymers. In this article we investigated
the influence of three different processing conditions
(extrusion, stretching and SSSEP) on the structural
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Figure 1 Apparatus to simultaneously stretch and static
electric pole (SSSEP) PVDF-HEFP films.

properties and piezoelectricity of PVDF-HFP copoly-
mer with the help of WXAD, FTIR-ATR, DSC, and
DMA analytical methods.

EXPERIMENTAL
Sample preparation

PVDE-HFP copolymer films of thickness from 30 to
300 pm were prepared by extruding commercial resin
(Kynar Flex 2800) with HFP content about 10% by
weight. The extruded films were simultaneously
stretched and static electric field poled or stretched only,
using the apparatus as shown in Figure 1 to make SSSEP
films and stretched films, respectively. The similar tech-
nique has been used to prepare PVDF piezoelectric films
and wonderful results were obtained,” here we also
gained excellent poled films using the SSSEP technique.

The process of the experiments are depicted as fol-
lows: The PVDF-HFP films passed through the hinder
rollers, a heated zone, and the front rollers, (the number
of gear 1 tooth is 4.5 times of gear 2 tooth, so the speed of
the front roller is 4.5 times of the hinder roller’s) and
were stretched at the heated zone with a fixed stretched
ratio 4.5, meanwhile, the high voltage was imposed on
the neck-down of the films. The poling of extruded and
stretched films are described as: the extruded and
stretched films were clamped tightly between two pol-
ished sheet coppers, which were placed into a 80°C oven
for 20 min with high volts direct current (DC) imposed
on the opposite sides.

Analytical methods

The differential scanning calorimetric (DSC) measure-
ments were carried out in TA2920 equipment, at heat-
ing rate of 10°C/min and cooling rate of 20°C/min for
all samples. The wide angle X-ray diffractions (WAXD)
were performed on Rigaku D/max 2500 diffractometer
with Cu Ko-Ni radiation. Fourier transformation infra-
red-attenuated total reflection (FTIR-ATR) spectra were

obtained by a specaclamp unit equipped with a 45°
ZnSe crystal and recorded with 4 cm™ resolution using
a BRUKER Vertex 70 instrument. Dynamic mechanical
analysis (DMA) experiments were taken during a tem-
perature range from —100 to 100°C at a heating rate of
3°C/min and at 20 Hz frequency in a tension-compres-
sion mode on the Metravib Mak-04 Viscoanlyser. All
films were cut into 5 x 5 mm? for stress piezoelectric
coefficient d33 measurements, which were carried out in
the stress piezoelectric ds; meter (Model Z]-2, Institute
of Acoustics Chinese Academy of Sciences) with fre-
quency of 100 Hz.

RESULTS AND DISCUSSION
Structural properties

For DSC measurements, all samples were placed in
aluminum pans without constraining and all films
shrunk after the measurements. The first run of the
heating curves for films prepared under different con-
ditions were shown in Figure 2(a). All films showed
similar profiles: a very weak peak at —35°C denoted as
glass transition, the main endothermic peak at about
140°C (141°C for extruded films, 143°C for stretched
films, and 144°C for SSSEP films) assigned to the melt
point. The crystallization enthalpy, which corresponds
to the peak area of the exothermic peak, is related to
the degree of crystallinity. The SSSEP films exhibited a
much larger enthalpy of crystallization (34 J/g) than
the stretched (32 J/g) and extruded films (30 J/g). In
addition, a small peak appearing at 50°C in the first
run but disappearing in the second heating run [Fig.
2(b)] which was immediately followed the first fun,
has also appeared in DMA results and will be dis-
cussed later in this article. In the second run heating
diagram [Fig. 2(b)], besides the same T, and AH, all
films showed a similar shoulder on the endothermic
peak, indicating that the structure of starting films has
been entirely altered in to the same structure by first
run heating.
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Figure 2 (a) The first scanning of samples prepared under
different conditions. (b) The second scanning of samples
prepared under different conditions [(a) SSSEP films, (b)
stretched films, (c) extruded films].

Journal of Applied Polymer Science DOI 10.1002/app



860

(110)+(200)p

Intensity

(021)a
extruded

0 15 20 25 30

Figure 3 WAXD patterns for extruded, stretched, and
SSSEP films.

WAXD measurements were carried out from 20
=10° to 20 = 30° as presented in Figure 3. The extruded
films showed three clear peaks 20 = 18.6, 20 = 20.1, and
20 = 26.8°, charactering the, (020), (110), and (021) reflec-
tions of o phase, respectively.**> However, the (100)
reflection ascribing to o phase of PVDF homopolyer
was not detected, indicating that some o phase trans-
formed into B phase because of quenching in extrusion
process, which is verified by FT-ATR [shown in Fig. 3].
The stretched films and SSSEP films showed similar
profiles with a single peak at 20 = 20.5° and a shoulder
at 20 = 18.2° which were assigned to the (110) (200)
reflections of B phase and (020) reflection of o phase,
respectively, implying that neither stretching nor SSSEP
can completely transform o to § phase.

The crystalline and amorphous regions were sepa-
rated by fitting the Gaussian function to calculate crys-
tallinity, the results were 0.32, 0.34, and 0.39 for
extruded, stretched and SSSEP films, respectively. It is
showed that the SSSEP films possessed the highest crys-
tallinity while the extruded films gave the lowest crys-
tallinity, consistent with the DSC results of crystalliza-
tion enthalpies. This implies that the SSSEP films have a
perfect crystal structure in comparison with the
stretched and extruded films.

FTIR-ATR can give useful information about the poly-
mer structure, foregone studies showed that the vibration
bands at 612, 763, 796, 855, 970, 1150, 1214, and 1383 cm ™"
correspond to o phase,”” whereas vibration bands at 840
and 1278 cm ™! are the character bands of B phase.®”**
From Figure 4, we can see that the extruded films showed
the characteristic spectrum of the o phase with absorption
bands at 612, 763, 796, 855, 970, 1149, 1210, and
1383 cm ™!, whereas there are also weak absorption at 840
and 1278 cm ™!, suggesting that there is small amount of B
phase in the extruded films. The stretched films and
SSSEP films gave a similar pattern that 855, 1149, 1210,
and 1383 cm ' were disappeared while the intensity of
612, 763, 796, and 970 cm ! were sharply decreased with
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the increase of 840 and 1278 cm ™. These results recon-
firmed the WAXD results that the extruded films mainly
consisted of o phase with a little amount of § phase, on
the contrary, stretched, and SSSEP films mainly consisted
of B phase with a little amount of o phase.

The fraction of B phase can be calculated by using the
following equation.””'°

Xp Ap
F = = 1
(B) Xy + X 1.26A, + Aﬁ )

Where X, and X are crystalline mass fraction of o. and
B phase and the A, and A are their absorption bands at
763 and 840 cm ™!, 1.26 is the ratio of absorption coeffi-
cients of K, and K at 763 and 840 cm L. The calculated
results were 0.12, 0.87, and 0.88 for the extruded,
stretched, and SSSEP films, respectively. Using this
method, our calculating results showed that the relative
content of B in stretched and SSSEP films was almost
the same, showing that poling has a little effect on
increasing the ratio of transformation from o to f.
Figure 5 gave the storage modulus (E') and the loss
factor (tan 6 = E"/E’) for extruded films, stretched
films, and SSSEP PVDF-HFP copolymer films, respec-
tively. It is obviously that both the SSSEP and stretched
films exhibited higher E’ compared to the extruded
films, moreover, the SSSEP films exhibited the highest
E' among all the samples. This behavior seems to be
related to different molecular chain orientation of the
samples. Compared to the extruded films, the stretched
and SSSEP films have higher molecular chain orienta-
tion in both crystalline and amorphous reigns because
of stretching, resulting in higher E’. In SSSEP films,
dipoles orientation induced by poling increased the mo-
lecular chain reorientation, which in turn increased E’,
compared with stretched films. The peak appeared at
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Figure 4 FTIR-ATR spectra of PVDF-HFP copolymer
films prepared under different conditions (a) extruded
(b) stretched and (c) SSSEP.
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—40°C in the tan d curve corresponding to the glass
transition, which was also called B or o, relaxation by
other authors, was 5°C lower than the DSC results.
Another peak in DSC results at 50°C also presented in
the tan & curve, which has been found in homolymer.Z&
2 However, the cause of perk is uncertain, it maybe
related to the level of constraint of part of the amor-
phous chains in the vicinity of crystalline domains®*
or condis glass transition.?® Recently, some authors
attributed it to second crystallization induced by
annealing or storage.”

Piezoelectricity

Figure 6 showed the poling field dependencies of piezo-
electric coefficient ds; for extruded, stretched, and SSSEP
PVDF-HEFP copolymer films. All films exhibited similar
behavior with regard to the poling field, while the onset
of the piezoelectric response of poling fields (Ej) were
different, 20 MV /m for both stretched and SSSEP films
as well as 60 MV /m for extruded films. Among the three
films, the SSSEP films exhibited the highest ds3 at each
poling field while the stretched films showed the second
highest value, the extruded showed the lowest. The dif-
ferences of Ey and dsz between extruded films and
stretched or SSSEP films resulted from the different 3
phase content of the samples as discussed above, the
lower B phase content of extruded films was responsible
for the higher E; and lowest ds;. It is interesting that
although the stretched and SSSEP films have the similar
crystallinity and B phase content, the ds3 was obviously
different. This distinction may be attributed to the differ-
ent degree of CF, dipole orientation towards the electric
field in the two poling mode. In the SSSEP mode, the
motion of molecular chain due to stretching made the
CF,; dipole rotation active, so the electric filed to orientate
CF, dipole is lower than the first stretched then poled
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Figure 5 DMA spectra for extruded, stretched, and SSSEP
PVDE-HFP copolymer films.
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Figure 6 Poling field dependence of piezoelectric coeffi-
cients ds; for extruded, stretched and SSSEP films.

mode, thus the former have higher degree of CF, dipole
than the latter resulting in the difference of the ds;. In
other words, the potential energy for the rotation of the
dipoles in the SSSEP mode is lower than the first
stretched then poled mode. Moreover, the maximum ds3
(24 pC/N) of SSSEP films at poling electric field of
160 MV /m is also higher than reported.***°

CONCLUSIONS

The influences of extrusion, stretching, and SSSEP on the
properties of PVDF-HFP copolymer were studied with
the help of DSC, WAXD, FTIR-ATR, and DMA. The
extruded films exhibited the lowest crystallinity and B
phase, while poled at high electric field it gave the lowest
stress piezoelectric coefficient ds3. Although the stretched
and SSSEP films showed similar § phase content, ;3 was
distinctly different at the same poling electric field. This
distinction may be attributed to difference of the potential
energy for the dipoles rotation which is lower in SSSEP
mode than in the first stretched then poled mode. The
SSSEP films also exhibited the highest modulus (E')
among three films, indicating that SSSEP enhanced the
chain orientation greatly compared with the stretching
and extrusion methods. Furthermore, the maximum dz3
of SSSEP films (24 pC/N) is higher than the other PVDF-
HFP copolymer films that have been reported.

The authors acknowledge useful discussion on this work
with Professor Xiaoniu Yang.
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