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ABSTRACT: «-crystalline phase poly(vinylidene fluo-
ride) (PVDF) film was oriented uniaxially at different draw
ratios. Morphological effects of orientation were investi-
gated by X-ray diffraction and differential scanning calo-
rimetry (DSC) measurements on the oriented samples. The
dielectric loss factor was measured from 100 Hz to 1 MHz
range between 80 and 400 K as a function of frequency
and temperature. While the activation energy of the a-
relaxation transition was not affected by the orientation, it

was observed that there is a linear increase in the activa-
tion energy of the B-relaxation transition with draw ratio.
The relaxation time of the B-relaxation transition was more
affected by the orientation process at lower temper-
atures. © 2008 Wiley Periodicals, Inc. ] Appl Polym Sci 109:
3878-3886, 2008

Key words: poly(vinylidene fluoride); orientation; dielec-
tric loss factor; dielectric relaxation; activation energy

INTRODUCTION

PVDF, a semicrystalline and thermoplastic polymer,
is used in many technological applications such as
capacitor dielectrics and transducer materials. Piezo-
electric polymers offer some advantages over ce-
ramic piezoelectric materials. Since the piezoelectric
polymers have low acoustic and mechanical imped-
ance, they are widely used in medical and under-
water systems. PVDF is a very important material,
due to its piezoelectric and pyroelectric characteris-
tics when appropriately oriented.'™'® PVDF has four
different crystalline modifications («, B, v, and 8).7_15
The most common and most studied of these crystal-
line modifications are the a- and B-phases. The «-
phase is obtained by melt crystallization at tempera-
tures below 160°C.>7#!!131% The B-phase can be
obtained through mechanical drawing « phase
films.>”"'">1° The vy-phase may be produced by
crystallization from the melt at high pressure or by
crystallization from certain solutions such as dime-
thylacetamide and dimethylsulfoxide.”*''*'* The 3-
phase can be obtained by poling the a-phase at high
electric fields.””'""'>'> The B-phase, which has a pla-
nar zig-zag structure, has a much higher dipole
moment compared to a-phase. Hence, the B-phase
shows piezoelectric characteristics. Since PVDF
involves fluorine atoms with high electronegativity,
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it has high electric dipole. Therefore, motion of the
molecules, which have been excited by electric field
and heat, can be analyzed through dielectric meas-
urements.*'°

The molecular chains, which are entangled, are
rearranged along the draw axes and hence, the poly-
mer shows anisotropic physical behavior.'®"® In
some polymers the orientation occurs during the po-
lymerization process. However, in general the poly-
mers are oriented by using various deformation
methods. The most common of these are, uniaxial or
biaxial drawing and rolling.'”*°

The alignment of molecular dipoles in the field
direction cannot take place instantaneously when an
electric field is applied. This situation is similar to
the strain, which takes time to develop after the
application of a stress. The dielectric properties and
the dielectric relaxation behavior of polymers are
directly affected by their molecular structure and
morphology. Thus, research related to dielectric
properties are frequently used in the study of molec-
ular dynamics of polymers. Another reason for the
use of this technique in studying dipolar polymers is
that the dielectric measurement allows the analysis
over wider range of frequency (10 * Hz to 10'* Hz)
than mechanical measurements.'”*!

The dielectric relaxation behavior of PVDF has
been studied by many researchers using different
techniques. Thermostimulated depolarization current
measurements (TSD), thermostimulated current spec-
troscopy measurements (TSC), and dielectric meas-
urements (DEA) can be given as examples.>!%1>22

Similar to other semicrystalline polymers, when
the results of the relaxation studies of PVDEF are
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analyzed, a number of relaxation processes (a, B,
and ) have been observed. The a-relaxation transi-
tion is related to thermal movement processes near
the crystalline melting point. The B-relaxation transi-
tion is due to micro-Brownian motions of the linear
chain segments close to the glass transition tempera-
ture. The vy-relaxation transition results from ther-
mally-activated local molecular oscillations in the
amorphous phase.'%12212226-29

In this study, changing of morphological and
dielectric properties with the draw ratio in a-crystal-
line phase PVDF was investigated. The drawing pro-
cess was performed under the conditions, where no
B-crystalline phase development existed. Hence, the
oriented samples, which are in a-crystalline phase,
were obtained. Morphological effects of the drawing
process were investigated by X-ray and DSC meas-
urements, and its effect on the dielectric relaxation
behavior was investigated by the dielectric meas-
urements as a function of temperature and fre-
quency. There are many studies about dielectric
properties of PVDF. On the contrary, for the oriented
PVDF samples which only a-crystalline phase is
dominant, studies that investigate the change of
dielectric properties depending on draw ratio are
very limited.

EXPERIMENTAL
Materials

Unoriented PVDF (FV 301460) films with dimensions
of 300 X 300 X 0.8 mm® and a density of 1.76 g/cm>
supplied by Goodfellow (Cambridgeshire, England),
were used. The unoriented film in the a-crystalline
phase is shown by DSC and X-ray diffraction meas-
urements in a previous paper.”’ Drawing samples
with the size of 200 X 20 X 0.8 mm® were cut from
the main sample. The drawing process was per-
formed in a specially designed cell heated by hot air
and then, was repeated many times to determine the
optimum drawing temperature. This temperature
was determined as 155°C, at which the drawing pro-
cess can be performed without yielding, and the B-
crystalline phase did not develop. The temperature
accuracy was *1°C. The drawing process was per-
formed at a constant speed of 0.005 mm/s for 70 min.

To measure the draw ratios, prior to the orienta-
tion process a grid patterned serigraphic print with
1-mm interval was printed on the sample. From this
oriented sample, three samples of 6-mm diameter
with different draw ratios (A = 1.46, A = 1.93, and A
= 2.5) were taken. Then, the samples were mechani-
cally smoothed with emery paper. Nonparallelism
along the diameters between the surfaces of these
samples was about =0.003 mm.
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Figure 1 X-ray diffraction patterns of PVDF samples for
different draw ratios.

Measurements

X-ray diffraction measurements were performed a
using RIGAKU D-max 2200 Diffractometer with Cu
Ko radiation on the oriented and unoriented PVDF
samples.

Differential scanning calorimetry measurements
(DSC6-Perkin-Elmer) were carried out between 220
and 400 K at a heating rate of 10 K/min. The surfa-
ces of the samples were covered with silver paste to
form electrodes. The dielectric measurements were
performed between 100 Hz and 1 MHz frequency
range at different temperatures by using a LCR me-
ter (Agilent 4284A). The temperatures, ranging
between 80 and 400 K, were controlled by using a
liquid nitrogen cryostat (Oxford-ITC 502).

RESULTS AND DISCUSSION

Figure 1 shows X-ray diffraction peaks for PVDF
samples having different draw ratios.

To compare the positions of the diffraction peaks,
the diffraction intensities of each sample were nor-
malized to one. Therefore, all of the diffraction inten-
sities were divided by the greatest of these inten-
sities and the diffraction peaks for each oriented
sample shifted by 1 U on the axis. As can be seen in
Figure 1, it was observed that the peak intensities
were changed depending on the draw ratio. For
example, at high draw ratios, peak intensities of the
crystal planes (100), (020), (110), and (200) increase,
while at low draw ratios peak intensities of the crys-
tal planes (120), (021), and (111) decrease (Fig. 2).
The increase in the degree of crystallinity with orien-
tation will affect the number of crystal planes.
Hence, the peak intensities will change with draw
ratio.

It is known that some crystalline polymers trans-
form from one phase to another under stress and
deformation.*”"'"1*1> When the «-PVDF film is

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 (a) X-ray diffraction patterns of unoriented
PVDF sample, (b) X-ray diffraction patterns of PVDF sam-
ples having different draw ratios for the 26 range between
20° and 40°.

drawn at temperatures lower than 100°C, transfor-
mation from a-phase into the B-phase occurs for
draw ratios 3 or 4.%'* At higher drawing tempera-
tures (above 120°C), conversion of the « in to the B-
phase more decreases.>**'*!> However, at high tem-
peratures, the B-phase appears for draw ratios
higher than 5.%'*

For the unoriented PVDEF, the diffraction peaks
were observed at degrees 20 17.84, 18.41, 20.08,
25.76, 26.64, 27.92, 36.16, 37.28, 38.56 [Fig. 2(a)].>**>*
These peaks belong to orthorhombic a-PVDF which
has lattice constants of ¢ = 496 A, b = 9.64 A,
c =462 ASB

If the B-crystalline phase had appeared by draw-
ing processes, new diffraction peaks would have
been observed at degrees 20 between 20 and 21 and
between 36 and 37.39? As seen in Figure 2(b), these
peaks which belong to B-crystalline phase were not
observed for the oriented samples. Therefore, it can
be said that the samples oriented at 155°C are still in
the a-crystalline phase.

As the B-crystalline phase is negligible, the defini-
tion “‘relative crystallinity” was used instead of
“apparent crystallinity’” for the level of crystallinity.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Relative crystallinity versus draw ratio.

In this manner, the degree of crystallinity was calcu-
lated by dividing the area formed by crystalline
peaks by the total area. This method is often used to
quantitatively compare the degrees of crystallin-
ity."”** Figure 3 shows variation of the relative crys-
tallinity with the draw ratio.

As can be seen in Figure 3, the degree of crystal-
linity increases linearly with the draw ratio. Some of
the tie molecule chains which has overflown from
fibrillar crystallites between fibrillar crystalline and
amorphous phases became a part of the crystalline
regions by drawing process and hence, the degree of
crystallinity increased.

The proposed morphological change in the sam-
ples with the drawing process is shown in Scheme 1.

Figure 4 shows DSC thermograms for the oriented
and unoriented samples. Note that, the heat flow is
given per unit mass.

Lamella crystals
Fibrillar erpstallites

Amarphons regions

Scheme 1 A schematic presentation for the effect of
drawing on the morphology.
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Figure 4 DSC thermograms of PVDF at different draw
ratios (heating rate 10 K/min).

DSC thermograms show that the magnitude of ¢,
step, observed approximately at 340 K, decreases
with the draw ratio. This step is due to the second-
ary glass transition, which is observed in some semi-
crystalline polymers, and is defined as the upper
glass transition T,(U). This transition is attributed to
the rotational and translational motions of the tie
molecules in the crystalline-amorphous inter-
phase."***?* The decrease in the magnitude of the c,
step with the draw ratio indicates that the number
of mobilizable tie molecules in the crystalline-amor-
phous interphase decreased with drawing. This ob-
servation also confirms the morphological change
given in Scheme 1.

The c, step that occurred approximately at 390 K,
is a consequence of rotational and translational
motions of segments of polymer chains in the crys-
talline regions. Several researchers consider these
motions as the beginning of the melting process.
That is why this step is sometimes called a premelt-
ing crystalline transition."'** As seen in Figure 4,
the magnitude of this step decreases with the draw
ratio. It is difficult to explain this decrease with the
rotational and translational motions of segments of
polymer chains in the crystalline regions, because
the specific volume did not change in the crystalline
region after orientation. If there had been any
change in volume, a new crystalline phase should
have appeared. Therefore, only a specific volume
change can be considered between amorphous
fraction and crystalline-amorphous interface with
orientation. Thus, the decrease in this step can be
attributed to the restriction of the movements of the
molecule chains in the surface of crystal lamellae
next to amorphous phase.

In Figure 5, variation of the absorbed heat energy
from the samples, given per unit mass, with draw
ratio for two different temperatures (293 and 373 K)
is shown. These temperatures were especially
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selected in the two different regions where there is
no transition in the DSC thermograms. Note that the
heat energy absorbed from the system decreases
with draw ratio.

As a result of the orientation of the molecular
chains in the amorphous phase the local free volume
decreases and hence, the specific volume decreases.
A decrease in the specific volume restricts the capa-
bility of the thermal mobility of the molecule chains.
For this reason, the absorbed energy is lower.

In Figure 6, variation of the dielectric loss factor
(tan 3) with temperature for PVDF samples having A
=1 and A = 2.5 draw ratios at different frequencies
is presented.

Two relaxation transitions (a« and B), which shifted
toward high temperatures due to the increase in the
frequency, were observed as expected.* It is known
that, the a-relaxation transition is the result of rota-
tional and translational motions of the molecules in
the crystalline regions, whereas the B-relaxation tran-
sition belongs to the %lass transition of the amor-
phous fraction.>!%1%2225,27,29

While the dielectric loss factor in the B-relaxation
transition is not affected by orientation, the dielectric
loss factor in the a-relaxation transition decreases
systematically with orientation (Fig. 7).

The decrease seen during the a-relaxation transi-
tion is due to more decrease with the drawing pro-
cess in the total number of the dipole groups which
can move easily in the external field. Because, mobil-
ity of the dipole groups which are located on the
chain segments in the fringes of fibrillar crystallites
and on parts of the crystal lamellae near the amor-
phous regions decreased.

In Figure 8, variation of the dielectric loss factor
with frequency for the PVDF samples having differ-
ent draw ratios at two different temperatures is pre-
sented. The maximums observed at 400 and 240 K
belong to a- and B-relaxation transitions, respec-
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Figure 5 Heat flow versus draw ratio.
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Figure 6 Dielectric loss factor for PVDF versus tempera-
ture at different frequencies: (a) A = 1 and, (b) A = 2.5.

tively. As seen in Figure 8, the dielectric loss factor
of the a-relaxation transition is more affected by the
drawing process compared to B-relaxation transition.

Figure 9(a) and (b) show the variation of the maxi-
mum value of the dielectric loss factor with the
draw ratio at selected frequencies for the B- and a-
relaxation transitions, respectively.

It is known that the dielectric loss factor is maxi-
mum during the transition.”**** However, it is im-
portant whether the variations of this maximum
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Figure 7 Dielectric loss factor for PVDF having different
draw ratios versus temperature for 500 Hz.
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Figure 8 Dielectric loss factor for PVDF having different
draw ratios versus frequency at different temperatures.

value according to draw ratio are random or not. As
can be seen in Figure 9(a), the peak intensity of the
loss factor with the draw ratio is almost invariable
for the B-relaxation transition. In other words, the
energy that is lost during the B-relaxation transition
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Figure 9 Maximum values of dielectric loss factor versus
draw ratio: (a) for B-relaxation transition and, (b) for a-
relaxation transition.
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Figure 10 Arrhenius plots of the logarithm of the angular
frequency o versus 1/T for PVDF having A = 2.5 draw
ratio.

is not affected by the orientation at all for all PVDF
samples. This relaxation transition is effectively
caused by the glass transition in the amorphous frac-
tion. The fact that the dielectric loss observed during
this transition is not affected by the drawing process
shows that the number of the dipole groups which
can rotate under external field in the amorphous
region does not change significantly. As the tie
molecules in the crystalline-amorphous inter-
phase became a part of the crystalline regions, the
degree of crystallinity increased. When the tie mole-
cules are in the amorphous phase (unoriented situa-
tion), their contribution to B-relaxation transition is
negligible. The decrease in the dielectric loss is then
also negligible when these molecules enter the crys-
talline phase. In the a-relaxation transition, however,
the loss factor decreased linearly with the draw ratio,
as discussed before [Fig. 9(b)].

Figure 10 shows the plot of the logarithm of the
angular frequency o versus 1/T for a- and B-relaxa-
tion transitions of PVDF having A = 2.5 draw ratio
according to the Arrhenius equation.

Although the o-relaxation process shows a linear
variation, the B-relaxation transition process does
not. The fact that a-relaxation transition can only be
observed in a very small temperature range may
cause doubts about the linear change. The dielectric
measurements could not be performed at higher
temperatures since at higher temperatures the sam-
ples return to their unoriented stage. Both the linear-
ity of the obtainable results and the linear Arrhenius
plot of this transition, known from past studies,
remove this doubt.'*'>!?

The relaxation time for the a-relaxation transition
is given in the Arrhenius equation as follows,

T = 1ol (1)
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where 1 is a constant, AU is activation energy, and k
is Boltzmann's constant (k = 86.1321 peVK™")

The reason why the B-relaxation transition does
not obey the Arrhenius relationship is because, the
micro-Brownian translational and rotational motions
of many of the chain segments, which leads to a dis-
tribution of relaxation times; hence, the existence of
different relaxation temperatures. For this relaxation,
the Vogel-Fulcher-Tamman-Hesse (VFTH) equation
was used;

T= roeﬁ (2)

where C and 7ty are constants. T;, named as standard
temperature, is given by Ty =~ T, — 50 K relation-
ship.'019213840 Thys, T, was found ~ 170 K.

When the constant C in eq. (2) is multiplied by the
Boltzmann’s constant, the result has dimension of
energy; it is defined as the activation energy of the
B-relaxation. In this case, the VFTH equation can be
given as in eq. (3), in the form of eq. (1).

kC
T = Tpe"T o) (3)

Figure 11 shows the plot of the logarithm of the
angular frequency ® versus 1/(T-170) based on
eq. (3) for the sample oriented at 2.5 draw ratio. The
variation now is quite linear.

For all the samples, activation energy values of the
a- and B-relaxation transitions are given in Table 1.

The change in the activation energies of the a- and
B-relaxation transitions with the draw ratio are pre-
sented in Figures 12 and 13, respectively.

The activation energy of the a-relaxation transition
is almost invariable with draw ratio (Fig. 12). Hence,
it can be said that the crystalline regions were not

logm [ Hz)

0008 0010 0012 0014 0016 0018

WV{T1700 (1K)
Figure 11 VFTH plots of the logarithm of the angular fre-
quency o versus 1/(T — Ty) for B-relaxation transition of
PVDF having A = 2.5 draw ratio.
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TABLE I
Activation Energies for a- and p-Relaxation
Transitions, Respectively
Activation energy of Activation energy of
B-relaxation (eV) a-relaxation (eV)

L. This work Literature This work Literature
1 0.075 0.096 (Ref. 10) 1.026 0.928 (Ref. 18)
1.46 0.090 - 1.063 -
1.93 0.082 - 1.002 -

2.5 0.097 - 1.027 -

affected by the drawing processes. However, the
crystalline regions oriented along the drawing direc-
tion and the distance between the lamellae decreased
with the drawing process. The number of rotatable
dipole groups, which are located above the lamellar
surfaces and chain segments of the fibrillar cry-
stallites near the amorphous region decreased
because of the amorphous orientation (Scheme 1).
Because of this decrease, tan 9., also decreased lin-
early with the draw ratio for the a-relaxation transi-
tion [Fig. 9(b)].

As can be seen in Figure 13, as a result of smaller
local free volume revising in the region among chain
segments in the amorphous phase due to orientation,
the activation energy of the B-relaxation transition
tends to increase with the draw ratio.

If the orientation process had been performed at
lower temperatures with higher draw ratios, a clear
variation in the energy values of the a-relaxation
transition would have been observed due to devel-
opment of the B-crystalline phase. Since the aim of
this study was to investigate the relaxation behavior
of a-PVDF, the temperatures were selected so that
the B-crystalline phase did not occur.

In Figure 14, the circle diagram (Cole-Cole plot)
for 250 K is shown. This temperature (250 K) was
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Figure 12 Activation energy versus draw ratio for a-
relaxation transition.
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Figure 13 Activation energy versus draw ratio for B-
relaxation transition.

selected from a small set of temperatures at which a
semicircle can be seen.

To obtain the relaxation time 7, the static dielectric
constants g, for all PVDF samples were determined
at different temperatures, as illustrated in Figure 14.
The values of ¢ for different temperatures are given
in Table II.

In this manner, the relaxation time can be calcu-
lated by using the equation below [eq. (4)];

g — &
8”

=T 4)

where ¢ and ¢” are the real and imaginary parts of
complex dielectric constant at the definite ® fre-
quency, respectively.'*?”*!

Figure 15 shows variation of the relaxation times,
calculated from eq. (4) for 500 Hz, with temperature

B
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0 T T T T e 1
o 2 4 5] & 10
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Figure 14 Argand complex plane plots of ¢’ — ¢ for
PVDF samples at different draw ratios during the p-relaxa-
tion transition at 250 K. The fit is for the Cole-Cole function.
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TABLE II
g9 Values for Different Temperatures
T(K)
A 200 210 220 230 240 250 260 270 280
1 889 887 885 882 898 858 8.68 874 878
146 921 9.17 9.11 908 927 877 875 890 896

193 948 946 944 940 959 9.15 927 933 939
25 997 993 989 985 998 9.69 9.60 9.70 9.80

of the B-relaxation transition for different draw
ratios.

The temperature range was selected between 200
and 300 K because the error in determination of & is
minimum in this temperature region. As can be seen
in Figure 15, the exponential decrease in the relaxa-
tion time with temperature for all oriented samples
is an expected result according to eq. (3).%*°’

An increase in the temperature affects the relaxa-
tion time in two ways. The first is an increase in the
thermal motion and the second is an increase in the
free volume. The increases in thermal mobility and
specific volume reduce the time needed for the
relaxation of dipoles. The observed variation for a
certain draw ratio, shown in Figure 15, is the com-
bined result of these two effects. However, the sam-
ples having different draw ratios show different tem-
perature dependence. These different dependencies
prove that the orientation affects the relaxation time.

When the external electric field is turned off, the
relaxation of the dipoles becomes much more diffi-
cult, and the time needed for the relaxation of
dipoles increases, since the orientation reduces the
specific volume.*! This case is clearly shown in Fig-
ure 16. Also in Figure 16, the dependence of the
relaxation time on the draw ratio is greater at low
temperatures. This can be explained by the fact that
the free volume decreases more rapidly with the
increase in draw ratio at low temperatures.
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Figure 15 B-relaxation times versus temperature for
PVDF samples having different draw ratios for 500 Hz.
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Figure 16 Relaxation time versus draw ratio for B-relaxa-
tion transition at different temperatures.

CONCLUSIONS

a-crystalline phase poly(vinylidene fluoride) (PVDF)
film was oriented uniaxially at different draw ratios.
Morphological effects of orientation and its effect on
the dielectric relaxation behavior were investigated
by X-ray diffraction and differential scanning
calorimetry (DSC) measurements on the oriented
samples.

Both the X-ray diffraction intensities and the
changes of DSC thermograms with draw ratio show
that the B-crystalline phase did not develop as a
result of our drawing process at 155°C. The degree
of crystallinity of the samples increased with the
draw ratio as expected. This increase was about 17%
for the sample with the highest draw ratio compared
with the wunoriented sample. The heat energy
absorbed by the samples decreased linearly with the
draw ratio in DSC experiments. This behavior was
attributed to the fact that orientation reduces the
specific volume in the amorphous phase.

The dielectric loss factor was measured from
100 Hz to 1 MHz, between 80 and 400 K, as a func-
tion of frequency and temperature. During the meas-
urements two relaxation processes of PVDF were
observed. The loss factor was not affected by the
drawing process during the B-relaxation correspond-
ing to the glass transition. The dielectric loss max-
ima, corresponding to the a-relaxation transition,
due to motion of the dipole groups in the crystalline
regions, decreased linearly with the draw ratio. This
decrease was about 39% for the sample with the
highest draw ratio compared with the unoriented
sample. This can be attributed to the fact that the
orientation capability of the dipole groups located
on the fringes of the fibrillar crystallites and at the
boundaries of the crystal lamellae decreases by the
external field.

The activation energy of the B-relaxation transition
increased with the draw ratio. This increase was
23% for the sample with the highest draw ratio
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compared with the unoriented sample. It was deter-
mined that the drawing process does not change the
activation energy for the o-relaxation transition. It
was not possible to increase the temperature to the
levels at which the relaxation time for the a-relaxa-
tion transition can be calculated more accurately
since the oriented samples at these levels of the tem-
peratures return to their unoriented stage. For this
reason, it was not possible to investigate the change
for this relaxation transition with the draw ratio.

It was observed that the relaxation time of the -
relaxation transition was affected by temperature
while it was more affected by the orientation process
at low temperatures. The relaxation time for the B-
relaxation transition increased linearly with the draw
ratio, about 67 and 42%, for the highest drawing ra-
tio, compared with the unoriented samples at 200
and 250 K, respectively.
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