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The effect of crystalline phase, uniaxial drawing and temperature on the real (¢’) and
imaginary (¢”) parts of the relative complex permittivity of poly (vinylidene fluoride) (PVDF)
was studied in the frequency range between 10?2 and 108 Hz. Samples containing
predominantly @ and 8 phases, or a mixture of these, were obtained by crystallization from
a DMF solution at different temperatures. « phase samples were also obtained from melt
crystallization and from commercial films supplied by Bemberg Folien. Different molecular
orientations were obtained by uniaxial drawing of @ and 8 phase samples. The results
showed that the crystalline phase exerts strong influence on the values of ¢ and ¢”,
indicating that the «, relaxation process, associated with the glass transition of PVDF, is not
exclusively related to the amorphous region of the polymer. An interphase region, which
maintains the conformational characteristics of the crystalline regions, should influence the
process decisively. The molecular orientation increased the values of ¢’ for both PVDF
phases and modified its dependence with temperature over the whole frequency range
studied. The influence of the crystallization and molecular orientation conditions on the dc
electric conductivity (o4c) were also verified. The value of o4c was slightly higher for
samples crystallized from solution at the lowest temperature and decreased with draw
ratio. © 1999 Kluwer Academic Publishers

1. Introduction ical drawing on the dielectric relaxation processes that
Piezoelectric polymers are intrinsically superior tooccur in these materials and which, in last analysis, ac-
piezoelectric ceramics in applications where an acoussount for the pyro and piezoelectric properties that they
ticimpedance similar to that of water or living tissue of might present. PVDF is a semicrystalline polymer that
the transducer material is required. This is the case dfesides its pyro and piezoelectric properties also pos-
ultrasonic transducers for devices used in biomedica$ess high elasticity and is easy to process in the form
applications, which on using polymers present a betof films. Its high permittivity, relatively low dissipa-
ter response gain, besides the high image resolutiotiion factor and high dielectric strength have made this
For this reason pyro and piezoelectric polymers, likepolymer also very useful as capacitor dielectric. The
poly (vinylidene fluoride) (PVDF) and copolymers of great diversity in dielectric behavior presented by this
vinylidene fluoride (VDF) and trifluorethylene (TrFE), polymer is partly due to its polymorphism, enabling
are increasingly used as electrothermal and electromerystallization into at least four phases, knowag,
chanical transducer materials, with promising medicaly ands (or Il, I, Il and VI, respectively). The apolar
and industrial applications [1-6]. However, technolog-« phase is the most common, being normally obtained
ical improvement of such devices depends on the proby melt crystallization at temperatures below 160
cessing techniques of the films of which the desirableTemperatures above this value produce a mixture of
properties are optimized, uniform and reproducible,andy phases, being that thefraction increases with
and that present high thermal stability. This requires arystallization temperature and time [7]. However, the
better understanding of the influence of the crystallingphase that has aroused more technological interest, for
phase, morphology and orientation caused by mecharproviding the best pyro and piezoelectrical properties,
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is thes phase. This phase may be obtained by mechan- The PVDF3 films showed to be porous and to have
ical drawing of originallye phase films. Conversion of low mechanical strength, probably due to the low tem-
thea into the phase, whose efficiency increases withperature at which crystallization took place (€D).
draw ratio, only takes place when drawing is realized afThis made drawing of these films difficult and, there-
temperatures lower than 100. Higher temperatures fore, oriented3 phase films were obtained by uniaxial
reduce the content af phase transformed int6, be-  drawing of films crystallized from solution at 7&,

ing that above 120C practically no conversion occurs, which presented predominantly thg phase with a
resulting in the oriented phase [8]. Conversion into small amount of ther phase. These films were more
the g phase at high temperature only takes place foresistant and could be easily drawn. These films and the
draw ratios above 5[9]. Obtaining films in tifephase  PVDF-w ones obtained from rapid cooling of the melted
through drawing has hampered investigations regardfilms, were uniaxially drawn at 14@ with draw ratios
ing the influence of the crystalline phase on the me{R=ratio between the final and initial length of the
chanical and dielectric relaxation processes that occuilm) of 3 and 4, resulting in thg anda phase, respec-
in PVDF, as well as on its dielectric and piezoelec-tively, with different degrees of orientation. For com-
tric properties, because of the additional variable drawparison sake unoriented PVD¥F{ilm samples, com-
ing brings about. Recent works [7, 10] have shown thamercially produced by Bemberg-Folien GmbH, were
crystallization of PVDF from solution with dimethyl- also used as received and drawn wih=3 and 4.
formamide (DMF) or dimethylacetamide (DMA), may Drawing at 753 C resulted in films oriented predomi-
result in thex or 8 phases or still in a mixture of these nantly in theg phase and at 14 in thex phase. The
phases. Predominance of one of these is determined layystalline phase (or phases) presentin each sample was
the temperature at which solvent evaporation occursconfirmed by infrared spectroscopy (Carl Zeiss) and
Temperatures lower than 7CQ produce films exclu- X-ray diffractometry (Rigaku Rotaflex RU-200B with
sively in the polarg phase, between 70 and I’Da  copper filter). The values of heat enthalpyH), pro-
mixture of thea and g phases and above 110 pre-  portional to the degree of crystallinity of each sample,
dominantly thex phase. It has also been demonstratedvere determined by differential scanning calorimetry
that drawing of8 phase films obtained by solution cast- (DSC-Du Pont, Mod. V4.0B2000), using a heating rate
ing always result in this oriented phase, regardless obf 10°C/min. Electronic micrographs were obtained by
the process temperature [11]. In this way it is possi-a Hitashi Mod. S-4500 microscope with acceleration
ble to obtain films in thex and 8 phase, or with dif- voltage between 1 and 2 kV.

ferent proportions of these phases, without orientation

and oriented at different draw ratios and to verify, sep-

arately, the influence of the crystalline phase and 0h 5 E|ectrical measurements

plrawing on the relaxati.on processes tha_t may OCCUfhe real ¢) and imaginary £”) parts of the relative
in PVDF, as well as on its dielectric and plezoelectrlccommex permittivity £* =&’ — j¢”) were determined

properties. , _ , from the values of the capacitance and phase angle
The scope of this work was to investigate the effecty,casured by a complex impedance analyzer (Mod.

of the crystalline phase, draw ratio and temperature o £ 4192A from HP) in the frequency range from
the rgal _an(_j imaginary parts of the relativezcomplexloz to 10 Hz with temperature varying between 30
permittivity in the frequency range between“1and  gnq 9°C and ambient atmosphere (relative humidity
10° Hz and on the dc conductivity of PVDF. around 75%). The conduction curreh) @s a function

of the intensity of the applied electric fieldE] was
measured using an electrometer (Keithly Mod. 610C)
and a stabilized voltage supply (Keithly Mod. 247).
2.1. Sample preparation The value ofl was obtained after 60 min & appli-

Films with thickness around 10m were obtained by cation, the time necessary to reduce the strong tran-
spreading a solution of PVDF (FORAFLON F4000- sient current (absorption current) that arises soon after
Atochem) in DMF on a glass slide. The initial con- the field is applied. Th& intensity varied from 1.0 to

centration of the solution was 30%. The system Wag0 MV/m. Aluminum electrodes W'.th area of 1 ém
maintained on a hot plate, with temperature contro were vacuum evaporated on both sides of the samples.
’ -S’Before each measurement the samples were kept for

time was sufficient for solvent evaporation and isother-24 h in a desiccator containing silica gel in order to

mal crystallization of the PVDF. Films crystallized at '€duce possible effects of adsorbed moisture. The cur-
60°C presented predominantly tikphase (PVDFB), rent meoasurementos were performed at room tempera-
at 90°C a mixture of thex andg phases and at 12C ture (25°C) and 75% rh.

thea phase (PVDFe). In order to guarantee removal of

residual solvent, all samples were subsequently main-

tained at 120C for 10 hinside a muffle. This treatment 3. Results and discussion

practically did not alter the phase, or phases, presentiB.1. Sample characterization

the samples. Films of PVDE&-were also obtained by Fig. 1illustrates the infrared (IR) spectra of the samples
melting solution cast films. These were maintained atrystallized from solution at different temperatures.
220°C for 10 min and subsequently quickly cooled to From the characteristic absorption bands ofgh®11
room temperature. and 840 cm?') and« phase (408, 531, 612, 765, 796,

2. Experimental
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Figure 2 X-ray diffractograms of the samples crystallized from solution
at: (a) 60, (b) 90 and (c) 12@. The arrows indicate the characteristic
peaks of ther and8 phases.

o (976)

(e}

o (796)

characteristic of thex phase. Figs 3 and 4 show the
IR spectra of the PVDIFe, crystallized from the melt
and the PVDFB samples, crystallized from solution at
75°C, respectively, before and after drawing at 1€0
with ratios of 3 and 4. As expected, drawing of PV F-
{\ films realized at this temperature practically did not

Transmission (a.u.)
2 (612)

B (840)
——a (765)

o (408)

cause phase conversion, only orientation of the original
phase. However, as can be seen in Fig. 3 the 840 cm
band becomes a little more intense, indicating a small
increase in the phase with drawing. This increase
is also confirmed by the appearance of the 420 and
472 cnt! band, characteristic of the orientgcphase.
On the other hand, the PVDF-film crystallized at
75°C containing predominantly thg phase with a
small amount of thex phase became almost exclu-
sively thes phase after drawing. Itis also interesting to
note the appearance of the bands at 420 and 472,cm
characteristic of thegg phase in oriented films. Again
| | | | | the results were confirmed by X-ray diffractometry,
as shown in Figs 5 and 6. Figs 7 and 8 show the IR
1000 900 800 700 600 500 400 spectra of the samples supplied by Bemberg, before and
Wave number (cm™) after drawing at 75 and 14@, respectively. Drawing
at 75°C resulted in the conversion of theinto the
Figure 1 IR spectra of the samples _cr)_/stallized from solution at: (a) 60’,3 phase, however with still a small amount of the
(b) 90 and (c) 120C. The characteristic absorption bands of ¢hend . .
§ phases are indicated in the figure. phase, evidenced by the absorptpns at 612, _765 and
976 cnTl, present even after drawing at a ratio of 4
(Fig. 7c). In this case the 420 and 472 chand, char-
855 and 976 cm') a complete predominance can be acteristic of thes phase obtained by drawing, could
seen of theg phase in the sample crystallized at’@®)  also be observed. Drawing at 140 yielded a result
of thea phase in the one crystallized at 1"ZDand the  very similar to that obtained with the PVDd&sample
coexistence of both phases in that crystallized &0 obtained by fusion (Fig. 3), i.e., predominance of the
These results, in agreement with those obtained in presrientedx phase with a small amount of tiggphase, ev-
vious works [7, 10], were confirmed by X-ray diffrac- idenced by the bands at 420, 472 and 840 trX-ray
tometry, as shown in Fig. 2. The peak #=2220.3° diffraction of the Bemberg samples drawn at 75 and
refers to the sum of the diffraction in the (110) and 140°C are presented in Figs 9 and 10, respectively.
(200) planes, characteristic of tifephase. The peaks Table | lists the preparation techniques, predominant
at » =177, 18.4 and 199refer to the diffractions crystalline phase and the enthalpy of fusiaxH) of
in the (100), (020) and (021) planes, respectively, altthe samples investigated.
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caused some controversy. Some authors attribute this
Figure 3 IR spectra of the PVDR+sample crystallized from the melt, Process to the micro-Brownian movement of the amor-
before (a) and after drawing at 140 with R= 3 (b) andR=4 (c). phous phase chain segments [12—-15] (this is, above the
glass transition temperaturgy, the molecules of this
phase acquire sufficient mobility for the dipoles to ori-

3.2. Electric measurements ent under the action of an electric field), and others
3.2.1. Real and imaginary parts of the to the movement of crystalline-amorphous interphase
complex relative permittivity chain segments, where transition takes place of the per-

Fig. 11 illustrates the variation i ands” with fre-  fect crystalline order to the isotropy of the amorphous
quency, at room temperature, for the samples crystakstate [16, 17]. This dipolar relaxation process, that ac-
lized from solution at different temperatures, i.e., with counts for the high value of’ of PVDF, presents a
different proportions of thee and 8 phases (samples maximum ofs” close to 2 MHz at 20C [13, 14, 18],

A, B and C). The increase ig” with frequency, ob- therefore not observed in our experiments. In the low
served in the high frequency regions ¥ 10* Hz) is  frequency rangef( < 10° Hz) the small increase igl
attributed to thex, relaxation process (also namgd and the strong increase ifi with the decrease in fre-
relaxation by some authors), associated with the glasguency probably occurs due to the ionic dc conduc-
transition of PVDF. The origin of this relaxation has tion contribution, which results in interfacial or spatial
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Figure 5 X-ray diffractograms of the sample crystallized from the melt,
before (a) and after drawing at 140 with R= 3 (b) andR=4 (c).
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I I I I L Figure 7 IR spectra of the sample supplied by Bemberg, before (a) and
16 18 20 22 24 after drawing at 75C with R= 3 (b) andR=4 (c).

26 (degree)

Figure 6 X-ray diffractograms of the sample crystallized from solution
at 75°C, before (a) and after drawing at 120 with R=3 (b) andR=
4 (c).

that thex, relaxation process is not exclusively related
to the amorphous PVDF phase. The strong effect of the
crystalline phase on th€ values here observed leads
us to assume that this relaxation is likely related mainly
charge polarization, since the relaxation, related to to the cooperative orientational movement of the exist-
the molecular movement of the polymer chains in theing dipoles in the crystalline-amorphous interphase of
crystalline region due to orientation of the dipoles, isPVDF, as suggested by Hahn and coworkers [16] and
less likely to happen at room temperature with the lowby Ando and coworkers [17]. This interphase maintains
intensity of the electric field applied. the characteristics of the molecular order of the crys-
Inthe whole frequency range analyzéi seentoin-  talline region, and therefore of the molecular structure
crease with the amount gfphase presentin the sample. of the predominant molecular form, without presenting
Since the percentage of the amorphous phase of ththe mobility restraints of the rigid network. The differ-
three samples should not differ much, as they possesnce among the values ef observed for samples A,
very similarAH values (Table I), these results suggestB and C (Fig. 11) is probably related to the different
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TABLE | Preparation technigues, predominant crystalline phase and

a enthalpy of fusion of the investigated samples
Predominant AH
M Sample  Preparation techniques crystalline phase  (J/g)
r A From solution at 60C B 56
B From solution at 90C aep 58
3 C From solution at 120C o 60
§ D From solution at 75C B 58
b1 E D drawn at 140C andR=3 B oriented 60
F D drawn at 140C andR=4 B oriented 65
G From the melt o 58
H G drawn at 140C andR=3  « oriented 60
| G drawn at 140C andR=4  « oriented 62
| X J As received from Bemberg  « 52
& 2 =y 3 K Jdrawn at 753C andR=3 B oriented 55
5 8 T8 e 8 b L J drawn at 75C andR=4 B oriented 57
3 3 '\;f";' 2 M Jdrawn at 140C andR=3  « oriented 57
n N Jdrawn at 146C andR=4  « oriented 59
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Figure 8 IR spectra of the sample supplied by Bemberg, before (a) and~igure 9 X-ray diffractograms of the sample supplied by Bemberg, be-
after drawing at 140C with R=3 (b) andR=4 (c). fore (a) and after drawing at P& with R=3 (b) andR=4 (c).

characteristics of these interphases such as moleculamall spherulites, with average diameter in the order of
order and thickness. The sample crystallized at loweb «m, and high porosity. Fibrils, highly oriented due
temperature should have thicker interphases (the ratito the action of tension forces during the solidifica-
between the percentage interphase and that of the amdien process, were also seen to come into existence be-
phous region is higher) maintaining the molecular or-tween these spherulites. With increase in crystallization
der characteristics of th& phase, in this way resulting temperature the spherulites become larger and poros-
in larger polarization. With increase in crystallization ity diminishes. Fig. 12a and b show micrographs ob-
temperature the thickness of the interphase is supposédined by low voltage scanning electron microscopy of
to decrease and the molecular order to become morhe spherulite morphology presented by the samples
similar to that of the apolar phase, reducing the value crystallized at 60C (sample A) and at 12@C (sam-

of ¢’. The difference in morphology presented by theseple C), respectively. Fig. 13 shows an amplified detalil
three samples might also be interfering in the polarizaof the morphology presented in Fig. 12a, where the
tion process. A recent work [19] has shown that samhighly oriented fibrils between two spherulites can be
ples crystallized from solution at 6C present very seen. The sample crystallized at 220 (Fig. 12b) is
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Figure 10 X-ray diffractograms of the sample supplied by Bemberg, 0 5 ' 3 ' 4 ' 5
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Figure 11 Variation ing’ ande” with frequency for the samples crys-

seen to be less porous, to have larger spherulites (aY;i-eq from solution at: 607), 90 () and 120°C (A).

erage diameter @m) and to lack the oriented fibrils

between the spherulites. The different morphologies

presented by samples A, B and C may also be affectingvould also contribute to the increasesin The results

the orientation of the dipoles existing at the interphasesiso show that drawing affectSmore strongly for sam-

of PVDF, resulting in different’ values. Indeed, in ple in thea phase than for sample in tifephase. One

semicrystalline polymers that crystallize as spherulitesnay also note that of the undrawn samples contain-

the amorphous and crystalline regions are so intimateljng predominantly the phase (C and G), the one ob-

interlinked that it is not possible to separate them intctained through crystallization from solution at 12D

distinct regions. Almost the whole amorphous regionpresented’ values slightly lower than those obtained

may be considered an interphase region that maintairfsom rapid cooling of the melt (compare Figs Xl)@and

a conformation strongly influenced by the crystalline15()). This result might be related to the difference

region. A study on the effect of the morphology, crys-in porosity between these samples. Normally, samples

talline phase and drawing on thg ande, relaxation  obtained from solution are more porous than those ob-

processes of PVDF is being carried out by means ofained from the melt, and this results in different dipole

dielectric measurements in a wider range of frequencylensities. Another probable cause would be the dif-

(1072 to 10’ Hz) and temperature—(60 to 150°C),  ference in morphology that these samples present and

and the results may give some insight into the role perwhich is related to their thermal history.

formed by the amorphous and crystalline phases and Figs 16 and 17 present the variatioreirands” with

by the interphases in these processes. frequency, at room temperature, for the sample com-
The effect of uniaxial orientation at 14C on the mercially produced by Bemberg (J), before and after

variation ing’ and ¢” with frequency, at room tem- drawing at 75 and 14QC, respectively. Sample J pre-

perature, of samples D (PVDF)} and G (PVDFe)  sented values of slightly higher than those obtained

can be seen in Figs 14 and 15, respectively. As seelfior sample G (compare Figs IH(and 16()), despite

drawing at this temperature does not cause phase cothe fact that both present predominantly the unoriented

version only orientation of the original phase. In both« phase. This difference has likely occurred due to the

cases’ is seen to increase with draw ratio. Drawing different processing of the samples. Sample J was ob-

destroys the spherulitic morphology, characteristic oftained by blowing, which results in partially bioriented

PVDF, and aligns the chains preferentially in the stresdilms. However, a more noteworthy difference occurred

direction, parallel to the film surface, facilitating orien- between these samples after drawing. The increase in

tation of the components of the dipole moments normat’ with drawing realized at 140C was more intense for

to these chains by the electric field, applied normal tosample G (Fig. 15() than for sample J (Fig. 17)),

this surface. Moreover, higher chain packing caused byor a draw ratio of 3. Itis interesting to note as well that

drawing might be increasing the dipole density, whichdrawing at a ratio of 4 of sample J at 76 (Fig. 16(A)),
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(b)

Figure 12 Micrographs obtained by SEM for samples crystallized from solution at: (a) 60 and (BC120

and which resulted in the transition of tieinto the  occur at temperatures above™D), and the increase in
B phase besides the orientation, provided values of dc conduction with consequent increase in interfacial
slightly lower than those obtained with the same drawpolarization. The values of ande” for f > 10* Hz,
ratio at 140C (Fig. 17@\)), where this transition did where dipolar polarization that occurs in the amor-
not take place. phous region or interphase predominates, were in this
Figs 18 and 19 illustrate the variationdtands” with  case little affected by the temperature. The strongest
frequency for temperatures varying from 30 to°@0 effect occurs atf > 10° Hz due to the shift towards
for samples G and I, respectively, i.e., for PVieRin-  higher frequencies of the maximum ef with tem-
oriented and oriented at 14Q with a ratio of 4. The perature increase. After drawing (samples I), besides
unoriented sample (G) shows a strong increase in their increase, as already observed, the value$!mé-
and ¢” with temperature in the low frequency range come more sensitive to the variation in temperature at
(f <10* Hz). This increase likely occurs due to the high frequencies { > 10* Hz). On the contrary, the
superposition of two effects: the increase in intensitystrong increase in’ ande” with temperature, verified
and the shift towards higher frequencies of the maxibefore drawing at low frequencied & 10* Hz) be-
mum of ¢” related to thex. relaxation (more likely to came less intense, indicating a probable reductionin dc
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Figure 13 Detail of the morphology presented by the sample crystallized a€é@he same as Fig. 12a), showing oriented fibrils between two
spherulites.
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Figure 15 Variationing’ ands” with frequency for a sample crystallized
Figure 14 Variationing’ ande” with frequency for asample crystallized  from melt, before (), and after drawing at 14@ with R=3 (O) and
from solution at 75C, before (J), and after drawing at 140 with R= R=4 (7).
3(©)andR=4(A).

conductivity, and consequently, in interfacial polariza-orientation of the dipoles in the amorphous region or
tion and possibly in the. relaxation with drawing. In interphase is little affected by the temperature in the
the high frequency rangef (> 10° Hz) a temperature range between 30 and 9G, because the mobility of
increase is also seen to shift Hgeak, relatedtothe,  the chainsislittle altered in this temperature range. With
relaxation, towards higher frequencies. A probable readrawing the higher chain packing causes an increase in
son for the stronger dependence:ofvith temperature  dipole density, which collaborates with the increase in
at f > 10* Hz after drawing is the higher packing of &', however it restrains chain mobility, hampering the
the polymer chains when oriented. As thgof PVDF  orientation process of their dipoles. The temperature
is very low E—36°C) [10] in the unoriented sample increase reduces the tension on the molecules caused
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Figure 16 Variation ing’ ands” with frequency for a sample supplied Figure 18 Variationine’ ande”

- ) with frequency at differenttemperatures
by Bemberg, beforel{) and after drawing at 78C with R= 3 (O) and

for a sample crystallized from the melt.

R=4(A).
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Figure 17 Variation ine’ ande” with frequency for sample supplied by

Bemberg, beforel{), and after drawing at 14@ with R=3 (O) and Figure 19 Variation ine’ ands” with frequency at differenttemperatures

R=4(A). for a sample crystallized from the melt after drawing at 1@0with
R=4.

by drawing (relaxation), reducing packing and makingduced after drawing. This behavior is to some extent
the dipoles freer to orient. This increases the dipolatikely related to the decrease in dc conductivity with
orientation and, consequently, the values'oThe val-  drawing, as will be seen in the nextitem. In all samples
ues ofe” for frequencies lower than $Hz were re-  investigated the effect of drawing on the variationin
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ande” with temperature was similar to that described
for sample G.

3.2.2. DC conductivity N;
Fig. 20 illustrates the variation in current densidy &s <
a function of the intensity of the electric field applied - Samples
(E), atroom temperature, for sample G (PVRFwith 10% | = A

different draw ratios (samples H and I). The full lines 4B
were obtained by fitting the experimental values to the °C
expression developed by Mott and Gurney [20], athe- 10

oretical model for the ionic conduction through carrier 0 5 1'0 1'5 2'0

hopping:
opping E (MV/m)
J « sinh(qEd/2kT) (1)

Figure 21 Conduction current density as a function of the intensity of
whereq is the ion charged is the average distance the electric field applied for samples crystallized from solution as0 (
between hoppingk is Boltzman’s constant and the 90 () and 120°C (a). The full lines were obtained by fitting the exper-
absolute temperature For elevated values efxpres- imental values to the expression developed by Mott and Gurney [20].
sion (1) becomes:

J o exp(@Ed/2kT) (2)  The dc conductivities were.9x 1071, 1.2x 10711

and 5x 10~1* S/m, respectively. This difference in the

) ! i ' : value ofoyc is presumably not related to the different
sults in a straight line with slope given ld/2kT.  crystalline phases present in PVDF, as the ionic con-
For T =300 K, the values ofd for samples G, H qyction occurs predominantly in the amorphous phase
and | were 5.3, 4.4 and 4.2 nm, respectively. The dGy interphase of the polymer. Since the three samples
conductivity valuesoqc, for E=1.0 MV/m, of these  present very similar crystalline percentages it is quite
three samples resulted irB2< 10, 1.9x 107" and  prohable that the highest conductivity of the PVPF-
1.2x 1074 S_/m, respectlve!y. AII samples investigated jg partly due to the higher density of carriers existing
presented this small reduction in the valued @hdogc  in this sample. The higher porosity of this sample com-
with drawing. The higher chain packing caused by theyared to PVDFe has probably permitted a higher ad-
drawing might have caused the reductiordirDraw-  sorption of water, favoring the ionic dissociation in the
ing may also have favored the formation of defects inmaterial. The proper water molecules may have disso-
the material that act as traps reducing the density of thgjated under the action of the electric field, contributing
carriers. As aresult the drawing slightly reduegglof o the increase in the density of carriers (protonic con-
PVDF in both crystalline phases, and consequently, thgction). The higher ionic conductivity presented by the
values ofe” and¢” at low frequencies, as previously more porous sample (crystallized at lower temperature)
noted. Fig. 21 shows the dependenceJofvith the a5 probably been the cause of the higher valug of
intensity of theE, at room temperature, for the sam- thjs sample observed at low frequencies (Fig. 11). This
ples containing different amounts afand g phases yg|ye is strongly reduced when the measurements are

(samples A, B and C)J is seen to decrease with the performed in dry atmosphere and with samples main-
increase in the amount @f phase. The values @f  t3ined in desiccators for a long time [21].

for these samples were 7.4, 5.9 and 5 nm, respectively.

For a given temperature, the curve JnversusE re-

4. Conclusions

The crystalline phasex(andg) showed to exert strong
influence on the reak() and imaginary{” ) parts of the
relative complex permittivity of PVDF in the frequency
range from 186to 1P Hz. The values of’ ands” are

103 -

J(Am?2)

10

Samples
8 G
A H

10-6 ! 1
0 5 10

E (MV/m)

15

20

higher for the samples containing predominantly ghe
phase and decrease with the increase in the amount of
thea phase. Since in this frequency range dipolar polar-
ization predominates, these results suggest that at room
temperature orientation of the dipoles does not occur
predominantly in the amorphous phase of the polymer,
but in amorphous-crystalline interphase regions whose
conformations are strongly affected by the neighbor-
ing crystalline phase. For both crystalline phases the
value ofe’ increased with draw ratio in the whole fre-

Figure 20 Conduction current density as a function of the intensity of quency range investigated The molecular alignment

the electric field applied for a sample crystallized from the melt, before
(m) and after drawing at 140C with R=3 (o) andR=4 (e). The full

caused by drawing also increased the dependence of

lines were obtained by fitting the experimental values to the expressio§’ ande” with temperature between 30 and 9D for

developed by Mott and Gurney [20].

frequencies above #Hz where dipolar polarization
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predominates. For frequencies lower than this value,7. R. GREGORIQ Jr.andv. CESTARI, J. Polym. Sci.:B: Polym.
where the effect of ionic conduction prevails resulting

in interfacial polarization, the dependencesbiwith
temperature and the valuesgdfwere reduced. The dc

electric conductivity was slightly reduced with crystal-
lization temperature of the sample and with drawing. In
the first case this probably happened due to the distinct

porosity of the samples crystallized at different tem-%

peratures which could have resulted in different water
adsorption. In the second case a probable cause was the ;. sasaBE,s. SAITO,M. ASAHINA andH. KAKUTANI |,
higher molecular packing and the formation of defects

caused by drawing.

13
14

15.
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