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                            rntroduction

     Like meehanical measurements and nuclear magnetic resonance

                                         'speetroscopy, dielectrie measurements over ranges of f'requency and

temperature provide data whieh are basSe to egucidating various modes

of fnoieeular motions in po!ymeric soltds, though their applicability

                                     '                                   '        'is limited to polar substances. This type of expe'ciment is usually
     '
performed in two ways: in one af them the real and imaginary parts,
                 '                          '
denoted common2y by e' and e", of the compiex dielectric constant ek =
        'e' - ie" (i = vCi[) are measured as a funetion of frequency at fixed

temperatures, and in the other both e' and e" are measured as a functton

                                                            '                   'of temperature at fixed frequencies. Resulting values of e' and e" give

either a dielectrie frequeney or a dieZectric tempexature relaxation
                                         'curve, depending on whether they are plotted'agaÅ}nst frequeney or tem-

                            '        ttperature. Both types of eurves are eqFsally irnportant for the investiga-

                                     '                  'tion of moleeular rnotions in solids. Since the pioneering work by Fuoss
                                                      'and Kirkwoodila3 about thirty years ago, such rei6xation curves haile been

        '                                                      '   'determined for a great many polymers, both essentia!ly amorphous and
                                           '                           '                                   '          ttpartially crystalline, and efforts have been made to eorrelate the
                                                     '                               '                                 'observed relaxations with the molecular motions in particular polymers
       'under investigation.4 As far as essentiany amorphods poiymers are

                                           '                                                                 'coneerned, such efforts have reached a fairly satisfaetory stage, and

                                                       'we now know that dielectrÅ}c relaxations of amorphous polymers arise
                                  '                                                'from both long-ranged and short-ranged motions of the main chains as

well as Zocal motions of the.side chains.

       '                 '

                                -1-



     Crystalline polyners present a more complex, but a more iri"Leresting

                                                        '                                                 'situation. In them, in addition to these eontributio,ns from the amorphous

part, there appear dieiectric relaxations which are to be associated

                                                  'with the molecular motions inside the crystalline region and on its
                                                                      '
su'scface, i.e., the boundary between the amorphous and crystailine regions..
                                 '
Evidently, these motions ought to be certain reflections of the molecuiar

arrangement, i.e., the geometrical strueture, of the erystalline region
                                              'ofaparticular polymer. ' . . •                                            '                                                                '                                               '                                                    '             '     Poly(vinylidene fluoride) (PVDF) is a polar polymer of simple chemical

structure and can be erystallized, though partial!y, into three different

m6difications caned form i,. form u,'and form uz.5-8 These features

                                                                  '                                 '                                                            '    '                                                                    'of PVDF make it a useful sample for investigating by dielectric analysis

                         'how the mokecular motions are affected by the crystal structure in which

                                                                  'the Zong chain molecuies are geometrieally arranged. The study reported
                                                                       '
in this thesis deals with dielectrie relaxations of forms II and U[ PVDF

                               '                                   '                                                'in the region of ternperatures encompassing their melting points. Form I
                                                                   '                                                '                              '                        '                                      'PVDF is not considered because it has a crystal structure quite similar
                                                                     '
to that of form IXr PVI)F. Xt is one- of the features of PVDF that it
                          '                                                           '        'shows marked dielectric relaxations at temperatures near its melting

point, and one rnay expect that these relaxations should be a sensitive

                                                              '                                              'function of the structure of its erystalXine portions. This expectation

                   'and the fact that no experimental study had been reported to substantiate

                                                             'it motivated the author to Zaunch the experimental work described beiow.
                                                         '            '                                    '                          tt                                                 '                               'In the ensuring presentation, the dielectric re!axation observable with
                               '                           'a crystalline polyner at temperatures near its meking point is distin-

                   'guished from those which may be found at lower temperatures by the term

                                                               '
                                '
                               '                                 -2- '•



"high'  temperature relaxation." it ts to be noted that, apart from pvDF,9-iL

       'the high temperature relaxation has so far been observed oniy with oxidized

poiyethyiene12'i8 and poiy(chiorotrifiuoroethyiene).19. For form u pvDF

                                       'this type of dielectric relaxation has been investigated in detail by
                                           '                  '                                                                    ttseveral authors, but little has been done with either forrn I or form !II
                       '                                      'PVDF. rn this point the present experiment with form r!T PVDF may claim

                      'its seientifie value. ''                                                    '                                         '
     ln the description that follows, the PVDF samp!es prepared so as to
                                                                    '
obtain crystalline fOrmsl, I! and Ir! are simply referred as forms I, II

                 '               tt
                                                '                  '                                                  '                                                                  '     Form II PVDF (P21/c) can be prepared by quenching the melt, and it
                                               'aonsists of the motecular ehains of TGTIi type.8 Form II' pvDF thus

                                  'obtained presents no difficulty in dielectric measurements at hSgh
                                                               tt                                                   'temperatures. Form I PVDF (Crn2m) can be prepared by the stretching

method, and form nl pvDF (c121) by the s61vent casting.8 Both are

such polar crystals in whieh the molecu!ar ehains are in p!anar zigzag

conformation and have the dipole mornents that are perpendicular to the

molecular axis and do not eancel one another. However, form I and form
                                          '                 '                                                 'rlr PVDF obtainable by these conventional methods are not suitab!e for
                               '                                              '                      'the study of the high temperature die!eetria relaxation. As the teTnpera--

     tt                                                             'ture approaches the melting point, form r PVDF undergoes appreciable
                '
shrinkage and form III PVDF is disturbed by anomalously large ionic

   'conduction. A greater part of the present work was thus devoted to
                                                         '                                                         '
finding thepreparative conditions for form IIr PVDF which would allow

                                             '
satisfaetory measurements'to be made in the vicinity of the melting

temperature, and the author indeed found that the desired samples could

                                                                  '                                          '                       '     '  '                                                         '                                -3- •



be ptepared by isothermal crystallization frOm the pa.elt. The discovery

of this fact was crucial for the present work, because it made the entire

project carry through. The method of isothermal erystal!ization was

           ':iS,;.;::.gS:f,gl.[:i,[h:.:r.:i iZ.ti:? Of form rr p"DF ad.equate for hi,h

 • . 'Chapter 1 of the text describes in detail the rnethods used for

rneasurements of necessary physical quantities and the original samples

                                  '  ttof PVDF etnployed for the present study.

 '' .Chapter 2 is concerned with the preparation of form rl and form !I!
    '                   'PVDF by the isothermal crystallization method. Effects of the time and
         ' ..1. . .temperature on annealing and erystallization are examined in detail to

.Iind i:: OiPollill:tlqiOenn21;tdi'Oi[llLctric' S6havior of untreated pvDF at higti

 '      '                                                'temperatures is accompanied with the conduction of ions contained as
      '
impurities in the sample. Chapter 3 deseribes efforts to ninirnize thÅ}s
                                                                    '                                                      '   tt tt
effect so that the high temperature die!eetric relaxation truly assoeiated

with the polyrmer itself may be observed. .

.. Aithough there esisFs ratber definitive evidenee showing that the

high temperature relaxation of form II PVDF is attributable to the

mo!ecular motions in the'crystanine region,9-11 sgme authors20-22 arb

       '         'stUl of opinion that the amorphous region shouZd be responsible for

ili gr ::.eij?aPter 4 We giVe fUrther experimental evidence against the

''  . Chapter 5 is devoted to the high tetnperature relaxation of form !rr

PVDF. The data obtained are compared with those for form I! PVDF and

  ttibterpreted in ternis of molecular concepts.
            '                         '...'  .lll'lll:-"il.!a.i, i:S:iii,2:d,fO"C'-"si :"s..ffom the present investigati..

                                                         '
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                             Chapter 1

                                    tt                        Experimental Details

                                           '
               '                                          '1-1. Zntroduction                                  ttt t                         '                    '         '           '                                  '                       '                            '                                               '     Experimental study of the physical properties of a polymeric

                                     '                                                        'substanee requires samples that can be well characterized. rp the

present work, the samples of PVDF used were charaeterized by density
                                                   'measurements, infrared and X-ray analyses, and differential scanning

                                        'calorimetry. They were subjected not bnly to die!ectric measurements

but also to measurements of dc conduetivity, P7E hysteresis loop, '
                                               '                     '::g,M:i:a21;ll,i:la:2t,:'il? The sampies and the exper-mentai ..th.d.

                       '                                                            '                           '                                         '                                     '                              '                            '                                                            '1-2. Experimental M.ethods
          '
1-2-1. Density '

                              tt             '
     Densities were measured at 250C by the flotation method with ethylene

                                                            ':,i2rO.M.i,d.e. a:g,:a:20.".g:ii:i2:Oi:'d:,::,:o2fl?l:g,liq"ids• Temperature of

                                      .                           •• •1 •                     ' '                                            '                                                         '                 t ttt                                             '1-2-2. Infrared Spectroscopy •. • •
     rnfrared spectra from 4ooo to 4oo cmNl were taken with a Ds-4o2c

                                                            'infrared spectrophotometer of Japan Spectroscopic Co., Ltd. Far-infrared
                                   '                            'spectra from 400 to 30 cm'-1 were taken with a Hitachi FIS-3 sp, ecgrophoto-

                                                                 'met6r. These measurements at high .temperatures were rnade by sandwiehing

                        'a specimen between KBr disks, and the temperature was measured by a

                                                    '                                    'thermocouple. The temperature was regulated to within Å} 10C by using

a thermostat.

       ' -7-      '



l-2-3. X-ray Diffraction
                                         '                                                     '                                        '     X-ray diffraction patterns were obtained by a Model MJ 200 AN

(Rigaku Denki) equipped with a proportional counter. Nickel-filtered

CuKor radiation (wavelentgh: 1.542 X) was used. The crystal forrn 6f a

specimen was judged from X-ray diffraction patterns taken by a flat ''

 'cam6ra. The measurements at high temperatures were carried out by

        '    '                                  '                                    '     'blowing hot air over the specimens. The tempereture of blowing air was

regulated to within Å}10C. The diffraction intensities were recorded at
       '                                                  'vaTious fixed tetnperatures. The degree of crystallinity was determined

by Gal'perin's method.1 srnall-angle x-ray photographs were taken on a

                                                            'Rigaku Denki srnall--angle X-ray diffractometer and the long period was

determined with collagen as a reference substancet.

                       '     '            '                      '1-2-4. Differential Scanning Calorimetry (DSC)
 '                                  '                                                                 '                                                    '                '
     A model 8055 (Rigaku Denki) differentiai seanning calorimeter was

used. The heating rate was regulated to 10eClmin, and the temperature

was calibrated with indium and tin standards. The melting ternperature Trn

        'of the sample was determined from the peak of the DSC curve. The enthalpy

relating to the melting was estimated from the area of the DSC curve

above the base'line., ' '                        '
                                                         '                                             '     '    '                                               '                                 '                            '
1-2--5..'. /Dielectric Measurements in the Audio Frequency Region

         '                                           '                                                          '                                             '         '  . The real and imaginary parts, denoted by e''and E", of the complex

dieleetrie eonstant were measured by a mutual inductance bridge2'3.over

the frequency range from 6 Hz to 1.6 IY[Hz at various temperatures. The
                        '                      '                         'circuit diagram is ' shown in Figure 1.1. An oscUloseope was used as
                                                                '                                   'the deteetor of th'e bridge.
                                   '
                          '                • -8 --
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Figure 1.1. Inductive-ratio-arm bridge. (X) sample; (Cs) variable
                                                             'air eondenser; (Ll, L2) inductive ratio arm; (C.S.) conductance shifter;
            '                                   '
(ro, g) resistor; (m) contactor; (T) shielded transformer; (O) oscillator;

                                                            '     '                                 '                   tt(D) detector. '
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The speeimens coated with evaporated gold or silver were conneeted to the
                                    '                                               'measuring arms of the bridge. When the conductance and capaeitance reaehed

                                          'balance, reading was taken on the variable condenser and conductanee

                                                  '                                         'shifter. The values of e' and e" of the specimen were caleulated froth

                                       '                       '                                '                           '         . e' =c /c ' (1-1)                    so .
                                                                   '                  '                            tt                                      '                                     '               e" =G /2rfC ' .• (1--2)                    so
                                    '                                 '                             tt                                                       '                   'where Co is the geometrieal capaeitance of the elect rode, Cs. is the

                                                       'eapacitance obtained from readings of the variable condenser, Gs is the
                      '              'conductance obtained from readings of the conduetance shifter, and f is
                                                 '                                                             ttfrequency. .. , .'                                  '                                            '                                  '          '     The cell used had been designed in our laboratory. rt is diagram-

         'matically shewn in Figures 1.2 and 1,3. The vessel for loading a given
                                                         '                     'specimen is made of brass and sealed from open air by a silicone rubber
                                                          '
packing. To eliminate effects of oxidation or humidity upon the speciTnen,
                                        '                                          'the inner air was replaced by dry nitrogen. Guarded, unguarded, and '
                                                        '                                                               '                            'guard eleetrodes were mounted in the vessel, as shown in Figure 1.3. In

                                                ttorder to reduee the errors resulting from residual inductances and resist-
                   '                                    'ances at higher frequeneies, eoaxial cables were used for connecting the
                                     '     'guarded and unguarded electrode plates to the connector terminals. Stray
               'capacitances Diere eliminated by ustng the guard electrode. The temper-

            '               'ature was regulated to within Å} O.10C. Values of the complex dielectric

             '
constant wer g determined in this way to the accuracy of Å} 3a!..

                            '               '     The same cell was also used for measurements of other electric

                ttproperties which afe deseribed below. ' .

                                 '                      '                                  '                        '                           '
                                - 10 --
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     tt
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               '          '
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Figure 1.3.

        'eieetrode; (B)

conneetor; (E)

H
D

G
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. g-
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E

F

Three-terminal guarded-e!eetrode celg.. (A) guarded

unguarded electrode; (C) guard eleetrode; (D) co-axial
                                              'thermocouple; (F) co--axial cable; (G) tet-Zon; <I) specimen.

1-2--6.• Dieleetric Measurements under DC Bias
        '                          '       tt      '    '
' .. . •Dielectric measurements under de bias were also .carried out over

                ttthe frequency range from 30 Hz to 20 KHz by rrreans of a modifÅ}ed mutual

inductance bridge,4'5 which ik shown in Figute 1.4.' A' battery for the

                                                               'bias was connected in series between the detection terminal of the bridge

and the ground through a proteeting resistor (R) chosen so that its
                  tt                                                            'resistance was muah smaller than the dc resistance of the specimen. The
             'dc eurrent through the conductor was shut off by inserting a cendenser

between the conduator and the detection terminal. . '
                                                                    '                                                                   '       '                '                                            ' '                                                                  tt                                                            '                                                  '                                                               '
                                          '                                                    '                                         '                       '                         '   '        '    ' ' • -12- •' .
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g
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                                 'Figure 1.4.• '  Mutual inductance bridge for dielectric measurements under

                                                                   'dc bias. (G) generator; (T) transformer for rating arms; (E) battery

for dc bias; (R) proteeting resistor; (C) condenser for cutting off the

dc current through the conductor g; (D) detector; (Cs) variable air . .

                              'condenser; (Cx) sample. ' '  . 1. •                                                     '                               '                                                   '                                                               '
                                       '                        tt tt        '    '                                           '                                                               '              tt t1- .2--7. Dielectrie Measurements in the Ultra-Low Frequency Region

                                                      '                                                         '    An operational amplifier bridge for ultra-low frequencies from

                                       '                       tt                                                '                                                             '                           '                                                  '                                                               '                               -13-
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                                        '             '           'Figure 1.5. Circuit diagram of bridge for dielectric measurernents in
    '                                                        '                              '              '                      'the ultra-low frequency region.. (op Amp) operational amplifier with

high input impedance; (G) ultra-low frequency generator; (D) null deteetor;

               '(CRO) cathode ray oscilloscope; (Re) recorder; (Cs) standard air eapaeitor;

(Cx) unknown capacitor; (2r, R) conductance shifter; The out put of
                                                                '               '      'detector D is viewed on CRO at frequencies above 3 Hz and is recorded

                                                       '                                                            '                                  'with Re below3Hz. ', , • ' '
                                                              '           '   '                   ' -14 •- .



1--2-.8. DC Conductivity

     bleasurements of de conductivity was made by applying a dc field at

         '                                       'a fixed temperature, with a Keithley 640 vibrating eapacitor eleetrometer

               tt                                                           '                                          '

                           '                                         '                                                        '                                           '               tt      '                                    '1-2-9, P-E hysteresis Loop '  . '                                                               '  '                                                          '                                                             '                                         ' '

     P-E hysteresis loops at a frequency of O.1 Hz were measured by

the sawyer-Tower method.8 Figure 1.6 shows a eircuit diagram for the

       ttmeasurement. A speeimen of capacitance Cx was conneeted in series with
          '                                                                   '       '
,a  polystyrene condenser of capacitance Co. When the appl led voltage V

                  'is di yided into a voltage Vx across the specimen and a voltage Vo across

the polystyrene condenser, one obtains

                     '                         '                                  '                tt                    tt                              '       •' V=V +V =V(1+V /V ) ' (1--3)                        ox o
                                              '                '              '                   'Since the surface , charge of the specimen, Q, is equal to that of the

polystyrene  condenser, one can write '  •. . .' . •  . .
                                                tt                                                        '  . 'Q=CV=CV i ' ' (1-4)         ' xx oo                                             '                                            '                   '                '                                    '
        '  '                                           '                                            '       '               C/C =V /V . '. (1-5)              •xoox '                               '  t/t             '                                              '                                                   '                                                      '                                                         tt                                                                     'Polariza Fion P, which is equal to charge per unlt area, is proportional

to Vo by equation (1-4). If CxlCo is much smaller than unity, Vx becomes

nearly equal to the applied voltage V by equations (1-3) and (1-5).

    '     Thus, the P-E hysteresis !oop was obtained from a plot of Vo against

                                           '  ';;op::2ig::ir:gOiler had Ordinates proportionai to vo and abscissae

                                                   tt                                                           '                                                        '
                                -15-
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Figure 1.6.'  Schernatic diagram for ineasurement of P-E hysteresis
                            '                                                                 'ioop. (Cx) capacitance of specimen; (Co) capaeitanee of polystyrene
    '                               'condenser;. (V) applied voltage; (V• x) voltage aeross specimen; (Vo)

                                             '                                                          'voltage  across polystyrene condenser. / .. - ''  . , .
                                        '     '                                                                '                                      '                    '  '
                                      '1-2-IO. Mechanical Measurements ' '
                                              tt                                                              '                           '             tt                                '                                                '  '     Dynamic viscoelastic properties were measured by a dire.ct reading

dynamic viscoelastometer of Toyo Measuring Instrument Co., Ltd., Vibron

DDv-u .9. The speeimens for these rneasurements were o.1 mm thick, 2.s mm

                                                     '                                                           'wide, and about 20 mm long. Measurements were made at 3.5 Hz over the

                                                              '                                           'range from room temperature to 1900C with a constant rate of heating,

1.50C/min. Tangent 6 was read directly from the meter, and the storage
                                    '                                           'tensile modulus E' was caleulated from the dial reading and the size of

the specimen. Loss tensile modulus E" was calculated from E' and tan 6.

                                                              '                             '                                                           '     '                                                           '                                                     '                                  '                                               '                                                 '                                                       '
        '         '                                                                 '                            '
       '                                                                '



1-2-11. Emission Spectroscopy
                    tt
     In order to identify the species of ions contained in the samples

iMiSr::2",.il:l'l[Ii,:ir.e take" by "sz"g a shimazu QF-6o E-..... ,,..,....

                                           '                  '                     '     '                            '      '                    ' . A PVDF powder called KF-Polyner was kindly supplied by Dr. H. .
                   '                                             'Kakutani of Kureha Chemical Co.ti Ltd. The number-average degree of

                                                   'polymerization was stated . to be approximately 1000. Another PVDF

:OtWdler ealled KYnar was kzndly supplied by Dr. J. Gall of pennsalt co.,

             .t     These powders were dissolved in purified acetone, and the solution

was added dropwise onto distilled water. The precipitated PVDF was
         '            'i:ll.ii.:.e:,g". i).ii:S.j.il.igel.l.:g.dried ""der "acuum Th-s treatment f..

. .. Dieleetric studies of PVDF had been made with KF-Polymer as sample

in Japan and with Kynar as sample in U. S. A. This difference Å}n sample
                    '                                        'introduced a confusion into the assigrment of the high temperature reZax-

ation. In order to clarify the causes of the confusion, we felt necessary

to chargcterize these two samples, and determined the eontents of "head-
                                                        ' '                                                     'to-head" bonding in them from N]YiR measurements using a Varian XL-100 N!![R

spectrometer. Tetramethylsilane was used as a reference substance for
                       '
determining chenical shifts. The content of "head-to-head" bonding in
                           'KF-polyner was about 8% when ealculated frorn 19F (g4.1 MHz) spectra in a

                           '  '     '                                                                    'mixture of dimethyl acetamide and deuterated acetone, and the corresponding

content in Kynar was about 14Z.

              '           '                  '                          '                              '                 '                .• -17-
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                             Chapter 2

                                                '          Effects of Annealing and rsothermal Crystallization

          upon Crystalline Forms of Poly(vinylidene Fluoride)
            '                                    '
                                     tt               '
                          '              '2-1. Introduction ' '                           '                                                        '              12                 and )takarevich and Nikitin found by X-ray diffraetion     Kondrashov
                                             '
and infrared spectroseopy that poly(vinylidene fluoride)(PVDF) can exist

in two cicystailine forms. okuda et ai.3 showed by infrared spectroscobY

                         '                                    '                       tt tand electron diffraetion that PVDF can crystallize in two forms ct and B

from dilute solution. Gal'perin and' Kosmynin,4 Natta et al.,5 and Lahdo

              'et al.6'7 confirmed the existence of. the two crystauine forms, which

                                   '
Lando et al. designated I and Z instead of B and ct. The existence oi
a third form m was suggested by cortili and zerbi8 from a study with

                     'films cast from dimethyl sulfoxide solution. Hasegawa et al.9 studied

  '                                                      'the formation of these three crystalline forms and the transitions among

        t tt                                                                     '                                                                   'them under high pressure. They found that form I can be obtained . by

crystallization from the melt, form I by stretching a melt-crystallized

sample, and form IZ by crystallization under high pressure. .Nakagawa

and IshidalO investigated effects of annealing on form I[ by means of

differential scanning ealorimetry and electron microscopy. .
     Forrnsland ]r are what are called polar erystals.9 !n either form,

                                                                  '      '
the molecular ehains have p!anar zigzag conformation and the dipole
                                      '
moments are perpendicular to the molecular axis and do not caneel each
                                  '                                                                'other. Hence it can be ekpe6ted that form I and form I[[ should show some

  '                                                          'characteristic electric properties. '
                                                      '                                                                  '                               '                         '                                                               tt             '                                                                  '              '
                                -19-



     Form I PVDF sample has so far been prepared by the stretching meL"v",

and forrn ]I PVDF sample has been prepared by solvent casting as mentioned

                            'aPove. However, we found that the samples so prepared were not suitable
 '                                                         '                                                  'for the study of dielectric behavior at high temperatures, because form T

                                                         'sample obtained by the stretching method underwent large thermal contrac--

tion and because form llI sample obtained by the solvent-casting method

            '               tt tshowed anomalously large ionic contributions as the temperature was raised.
                                                                 '     After a good many efforts for obtaining form IIr PVDF appropriate

for dielectric measurernents at high temperatures, we have found that the

g!Si[.e:.:a.eel:.C:".,g:.:ri::r:g,bi,l:Z?aiXi .oi,1:2.t:e: ::i,2r,y::ai:izatio"

                                                           '                    'establish the conditions under which it can be preferentially formed.

       '                                    '                    '                                                               '                                           '                                   '                                                                     '              '                             '                                                  '                         '                   '                                                        '                                                                    '2-2. Experimental ' '.                                                             '                                                               '                                                                        '                                      tt2-2-1. Preparation of Specimens 'for X-ray Diffraetion and IR Spectroscopy

                                          '                                                         '   Form ]I (MQ) . . The purified powder of KF-?olymer was moulde" to a
      '
film between metal plates at 210eC, and the film was quenched into liquid

                                                'nitrogen. The films thus formed were almost in form I[, according to

the x-ray photographs and rR spectrar and the density was 1.767g/em3

at 250C. They were called formll (MQ)• .'  . .,
    '                 '
   Form I[ (SGC)•. Crystals were allowed to grow from an O.1% KF-Polymer
                         'solution in a mixture (9:1 weight) of monochlorobenzene and dimethyl-
                       '                    'formamide by slow cooling from the boiling temperature. These were
         '                                                                      ttt
collected on a glass filt,er and dried gt room temperature under vaeuum

for two weeks. No residue af solvent remained in the crystal mat when

                                                                          'detected by infrared spectroscopy. M spectra showed that the solution•-
                                                                          '                                                                 '                                               '                       '
                                         '                                    '     '        '                                 -20- '



grown crystal mats were also in form ll. The density was 1.81sglcm3 at

250C. The specimens prepared in this way were referred to as form ll (SGC).

   Form 1! (SVT) Solvent cast films were prepared by evaporating
                                                              'solvent very slowly at 500C from an O.1% dimethylformamide solution of .

KF-Polymer. They were imnersed in carbon disulfide at room temperature
 'for three days and then dried at 500c under a reduced pressure of lo-'5tmHg

for three days. The speeimens thus prepared, designated as form llr (SVT)
                         '
here, were found to be in form ]lr by infrared spectroscopy.

                                            '                                              '                                                             '                            '            '                               '                                    '
2-2-2. Determination of Fraetions of Different Crystalline Forms

     ' by :nfrared Spectroscopy . •
                                                                     '    '                                   tt                                                      '
     The relative amounts of form Z and form ]Ir in a given PVDF speeimen

were determined by using infrared absorption bands near soo em- l: one .
at s3o cm-"i characteristic of form i and another at sio cm-"i eharacter-'

                                                             '                 3,9. ' .•istic of form M. . • .. .•
                                    '
     lf these absorpotions are assumed to follow the Lambert-Beer law

and not to interferewith each other, the absorbanees Dn (at 530 em-1) and

DIu (at 510 cm-1) fora specimen of thickness L may be given by

                                                             '                  tt                      '                                         '              '                 '              .PiF[ =' iog (i i[ /ii)= KE CuL . . . (2-o

               DllI = log (rit/Ill[) = Kzl!Clz[L., ' ... . (2--2)

                      tt t                                            '                                  tt '             '                                                                        '                       '
where the subscripts E and ru refer to form ll and forrn II, respectively.

Here rlit and Illl[ are the intensities of the incident radiation, I.]I and.•

Im are the intensities of the transmitted radiation, KI[ and Kz[I are the

            '                           '                                                                      '    '                                                                     '                                                                 '                       '                                             '               '   '                         tt '

                          '



absorption coefficients, and C                                       are the molar concentrations of                                and C                             ll                                     iP

monom:: ::;';z .i? I:: i:Zi:C.;`gi :r.;Zt,:li,l::.,;O;M.S'.., x., of iorm i and

                                                                    '
forrn  llE, eqs.(2-1) and (2-2) may be rewritten . . .'  •

                                                       '              Dll =K- Ce XllL '. '• .. (2-3)
                               ttt tt                             '                                                 '                      '        '                                   '              'and ..       '                                   '            '                                                       '
                                                    '  '      '' Dllr=Km CO XmL''' . .' .. ' (2'-4)
                                                            '               '                                                       '                            '                                                                '                                          '
              '
where CO in the average total rnonomer concentration in the sample.

     The relat-ve fraetion F(M) of form M in the sample is given by

       • F(IHZ)=CllIl(Cm+Co) (2-5)
                                                                   '                                            '        tt             '                                        '
We solve eqs.(2-1) and (2-2) for Cll'  and Cm, respective!y, and subsitute

them into eq.(2-5) to obtain '
                               '            ttt
    '' ' F(mz).' ' ]E ' ',' , (2L6)
              , .Dm+(KmlKu)Dn 1 '.. '' '
                 '                     '                                       '                                                     '                                                     '                   '                         '              tt
In order to use this equation for the determination of F(ll[), we must

                                                                    'measure Dr[ and Dm, and moreover must know the ratio Kr[[!Kz. This was

done in the following way. , • . . • '
     Infrared speetra were taken on specimens of varying thieknesses; a

typical example is illustrated in Fzgure 2.1. From sueh spectra, values

                                                                       '
                                                                 '                                   '                                                              '
     '                                                 '                                           '                                -22- ''                                      '
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of Dn and Dm were determined by drawing the base line to the spectrum
    '                                                         '                           tt ttin s ych a way that the Lambert-Peer law would be obeyed, i.e., Dll and

                                                                  '                                                                '                         '                                         'DllI would be proportional to the film thickness. Figure 2.2 shows tb6

                                                         '                     '                               '                                                              '                                                                   '                                                          tttresults  from such analyses, in which both Dff and PrEr are Seen tO varY

linearly with film thiekness. ' . ' ''  ' • '' '                                    '                                                                     '                                                '                                             '                                                                    '                                                                 '                   '              tt tt tt'.'
/.'

. Estimation of k]Å} was made from Dz and'xrr' 6f a fiim q'uehched frorn

                                                                   '                                         '     '                 tt                                                                        '   '              'i.:'iimii:'l:g:'ICI,?{g91.iO`llli":':f.Iii:[e:il:il'2.lige':,E2118il'ii.g::":.:f2.?:e.3E'i'i.l.•.•

g,he,x.hiL"s,glf:O,g.as,:asug#E;•/1':otibax8,30S,st,i;/s.mi•;'g.:sti"g,;h.iI:d:7S?g

         '                                                            '                                                         tt                            tt                              '                                                       '                           '                                   'These values together with the observed DE and Dm were substituted into
                                                               '2.ff.i A:1,il a:l.(Z;`l,gOk;6t:l2 :i ;.l:t•2 l,i23.:m,Zl.:z,igl:fi2,5",-:,8gllafk9?• .

                          '       tt  '                                 '                   '                        '                           '                                             tt                                         '           '   'tt                                                           '                                  ttt                                                          '                               '                                  tt  '           'i• •D'. • • . ..•••-          '. •• .•'' . F(J-) ur .''.' .. , . (2-7) ''
            '   '                                                       '                               tt                                      '           '                                                            '                '

' '' . .• '.. '•'  .. .../ Dm +  O.81D ll ... .•/•  •  .. ..  ./. ... .. ../ ... ..

                  '                     ' '   t ttt t t                                 '   .. In actual analyses, values of F(M) were estimated from IR data ''
 '                                  '   '                                    '      tt ttt t                                'taken at room temperature, because far--infrared spectra above l600C coul g
                                     ttt t t              'not be analyzed quantitatively due to great fluctuations of the background
                                     '                                                                 '                         'level. Therefore, the values of F(III) determined in this way may have
                                                                    '                      '                                                          '                                         tt                          'been affected by the crystallization that would have occurred durÅ}ng the

period of cooling.- . . ' . .'' .•  . •. . '  .. .                                               tt                             '                                                                    '                                                                    '.

                                                         '                 tt t
- 24 -•
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o
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      o

o

    '       "5tOcm

                O, 50 ' ' loo
                . ' Thickness(IL) . . . .
                                                           '                                              '
Fig.

 2Li.' 'Relation betwgen'the absorbanees at 530 em71 (form E) and

510 em (form ]ll) and film thiekness. ' • '. .
                                             '                                                   '                                                                 tt                                                                '                                          '        '                                                    '                              '                                      t ttt ttt                                  '                   '
                          '                                                          '                 '                                                                   '2-2--3. .. Determination of the Equilibrium Melting Temperature . '

        '  . The equilibrium melting temperature Tll was deternined by the method

of Hoffrnan and weeks.12 In this method, observed melting temperatures Tm

are plotted against crystallization temperatures Tc, and the intersection
             '                                                                'of the extension of the plot with the 1Å}ne Tm = Tc is taken to be the

                                                                    '    '
desired equilibrium melting tenperature. The crystallization temperature

were measured by a thermocouple placed near the specimen. . .-

                                                 tt           '                                -25-' '



2-3, Resu.lts and Discussion

2--3-1. Annealing of Solution-Grown Crystal l![ats

                                                     '     The IR spectra in Figure 2.3 show that annealing at 185.80C for

20 hr caused form il to transform to form I[[. The time dependence of
          '                                     '
this transformation is nlustrated in terms of F(rE[) in Figure 2.4, which

indicates that the fraction of form II[, F(M), approaehes an asymptotic

value in about 20 hr. ., .                                                               '                             '                                                          '                                                             '               '
. . .Effects of annealing temperature upon F(II) were investigated with
                                                                 'fOrm E (SGC) annealed at different temperatures for 20 hr. Figure 2.5

shows the results. It is seen that F(]E) starts increasing at about•
                                                                      '                         '                       '
175"C, reaches a maximum of O.9 at 1850C, and finally decreases above 1900C.
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     Figure 2.6a shows the DSC thermogram for unannea!ed form X[ (SGC),

which displays only one peak at 1740C. On the other hand, according to

Figure 2.6b, which shows the DSC thermogram for a form r[ (SGC) specimen

annealed at 185.80C for 20 hr, we see that another endothermic peak (1990C)

appears above the annealing teraperature Ta. Form g (SGC) speciritens

li2:seual:dAe::i,dZfferent periods of tzme at iss.soc were subJected to Dsc

T
tr

u

Fig. 2.6a.

  140 I60 I8e 200
   • Tempera tu re (Oc)

         tt t
                   '          tt      .t         '     '
DSC thermogram of an unannealed form I[ (SGC)

                    -28-
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which in all cases gave similar two peak thermograms. The enthalpy

determined from the area under the higher temperature peak is plotted

against the time of annealing Å}n Figure 2.4; the curve rises with time

in the same fashion as does F(I[[)-. Figure 2.5 shows that, for the •

annealing time of 20 hr, the endothermic enthalpy related to the higher

temperature peak first increases and then decreases with raising temper-

ature.'This ehange in enthalpy is guite similar tQ that in F(M). •'

T
8z'

pt

uc

Fig. 2.6b. DSC
Ta =' 18S.80C for

E60

          '
thermogram

2' O hr.

  •' l80
Tem pa ra tu re (OC )

   '

 for a form ll (SGC)

                  '            tt

    '              '
     '
               '
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     These results suggest that the higher temperature peak rnay be

                                                                    'associated with the f.usion of form M crystals. In otder to ascertain
                                                    '
this point, we studied the temperature dependence of infrared spectra

and X-ray patterns for the specimen prepared by annealing a form E (SGC)

at 1850C for 20 hr. Figure 2.7 shows that the bands characteristic of

forms ][ and II[ appear in the region from 7oo to goo em-1 at rogm tem.

perature. Vthile the bands characteristic of form E (767, 796, 840, and

855 cm- l) are absent above 1800C, those characteristic of form ]I (778,

sog, and s33 cm-1)14 are visible even at ls3oc, and disappear only above

2050C. X-ray measurements on the same specimen at room temperature

revealed reflections from both erystal forms il and M. The (110)

reflection due to form E disappeared at about 1850C, whereas the (110)

and (200) reflections due to form IIr persisted up to 2100C. Therefore,

IIS.liO!fil"::.i.g#t.ihi.lil'ldO,,t,h2.flll]I.i:rk Of the DSC c"rve at iggoc ar tses

     As mentioned in the experimental section, F(XID determined from
                                                            '                                                            '
infrared spectra at room tenperature probabiy includes a contribution

from crystals that are formed during the cooling from the annealing

temperature. However, the enthalpy associated with the highdr tenperature

peak does not include suchacontribution. . .
     Neverthel,ess, as Figure 2.5 shows, the temperature dependence of

F(M) is very similar to that of enthalpy, with some difference whieh

:j,Y.2:.::i;d.l",.[lg,r:,g-:g.li.Oge  .l80.0C . T]erefore• F(m) was nor

                                                        '                                                 '                                  '                                            '                                             '                                                '                                          '                           '              '                       tt     '
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2-3-2. Isothermal Crystailization of Molten Films
                                   '                                 '
     A PVDF filrn sandwiched between two pieees of thin teflon films (ZOv)

was piaced between metal plates and melted above 210eC tn a hot press.
           '    'After having been cooled down to room temperature, the assernbly composed
                                    '
of the PVDF film, teflon films, and metal plates was placed in a vesseZ
        '                                             'under nitrogen atmosphere and heated again above 2100C to eliminate the
                                                   '
thermal history of the specimen. Then crystallization from the molten

PVDF was allowed to proceed isothermal!y at various fixed temperatures Tc,

and after that the specimen was cooled to room temperature. Since the

                                '                                                         'g:fti.Oil.ft.ilM;ill:r.e. ii :ilK.:egba.raig:d.dirOM the PVDF fiim, adhesion of pvDF

     Figure 2.8 shows far-infrared spectra of the specimens isothermally

erystallized at 161 and 1700C. Absorption bands characteristic of forrn ]I[

(3oo cm-1 and ss cm'-1)15' can be seen only in the specimen erystallized

                                                    '                                        '                   'at 1700C. From the d--spacing of an X-ray diffraction pattern of the
                                                                   '                                  '                                                         '                                               '                                      'same specimen (see Figure 2.9), the predominant crystalline forrrt was

shown to be form ll[. Consequently we m,ay conclude that form ![I can be

                 'obtained by isothermal crystallization at 1700C. It ean be seen from
                               '                   '                                                                            '                                                             'Figure 2.9 that the crystallites of form M thus prepared are not oriented•.

Form llE was also obtained when a PVDF film was sandwiched directly between

metal plates and treated in the same way.
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.. To explore further conditions favoring the formation of form JI[ '

effects of crystallization temperature and time were studied by IR and

DSC measurements. For a specimen crystallized at 1660C, F(M) determined

by rR measurements are plotted against crystallization time in Figure 2.10.

F(I![) approaches an asymptotic value in about 20 hr. In Figure 2.11,
                                                                      '
F(II[) after crystallization for 20 hr is plotted against erystallization

temperature. It can be seen that the fraction of form M reaches a

maximum between 165 and 1750C. •                                          '
     DSC thermograms of speeimens crystallized isothermally between 165

and 1700C displayed three peaks. A typical example is illustrated in

Figure 2.12. We denote these peaks by Pl, P2, and P3 in the order of

decreasing temperature. Crystallizations at other temperatures gave

only one or two of these peaks, as shown below.' .

     The peak temperatures Tm for 20 hr crystallization are plotted

against crystallization tenperature Tc in Figure 2.13. It can be seen

that all the three peaks shift to higher temperatures with raising Te.

The Tm for the P2 peak is higher than 1650C and it is the only peak

produced by crystallization above 1700C. The Tm for the P3 peak is

oi bO::rrvg:a:el]gO:is.:?OUgh nOt indieated here, oniy thg p3 peak was -

threeF pi egaUlr<eag2
a'

ll'n4 satSThcOYSTPhleOtpSloOtfstfhoerelhtehapl lPi aenSdapS2SOpCei aakt sedexWhllbhitthe

maxima at about 155 and l700•C, respectively, whereas that for the P3

ll::kogl::::x? an abrupt r-se below 165eC Below 1550c, only the p3 peak

                                -34-
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     By studying specimens vifhich showed only one or two peaks on the

                                                                    'DSC thermogram, we tried to assign the peaks to appropriate crystal forms.

Specimens crystallized below 1600e showed only one peak and the peak
                                           '                                               '                                                              'temperature followed the P3 line in Figure 2.13. These specimens. ' gave,
        '                             'X--ray patterns and IR spectra eharaeteristic of form E. Hence, the P3

peak was considered to be attributable to the fusion of form rr crystals.

 eovcu

g4o g6o geo 2oo
       Temperasure COc)

Fig. 2.12. DSC thermogram of a specimen isothermally crystallized at
                                                            '                      '                         '            •1Tc = 1690C for 20 .hr: Pl, high temperature peak; P2, intermediate

temperature peak; Pj, iow temperature peak.

                     '
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 . A speeimen erystallized at 164eC for 20 hr gave two peaks on the

DSC thermogram (Figure 2.15). The higher temperature'peak eonforms to

the Pl line in Figure 2.13 and the lower temperature one to the P3 line.

The X-ray photograph of the sample indicated that forms I[ and ]]I coexisted

at rodm temperature. The infrared spectra (Figure 2.16) also showed the

presenee of these crystalline forms at room temperature and at 1650C. .

At 1850C, bands characteristic of form tt diminis'hed, whereas those :' •

characteristic of form M renained visible. At 2050' C, the band indicating

form IIZ vanished. rn order to illustrate these changes, absorbances at

767 cm'1 (forrn z) and 77s em-1 (form m) are plotted against temperature

in Figure 2.17. Here, the data have been corrected for radiation from •

the specimen at elevated temperaturels. As shown in Figure 2.17, the .

absorbanee at 767 cm-1 becomes zero above l800c, whUe the absorbance at

778 cm-1 persists to about 205ec. At the temperatures between 180 and

2050c, ottly the absorbanee at 778 em-1 (form r[[) can be observed. These

:2.tSUhil:eaiuesCiOonnSo-fStfenolTAWftt? the COnCiuszon that the pi peak zs associatgd

    •Figure 2.13 shows the peak temperatures Tm plotted against the

crystallization temperatures Tc. At about 2180C, two extrapolated Zines

of the Pl and P2 peaks for forrn ur intersect the straight line of Tm=Te.

Extrapolation of the data for the P3 peak for form I gives the tempera-e

ture of the intersection of about 1880C. From the points of intersection

the equUibrium melting temperatures are estimated to be about 2180C for

forTn Il[ and about 1880C for form E. The P2 peak appears always at

temperatures higher than the equilibrium melting tenperature for the

form I[  cr 7stal. Thls fact also rug3gserts that the P2 peal< xs not due to

 '
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                    Temperature(ec) .
                                                   '                                                         ' '

Fig.  .2.I5. ,DSC thermograrn of a specimen crystall-zed for 20 hr at 1640C

                        ttt                      tt                                                                   '      '            '
the fusion of form Z. By isothermal crystallization near 17qOC, we

obtained specinens giving a DSC curve in whieh peaks other than the P2

peak were barely detectable: see Figure 2.14a. The IR spectrum and

X-ray photograph of such a speeimen indicated that it was in form ll[. These

findings further support the idea of ascribing the P2 peak to the fusion

of form II[. If the enthalpy value for each peak is regarded as a measure
                                     '                '
of the amount of the respective crystalline form, the sum of the enthalpies

for Pl and P2 should be proportional to the total amount of form ]1[. '•
                                                       '                         '                                                          '                       tt                                                  '
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Figure 2.14b shows plots of the valttes for the sum against crystallization

tanperature Tc, whieh exhibits a broad maximum around 1700C.. Thus we

may conelude that the growth of forTrt ZI crystallttes from the melt is

favored in the range between 160 and 180eC, while that of form I is
                                                                    '
favored below 1600C. Figure 2.14b suggests that the optimurn crystallF

zation temperature for forrn !I[ is higher than that for form ll. The .

results were not appreciably altered by the extension of erystallization

time up to one week. Hence, the rapid deerease in the fraetion of form ll[

may be independent of crystallization timei '

                                                             '

Fnf

ax'
a

Fig.

and'

1.0

o.?

oo

,i5 17.

 cm'1

    50

Temperature
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                  '
  O: 778cm" (formM)
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         tt    '                         '     '
             '

         '     -• '

 t.t                                   '                  '   '

    '
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              '                           '                       '       '    IOO 150 ' '' ooo 25o
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dependence of absorbances D at 767 cm-1 (form I)
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     Figure 2.14 indicates that the growth of form ]I crystals is favored

as the temperature is lowered below 165aC. Thus quenehing to room

temperature will accelerate the formation of form rr , while crystalli-

zation at near 1700C will favor only the formation of form M. When thel

sample erystallized isothermally is eooled to room temperature, both

form E and form -[ crystals must develop. However, in the lower teirt-

perature region, the growth of form M crystal was so slow that the

:nlrraa[eeda oeua::r::e otrSrnOnma. SPeeiMen quenched from the meit showed oniy

     Finally, let us compare Figures 2.5 and 2.11 to discuss the opttm

conditions for the formation of form M erystal by isothermal crystalli.-

zation and annealing. The maximum in Figure 2.11 oeeurs near 170eC, whiZe

that in Figure 2.5 appears near 1800C. A possible explanation for this

difference of optimum tetnperatures is that in the case of annealing,

nuelei of form ll erystals may remain during annealing even at 170eC,

so that the development of form IZ is hindered. In isothermal crystaZ-

1Å}zatÅ}on from the melt, on the other hand,crystallization starts after.

melting, and henee the growth of fonn Ur crystals may proceed without

hindrance by rernaining crystallites. .
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                              Chapter 3
                                                         '
Anomalgusly Dielectrieilli:Il2r:olwonForfeqioernmcyZilePgoi:yn(vinylidene Fluoride)

                                  '                                      '             '       '
3-i. rntroduction
                                                        '                                                     '                                          '
     The low freguency dielectric behavior of form r! PVDF at high
    '                          tttemperatures is apt to superimpose on another proeess which gives rise

                                                '                                             'to anomalously large values of e' and g". It has been presumed that

this process may arise from ionic impurities contained in the sample.Z'2'

                                        '                                                                'This ehapter is coneerned with a verification of sueh presurnptioll. The

idea here is that if ionic impurities are responsible for the proce$s
              'concerned, there should be obtained h drastic reduction in e' and e" at

                                                '            '                                 '
                                                                    '!ow frequencies and high temperatures by subjeeting the sample to a

static electric field of appropriate strength before dielectrie measurer
                        '                                                                   '           '
ment. Furthermore, one Tnay inject additional ions into the sarnple by '

applieation of such field. Then one should observe an enhanced anomaly

in dielectric dispersion in the region of low frequencies. The experi-

ll:neE:.c::.gililbed in the present chapter were designed so as to gheck these

                   '                                                  '                      '      '              '                                                '                                                                    '                                '                    '                              tt                                                                  '     tt      '              '                                                           '         '                                                 '                                  ttt                                                            '                             '3-2. Experimental ' ''                                                                '                                    '
                                                'for mZ2i:;geThnOenUIsfhe StUdY in thiS ehapter we used form H (MQ) specimens

     Figure 3.1 shows schematically the assembly that was used to inject
           '                                                  'ions into sample films. A 1-rrm thtck disk of LiCl, NaCl, or CaC12 made
                                                              '                                                                    '                                                  'by pressing the powder under 200 kglcm2 was sandwiched between a pair of

                              '                                                 '       '          '                              ••-45- '
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     A dc electric field of 10 KV/cm was appiied between the pair of

 electrodes at 1600C for an interval of 120 hr, and then the inserted

 aluminum foils ! and 2 were analyzed by emission spectroscopy. The

'characteristie wavelengths used for identification were 3232.61 and . '
 46o3.oO K for 1Å}thium, 33o2.323 a for sodium, and 3g33.666 and 3968.468 K'

 for calcium. The spectrum of Fe was usedi for establishing the wavelength.

As a reference material for the cations use was made of Lie03 for

 lithium, NaCl for sodium, and CaC12 for calcium. Carbon eleetrodes were

                                                 'used for the spark. . '' .                                              tt                                                                       '   . Before carrying out dieiectric measurements the sample fi!ms were

annealed at t60eC for 24 hr in order to disperse the injected ions

unifOrmly. A reference specimen was prepared by treating a fresh film

aUnn:eearll.n:Ca!lleC6g:ci'efofrielS :i.19 KV/CM at 1600C for l2o hr, fouowed by

                                              '                                                      '
,' ..,T :e,l:.um.ig :. 2.lll,i.' Z::..iL,Wii:."::2 ,t:.zgo::g.t,;g:.le"e;,2 :is

foils were O.02 mm thick.' The sa!t disks were dried under vacuum at

room temperature before insertion into the assembly. The entire assembly

was placed in an air-tight vessel, which in turn was evacuated and

flushed with dry nitrogen. . '
                                                    '                                                                '                                              '                                                 '                               '                                            '                                                               '                                    tt                                                             '                     '   '                          '                                               '                                            '3-3. Resutls and Discussion .
                                                         '3-3-1. Effect of Static Electric Field '  •                                                                   '          '  '

     Figures 3.2 and 3.3 illustrate the frequeney dependence of e' and e"

for  a  fresh  speczmen of  form  IZ  ( -MQ4)7 a-t  varlous  temperatures  It  is  '



seen that both e' and e" at higher temperatures undergo a sharp upturn

as the frequency is lowered. The corresponding data for the same specime'n
        '      ttexposed to a static electric field of 25 KVIcm at l600C for 24 hr before
                                                   '                                             'dielectric measurements are shown in Figures 3.4 and 3.5. 0ne observes

that the anomalous rises in e' and e" at low frequencies are virtually
                             '                   ttabsent in these graphs. These ehanges must have been caused primari!y
                                      '
by the removal of ionic impurities whieh would have been contained in
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the fresh specimen. However, the effeet of

                 'during the application of a statie eleetric
                              '                     '                        '                                '
beeause generally the dielectric properties

           'undergo changes upon annealing. The data
                                        '              '
indSeate that annealing of a fresh form ZZ

 anneaiing, which took place

 fieZd, may not be.ignored,
                   ' of crystaZZine polymescs '

shown in FJigures 3.6 and 3.7
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     The field effeet

trend can be clearly

caused by applieation

sde Figure 3.8. The

equatÅ}on

 is more appreciable at lower frequencies. The

demonstrated by plotting the decrease in e", AE",

 of 2S KV/cm for 24 hr at 1600C against frequency;

           '              'plotted points in the figure Eollow accurately the

log Ae" = A - B log f (3-1)

Fig.

for

3

24

3
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"w
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9
  f

o
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     l 2 5 4                   io9 f(Hz}

                    '                         '                       '
                          ' AE" caused by applieation of
             '                     '                    '
at 1600C plotted against log
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where A

equal to

ment.

 ' The
is shown

occurs a

and B are constants. It was found that B was approximately

 unity and independent of the temperature of dielectric measure-

                   '           '                                                         '                                 '                               '
 decrease in e" during the application of a static electric field

 for three field strengths in Figure 3.9. As expected, there

 more .rapid deerease in e" as the field strength becomes Zarger.
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  . Ions initially distributed unifarmly in the specimen are forced to

displace toward the electrodes and are concentrated during the applica-
                  '
tion of a static electric field. The concentratlon of ions results in

                                                      '
a' reduction of their mobilities, which, in turn, should bring about a

                                               'decrease in the cornplex dielectric constant. •The decrease carinot oceur
                                      '                        tt                                               'instantaneously, because the migration of ions experiences viscous

resistance from the surrounding polymer matrix. When the applied field

is removed, the eoncentrated ions tend to diffuse by thermal agitation
                      '                                                              'back to the original uniform distribution. This ehange should cause
      '
an increase in the complex dieleetrie constant, at'a rate primarily

dependent on ttie rate of diffusion of ions. These considerations explain

                                           '
the major features of the experimental data in Figures 3.10 and 3.11.

                                      '                                                          '                                                         '                                                           'rt is to be noted that the ultimate recovery of e'  and e"  is incomplet g.

                                                              'Electrolysis of ionic impurities rnay aceount for tbis effect. •

   ' Aceording to Kakutani,3 trace amounts of ions sueh as •Na, ca, s,
    '
                                                     'and Cl are contained in eommercial PVDF films. This inforrnation sub-

stantiates the considerations described above. In order to remove the
                                                               ttsilver electrodes ln the dielectric measurement eell without scratching

the specimen we made an arnalgam by rollÅ}ng a sma11 droplet of mercury

on its surface. When this ama lgam was analyzed by emission spectroseopy,

the presence of caleium was detected, but no other irnpurities were
          '                                                             'identified. '                           '                          '             '                '                               '                                      '                  '     If, as 'argued above, the anomalous increases in e' and e" at low

                            'frequencies are caused by ionie impurities, the extent of their sup--

pression by static electric field should depend strongly on the tenper•-

ature of measurement, sinee migration of ions requires appropriate free

                   '                 '                                                               '
                                -58-
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volumes which depend on temperature. The experimental data shown in

Figure 3.12 indieate that this predietÅ}on is valid at temperatures above

about 900C. Below this temperature the local viscosity rnay be too high

ii,i;r free,Ill".M,i..IS.iOi.[:i'l.iZr io"s to -grate in th. ,.., ..,.,.

    .The results of emission spgctroscopy for the foils 1 and 2 are '.. ..

presente g in Figure 3.13. The characteristic Zines at 3232.61 and

4603.00 A for lithium can be seen in the spectra for LiC03 and the foil 1.

However, they are absent in the spectra for the foil 2, the referenee ' 1
foil, and earboh, as seen from Figure 3.13a., Thus we find that lithium

ions deposited on the foil 1. !n Figure 3.13b, the characteristic line
at 3302.323 X for sodium is observed in the spectra for the foil 1 and

NaCl, but not in the spectra for the foil 2 and earbon. Thus sodium

ions also deposited on the foil 1. Figure 3.13c indicates that the - .
characteristie lines at 3933.666 and 3968.468 X for calcium are observable

in the spectra for the foil 1 and eaC12, but not in the spectra for the

ioO-l.l i.aPd Carb9n.. This mea.ns that calcium ions also dep?sited on the

     No anionic species eould be detected on the foii 2 because of the

difficulties in the analytical technique. .We ftiiled to observe the •
:.::agt:ilii.::f lineS at 4819.46, 4810.06, 4794•i4 X for c?lorine even

                                                  '
 . The deposition of lithium, sodium, and calcium on the foil 1

evidenced that these negative ions were injected and migrated through

the PVDF film by the application of a static electric field. This fact

substantiates  the  idea  of  interpre Ei:g ihe aforementioned effects of



applied electric field on the dÅ}electric constant and loss in terms of

the induced migration of ionic impurities contained in the speeimen.

Because now Å}t is possible to inject an additional quantity of ions

into the sample film by a statÅ}c eleetric field, one should be able to

observe even more appreciable rises of e' and e" at low frequencies than

is possible with the fresh film. The prediction is confirmed by the
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gave similar results. Note that a eertain fraction of injected ions

!::::S,,i:[O:gh,ih.i.[ll.t :e.:Z:l:iS. O" the eiectrode• and thus doe. ..t

.•  VJhen, for example, a NaCl dise is used for injection, C!-  ions

should be injected into the film 2, although, as mentioned above, we

failed to detect direetly those which migrated through the film and

deposited on the foil 2.. The data on the film 2 in Figure 3.14 provide

indirect evidence for this expeetation. The sharp upturn of e" for this

film at low fregueneies must have been caused by Cl-  ions injected from

the NaCl disc. The difference from the curve for the fi!m l may be

attributed primarily to a smaller mobility of cl- ions than Na+ ions.4

- 65 --



References

1

2

3

4

:

.

.

.

Y.

Y.

H.

c.

197

rshida, O. Amano, and M. Takayanagi, Kol!oid--Z.,

                        '                             '!shida, M. Watanabe, and K. Yamafuji, Kol!oid--Z. ,,

Kakutani, private communidation. ' •'
                                           '                                         '
Turbandt, H. Reinhold, and G. Liebold, Z. Anorg.
                                          '            ',225 (1931). '

i72   '

 200,

129

 48

Allegem.

(1960)

(1964)

Chem.,

.

•;

-66-



                    . . Chapter 4
                 '                                        '                       '                High Temperature Dieleetric Relaxation

e:!....'...:ntroducO tf ioFnOrM ii  POiY(v-nyiidene  nuoride)
 .  .. .

. ' •.Dielectric dispersion studies so far carried out on erystaliine

PVDF have exelusively concerned themselves with samples of form II.
                                                   '                                     'There are opposite opinions about the origion of the high ternperature

reiaxations observed with sueh sampies.i-7 peterith and Ho!br6ok,1 ,

Boyer,? paui and Altamirano,3 and ciu4 have expressed tpe.opinion that

this type of relaxation arises from molecular rnotions in the amorphous .
region of th6 poiymer. ' on the other hand, sasabe et ai.5 and yano6 have

a"gued that it is attributable to the erystalline region of the polymer.'
  '              'Nakagawa and lshida7 have presented data which were in favor of the

opinion of the latter authors. Zn this chapter, we present more confirm--
                                 '                                                ttative evidence for the fact that the high tenperature dieleetric relaxation

                     '    ttiei:ignrM• ii,l",]F.,il.iS.iOCiated W-th MOieC"ia' motio"s -n the cr,.,.i,...

. . •MeasureTnentg were made with. form II (MQ) and form IT (SGC) PVDF
    ' '
specimens prepared as deseribed in Chapter 2, together with melt-quenched

Kynar specimens. ' .The last ones were obtained by moulding purified powder

of Kynar between metal plates at l800C and quenching the melt film into
 '                              '                                                             'water. X-ray and rR measurements indicated that the erystallites in a

     ttKynar film thus obtained was 1.758 glcm3 at 25ec. tn what. follows, the

Kynar specimens are referred to as form II (Kynar). ' . .
                                - 67 --
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4-3. . Results and.
                tt             '      '          '    Figure 4.1 shows
          '         '        'form II (MQ) sample.

1200C is due to ionic'
   '                    '                   'could be eliminated by
           '      '
dielectric rneasurement

illustrate.

Discussion

the temperature dependenee of e" at 100 Hz for a

The sharp rise of e" at temperatures above about
                '            tt t                'impurities contained in the sample. In fact, it

 application of a static electric field before
                       '           '                                   '       ', as the data for form U (MQ) in FÅ}gure 4.2

:w
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Fig. 4.1.

speeimen.
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Figure 4.2 also contains e" data at 100 Hz for form II (SGC) and form !:

(Kynar) specimens. Xt is seen that the high ternperature relaxation

appears more pronouncedly in form rl (SGC) than in form II (MQ) and

form rl (Kynar), while the latter two specimens exhibit a marked relax-

ation in the tetrtperature region between -SO and OOC.

    s.o
        t.o

        r        W
     6.0

  :  w        O.5

     4.0

         O -50
     2.0
               '                     '       '               '                   --        '                  .
     O '-50

  '              '
Fig. 4.2. Comparison

specimens. The ionic

electrie field. .'

o: forrn Il(SGC)

O: form Ir(MQ)
O: form U(Kynar)

.

--- .
.

               '     O • sc loo l50
       Tempervtu re eC} • .
                           '                       '
                                        '

        '                                                '                                            '                                  '
 of E" vs. temperature curves at 100 Hz for various

contribution was suppressed by applying a static '

                      '                                      '                                    '
         '                                   '
   '
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However, it shoul g be noted that, as the graph in the insert reveals,

form Ir (SGC) exhibits another weak dispersion at about -500C.

' . The densities and degrees of crystallinity of these three specimens

were in the order: form Ir (SGC) > form Ir (MQ) >forrn II (Kynar). This
           '
fact, together with the relationship that the strengths of high tempera-

ture relaxation for the three specimens are also in the same order, •'
                                                     '
suggests that the crystalline region of foru rr PVDF should be responsible
                                                              'for its high temperature dielectric dispersion. On the other hand, the
                                    '
intermediate temperature relaxation, i.e., the one that appeared in the

                                                                      'range -500 to OOC, may be a reflection of microbrownian motions in the

amorphous region of the polymer.5 T7 For it appears more pronouncedly

                                           'in a iess crystanine specimen. previous investigators5"'7 observed still

                                                       '                                                                     '                     'another dielectric dispersion as a shoulder in the lower temperature
                                          '   'trail of the intermediate temperature relaxation eurve. The present
                           'measurement on forrn II (SGC) disclosed such low temperature relaxation

as a distinct peak loeated at about --500C. This consequence arose from

the fact that the intermediate temperature relaxation of this specimen

was almost entirely suppressed for its high degree of cry$tal!inity.•

   . If the high temperature relaxation of PVDF is associated with the

                                               'crystalline region, it should disappear when the sample is melted, On

the other hand, if it arises from molecular motions in the amorphous
                                                    'region, its strength should increase upon melting.8 The vali'dity of the

                                                       '
former prediction can be elaimed from the data shown in Figure 4.3, in

          'which the frequency dependence of e" for form rl (MQ) at various temper-

atures is shown. The temperature of 178eC is about 3eC above the '
                                                                   '                            '
                                                               '      '                           '                                           '          '                                                             '                         '                                                       '                                                          '                               '       '              '             '                            ' -- 70 -
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curves for• the lower temperatures. These faets allow us to eonclude
        '                                       '                              '                                           '
with confidence that the high temperature dielectric dispersion of PVDF

o"ght ,:.z.): :e,e[gg.cg ::is,i::.fx::,g::.gr;;.t:il:':e,zzr;i.o:s,;':,:2:.;a:I.?ie'

   '
of the high temperature relaxation is linear. By extrapolation of the ct
                                                                      c                                                                 '                           '                                              '                                    tttplot the fm at 1780C is estimated to be 300 KHz.. If normalized With the
                                             '                                                 '                                                                  'maximum value of e" for each curve, the three eurves but that for 1780C

                                                '                                       'in Figure 4.3 can be superimposed on a single curve by appropriate

  6
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horizontal displacement. The dashed line in this figure represents the
                 '                                                                     '         'e" versus log f curve which would be obtained at 1780C from such a
                                                       '       '                  '                                      '              '         'superimposed curve. As expected, tts maximum appears at f = 300 KHz.

 tt tt tt tThe significant disparity between this predicted curve and the actual

                                   '                                  '                                                                       'experimental data at 1780C implies that all. crystallites in the sample
     '                                           ';oii::elly disappear at a temperature even only 3"c above the melting

'p 74 -
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                              Chapter 5
                    '
                   High Temperature Dielectric Relaxation
                    '
                   of ForTn li Poly(vinylidene Fluoride)

     '                    '                        '5-1. Introduction '
                               '               '                                               '     '  '                                                            '     As described in Chapter 2, sarnples of form il[ PVDF dimensionaliy
                                                                      '                                               '                                              'stable at high temperatures can be prepared by isothermal erystaUization.
                                   '                              ttThis finding made it possible to study high temperature dielectric relax-
                                                  'ation of form ll[ PVDF. .The presen F chapter described results from such

                                                                    'astudy.' ''' '
                                                                 '                                                                    tt     '                  tt t                          '                                                '                                                  '5-2. Experimental ' • •                                            '     '  '                                  '     '
     Samples of form ll[ PVDF prepared by isothermal crystallization are
                                          'here referred to as form II[ (ISO). Comparative data were taken with

form rr (MQ) specimens.

            '                        '      '    '5-3. ' Results and Discussion
                                                                '                                   tt    '
  .' Figure 5.1 shows the temperature depengenee of e' and e" for forrn

1![ (ISO) at vaTious fixed frequencies. The steep rises both in e' and

e" with temperature are striking. Thus, at 100 Hz, e' undergoes an

                                 'almost tenfold increase when the temperature is raised from 1500C toward

the melting point of the sample (1980C). The sharp drop in E' beyond

the melting point is even more striking; above 2000C the values of e'

almost diminish to zero. Also at 100 Hz, e" reaches a very sharp maximum

at about 180eC, and rises again at temperatures above 2000C after passing

through a narrow minifnum. The maxima in e" shift to high temperatures
                                                              'as the frequency is increased. The sharp rise in e" sbove 2000C is

                   '        . -76- •'
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attributable to ionic eonduetion, because it could be suppressed by .

applying a statie eleetric field before dielectric measurement. Ions

trapped in the crystalline portions should become mobile above the

meZting temperature and thus should eause an increase in e". .•
                                                             '
' Figure 5.2 shows the frequency dependence of e' and e" for forni ll[

(ISO) at 1830C, and Figure 5.3 presents the frequency dependence of e'"

for the same sample and a form Zr (MQ) sample at !650C. It is seen .

that the e" curve for form 1[ (rSO) is less steep than that for form U.

(MQ) and has a broad shoulder. Figure 5.4 shows the so-ealled transition

map for form ![[ (ISO); the open circles have been determined from the

peaks in the e" versus temperature curves and the closed cirele from

the shoulder in the E" versus frequency curve at 183eC. The activation

energy estimated from the indieated line is about 150 Kcai/mol. '
                                                                  '                                                           tt
     We consider mechanisms responsible for the marked high temperature

relaxation of form ll[ PVDF. .
                                        '
  (1) When form ]E (ISO) i.s melted and then cooled down to room temper-

ature, form M crystais should be converted to forrn rl crystals. Xn

fact, the frequency dependence of e? for a specimen obtained from the

melt of a form ll[ (ISO) specimen, whieh is displayed in Fig. 5.5, was

almost identical to that of form II (MQ). Furthermore, a form ]lr specirnen

did not show in its rR spectrum any absorption bands ascribable to

therma1 decomposition. These facts imply that the dielectric behavior

in Figure 5.1 ought to be eharaeteristic of form ]I[ PVDF itself.

  (2) If this behavior were to arise from ionic impurities contained

in the sample ,. it should be affected by application of a static electric

field. However, the values of E' measured under a dc bias was still as

large as shown in Figure 5.1.
                                                '
                      ' -78- •                                           '                                                    '
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  (3) A crystalline polyner is composed of crystalline and amorphous

                                      'portions. According to the theory of inhomogeneous dielectries, inter- '
                                           'facial polarization should eause a dielectric dispersion. If we approx-
                                     '                                                    ttirfiate the present system by a random suspension of isolated erystalline

                 '
spheres of a dielectric constant e2 and an electric conductivity u2
                                           '
immersed in an amorphous medium of a dieleetric constant el and an

eleetric conductivity ol, this effect should bring about a peak in e"

at a frequency f given byi ' . ' .
                                             '                   '                              '                       '                         '                        '                  '                                               '            '
         • ' f= 2(2ol + a2)/(2el + e2)
                     '                              '
                                                    '               'Since, in actuality, Ql>>u2 and el<<e2, this may be replaced by

        tt                         '                                             '               '                                                        '                    '                                                            '                    f". 4ul/e2 . (5-1)
                                   '                                               '                           '                                                                            '            '        'wrien the eZectric conductivity o of a form ]Il (ISO) specimen at 1850C

was measured 'with a dc voltage of 4 Å~ lo2 v/cm, u reaehed a nearly

                          -10 -1 --1 •constant value of 1.5 Å~ 10 9 em after !5 hr, as shown in Figure 5.6.
                                                            '                              '
If this final value is used for ul and the value of e' at the peak for

100 Hz in Figure 5.1 is substituted for E2, equation (S-1) gives ft-vO.6 Hz,

                     '                                                    'which is smaller than the expected frequency of 100 Hz by a factor of
     '2 Å~ io2. This tactor, thotigh quite crude,'is iarge enough to eliminate

                                                                   'the possibility of attributing the behavior in Figure 5.1 to interfacial
        '                tt                                                                'polarization. ' .                                              '
  (4) It has been shown in Chapter 2 that the high temperature peak

observed near 2000C in the DSC thermogram of a form 11r (rSO) specimen

is ascribed to the melting of form ]l[ crystals, and that the enthalpy H

-- 83 -
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associated with such a peak may be taken to be a measure of the amount of

                 ttform M crystals at ternperatures above 1800C. If the relaxation obeys

a Debye type of equation, it follows that the relaxation strength Ae is

proportional to ein'ax. Although this simp!e assumption apparently does

not hothd for the high temperature relaxation under consideration, we may

regard eha' x as a rough measure of As. Zn Figure 5.7, eha' x at IOO Hz for

the high temperature relaxation curves of form III (ISO) samples crystal-

lized at 1670C for different periods of time are plotted against H

evaluated from the DSC curves of the corresponding samples, rt is

observed that eth'ax increases monotonically vifith H. This correlation

suggests that form M crystals are mainly responsible for the marked

high ternperature dielectric dispersions as shown in Figure 5.1.

     To obtainanother support to this suggestion we tried to measure the

mechanical loss of form M (rSO) at high ternperatures, but the measurement

                   'eneountered difficulties, because the specknen broke for partial melting

of the crystalline portions. Hence we used form ]I[ (SVT) samples, since

the ionic eonduction which affected their dielectrie behavior does not
                                        '
interfere with mechanical measurement. The results are illustrated in

Figure 5.8. The peaks in loss modulus E" are seen to shift to higher

temperature as the long perlod of the crystal is increased. For form

M (!SO) the loss peak would appear at a higher temperature than indieated
                                                            '
here, probably at about 1800C, because such a sarnple is expected to have
      '    '                                o'a long period reaching 140 - 150 A. This expected peak temperature is

eomparable to the temperature for ein'ax in Figure S.l. Such agreetnent,
                                               '
together with the fact that the feature of Figure 5.8 is similar to that
                                                                     ' '
reported for crystalline mechanical relaxation of solution-grown crystals
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                                     'of polyethylene3, suggests that the high temperature dielectric relaxation

;g::rrlOpnvSDi$ratlOn iS an efiect arising Irom tlg erystanlne regions of

  '. However, the large strength of this relaxation can not be interpreted

in terms of molecuZar rnotions associated with chain-folded lamellae. .The

peak value of e" at 100 Hz in Mgure 5.1 is about 1400. This gives a '
relaxation strength of about 1.4 Å~ lo4 if a single relaxation mechani$m

is assumed. We now assume that n monomer units move cooperatively in a

crystallite. Thennmay be estimated from ' • ..
                                               tt                                                     '
                                                            '                                                                 '               'A.. 4" ( Er )' N ("U)2 '- (s-3)'

            • 3En RT'•                                '                       '      '                                        '                                                      '                                                    '                     '                                                         'where N is the number of rnonomer units per cm3 , p is the dipole moment of

                                                         'a monomer unit,kis the Boltzmann constant, T is the absolute tempeTature,

E is the app!ied electrÅ}e field, and Er is the local electrie field.• If

we assume that N = 1.s Å~ lo22 , y cr 2.1 D, T = 4s60K, and E IE = 1, we '
                                                        r
                                               'find n cr 3Å~ lo3 for Ae = 1.4Å~ lo4. stin larger values of n will be

     '
obtained if effects of crystallinity on Ae are taken into account and

i :,li: t,Z:..i:ig.: i.g ::.:igiPi::l:.XhX.iii.ll'.yB Ee;:g?e the ordinary

                                 '                   '
     Thus, we finally reach the following two possibilites. .
                                     '
  (5) Form I[r crystallites are polar. Therefore, they as a whole may

undergo orientational motions with small arnplitudes when an ac electrie
                                     '
field is applied to the specimen. This idea is not inconsistent with
                                             'large value of n obtained above. However, for rotational motions of
                                                 '                                                                 '
          '                  '
                                             '
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erystallites as a whole, the factor kT that appeared in equation (S-3)

must be replaced by a rotational energy. This energy ts to be larger

than kT, because the rotation of a erystallite may net be regarded as

free ther!fial motion. Thus, even a larger value of n is obtained when

this replacement is made in equation (S-9) • .
     To check the possibility of the orientational motion of form M •

crystallites, we measured the dieleetric polarization of a form M (ZSO)

specimen as a function of ac electric field. The results are shown in

Figure 5.9, from which the saturation polarization at O.1 Hz and 1850C

is estimated to be g.s Å~ lo5 coul./cm2. .This vaiue is larger than.the

one expected when all erystallites undergo complete orientation, and

hence it should contain some other contributions. The saturation ,

polarization did not deerease much when a dc electric bias of 15 KV/cm

was applied for 20 hr before measuretnent. The eoercive electric field

for the saturatlon eurve is of the order of 100 KV!em, which may be

eoTttpared with the xralue obtained by Tamura et al.4 for form I pvDF at

room temperature. . .. .. . .
     Thus, the orientationai motion of erystallites accompanying the

applied ac electric field may be one of the most plausible mechanisms

iii:ZO:Zini):reatfuOieg?e marked dieieCtric ,dispersions of forni p[ pvDF at

                                                                  '
  (6) Besides the orientation of erystai!ine regions, we can consider

another possibiZity for the origin of the hysteresis loops shown in

Figure 5.9. It is the existence of ferroelectric domains in form M

crystallites. Each of sueh domains may have a large spontaneous polariza-

tion, and the motion of domain walls may bring about a hysteresis on the
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polarization-•electric field diagram.. Zf this is the case, the value ef
                                                '
                  '                   'n estimated above may be a little sma11er than the aetual number of

     'monomer units contained in each form IIZ crystallite. However, at present,

                            'it is difficult to detect experimentally the existence of ferroelectric

                                          'domains in polymer crystals, and the above--mentioned possibility remains

                                  '
speculative.
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                              Chapter 6

                                           '                        '                       SuTrrmary and Conclusions

                                             '                                  tt
                                         '                            '                                              '       '                                                                    '                                                  '                  tt              tt t     This thesis has dealt with thg following subjeet: conditions for
                                                     '  tt                                                                '                      '              'preparing form ll PVDF and form M PVDF and their dielectric behavior

                                   t ttat high tenperatuTes. Emphasis was put on the rnethod for preparing form

                     'llr (ISO) specimens suitable for dielectric measurements, the method for
                                                                 '                                                   '                                          '                                 '                                   'suppressing the ionic eontribution to the complex dieleetrie eonstant,.

and the high tetnperature relaxation processes related to the erystalline

regions in form " and form N specimens. The principai results are as

                                                             '                                           'follows. ' • • '                                                                  '                                                                     '                                                      '                                                             '                                                           '               t tt   '  (1) Optimum conditions for preparing form ]I (ISO) speeimens appropriate
       '              '                                                            '
for dielectric measurements were established by infrared spectroscopy,
     '
diiferentia! scanning calorimetry, and X-ray diffraction measurements.

                                                              '                                                                 '          'Form 11r was easily obtained by annealing form ll (SGC) at temperatures

                  '                   '           '                                                                  ttbetween i75 and 1850C and preferentially formed by isothermal crystal--

          '                               'lization of the melt at temperatures between 165 and l750C. Below 16SeC
                                                                   '              'crystallization of form ll was formed. The rne!ting point of form ll[ wag

higher than that of form E.' .' ••
             '           '                '  (2) Dielectric measurenents on form Z (MQ) specimens at higher

tetnperatures gave anomalous!y large values of e' and e" at lower fre-
                                                '           '                                      'queneies. wnen a static Eield was applied, a drastie deerease of e'
      '
and e" oceurred.' The effects of a statie field can be summarized as
                         '                            '                                           '                                                 'follows: (1) the field effects upon e' and e" are rnore signific4nt at
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lower frequencies; (2) with increasing ,field strength, the rate of
 '                 'deerease' in e' and e" with time becomes greater; (3) when the field is

              '
removed, s' and e" recover but the ultimate recovery is ineomplete; (4)

                             '                                                                  'the field effeet dependes strongly on temperature. These features seemed

attributable to the displacernent of ionic impurities and their electrolysis.

       'ln fact, this idea was eonfirmed by forced injeetion of ions into PVDF '
                          '                                                               '                                   '  'fUm by a high static fieZd. The deposition of cations on the eathode
                                                        '                                                'was identified by emission speetroscopy. Application of a statie eleetrie
                         '                      'field suppresses the contribution of ionic impdrities to E' and e" and
       '                           '                                                                '                                     'thereby reveals the relaxation proeess of the polymer itself.

  (3) ln orddr to make clear whether the high temperature relaxation of
                       '                                           '
form ll PVDF is due to the crystalline or arnorphous region, measurements

                                                         '                              'were carried out with a form ll (SGC) specimen. The strength of the

                                         '           ttobserved high temperature relaxation was much larger than that of the

                          ttform ll (MQ) specimen. The relaxation disappeared suddenly above the
                                                                '                   '                       'melting point. These results were taken to indicate that the high
      ' '                          'temperature relaxation of form E arises from the crystalline region.

  (4) Dielectric measurements on form -! (ISO) specimens prepared by

                   tt tisothermal crystallization exhibited a rnarked relaxation at high temper-

atures near the melting point. The relaxation strength increased with

increasing crystallinity, which suggested that the high relaxation is

related to form M crystallites. The possibility of interfacial poiar-
                                                                      '
ization for this relaxation was found to be eliminated from a comparison
   '
between ealculated and observed frequencies for the maxirnum in the
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dielectric loss curve. The "crystalline relaxation" due to moleeular

motions associated wÅ}th the ehain-folded lamellae was unable to account
                                                            '                           '                                          '                                           'for the large relaxation strength. Finally, the following two possibil-
             '                                  'i'ties were proposed: ' (a) the rotationa1 motion of forrn IIt crystallites

           'as a whoZe, in whieh almost all the dipoles are aligned in one direction,

and (b) the motion of ferroelectric domains in form IU crystallites. i

         '                     ttAlthough the mechanism (a) seems to be more probable, we eannot ignore

the mechanism (b) at the present stage. . '
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