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S ~ u  

The poling of biaxially stretched poly(vinylidene fluoride) 

(PVDF) films which have been metallized on both sides results 

at the poling temperature of 115 ~ and the poling field of 

400 MV/m in almost complete conformational change from T-G-T-G 

to the trans conformation as well as in a residual polariza- 

tion of at least 11xi0 -2 C/m 2. The transition temperature Tf 

of the field-induced conformation transformation in the cry- 

stalline regions is found to be Tf = 75 ~ The thermally sti- 

mulated decrease of polarization proceeds gradually and is 

not characterized by a defined Curie point. 

INTRODUCTION 

The effect of high electric fields, called poling, on polyvi- 

nylidene fluoride (PVDF) films causes residual polarization. 

On subjecting the films to changes of stress and temperature 

the polarization varies, thus indicating piezoelectricity or 

pyroelectricity, respectively. Therefore, PVDP films can ob- 

viously be applied in many fields including microphones, ear- 

phones, hydrophones, heat sensors and keyboards. Many of these 

feasibilities are on the verge of commercial exploitation. 

Commercial PVDF films contain the a- as well as the 8- modifi- 

cation within the crystalline regions. In the a-phase the 

backbone has T-G-T-~conformation and within the unit cell 

the CP 2 dipole moments of adjacent chains cancel each other. 

Therefore, thea-modification is considered to be non-polar 

and does not contribute to piezoelectricity and pyroelectri- 

city. The highest values of polarization in PVDF are reached 

by the B-modification in which the macromolecules are arran- 
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ged in planar zig-zag conformation (trans conformation). Thus, 

the a-phase of PVDF shows the highest values of piezoelectric 

and pyroelectric coefficients (DAVIES et al. 1978). 

In untreated PVDF samples the polar structural regions have 

uniform alignement in submicroscopic dimensions only. However, 

an appropriate poling treatment allows to align the dipole mo- 

ments of differently oriented structural regions into the pre- 

ferred direction of the external electric field. Further, the 

polarization process will be combined with a field-induced 

conversion of the nonpolar a-modification into the polar ~- 

modification if the poling conditions are appropriately estab- 

lished (FUKADA and FURUKAWA, 1981). Particulary, the effects 

of high temperature and high field strength on the fleld-indu- 

ced conformational changes and the orientation of CF 2 dipols 

as indicated by IR spectroscopic measurements were the objects 

of our investigations. As observed by ENNS and SIMHA (1977) a 

premelting transition occurs in PVDF within 60 to 100 ~ which 

was assigned to the mobility of polymer chains around the 

c-axis. This should result in a more efficient polarization 

process by poling beyond this temperature range. 

POLING EXPERIMENTS 

The investigations were carried out with commercial PVDF 

films (Kureha Co., Japan). The thickness of the biaxially 

stretched films was 12/um. Prior to poling experiments the 

films were coated on both sides with copper layers, which were 

removed after poling in order to allow structural investiga- 

tions to be carried out with unmetallized samples. In the pol- 

ing experiments extremely high field strengthsEp were applied 

(up to 400 MV/m) at poling temperatures Tp far above 100 ~ 

for the first time. The poling voltage was switched off as 

soon as the sample was cooled down to less than 50 ~ The 

poling period reached 10 s at a maximum. 

INFRARED MEASUREMENTS 

The spectra were recorded at room temperature with the IR 

spectrophotometer IR-12 (Beckman). In the initial PVDP sample 

films the molecules were highly oriented with the chain axis 
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preferably parallel (T-G-T-~ fraction) and perpendicular 

(trans fraction) to the machine direction of the film (DANZ, 

1982). Therefore the IR investigations were carried out by po- 

larized light. The film was arranged thus, that its machine 

direction was the same as that of the slit cf the spectrome- 

ter. In the IR-spectrum of PVDF the conformations of the 

chains are represented by corresponding conformaticnal bands. 

The relationships to the crystalline a- and 6-modifications 

are based on the T-G-T-G and the trans conformations. Further, 

the conformational changes in the amorphous regions are also 

reflected by the IR spectra. 

Based on the assignements of the bands by KOBAYASHI et al. 

(1975) the conformational state of PVDF can be determined by 

IR spectroscopic absorbance values of the conformational 

bands. Thus, the trans fraction of the initial sample films 

was found to be 35 % (DANZ, 1982). 

The field-induced conformatlonal changes were determined 

quantitatively by evaluating the decrease of intensity of the 

band at 616 cm -I (T-G-T-G conformation) in dependence on the 

poling temperature and the field strength. The band at 

616 cm "I is found to be highly u-dichroitic, the o fraction 

being lower than 5 %. Therefore, the absorbance A616(II) (par- 

allel polarized light) proves invariant with respect to the 

rotation of molecular groups around the chain axis, thus al- 

lowing to record the conformational changes only. 

PIELD-INDUCED CONFORMATIONAL CHANGES 

After poling at Tp = 115 ~ (Ep = 400 MV/m) the T-G-T-~ con- 

formaticnal bands disappear completely (e.g. the bands at 535, 

489, 795 and 976 cm -I) or the intensity is strongly reduced 

(e.g. the bands at 616, 766 and I 290 cm'1). Contrarily, the 

intensities of the ~ bands (e.g. at 445 and 473 cm "I) in- 

crease considerably, exept that of the band at 510 cm "I. These 

changes, apart from that of the band at 510 cm -I, suggest ef- 

ficient transformation from the non-polar ~- to the polar 6- 

modification. The temperature dependence of the field-induced 

conformational changes is shovm in Fig. I. The absorbance va- 

lues A~16(11 ) of the poled sample were normalized to that of 
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the untreated. The ratio 

A~I6(II)/A616(II) represents 

the relative decrease of 

the T-G-T-~ fraction. As 

seen in Fig. I the poling 

temperature Tp affects di- 

stinctly the conformational 

changes. Although consid- 

erable changes occur alrea- 

dy at room temperature 

(A~s6(II)/A616(II)_ = 0,6) the 

T-G-T-~ fraction is strong- 

ly reduced only above 

100 ~ Based on the tempe- 

rature dependence of the 

field-induced conformatio- 

hal changes the transition 

temperature Tf is found to be Tf = 75 ~ if the value of the 

highest slope of the curve is considered. This means, the con- 

formational changes at the temperatures taken into considera- 

tion become sufficiently strong only if the polymer chains are 

able to move around the c-axis in the crystalline regions. On 

the other hand, below Tg no conformational changes were ob- 

served. Thus, the temperature-dependence of the conformatio- 

nal changes suggests that these changes proceed predominantly 

in the amorphous regions at room temperature and in the cry- 

stalline regions at the temperatures considered. 

The dependence of the conformational changes on the electric 

field at Tp = 115 ~ is demonstrated in Pig. 2. Below 

1OO MV/m no changes are observed, while a linear increase 

occurs between 100 and 300 MV/m and saturation is reached 

above 300 MV/m. If the conformational fractions in the un- 

treated film are known, the conformational changes can be de- 

termined quantitatively. At room temperature the ~ fraction 

amounts to 60 % (Ep = 350 MV/m) and above 100 ~ the B frac- 

tion reaches 95 %. 
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CHARACTERIZATION OF THE STATE OF POLARIZATION 
Z The component Pr of the residual polarization normal to the 

surface of the film is expressed by 

PrZ = Po <cos ,&>  ( 1 )  

where 

Po " Total polarization 

6 - Angle between an individual CF 2 dipole and the di- 

rection of the poling field, averaged over the time 

<cos 8> - Average over the dipoles in the volume 

Preferred orien- 

tation of the CP 2 

dipoles in the di- 

rection of the 

electric field, 

i.e. normal to 

the plane of the 

film, by the pol- 

ing process causes 

Z values propor- 
Pr 
tional to <cosS>. 

The state of po- 

larization was in- 

vestigated by 

means of the 

API~(,) 
A 61611) 

1,o, 

o,8, 

o,6 

0,4. 

o2 

o----._._,~ o.. ~ Poling Temperature 

= - ~ ~ , o , , , , , .  ~ 

16o zbo ~o 4bo Mwm 
Poling Field Ep 

Decrease of the T-G-T-G confor- 
ma~zon in dependence on the poling field 
Ep 

orientation bands at 510 and 445 cm "S. These bands are assig- 

ned to CF 2 bending and CF 2 rocking modes respectively. The 

directions of these transition moments are normal to each 

other, and also normal to the chain axis, if the molecules 

of PVDF are highly oriented. The direction of the transition 

moment of the CF 2 bending vibration is equal to that of the 

dipole moment of the corresponding CF 2 group, while the tran- 

sition moment of the CF 2 rocking mode is arranged normal to 

the dipole moment. For the absorbances A510 and A445 follow 

(DECI-ZA.W~, 1 9 7 2 )  
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and 

A510 a<sin 26> (2) 

A445 a <cos 28> (3) 

As the orientation of the CF 2 dipoles in the direction of the 

external electric field increases A~I O~ decreases and Aa4 R. ~ in- 

creases. Contrarily, a desorientation of CF 2 dipoles will be 

reflected by decreasing A445 and increasing A510. The absor- 

bance of the trans conformational band at 510 cm "I remains 

unchanged by the poling treatment (Tp = 115 ~ Ep = 

400 MV/m). By this band no conformational changes are reveal- 

ed because a certain amount of CF 2 groups corresponding to 

the transformed T-G-T-~ fraction is directed normal to the 

surface of the film and thus does not contribute to the ab- 

sorbance A510~ On the other hand, this allows to suggest re- 

sidual polarization the value of which will be as high as the 

transformed a fraction. 

Based on the polarization of a PVDF single crystal 

(Pr = 22xi0"2 C/m2) (BROADHURST and DAVIS, 1980) and suppos- 

ing efficient conformational changes, the average residual 
Z polarization Pr is found to be about 11xi0 -2 C/m 2, thus 

reaching a value surmounting the usual average polarization 

values. 

THERMALLY STIMULATED DECREASE OF POLARIZATION 

The thermally stimulated desorientationmof CF 2 dipoles will 

be reflected by decreasing absorbance A~45 or increasing 
m 

A~I 0 after annealing the poled sample at the temperature T. 

The desorientation of dipoles results in turning the transi- 

tion moment of CF 2 rocking mode out of the plane of the film, 

while the transition moment of CF 2 bending mode will be 
Z arranged in direction of the plane. The change of Pr by ther- 

mal treatment was investigated by storing the poled sample 

(Ep = 400 MV/m, Tp = 115 ~ for I h at the required tempe- 

rature T and then recording the bands at 445 and 510 cm -I at 

room temperature. Fig. 3 demonstrates the normalized absor- 
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Temperature - dependence of the 
ized absorptions of the bands at 

445 and 510 cm -I of^poled (E~ = 
400 MV/m, T~ = 130 ~C) and s~bsequently 
stored samples as measured at room tem- 
perature 

bance values 

(AT(, )/A(II )) in de- 

pendence on the stor- 

ing temperature T. 

Small decrease of 

A~45(II)/A445(l) 
starts above 60 ~ 

simultaneously with 

an increase of 

A~10(ll)/A510(ll)- 
These effects grow 

stronger at 75 ~ 

Above 110 ~ the 

desorientation of 

the C~ 2 groups is 

observed to slow 

down as expressed 

by the lower in- 
T 

of A510(II)/A510(II) and the lower decrease of A~45(II)/ crease 

The strong increase of A~10(II)/A510(II)_ above 150 ~ A445(II ). 
cannot be assigned only to stronger dipole orientation be- 

cause a small increase of the thickness of the sample by 

annealing within this range of temperature, which would re- 

sult in an increase of the apparent absorbance, cannot be 

excluded. Similar results were obtained with the absorbances 

A~IO(~)/A510(1) and A~45(1)/A445(1). The dependence of these 

absorbances on the storing temperature T proved the thermal- 

ly stimulated decrease of polarization in PVDF to proceed 

gradually and to be not characterized by a defined Curie 

point. 

In the range of temperature around 80 ~ the decrease of po- 

larization is accelerated and proceeds gradually above 110 ~ 

up to the melting point. The gradual decrease of polarization 

within a wide temperature range suggests a distribution of 

crystallite size on the state of polarization. 
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