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Thick (800 um) polyvinylidene fluoride/trifluoroethylenéP(VDF-TrFE)) copolymer films for
transducer applications are poled under applied voltage at elevated temperatures. By using different
heat treatments, poling temperatures, and poling time, we are able to prepare a uniformly poled film
with a single resonance peak at 1.3 MHz, or a nonuniformly poled film with two resonéng8esnd

2.6 MHz), or a film with bimorph structure with a single resonance at 2.6 MHz. The nonuniform
polarization which arises from charge injection from the cathode is checked by the pressure wave
propagation method. The polarization mechanisms in these thick films are expected to be similar to
those previously reported for thin films. The results obtained in this work may lead to practical
applications because they suggest a means for controlling transducer frequency by polit@06 ©
American Institute of Physic§S0021-8976)04818-9

I. INTRODUCTION sure the polarization distribution within a polymer film. The

- : . . most widely used thermal methods include the thermal pulse
Polyvinylidene fluoriddPVDF) and its copolymers with method®4 the laser intensity modulation method

trifluoroethyleng TrFE) are important piezoelectric materials (LIMM ),1518 and the thermal step methdBThe acoustic
for transducer applications. Compared to piezoelectric Cer'nethod,s include the pressure wave prépagat(E'NVP)
ramics, PVDF and its copolymers have acoustic impedanceg .y, 4819 [also known as the laser induced pressure pulse

?[IPP) method®], the piezoelectrically generated pressure
step methotf and the pulsed electroacoustic metiod.

It has been shown previously that non-uniform poling of
thin RVDF-TrFE) film can occur, with the polarization start-
Er'r?g at the anode, and the mechanism has been discussed in
detail®1911:23-25n this paper we study the poling of thick
copolymer films at elevated temperature. The resonance fre-

uencies of these films have been measured. Similar to the
havior of thin films, the observed effects can also be at-
tributed to nonuniform poling. This was checked by measur-

voltage constants. The advantage of usi(gd-TrFE) co-
polymer is that, for TrFE content above 20%, it crystallizes
from the melt or from solution in a polar phagbe 8 phaseg;
hence it is possible to fabricate transducers of various shap
(e.g., thick slabs or cylindersand pole the copolymer with-
out prior stretchingd.

1-3 and 0-3 composites of \MDF-TrFE) copolymers
and piezoelectric ceramics have also attracted consideral
interest® In a piezoelectric ceramic/piezoelectric copolymer
1._3 composite propct some of us are C“”e”“Y working on’ing the polarization distribution in the poled films using the
fired PZT rods are inserted into a prepoled thick coponmerPWP method.
matrix to form a 1-3 composite and the ceramic rods are
then poled at a much lower electric field. Hence it is impor-
tant to develop a method to pole thick copolymer films prop-
erly. Thermal poling at temperatures above 100 °C has beelh POLING OF THICK COPOLYMER FILMS
chosen since some of us, also working on a 0-3 PZT/
copolymer composite project, have found that 0—3 compos
ites can only be poled at high temperatuté@onsequently,
information on the high temperature poling characteristics o
the copolymer obtained in the present study will help us to,
optimize the 0—3 composite poling conditions.

In the literature, there are a large number of poling stud
ies on thin(less than 30«m) PVDF or PVDF-TrFE copoly-
mer films®~12 Although studies on the poling of thick co-
polymer films are rare, the principles governing theA. Effect of heat treatment on unpoled samples
polarization mechanisms in thin and thick films are expected Samples are either annealed at 120 °€%ch and then

to be similar. Various methods have been developed t0 Mégqygled to room temperature in the oven after the oven was

switched off, or melted and hot pressed at 180 °C for 5 min
3Elecronic mail: polyu@hkpucc.polyu.edu.hk and then cooled to room temperature in the press after it was

The starting materials are 0.8 mm thick extruded un-
poled vinylidene fluoride-trifluoroethylené80/20 copoly-
gwer sheets supplied by Atochem North America Inc. The
alue of the thickness electromechanical coupling faktis

sed as a figure of merit to indicate whether the copolymer is
adequately poled. A copolymer having this VDF content,
when poled, was reported to have the highkstvalue
amongst copolymers of different compositith.
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hot-pressed sample at 120 °C for anothé does not change

b C . .
o 025 @ © © its diffractogram.
A
é 075 12440C 12195C B. Therm_al _poling procedures and_ resonance
5 ke 85°C characteristics of sample after poling
T 149°C ' 148.5°C ing ; i
A5l ; . . . . ' : ' Thermal poling is carried out in a temperature controlled
100 150 100 150 100 150

oil bath. A two-side metalizedwith silver pain} sample is
Temperature (°C) exposed to a high poling field at an elevated temperature for
6. 1. DSC heat o . WBETIED) (8012 | a period of 1-4 h. The sample is then cooled down to room
(a) As—.receivede(g”;?\r?:allztj Z;TEOO%?SSZE(KD) meltredE)a(nd ho?[??erzge?jsat temperature with the field appl{ed to stabilize the dlp.0|e
180 °C for 5 min. alignment. Several types of film samples are studied.
Samples are first annealed at 120 °C #h and then(i)

poled at 105 °C for 2 h(ii) poled at 105 °C for 4 hfiii)

. ... ... poled using a two-step poling method in which the sample is
switched off. The endotherms for unpoled samples with dif- o
. . o poled at 105 °C for 2 h, and then cooled down to room
fuesriigt geghggﬁirg%%tg ?hb;?rlr?;da?:aallyr;?e?t;% r;t\?e?]f i%]OFi(; /th mperature with the electric field kept on; then the sample is
The Curie transition temperature for the first healifig,) of r?]%o'ﬁgt_ztrelsofe dcarolrs?)n?éhgr% hrﬁi?wag:wlﬂif(;)repzlzg r;telted
the as-received sample is 124.4 °C, which is close to bu o o . ) .
lower than the reportedT, value for this compositioA’ 15 °C for 1 h,(v) poled at 115 °C using the two-step poling

indicating that the TrFE content may be slightly higher thanmethOd’ wib 1 h poling time for each poling step.

- The electric field applied to each sample is about 30
0 e@
20 /0.' Because of_thermal hyster _$pe Curie tem.peratgre MV/m. This is very close to its breakdown electric field and
obtained for cooling | T.) of the original sample is 73 °C.

A i . ice t . f the t i kis higher than the reported high-temperature coercive field
nneaiing gives Tise 1o a narrowing ot the ransition peake, .. copolymer? The annealed and the as-received film

and a shift to hlghe_r temperature. The crystalline .meltmgcannot withstand such a high electric field when heated up to
temperatureT,,, remains almost unchanged upon different

higher than 105 °C, while the melted and hot-pressed film
heat treatment®’ The melted and hot-pressed sample has %an be heated to higher temperature and can withstand a

lower T, compared to the as-received sample. This may b%igher poling field without breakdown. This shows that the

due to the fact that the as-received extruded sheets have. .~ "4 hot-pressed process can improve the dielectric

some chain orientation and melting has wiped out the O”enétrength of the copolymer films, as reported previo@ly.

tation history of the sample. Lo : 2
; . . . . The poling field is 26 MV/m for the annealed film at 105 °C
X-ray diffraction (XRD) studies using a Philips x-ray (fmd 20 Mg\]//m for the hot-pressed film at 115 °C.

diffractometer show that the XRD peaks of the anneale After poling, the DSC thermograms of samplésto (v)

sample are essentially identical to those of the original . e
: . : ) show the following characteristics: for the annealed samples,
sample, but there is a slight increa@bout 0.5 degin the 9 P

diffraction angle of the major peaiat 26=20 deg, which is poling shifted]T, to higher temperature, indicating the for-

X mation of a more ordered phase. The effect of poling is more
the (2008+(1108 peak.?® The as-received copolymer . ) i
(with 80% VDP has a diffractograniFig. 2a)] similar to pronounced in the hot-pressed samples. The transition peak

. " . . not only shifted to higher temperature but also became
that reported for this compositidi.After hot-pressindFig. - . '
2(b)], the intensity of the(2008+(1103 peak decreases sharper. The densities of the samples are listed in Table I.

; . o - Both types of heat treatments caused an increase in density,
\(/\ggllt)a [;h((;n;;iitiez;é tir;s;)r%gf e(.a}:i‘?t_hi?gg::giigd;??he indicating an increase in the amount and quality of the polar

B-phase crystallites. During poling, the samples tended to
swell and this accounted for the decrease in density. Among
the five poled samples, samgl® has the highest density.
_ . o , Typical impedance vs frequency plots for sampligego
Intensity (arbitrary unit) Intensity (arbitrary unit) (v) are shown in Fig. @) to 3(e), and the values ok, and
7 d;; are given in Table I. The values & were evaluated
using the method of Shernit al ! which takes into account
the high loss in the copolymer. Thi; values were mea-
sured using a Pennebaker model 8000 pigzotester from
American Piezo-Ceramics, Inc., Samplgs (ii), and (iv)
have two resonance peaks, a major peak at about 1.3 MHz
and a secondary peak at 2.6 MHz. Judging from the frequen-
20 30 40 20 30 40 cies, the secondary peak is the second harmonic of the first
28(deg) 26(deg) one. However, for thickness mode resonance, the boundary
condition excludes the presence of even number harmonics
FIG. 2. X-ray diffractograms of the unpoled copolymer samples.As- and the second harmonic should not appear. Poling the

received (b) melted and hot pressedj) (2008+(1108, (ii)(00D3, sample for longer time increases the height of the first peak
(iii )20 B. and decrease the secondary peak. Two step poling com-
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TABLE I. Properties of copolymer samples.

Sound

ds3 Density Thickness velocity

Sample Ky (PCN™) (kgm™) TT(°C) Tm(°C) (mm) (ms™)
As-received 1864 124.4 149.0 0.81 2246
Annealed 1872 127.6 148.5 0.83 2258
Hot pressed 1884 121.9 148.5 0.69 2304
0] 0.20 30.5 1846 132.9 150.3 0.79 2285
(ii) 0.25 321 1865 130.8 149.6 0.79 2302
(iii) 0.27 36.2 1861 132 148.9 0.79 2289
(iv) 0.21 28.5 1854 127.2 149.6 0.67 2268
(v) 0.29 35.3 1878 128 149.6 0.67 2308
Bimorph 0.25 115 1850 1255 148.9 0.78 2248

pletely eliminates the secondary pepdee Figs. &) and Ill. THE PRESSURE WAVE PROPAGATION (PWP)

3(e)]. The appearance of the second harmonic may be addETHOD

c_ribed to the nonuniform_poling of t_he thick copolymer Experiments

films. In order to check this hypothesis, a measurement of

the polarization distribution of the poled films was made  The experimental setup for the PWP method is shown in

using the PWP method described in the next section. Fig. 4. The results presented in this section were obtained
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FIG. 3. Impedance and phase vs frequency gitSample(i), annealed and poled at 105 °C for 2(h) Sample(ii), annealed and poled at 105 °C for 4 h.
(c) Sample(iii), annealed and poled using a two-step poling mett@)dSample(iv), hot pressed and poled at 115 °C for 1(é). Sample(v), hot pressed and
poled using a two-step poling method.
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gation method. 100 B
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€
2
with a Nd-YAG laser from Spectral Physics, emitting 54 mJ § *° —r, . £
in 30 ns. at 1.06um wavelength, with a beam diameter of 8 & -
mm. The laser beam impinges on the surface of a copolymer 6 ) . ‘ ’ ‘
sample enclosed in an electrically shielded sample holder, 02 04 06 08
and the laser energy is absorbed by a sprayed-on black paint Z(mm)

on the sample surface. Due to ablation and localized heating,
a pressure pulse is generated which propagates along theriG. 5. Short circuit current during the propagation of a pressure pulse in
axis (sample thickness directipnvith the velocity of sound sample(i). The pressure pulse enters the sample=a, and leaves the
v. The additional polarizatiod P(Z) arises from two effects: sample att=T as marked by the arroWT =thickness/velocity, D and E

to . ) . . T Eﬁrrespond to the locations where sharp changes in polarization were ob-
the increase in Conc_entr_atlon of the dipoles 5_‘5300|ated W|t_ rved,(a) with the pressure pulse entering the sample from the afside
the permanent polarization, and the generation of new diA), (b) with the pressure pulse entering the sample from the cattside
poles due to intrinsic piezoelectric effect. The polarizationB), and(c) schematide,] distribution within the copolymer filnti) from

changed P(2) is related to the component of the straig, ~ S9¢ A 0 side B.
by

dP(2)=e:42)s;, @ conditions for a pressure pulse propagating from side A to
where e,, is the piezoelectric stress coefficient. Conse-side B, where side A of the copolymer sample is the one
quently, charges are induced in the compressed region, preennected to positive poling voltagthe anodgand side B
ducing an image charg&Q(z) on the electrodes. In short- is connected to groundhe cathodg Figures %b), 6(b), 7(b),
circuit conditions, the variation of the image charge results irg(b), and 9b) show the corresponding signal for the reverse
a current (t) where the time is related to the position of the direction of propagatiortfrom side B to side A It is noted
wave front byt=2z/v. that the bipolar signal generated here results from the rela-
For short pressure pulses, the current measured duringyvely thick spray-on black target. If a thin black tardetg.,
the penetration of the pulse into the sample or its exit isa thin layer painted using a black marker pés used, a
directly proportional to the piezoelectric coefficient(z) at  single positive or negative peak will result. The bipolar sig-
the interfacé® nal observed at the first electrode polymer interface is prob-
__ ably due to an overshoot in the generation of the pressure
H(t)=—axAp(v/doe,{2), @ wave resulting from the impact of the laser pulse on the
wherea is the laser beam area on the targets the com-  target. This effect depends on the nature and on the thickness
pressibility of the materiald, is the sample thickness, and of the target. The presence of a constraining medium on the
Ap is the amplitude of the pressure wave. During its propatarget surface reduces this overshoot. For thick targets it de-
gation in the sampld,(t) is proportional tode,(2)/dz'®"*®  pends also on the acoustic mismatch between the target and
e, (2) the sample. The effects of using different targets on the
3 , 3 shape of the PWP wave form have been discussed
z elsewheré?=34 The velocity of soundv in the copolymer
where 7 is the pressure pulse duration. Figures)56(a), samples, measured using the immersion mefAahd the
7(a), 8(a), and 9a), show the signals obtained in short-circuit sample thicknessl, are tabulated in Table I. Sampléis)

I(t)=—ayxAp(v2r/dg)
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FIG. 6. Short circuit current during the propagation of a pressure pulse iff1G. 7. Short circuit current during the propagation of a pressure pulse in
sample(ii). The pressure pulse enters the samplé=a0, and leaves the sample(iii). The pressure pulse enters the samplé=al, and leaves the
sample at=T as marked by the arroT =thickness/velocity D and E ~ Sample at=T as marked by the arro@ =thickness/velocity, (a) with the
correspond to the locations where sharp changes in polarization were offféssure pulse entering the sample from the ar(sitte A, (b) with the
served (@) with the pressure pulse entering the sample from the afside ~ Pressure pulse entering the sample from the catitside B, and(c) sche-

A). (b) with the pressure pulse entering the sample from the cattside matic |e,, distribution within the copolymer filmsiii) from side A to side

B), and(c) schematide,, distribution within the copolymer film§i) from B.

side A to side B.

_ Hence Eqgs(2) and(4), can be used to describe the situation
and(v) are thinner because of the melt and hot-pressed heat the entrance interfacés=0). The amplitude of the en-
treatment. Figs. @), 6(c), 7(c), 8(c), and 9c) show the sche-  trance current peakk |, can be calculated using
matic variation of|e,,| inside the copolymer samples. The

o4 o 0 Alinpu=[aAp/(podo)1A€,0). ®)

values of|e,,] are estimated using the first positive or nega-
tive peak of the PWP signal. The fact tHat, is constant By integrating this expression over the time of penetration of
near the anode can be deduced from Fifp) $also from the pressure wave in the piezoelectric material, we obtain,
Figs. Gb) to 9(b)] as the PWP signal is flat before the €Kit
Locations D and E are where sharp changes in polarizations j I(t)dt =7Aljppu=[aAp7/(pvdy)]Ae,40). (6)
are detected as marked in Figgasand 8b), 6(a) and &b) input

In the case where the sample is an x-cut quartz with

etc. A method for estimatinge,, is described in the next

section’ Ae,(0)=e,;; the mechanical momenturM can be ex-
pressed as
B. Estimation of e,,
M=Apra=| [ I(t)dt dol/[ e, 7
A 0.8 mm thick x-cut quartz plafé with e;;=0.171 P f ®© Q[vaQ ol/leu] @

Cinf, density pQ=2700 kg/mi and velocity Of. sound where [[1(t)dt]q is the area under the first peak of the PWP
vo=5676 m/s was used to measure the mechanical momen-

response andg, is the thickness of the x-cut quartz. Assume
tum Ap7a generated by the laser beam. If the lateral samplc%hat the laser-pulse amplitude and the beam areae ap-
dimensions do not change during the transit of the compres-

. . L i I f I | lecting th
sion wave, and assuming that the compressibjliyoes not _prommate y cpnstant rom pulse to pulse and neg ectln.g the
impedance mismatch between the target and the material, the
depend on pressure and frequency, one has

piezoelectric constarg,, of the copolymer can be estimated
x=—1U(pv?). as

(4)
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FIG. 8. Short circuit current during the propagation of a pressure pulse irFIG. 9. Short circuit current during the propagation of a pressure pulse in
sample(iv). The pressure pulse enters the samplé=aQ, and leaves the sample(v). The pressure pulse enters the samplé=a@, and leaves the
sample att=T as marked by the arroWT =thickness/velocity D and E ~ sample at=T as marked by the arrol =thickness/velocity, (a) with the
correspond to the locations where sharp changes in polarization were olyressure pulse entering the sample from the ar(sitte A), (b) with the
served,(a) with the pressure pulse entering the sample from the atside pressure pulse entering the sample from the catliside B, and(c) sche-

A), (b) with the pressure pulse entering the sample from the catfside  matic|e,, distribution within the copolymer filnfv) from side A to side B.

B), and(c) schematide,,] distribution within the copolymer filngiv) from

side A to side B.

In the present work, five thick copolymer films were
polarized and the polarization distributions and resonance
e :U I(t)dt freguenpies were ther? mgasured. A correlation between j[he
2z uniformity of the polarization and the resonance characteris-
tics of each sample was made. The polarization distribution

where [1(t)dt]. is the area under the_ first peak of the re- was observed to be inhomogeneous and has a noticeable ef-
sponse as the pressure _pulse is entering the copolymer. Tlf'@ct on the resonance characteristics of the copolymer film
le,) estimated for the five copolymer samples are show

n .- . . . . .
: R which will affect its use in transducer applications.
schematically in Figs. ®), 6(c), 7(c), 8(c). and 9c). In the following we will describe the behavior of the

currents measured by the PWP method and will show how a
. RELATION sETWEEN RESonAcE e o o o
CHARACTERISTICS AND UNIFORMITY OF 9 9 )

POLARIZATION IN THE COPOLYMER ngp!e (i).Figures 5a). and §b) show the currepts for
two directions of propagation of the pressure wave in sample

In a previous stud¥ of the polarization of PBVDF-  (i): (a) with the pressure wave entering the sample from the
TrFE) copolymer films (150 wm thick) at 100 °C, it was anode(side A and (b) with the pressure wave entering the
found that the polarization in this material was very inhomo-sample from the cathodgside B. In both cases timé=0
geneous. The inhomogeneous polarization can be attributadpresents the time of penetration of the wave into the
to the presence of a negative space charge which enhancesmple. In the case of curye) there is an immediate current
the applied field in the region close to the anode and stabiresponse which indicates that the penetrated region exhibits
lizes the oriented dipoles. Such a space charge can originapgezoelectric activity. In the case of cur{le) the penetrated
either from the migration of internal charges due to the ap+egion has no piezoelectricity. There are current responses at
plied field or from the injection of electrons at the cathode,the interface between the poled and unpoled regions and
followed by migration towards the anode. upon exit of the wave. Curvéc) shows the piezoelectric

pvdy/[M] (8)
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. . .. . IG. 11. (8) Short circuit current during the propagation of a pressure pulse
activity as a function of position in the sample as deduceg, the “bimorph” sample with the pressure pulse entering the sample from

from curves(a) and (b). Thus after poling for 2 h, only the side A (the side connected to high voltage in the first poling step and con-
first half of the sample near the anode has been polarizediected to ground during the second poling step) Short circuit current
The fundamenta(1.3 MH2) and the second harmoni@.6 during the propagation of a pressure pulse in the blmorph sample with

. . . . . the pressure pulse entering the sample from sid¢hB side connected to
M'_"Z) frequencies can be excited In this film simultaneouslyground in the first poling and connected to high voltage in the second poling
[Fig. 3@] and the film has a dual thickness mode. The lowerstep. (c) Schematide,/ distribution within the bimorph from side A to side
resonance frequency corresponds to the mechanical resB-

nance over the whole thickness of the sample whereas the

higher frequency corresponds to the resonance mode of onl\y PRODUCTION OF A BIMORPH USING A TWO STEP

the polarized region.
Sample (ii). Figure 6 shows the results obtained for THERMAL POLING METHOD

sample(ii). A similar analysis can be made. After poling for The possibility of producing a bimorph structure for thin
4 h. about 80% of the thickness starting from the anode i$~25 um) piezopolymers using an electron b&dmr a ther-
poled. The second harmonic is barely observ@big. 3(b)]. mal method® has been reported before. A similar bimorph
Sample (iii). The results are shown in Fig. 7. This profile shown schematically in Fig. 10 can be produced in
sample was poled using the two step poling method dethick copolymer films using a two step thermal poling
scribed in Sec. IIB. The sample was uniformly poled method®!! If a sample is polarized using a two-step poling
throughout the whole thickness and the second harmonic igrocess but with the poling field connected in a reversed
again barely observab|éig. 3(c)]. polarity in the second stage, i.e., side A is connected to
Sample (iv).This sample was hot pressed. Figure 8ground and side B is connected to high voltage and poled for
shows that after poling fol h athigher temperature, about an equal amount of tim@bou 1 h for each stepand at the
half of the thickness has been poled and the fundamental aame temperature as in stage 1, a bimorph can be produced.
well as the second harmonic are obser{f€ig. 3(d)]. The dipoles inside the copolymer film are polarized in oppo-
Sample (v)The hot pressed sample was poled using thesite directions in the two halves of the sample and the effec-
two step poling procedure. As seen from Fig. 9, the sampldive thickness of the film is reduced to half. Figure 11 shows
has uniform polarization. The second harmonic is not obthe current in this sample measured by the PWP method. As
served[Fig. 3(e)]. This sample has the highelt,| [see inthe previous paragraph, cur@ and(b) correspond to the
Figs. 5c)—9(c)] and the highesk; (see Table)l case when the pressure wave penetrates the sample on the
The fact that thick copolymer films can be partially po- anode sidéA) and cathode sidéB), respectively.
larized leads to a method for producing bimorphs which is  To interpret these data, let us consider the case where
described in the next section. there are two regions in a samgkeg. 12: suppose region |
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FIG. 13. Schematic drawings showing the current measured for a sample
with two regions of opposite polarization and a region with a low polariza-
FIG. 12. Schematic drawings to explain the current measured for a perfegion in between. The shape of the current oscillation in the middle region
bimorph.(a) Current measured for a sample with polarization in the first half || vary with the amount of polarization in the middle region and also with
of the sample(b) Current measured for a sample with polarization in the the extent of the middle region.
second half of the sample, the polarization has a direction opposite to that in
(@. (c) Current measured for a perfect bimorph.

has a constant polarization whereas region Il has zero polar-
ization. The current arising from the pressure wave is shown 30
schematically in Fig. 1&. We now consider a second i
sample in which region | has no polarization while region | 160
has a polarization in opposite direction to that of the former
one. The current is shown in Fig. 2. The current at the .
interface between the poled and unpoled regions can be pre£ e N W ' )
dicted as there is perfect impedance matching since the ma=

terials in both regions are almost identical. The superposition €0
of the two situations just described leads to the current -

ge (mV)
>7
r
|
|
Current (mA)

shown in Fig. 12c) which corresponds to the case of a per- 0}

fect bimorph. A comparison between the curve in Figs. ; I ! I

11(a), 11(b), and 12c) shows that our “bimorph” sample 0 100 0 300 400
has a third region IIl with a low polarization extending over Time (ns)

a short distance between region | and Il. This explains the

more complicated signals observed in the “bimorph” FIG. 14. Current measurefising a 30 ps laser pulseuring the propaga-
sample[Figs lIa) and 1Ib)] tion of a pressure pulse in a “bimorph” sample with the pressure pulse
. o " ... entering the sample from side A. Improved resolution was obtained com-
To check this interpretation we analyze the case W'trbared to Fig. 1(a) and the oscillation showing that there is a region of low

three regions I, I, and 1l in a sample. This is shown in Fig. polarization in the central region is clearly visible.
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impedance (k) Phase (deg) with the polarg phase. However, hot pressing above melting
temperature results in a significant change in the magnitude
70 of the diffraction peaks. There is little change in the angle of
diffraction (26) of the peaks after either heat treatment.
I/\\ : @ Similar to previous reports on thin films, the polarization
in thick (VDF-TrFE) copolymer films can be very inhomo-
— geneous and this nonuniform polarization affects the reso-
0 nance characteristics of the films. Using a two-step poling
. ' technique but with the poling field reversed in the second
I 2 3 4 step, we can produce a film with a bimorph structure. The
bimorph has a single resonance at 2.6 MHz.

In conclusion, a two-step method was used to pole thick
copolymer films at high temperature. Further investigations
will be necessary to elucidate the mechanisms involved in
the two-step poling process. The poled copolymer films with
Impedance (kQ) Phase (deg) high k; are useful for fabricating 1-3 composites and for
transducer applications. The PWP method is a useful means

18

Frequency (MHz)

# . to map the polarization distribution in a thick copolymer film
\\ /A\ and the resultinge,,| value gives an indication of the degree
18 WARY of polarization of the film.
I~ / ®
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