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Annealing effect on the ferroelectric phase transition behavior and domain
structure of vinylidene fluoride (VDF)—trifluoroethylene copolymers: a
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Abstract

The structure and ferroelectric phase transition behavior were investigated for heat-treated samples of vinylidene fluoride—trifluoroethy-
lene (VDF-TrFE) copolymers with 73 and 65% VDF molar contents. The temperature of the transition from the ferroelectric to the
paraelectric phases increased when the samples were annealed in the temperature region of the above phase transition. The domain siz
evaluated from the integrated width of the X-ray reflections, also increased drastically at these annealing temperatures. As the annealing
temperature increased above the transition point, the resulting sample showed a reduction of the transition temperature. In this case, the
domain size decreased slightly and the trans sequential length in the crystalline domain decreased, corresponding to structural disorder due tc
the invasion of gauche bonds into the trans zigzag chains. In the case of the 65% VDF sample, annealing in the phase transition temperature
region resulted in a tilting phenomenon of chains in the crystalline region, but this phenomenon was not detected for the 73% VDF sample.
© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction transition of the VDF-TrFE copolymers has been studied
by X-ray diffraction and infrared and Raman spectroscopic
1.1. Characteristic features of phase transitions methods [7-15]. As shown in Fig. 1(a) and 1(b), two types

of ferroelectric phases, the low-temperature (LT) and the

Vinylidene fluoride—trifluoroethylene (VDF-TrFE) cooled (CL) phases, exist depending on the VDF content
copolymers have attracted much interest since their uniqueof the copolymers as well as on the sample preparation
ferroelectric phase transition was discovered for the first conditions. The LT phase consists of a parallel arrangement
time in the synthetic polymers [1-6]. This ferroelectric of CF, dipoles of the planar-zigzag all-trans chains as is
phase transition is unique in that the chain conformation likely in the case of PVDF form I, while in the CL phase
changes drastically between the trans and the gauchethe long trans segments are connected along the chain axis
forms at the so-called Curie transition temperatufg) ( by irregular trans—gauche linkages to form a kind of super-
[7—14]. This conformational change is accompanied by a structure. The CL phase is transformed to the LT phase by
rotational motion of the chains around the chain axes, result-the application of a tensile force along the chain axis or an
ing in the disappearance of the dipole moment of the crystal electric field along the polar axis. Abovk, these phases
aboveT,. Such a large conformational change is character- transform into the high-temperature (HT) phase, with
istic of polymers in which the monomer units or the polar contracted chains consisting of a statistical array of TT,
CH,CF, dipoles are connected strongly through covalent TG, and TG rotational isomers. Through trans—gauche
bonding, and is quite different from the structural change conformational exchange, the molecular chains rotate
observed at the ferroelectric phase transition of low-mole- violently in the paraelectric HT phase [16—22], resulting
cular-weight compounds in which small ionic groups rotate in the non-polar unit cell structure of hexagonal packing
or translate slightly. (Fig. 1(c)).

The structural change occurring at the ferroelectric phase Ohigashi and co-workers [23] and Tashiro et al. [24]

proposed the concept of domain structure in the crystallites
* Corresponding author. of the copolymers on the basis of experimental data relating
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Ferroelectric Phase Paraelectric Phase structure and its growth during the phase transition [24].
The crystallite of the LT phase is assumed to have a multi-
domain structure where domains of size approximately
100 Ain the lateral direction, as evaluated from the X-ray
reflection width, congregate with their dipoles oriented in
different directions to form a large crystallite, as illustrated
in Fig. 2. As the temperature increases and approaches the
T., the HT phase begins to appear randomly in some of the
domains, and the domain size of the HT phase reflects
directly that of the LT phase, giving a reflection width
close to that of the LT phase. As the temperature increases
further, the number of domains in the HT phase increases
and these domains are fused together into a large single
domain because a large-amplitude rotation of the chains
Low-Temperature High-Temperature makes each domain non-polar and so the boundary between
Phase(LT) Cooled Phase(CL) Phase(HT) the domains becomes unambiguous, these domains fusing
into one large domain. The large size of the domain thus-

Fig. 1. Crystal structures of (a) the low-temperature phase, (b) the cooled created is reflected in the sharpness of the X-ray reflection.
phase and (c) the high-temperature phase of VDF-TrFE copolymer [4].
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to the temperature dependence of the X-ray diffraction 1.2. Factors affecting the transition behavior
pattern. As the temperature increases and the LT phase
changes into the HT phase, the X-ray profile changes mark- The above-mentioned transition behavior is affected by
edly: the reflection of the LT phase is, in general, broad and many factors. For example, the transition behavior changes
the reflection of the HT phase generated at the early stage ofdepending upon the VDF content of the copolymers [4,10-
transition is also relatively broad and rather close to that of 13]. For copolymers with a VDF content higher than
the LT phase. The reflection width of the HT phase becomes 70 mol%, the transition occurs almost reversibly and
markedly sharper as the transition proceeds further at higherdiscontinuously in a thermodynamically first-order fashion
temperature, while the half-width of the reflection of the LT between the regular LT phase and the HT phase. For
phase remains broad and almost constant during the transisamples with VDF 70-60%, the crystalline phase, obtained
tion. These observations suggest the existence of domainby heat treatment above tAg, is a mixture of the LT and
CL phases at room temperature, and apparently complicated
transitions are observed, as will be clarified in a later
section. For copolymers with a VDF content of 0—50%, a
transition occurs apparently continuously over a wide
LT phase temperature range between the CL phase and the HT
phase. Heat treatment also markedly affectsThas well
as the melting point (m.p.) [4,23-27]. For example, Stack
and Ting measured DSC thermograms of a series of VDF
Te early stage 70% samples which were prepared by isothermal crystal-
of transition . lization at various temperatures, and showed that Tthe

T changed systematically depending on the crystallization

j/\t/\ temperature [25]. Kim et al. observed multiple peaks in
the DSC thermograms of variously treated samples which
were assigned to transitions of the different types of crystal-
line phases on the basis of infrared spectroscopic data [26].
Ohigashi and co-workers annealed and/or poled VDF 75%
copolymer samples at various temperatures, finding the
—> maximal point at a particular annealing temperature [23].
In a previous paper [24], we measured the DSC thermo-
grams of a series of VDF 73% samples which were prepared
by annealing melt-quenched samples at various tempera-
high-temp phase Ztheta tures, and showed that tfie and m.p. changed systemati-

Fig. 2. lllustration of the growth of the domain size during the phase cally depending On the annealing temperature.. We
transition from the LT to HT phases, and the corresponding change in €valuated the domain size of these samples by using an
the X-ray reflection profiles predicted for each structure [24]. X-ray diffraction technique and interpreted the complicated

domains X-ray pattern

crystallite

HT phase
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Oriented,Unannealed The DSC measurements were performed at a heating rate
Tero of 2°C min~! by using a Seiko DSC120 controlled by a
VDF73% SSC5200H disk station. The X-ray diffraction pattern was
W’ measured by using a Rigaku RAD-ROC diffractometer
with  graphite-monochromatized Cu oK radiation
Texo (A = 1.5418A). The diffraction profiles of théak0 and 00
M fr;;)/ reflections of the uniaxially oriented samples were
Tog measured in the reflection and transmission modes, respec-

tively. The X-ray coherent size of the domdy in the
direction normal to thékl plane was evaluated on the basis
of Scherrer’s equation

K-A
D= —— 1
= 5 cos0 D
2°C/min heating where B is the diffraction angleK is a constant of value

40 60 80 100 120 140 160 180
Temperature/°C

1.05, andp is the integrated width corrected for the slit
function by using the aluminum reflection as a standard.

— 2 2
Fig. 3. DSC thermograms measured for uniaxially oriented VDF 73% and B= obs — Bai 2

65% samples. . . . .
whereBpsis the observed width of a reflection afig is the

thermal behavior of the VDF 73% sample systematically width (_)f t_he aluminum reflection. X-ray fiber diagram_s of
[24]. Fhe u.nlaX|aIIy oriented samplgs were meas_ur.ed by using an
imaging plate system emploing MocKradiation atA =
0.71073A (DIP1000 and DIP220, MAC Science Co.,
Ltd., Japan). The integrated widths of the reflections were
evaluated from the X-ray fiber diagram measured by using

The transition behavior of VDF-TrFE copolymers is also
affected sensitively by the VDF content and by the condition
of the starting crystalline phase, the CL phase or the LT
phase. For example, the VDF 65% copolymer consists of

a mixture of the LT and CL phases at room temperature after S_IPZZIO v¥||th a cyhr;dncr?l camera(.jThe e(?uatorlal and men-d
heat treatment above the transition point. Because of the20na! reflections for the oriented samples were measure

contribution of the CL phase, the transition behavior of by setting their fiber axes parallel and vertical, respectively,

the VDF 65% sample is appreciably different from that of to the axis of the cylindrical camera. -
the VDF 73% sample, which contains almost purely the LT Ra_lman spectra of the_annealed samples were difficult to
phase, although the CL phase is also present in a reIativerObtam because of the_dlsturk_Jance_by too strong a fluores-
small amount. In order to clarify the relationship between cence when a conv_ent|ona_1l _dlsper5|on—type Raman spectro-
the transition behavior and the crystalline state in more met.er was ubsed W'thFa v.|3|ble Iasefr as th)le source of the
detail, it may be useful to compare the annealing effect on exutaﬂor;l 'te}]am. omljgelr trags orm- ama]tn jptect[)a
the thermal behavior and the crystalline morphology among me_tasure f\lNIf a ne_gi_r- thﬁse(;_ﬁ_ eaI;n V_\Il_ire F(')I'ulg 0 be
copolymer samples of different VDF contents. In this paper, quite usetul for avoiding this dificutty. 1he F{-raman
we will anneal VDF 73 and 65% samples at various SPec”a were measured at room temperat_ure bY using a
temperatures and investigate the thermal behavior and struc—F"%’Rad FT?—GOA/ 893 dFT\;i?;n:an systfrri E’)‘gT an incident
tures by using DSC, X-ray diffraction and Raman spectro- ight source from an Nd— aser at= 1. pm.
scopy, and clarify the difference in the characteristic
features of the behavior between these two samples base® Results and discussion
on the domain concept.

3.1. DSC thermograms

2. Experimental Fig. 3 shows DSC thermograms measured during the
heating processes for the as-drawn and unannealed VDF
The VDF-TrFE copolymers used here are samples with 73 and 65% copolymer samples. These curves mainly
VDF contents of 73 and 65 mol%. Uniaxially oriented show four peaks: a small endothermic peak, a larger
samples were prepared by stretching cast films to aroundendothermic peakT), an exothermic peakT{,), and an
five times the original length at room temperature. These endothermic melting peak (m.p.). For the VDF 73% copo-
samples were placed in an oil bath at a predeterminedlymer samples, th&, is higher and the m.p. is lower than
temperature T,) for 2 h with their ends free from strain, those of the VDF 65% samples. These as-drawn samples
and then quenched rapidly in an ice—water bath in order were annealed at various temperatures and the DSC thermo-
to avoid an additional annealing effect during slow cooling. grams were then measured starting from room temperature.
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Fig. 4. DSC thermograms measured for uniaxially oriented VDF (a) 73%
and (b) 65% samples prepared at various annealing temperatyres (
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endothermic peaks gradually shifted toward the higher
temperature side and converged into a single peak. When
the samples were annealed above Thef the unannealed
sample (around 12@), a small endothermic peak began to
be detected as a shoulder of the main peak at the lower
temperature side, as indicated by an arrow in Fig. 4(a).
When the samples were annealed in the m.p. region
(approximately 14%C), this shoulder disappeared.

Similar thermal behavior can be also seen in the case of
VDF 65% samples as shown in Fig. 4(b). The shoulder
detected for the VDF 73% samples annealed at high
temperature abov@? was observed more clearly to be
one sharp peak (indicated by an arrow in Fig. 4(b)) with
an appreciably large shift of the peak position for the
VDF 65% samples annealed at 108-%35These two
peaks were found to correspond to the two different phase
transitions CL-to-HT and LT-to-HT [4,12,13] by measur-
ing the temperature dependence of the X-ray diffraction,
detailed results of which will be reported elsewhere. The
shoulder observed for the VDF 73% sample may also corre-
spond to the CL-to-HT phase transition, although it is not as
clear as in the VDF 65% case because of the lower content
of the CL phase in the VDF 73% sample.

The temperatures of the DSC peaks obtained from Fig.

Fig. 4(a) shows DSC thermograms in the phase transition4(a) and 4(b) are plotted as a function of the annealing

region measured for the oriented VDF 73% copolymer
samples annealed at various temperatufgs As already

reported [24], samples annealed at relatively low tempera-

tures (50—10%C) exhibited two endothermic peaks and one

temperature in Fig. 5 (a) and 5(b), respectively, for the
VDF 73% and 65% samples. The thermal behavior of
these samples may be classified into types A, B and C,
which correspond, respectively, to the three parts of the

exothermic peak in the transition temperature range. As theDSC thermograms measured for the as-drawn and unan-

annealing temperature was increased to 105212these

nealed samples (upper curves in Fig. 5). The region A is

@ VDF73%-TrFE(Oriented) (b) VDF65%-TrFE(Oriented)
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Fig. 5. Plots of the melting and transition points against the annealing temperature measured for the oriented VDF (a) 73% and (b) 65% samples. The DS(
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curves shown in the upper parts of these figures are those of the unannealed sample for reference purposes.
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VDF73%-TrFE

Fig. 6. Annealing temperature dependence of the X-ray fiber pattern of the uniaxially oriented VDF 73% copolymer samples measured at room.temperature

below the endothermic peak (arouri@), the region B precise judging from the DSC curves. In region A, as the
covers the exothermic peak (aroumg), and the region  annealing temperature increases, the several endothermic
C is between theT,, and the m.p. (or the temperature peaks observed in Fig. 4 shift to the higher temperature
range of the HT phase). In a previous paper [24] the regionsside, and change into a single peak in region B. For the
were roughly divided into two, but the present classification samples annealed in regions A and B, the melting point
into the three regions is considered more reasonable andm.p.) remains almost constant. When the sample is
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VDF73%-TrFE(Oriented) VDF73%-TrFE(Oriented)

350
Cu-ke 200 i A B C

N
(&)
o

[¢]
x
(o]
200,110 !
=
z °
3
3 125°C 150F 2
E
50

g %

S 1S R

o o o
Domain Size/A

40 60 80 100 120 140
Annealing Temperature/ °C

\ . , \ . Fig. 8. Annealing effect on the domain size of the crystallite along the chain
17 18 19 20 21 22 23 axis and in the lateral directions measured for the uniaxially oriented VDF
73% copolymer samples. The DSC curve for the unannealed sample is also
shown for reference purposes.

002
o x4 sharper, although the degree of chain orientation becomes
lower when the sample is annealed at a high temperature,
Ta such as 13LC. In the previous paper [24] we proposed
128°C experimentally the existence of domain structure in crystal-
£ . line lamellae of VDF-TrFE copolymers. We evaluated
£ 125¢ guantitatively the sizes of the crystallite domain in the

7 are reproduced X-ray profiles of the equatorial (200,110)
and meridional (001) and (002) reflections, where the
. . . ' . . X . profiles were obtained by integration of the reflections in
Fig. 6 along the azimuthal direction. The meridional reflec-
2theta /° tion 001 becomes sharper as the annealing temperature
Fig. 7. X-ray diffraction profiles of the (200,110) and (00I) reflections increases, whereas t_he _equatonal reflection does not ch_ange
measured at room temperature for the VDF 73% copolymer samples &S Much. The domain sizes were evaluated on the basis of
annealed at various temperatures. The incident X-ray beam is theaCu K Scherrer's Eq. (1). Fig. 8 shows the dependence of the
line (A = 1.5418A). domain sizes thus estimated on the annealing temperature.
The domain sizes in both directions begin to increase when
annealed in region C, a shoulder (for VDF 73%) or a sharp the samples are annealed in temperature region A ( around
endothermic peak (for VDF 65%), indicated by arrows in 90 to 115C). In region B (around 115 to 126), the sizes
Fig. 4, shift toward the lower temperature side. At the same increase more rapidly: the increase rate along the chain axis

120°C lateral direction as well as along the chain direction by
110°C measuring the half-width of the X-ray reflections. In Fig.
Aﬁ Jm\\v

time, the m.p. shifts to a higher position. is much higher than in the lateral direction. When the
sample is annealed in region C (around 125 to°C}0the
3.2. Annea“ng effect on the domain size domain sizes decrease Only rather Sllghtly

The behavior of the domain size shown in Fig. 8 corre-
The annealing treatment induces changes in the crystallitesponds well to the change in the transition temperature and
size and inner structure of the crystal lattice. In order to melting point seen in Fig. 5(a). In regions A and B, the
investigate the crystalline state at room temperature for domain size increases, and as a resultThehifts toward
the samples annealed at various temperatures, X-ray fiberthe higher temperature side, while in region C the domain

patterns were measured. size decreases and the DSC peak, indicated by an arrow in
Fig. 4, shifts toward the lower temperature side. The origin
3.2.1. VDF 73% copolymer of this correlation will be discussed later.

Fig. 6 shows the annealing temperature dependence of the
X-ray fiber pattern measured for the uniaxially oriented 3.2.2. VDF 65% copolymer
VDF 73% samples using an imaging plate system. As the In the case of the VDF 65% copolymer, as shown in Fig.
annealing temperature increases, the reflections become, the X-ray diagram obtained for samples annealed above

Fig. 9. Annealing temperature dependence of the X-ray fiber pattern of the uniaxially oriented VDF 65% copolymer samples measured at room.temperature
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T, (in regions B and C) shows a so-called tilting phenom- for the VDF 73% sample. As already pointed out in Fig. 9, a
enon of the crystallites: the reflection positions of the equa- tilting phenomenon of the crystallites is observed in this
torial and layer lines shift up or down from the original annealing region for the VDF 65% samples containing
horizontal lines (see the 11€iber diagram, for example). both LT and CL phases. The domain size evaluated for
This phenomenon was not detected for the VDF 73% the samples in region B may only be apparent. The small
samples. This tilting phenomenon is observed when the domain size in this region may be related to the existence of
contribution of the CL phase becomes non-negligible. In the CL phase. Because of the disordered structural feature of
the case of VDF 65% samples, the X-ray patterns are nothe CL phase, the X-ray reflections are broad on the whole.
longer those of the pure LT phase, but are those of mixturesTherefore, in order to estimate the domain size exactly, we
of the LT and CL phases [4,12,13]. have to separate the reflection width into two components:

Fig. 10 shows the X-ray reflection profile in the equatorial one originating from the finite domain size and the other
and meridional directions measured for VDF 65% samples from the structure disorder. Since the profiles are quite
annealed at various temperatures, where the X-ray patternccomplicated, it is very difficult to carry out this process at
were measured by using an MoaKline as the incident  the present stage. Anyway, the origin of the characteristic
X-ray beam. Fig. 11 shows the domain size estimated from behavior of the VDF 65% sample, which is different from
the half-width of the profiles shown in Fig. 10. The increas- that of the VDF 73% sample, is considered to be related to
ing domain size tendency is similar to that for the VDF 73% the generation of the CL phase from the LT phase, as
sample, shown in Fig. 8. In region B, however, the rate of already reported in previous papers [4,12,13].
increase of the domain size is not as drastic as that observed

3.3. FT-Raman spectral measurement

VDF65%-TrFE(Oriented)

200 In this way, a close correlation between thgand the
110 domain size was found by combining DSC and X-ray
diffraction data. In order to investigate the annealing effect
on the conformation of the molecular chains in the crystal-
line domains during heat treatment, the FT-Raman spectra
were measured for the various samples used in the X-ray
Z 130°C diffraction measurements. Fig. 12(a) and 12(b) show the FT-
|5 . Raman spectra obtained in the frequency region 750-—
= 120 1500 cm ! measured at room temperature for the annealed
100°C VDF 73% and 65% samples, respectively. The Raman
bands of the VDF copolymers can be assigned to the vibra-
80°C tional modes of various types of chain conformations [4].
For example, the Raman band at 1289 ¢rworresponds to
. : . 20°C the C—F stretching mode of the VDF trans sequence longer
6 7 8 9 10 11 than TTTT, the band at 842 crhto the VDF trans sequence
VDF65%-TrFE(Oriented) longer than TTT, and the 811 crhband to the gauche form
Mo-Ka 201 Ta and the amorphous phase. In order to estimate the integrated
M intensities of these key bands, overlapped bands were sepa-
VDF65%-TrFE(Oriented)
128°C 350 A B C
> 113°C I ‘ l : F
£ 2
5 100°C| o% 2507 A
£ 17} ) $
M g ) g
§ 150t g
60°C [m]
20°C|
50 - . . O —
0 20 40 60 80 100 120 140 160

16 17 18 19 20
2theta/’ Annealing Temperature/°C

N
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1

Fig. 10. X-ray diffraction profiles of the (200,110) and (001) reflections Fig. 11. Annealing effect on the domain size of the crystallite along the
measured at room temperature for the VDF 65% copolymer samples chain axis and in the lateral directions measured for the uniaxially oriented
annealed at various temperatures. The incident X-ray beam is thedMo K VDF 65% copolymer samples. The DSC curve for the unannealed sample is
line (A = 0.71073A). also shown for reference purposes.
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Fig. 12. Raman spectra measured at room temperature for the uniaxially oriented VDF (a) 73% and (b) 65% copolymer samples annealed at various
temperatures.

rated into their components by a curve fitting technique. In cally. This characteristic behavior could be observed almost
Fig. 13, Raman band intensities are plotted against thecommonly for both the VDF 73% and the VDF 65%
annealing temperature. When the sample is annealed insamples, although the tendency is more marked for the
region A, the bands of the long trans sequences atVDF 73% samples.

1289 cm* (TTTT, solid circle) and 842cmt (TTT,

empty circle) increase in intensity, and the gauche and 3 4 siryctural changes of domains

amorphous bands at 811 chmcorrespondingly decrease.

In region B, the band of the TTT sequence still increases Fig. 14 illustrates schematically the structural change in
in intensity, but the band of the longer trans sequence the domains, which could be deduced from all the experi-
(TTTT) reduces the increasing rate of the intensity. In mental data presented above. The crystalline lamellae of the
region C, the TTT band keeps the intensity almost constantas-drawn unannealed sample are considered to consist of
but the TTTT band decreases the intensity gradually. When small domains, represented by cylinders, where the arrows
the annealing is carried out in the melting temperature show the Ck dipole moments of the planar zigzag chains
region, the 1289 cmt band decreases in intensity drasti- which orient randomly among the domains (see Fig. 2).
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(a) VDF73%-TrFE(Oriented) (b) VDF65%-TrFE(Oriented)
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Fig. 13. Annealing effect on the integrated intensities of the Raman bands characteristic of the various conformations evaluated for thenierae WD F
(a) 73% and (b) 65% copolymer samples. The DSC curves for the unannealed samples are shown for reference purposes.

These domains are assumed to give rise to X-ray scatteringregion may be trapped in the molecular chains even after the
incoherently from one another. In other words, the half- sample is quenched to room temperature. This irregular
width of the X-ray reflection is related to the size of an gauche contamination may cause the shift to lower tempera-
individual domain. ture of the DSC peak observed in region C.

3.4.1. VDF 73% copolymer 3.4.2. VDF 65% copolymer
In the case of the VDF 73% samples, when annealed in  In this case, the domain size grows in region A similarly
regions A and B, the crystallite length along theaxis to the case of VDF 73%. However, as the sample is annealed
increases drastically, having originated from the large in the B and C regions, the pure LT phase transforms to a
growth of the trans zigzag chain segments. In region C, asmixture of the CL and LT phases and the growth of the
deduced from a decrease in the Raman band intensity of thedomain is apparently halted. At the same time, a tilting
TTTT segment, the long trans sequence is cut short by anphenomenon occurs due to an invasion of gauche defects
invasion of gauche conformational defects. This is reason-into the trans segments, as shown in Fig. 14. When the
able because region C corresponds to the temperature regiogample is heated, the LT and CL phases transform to the
of the HT phase and some gauche bonds generated in thiHT phase in a different manner, giving two different DSC
curves as already indicated in Fig. 4(b). As will be reported
vorest SRS é@cﬁg elsewhere, the endothermic peak at the lower temperature
LK » auche H H H H H
Wg tys“ VF{ side in Fig. 4(b) (indicated by an arrow) corresponds to the
\

(53; u B \ transition from the CL to the HT phase. This transition peak
J[im A\ \‘\E \ \ \,) shifts to the lower temperature side as the annealing
oo %’f/ (%/ﬁ temperature is increased. The gauche bonds included in
asgb 5 o o ci/b the CL phase may play a role as nucleation agent for a
A sl B Sk c conformational transition from the trans to the gauche

VDF73%

form; in other words, transformation from the CL to the
HT phases is considered to occur easily. Annealing at higher
temperature induces an increment in the gauche content,
resulting in a lower shift of thd,, as seen in Fig. 4(b).

gauche

- 4. Conclusions
Annealing Temperature

Fig. 14. Anillustration of the change in the domain structure caused by heat I this paper, we investigated the effect of annealing on
treatment of the VDF 73% and 65% copolymers. the structures and transition temperatures of the VDF 73%
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and 65% samples. For both samples, the transition tempera- [2] Fukada E. Phase Transitions 1989;18:135.

ture increased when the samples were annealed in the ferro- [3] Furukawa T. Phase Transitions 1989;18:143.
electric—paraelectric phase transition region. The domain ! Lﬁ:gf&;ﬂ;?‘f;vg"fﬁae?:?; Ferroelectric polymers. New York:
size, evaluated from the integrated width of the X-ray reflec- (5] vamada T, Ueda T, kitay{fma T.J Appl Phys 1981:52:948.

tions, increased drastically at these annealing temperatures. [6] Higashibata Y, Sako J, Yagi T. Ferroelectrics 1981;32:85.

As the annealing temperature was increased further (region [7] TashiroK, Takano K, Kobayashi M, Chatani Y, Tadokoro H. Polymer
C for the VDF 73% sample and region B for the VDF 65% Commun 1981;22:1312.

sample), the transition temperature decreased markedly. At ! tﬁ;gzggsfigggs GT, Furukawa T, Broadhurst MG. Macromole-
this time, the domain size decreased slightly and the trans [9] Davis GT, ;:urukawa T, Lovinger AJ, Broadhurst MG. Macromole-
sequential length of the molecular chains decreased due to  cules 1982;15:329.

an invasion of gauche bond defects. A characteristic of the [10] Lovinger AJ, Furukawa T, Davis GT, Broadhurst MG. Polymer
VDF 65% sample was that the annealing in temperature _ 1983:24:1225.

region B induced a tilting phenomenon of trans zigzag Y 'ig‘éggir_lgé Furukawa T, Davis GT, Broadhurst MG. Polymer

chains in the crystalline region. The phenomenon was not [12] Tashiro K, Takano K, Kobayashi M, Chatani Y, Tadokoro H. Polymer

actually detected for the VDF 73% sample. This difference 1984;25:195.
may arise from the difference in the sequential lengths of [13] Tashiro K, Takano K, Kobayashi M, Chatani Y, Tadokoro H. Ferro-
regular VDF monomeric units of these two samples [13]. electrics 1984,57:297.

. . . [14] Tashiro K, Kobayashi M. Polymer 1988;29:4429.
In order to ascertain the origins of these annealing effects |15 5 cen 35’ Rabe JP, Rabolt JF. Macromolecules 1986:19:1725.

more _cIearIy, we have to clarify the S.trUCtural changes [1¢] ishii F, Odajima A, Ohigashi H. Polym J 1983;15:875.
occurring ‘during’ heat treatment at high temperatures. [17] McBrierty VJ, Douglass DC, Furukawa T. Macromolecules

The experimental data collected for this purpose will be 1982;15:1063.
reported in the near future. [18] McBrierty VJ, Douglass DC, Furukawa T. Macromolecules
1984;17:1136.
[19] Ishii F, Odajima A. Polym J 1986;18:539.
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