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puzzles remain, for example, the reduction of dielectric 
cons t an t  at room temperature by ion removal at 140  “C. 
The availability of pure a-phase samples and the good 
separation between a-phase effects at  lower temperature 
and y-phase  effects at higher temperature allow one to 
distinguish the y-phase properties even when the sample 
contains both phases. 

The y-phase films show the very high values of dielectric 
constant and loss previously reported;23 single-crystal mats 
show higher values at lower temperatures even when the 
apparent y-phase content is small and most crystals have 
melted. These samples have high ionic contents, so ac ionic 
effects might be suspected, even at 10 kHz. However, even 
higher values were found in material crystallized from the 
melt in an applied electric field, showing that ions are not 
required for E’ and E” > 100 at 10 kHz. A cooperative 
relaxation of the dipoles in the polar y-phase  is required 
for such a strong relaxation, and it is tempting to describe 
the high values as the dielectric anomaly of a ferroelec- 
tric-to-paraelectric transition. However, the crystals are 
irreversibly melting at the temperature of the relaxation, 
and this makes such a description somewhat misleading, 
even if correct, since the transition from order to disorder 
is always smeared out in polymer crystals. 
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ABSTRACT: The complex dielectric constant has been measured for homopolymers and copolymers of 
vinylidene fluoride (VDF) and trifluoroethylene (TrFE) over the frequency range of 1 Hz to 100 MHz at  
temperatures between -100 and +140 “C. The copolymers show dielectric relaxations associated with a 
ferroelectric-to-paraelectric phase transition in the crystalline regions. The transition point T,  upon cooling 
is located near 70 “C. The VDF-rich copolymers show thermal hysteresis in that T,  upon heating is much 
higher than that upon cooling. Near T,, the relaxation strength Ae becomes a maximum and the relaxation 
time T shows a shoulder. These anomalies and hysteresis are removed by taking the ratio of 7 to Ae (the kinetic 
coefficient) following an Arrhenius-type temperature dependence throughout the transition region. The transition 
causes changes in the equilibrium permittivity but does not affect the kinetic coefficient. The Arrhenius form 
of the kinetic coefficient extends well below room temperature, where the noncrystalline relaxation is dominant. 
This relaxation is analogous to the local relaxation in the TrFE homopolymer but contrasts with the primary 
relaxation in the VDF homopolymer in the context that the former is of an Arrhenius type while the latter 
is of a WLF type. I t  is concluded that the noncrystalline and the ferroelectric relaxations of the copolymers 
arise from the same type of molecular motions, which basically consist of cooperative trans-gauche trans- 
formations. 

Introduction 
The copolymer of vinylidene fluoride (VDF) wi th  tri- 

fluoroethylene (TrFE) has attracted much interest recently 
because i t  undergoes a ferroelectric-to-paraelectric phase 
transi t ion.  The t rans i t ion  has been repor ted  to be ac- 
companied by  an abrupt increase in crystal lattice spacing, 
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a large increase in dielectric constant, loss of r emanen t  
polarization, and an endothermic  DSC Recent  
investigationsb8 have shown that the transition is primarily 
accomplished by intramolecular conformational changes. 

Dielectric relaxations have previously been investigated 
in  the 55/45 and 65/35 copolymersgJ0 revealing the kinetic 
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character. Related motions have been shown to be coop- 
erative because of anomalous temperature dependence of 
the relaxation strength and the relaxation time near the 
transition point. In this paper, we extend the previous 
work to the entire range of copolymers, including VDF and 
TrFE homopolymers, and investigate molecular motions 
associated with both crystalline and noncrystalline regions. 

Experimental Section 
The samples of poly(trifluoroethy1ene) (PTrFE) and the 

VDF/TrFE copolymers were supplied by Daikin Kogyo Co., Ltd., 
Japan and those of poly(viny1idene fluoride) (PVDF) by Kureha 
Chemicals Co., Ltd., Japan. The molar fractions of VDF/TrFE 
copolymers were 13/87,37/63,52/48,65/35,73/27, and 82/18. 
PTrFE and copolymers were cast from methyl ethyl ketone or 
acetone to obtain 50-100-pm-thick films. Films of PVDF were 
obtained by crystallization from the melt. Circular gold electrodes 
2 cm in diameter were vacuum deposited onto both surfaces of 
samples. 

The complex dielectric constant t = e’ - it” was measured over 
the frequency range of 1 Hz to 100 MHz at temperatures between 
-100 and +140 “C. An automatically balancing bridge developed 
by the authors” was used for the measurement at low frequencies 
between 1 and 100 Hz, an impedance analyzer (Type 4192A, 
Yokogawa-Hewlett-Packard) at medium frequencies between 100 
Hz and 10 MHz, and a vector voltmeter (Type 8405A, Hewlett- 
Packard) at high frequencies between 10 and 100 MHz. The 
results above 1 MHz were corrected by taking into consideration 
the effect of conductance and inductance of the sample cell and 
leads. Before the measurement, the samples were annealed at 
140 “C for 1 h in a sample cell filled with dry nitrogen gas. 
Measurements were also done in the nitrogen environment. 

Results 
A. Temperature Dispersion. Parts a and b of Figure 

1 show plots of t’ and e’’ a t  1 kHz as a function of tem- 
perature for all samples investigated. Two prominent 
relaxations are observed near -20 and +70 “C. The low- 
temperature process in PVDF has been ascribed to the 
micro-Brownian motions of molecular segments in the 
noncrystalline regions.12J3 The incorporation of TrFE 
results in a lower and broader f’’ peak. The low-temper- 
ature processes in the copolymers and PTrFE may also be 
ascribed to the noncrystalline regions, although their 
characteristics are quite different from those in PVDF as 
will be shown later. 

The high-temperature processes characteristic of the E’ 
peak in the copolymers are related to the ferroelectric 
transition. The 65/35 and 73/27 copolymers reveal 
thermal hysteresis in that the transition temperature upon 
heating (dashed line) is much higher than that upon 
cooling (solid line). When the VDF content exceeds 80%, 
the transition is obscurred by melting. In the similar 
temperature range, PVDF exhibits a crystalline relaxa- 
tion12-14 , in the CY phase. 

B. Frequency Dispersion. A more thorough analysis 
of the relaxation process is obtained by measuring the 
frequency dependence of t‘ and e”. We first show in Fig- 
ures 2 and 3 results on PVDF and PTrFE, respectively, 
which are consistent with earlier publications.l2-lB In 
PVDF, we can observe two separate relaxations at high and 
low frequencies corresponding respectively to the low- and 
high-temperature processes indicated in Figure lb. On the 
other hand, PTrFE exhibits only a single e’’ peak whose 
height rapidly increases with increasing temperature. 

The copolymers exhibit a single e’’ peak analogous to 
PTrFE. Figure 4 shows results on the 37/63 copolymer. 
The low and broad peak of E’’ a t  -20 “C becomes higher 
and sharper with increasing temperature. The value of t’ 

at low frequencies thereby increases rapidly until 80 “C 
is reached and then decreases. The sharp changes of e’ and 
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Figure 1. (a) Temperature dependence of 6’ and E” at 1 kHz for 
PTrFE and the 13187,37163, and 52/48 copolymers. (b) Tem- 
perature dependence oft’ and e’‘ at 1 kHz for the 65135,73127, 
and 82/18 copolymers and PVDF. 

e’‘ near 80 “C indicate the occurrence of a ferroelectric 
phase transition in the crystalline regions. It is noted that 
the high- and low-temperature processes observed in 
Figure 1 are not separable in the frequency domain. 

As the VDF content exceeds 50%, the ferroelectric re- 
laxation reveals itself more dramatically. Figure 5 shows 
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Figure 3. Frequency dependence of t' and 6'' for PTrFE. 

results on the 65/35 copolymer obtained during heating. 
Changes in the t" peak height and the tr low-frequency 
value with temperature are extremely remarkable near 100 
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Figure 4. Frequency dependence of t' and 6'' for the 37/63 
copolymer. 

"C. Because of thermal hysteresis, such changes occw near 
70 "C during cooling. 

C. Relaxation Time. The relaxation time 7 is deter- 
mined from the t" peak frequency f,,, by the equation 

7 = 1/27rfm (1) 

Parts a and b of Figure 6 show plots of the logarithm of 
7 against the reciprocal of absolute temperature 1/ T. We 
find that all samples except PVDF give single continuous 
curves which show a deflection near -20 "C and a shoulder 
at 70-120 "C. In the 65/35 and 73/27 copolymers, r takes 
different values during heating and cooling. PVDF gives 
two separate curves. The low-temperature process asso- 
ciated with the segmental motions in the noncrystalline 
regions exhibits a WLF-type temperature dependence of 
7. The high-temperature process associated with crys- 
talline motions in the a phase is of an Arrhenius type with 
an activation energy of 20 kcal/mol. PTrFE gives a single 
straight line. This process has been ascribed1jJ6 to local 
motions of noncrystalline molecules rather than to large- 
scale segmental motions. 

D. Relaxation Strength. The conventional ColeCole 
plot of tr  and t" on the complex plane allows the evaluation 
of the equilibrium dielectric constant t(0) and the in- 
stantaneous dielectric constant e (  ..). Results show that 
t(0) depends strongly upon temperature while t ( m )  is 3-4, 
being independent of temperature. Figure 7 shows the 
temperature dependence of the relaxation strength defined 
by 

A€ = € ( O )  - €(a) ( 2 )  

The copolymers and PTrFE show a rapid increase in At  
with increasing temperature near -30 "C, corresponding 
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Figure 5. Frequency dependence of t' and t" for the 65/35 
copolymer during heating. 

to the deflection of the log T vs. 1/T curve in Figure 6. 
Near 70 "C, A6 becomes a maximum, corresponding to the 
shoulder in the log 7 vs. 1/T curve. The A€ maximum 
temperature defines the ferroelectric transition point T,. 
The 65/35 and 73/27 copolymers have different T, values 
during heating and cooling. In Figure 7, we have tenta- 
tively drawn near 0 "C dashed lines separating high- and 
low-temperature processes. With respect to PVDF, open 
circles indicate Ac of the primary relaxation and filled 
circles indicate additional contribution from the crystalline 
relaxation. 

Ferroelectric Relaxation 
PVDF" is known to crystallize from the melt into the 

nonpolar a phase, adopting a TGTG conformation. The 
polar all-trans p phase, which is responsible for its fer- 
roelectricity, is usually obtained by uniaxial drawing of the 
a-phase sample. Incorporation of a small amount of TrFE 
has been shownls to favor direct crystallization into the 
p phase. On the other hand, PTrFE is believed to crys- 
tallize into the nonpolar phase consisting of 3/ 1-helical 
molecules and their hexagonal packing.19 Therefore in- 
creasing TrFE content must induce either continuous or 
discontinuous changes in crystalline structures from an 
all-trans phase to a 3/1-helical phase. Actually the 52/48 
copolymer is shown to exist in a mixture of all-trans and 
disordered helical phases a t  room t e m p e r a t ~ r e . ~ , ~  

Dielectric investigations presented here have shown that 
all copolymers containing 13-73 mol % VDF undergo a 
ferroelectric-to-paraelectric transition by revealing a 
maximum of Ac. Figure 8 shows plots of the transition 
point T, and the Ac- value as a function of VDF content. 
The melting point T, taken from Yagi's paper4 is also 
plotted in the figure. It is seen that T, upon cooling is 
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Figure 6. (a) Plots of log vs. 1 /T  for PTrFE and the 13/87, 
37/63, and 52/48 copolymers. (b) Plots of log T vs. 1/T for the 
65/35 and 73/27 'copolymers and PVDF. 

located near 70 O C  for all copolymers investigated. When 
the VDF content exceeds 65 mol %, T, upon heating 
rapidly shifts to higher temperature and finally coalesces 
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Figure 7. (a) Plots of At vs. l / T  for PTrFE and the 13187,37163, 
and 52/48 copolymers. (b) Plots of Ac vs. 1/T for the 65/35 and 
73/27 copolymers and PVDF. 
with T,. It has been shown7 that the 18/22  copolymer, 
which entirely consists of an all-trans phase, starts melting 
before the completion of the transition. The existence of 
a small amount of gauche segments seems to be necessary 
to trigger the transition. 

Extrapolation to 100% VDF in Figure 8 predicts T ,  
upon heating to be ca. 200 0C,7 which is above the melting 
point 190 "C of pressure-crystallized P-PVDF.20 Actually, 
we have observed no ferroelectric transition in our melt- 
crystallized a-PVDF. The nonpolar a phase is more stable 
than the @ phase at  an atmospheric pressure for the co- 
polymer with the VDF content larger than 90%. We have 
observed only the crystalline relaxation at  40-100 "C which 
is characteristic of a-PVDF and quite different from the 
ferroelectric relaxation in terms of the relaxation time and 
strength. Miyamoto et al.14 have proposed a model for this 
relaxation in that changes in the dipole moment of TGTG 

d 
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/II H E A T I N G  

3 

Figure 8. Plots of the melting temperature T,, the transition 
temperature T,, and the maximum relaxation strength Acmm 
against the VDF content. 

molecules occur along the chain direction as a result of 
conformational changes. 

As shown in the previous paper,1° the ferroelectric re- 
laxation can be discussed on the basis of phenomenological 
theory, which starts with the dielectric equation of state 
a t  its equilibrium 

(3) 
where E is the electric field and P is the polarization. The 
coefficients p and { are positive and C; can be positive or 
negative, depending upon the order of the transition. To 
is the temperature where the linear coefficient changes its 
sign. This equation gives the spontaneous polarization P, 
in the ferroelectric phase by solving for P a t  E = 0. The 
zero-field reciprocal permittivity x is derived by differen- 
tiating E with respect to P 

(4) 
At the ferroelectric transition point, x undergoes either 
a discontinuous or a continuous change, depending upon 
the order of the transition due to loss or creation of P,. 

The nonequilibrium and relaxational dielectric equation 
turns out to be 

( 5 )  
where y is the kinetic coefficient expressing the resistance 
against a change in 6P with time. This equation is solved 
to obtain 

(6) 6P = ___ 6E x + iwy 

where w is the angular frequency. Comparison with an 
expression for the relative dielectric constant 

E = /3(T - T0)P + C;P + {P 

x = P(T - TO) + 3C;PS2 + 5{P: 

y6P + x6P = 6E 
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Figure 9. Plots of the kinetic coefficients against 1/T for hom- 
opolymers and copolymers of VDF and TrFE. 

gives relations between experimental quantities (At and 
7) and the phenomenological coefficients (y and x) as 
follows: 

toAt = 1/x (8) 

7 = Y / X  (9) 

Here to is the dielectric constant of free space. 
By eq 8, At is simply related to the reciprocal of x. Thus 

the observed peak of AE is ascribed to the minimum of x 
a t  T,. On the other hand, T reflects the temperature de- 
pendence of both y and x. We then calculated y by the 
equation 

y = ~ / t o A t  (10) 
and the result is shown in Figure 9. It is seen that y of 
all copolymers lies on a single straight line given by an 
Arrhenius form 

Y = yo exp(AU/Rn (11) 

with an activation energy A U  of 16 kcalfmol. This means 
that the potential barrier for related molecular motions 
does not change its height as a result of the phase tran- 
sition. The shoulder and hysteresis in r are completely 
removed in y. 

Figure 10 schematically represents the temperature 
dependence of experimental and phenomenological coef- 
ficients. Here we have assumed that the transition is of 
a first order. Thus x undergoes a jump at T, while log y 
is linearly proportional to 1/T. From eq 8 and 9, At and 
log 7 are expected to show jumps at T,. Actually, A6 have 
exhibited a peak and log r a shoulder as shown by dashed 
lines in Figure 10 due probably to a distribution in T, 
inherent to the polycrystalline structure of the polymeric 
substances. 

The ferroelectric phase basically consists of all-trans 
molecules and the paraelectric phase consists of random 
TT, TG, and TG sequences, which are simply called dis- 
ordered he lice^.^,^ The most important finding in our 
results is that the height of the potential barrier is in- 
variant below and above T,. Figure l l a  shows a schematic 

1 I T  

Figure 10. Temperature dependence of experimental coefficients 
(Ae and T) and phenomenological coefficients (x and y) near T,. 

drawing of proposed crystalline structures of the VDF- 
TrFE copolymer. We assume that the ferroelectric phase 
more or less contains disordered helical segments and the 
paraelectric phase short all-trans segments. In these 
structures, we can expect such thermal fluctuations that 
a certain number of trans segments cooperatively trans- 
form into disordered helical conformations and vice versa 
a t  the boundary of all-trans and disordered helical seg- 
ments. Since such motions basically occur intramolecu- 
larly, we may obtain an Arrhenius type of y with an in- 
variant potential barrier below and above T,, As shown 
in Figure l l b ,  the electric field may induce growth or 
diminution of all-trans segments, depending upon whether 
the field is parallel or antiparallel to the direction of dipoles 
in all-trans segments. 

The relaxation strength may be proportional to the 
number of boundary regions. As shown in Figure 8, the 
65/35 copolymer has the largest At,, value. The de- 
creasing VDF content above 65 mol % favors disordered 
helical conformations while the increasing VDF content 
favors an all-trans conformation. The 65/35 copolymer 
seems to contain an optimum fraction of all-trans and 
disordered helical segments, resulting in the largest number 
of boundary regions. 

Noncrystalline Relaxations 
In Figure 9, we see that the linear relationship between 

log y and 1/T extends well below room temperature, where 
crystalline motions are almost frozen-in and noncrystalline 
motions are dominant. Dashed lines in Figure 9 indicate 
the kinetic coefficients of PVDF and PTrFE associated 
with primary and local relaxations in the noncrystalline 
regions. Since At of PVDF shows only a weak temperature 
dependence, the WLF form of r is preserved in y. I t  is 
interesting to note that the WLF-type temperature de- 
pendence of r in PVDF near the glass transition point 
arises from an increase in the resistance or the viscosity 
(kinetic term) whereas an anomaly in r near the ferroe- 
lectric transition point of the VDF-TrFE copolymers or- 
iginates from the equilibrium permittivity (static term). 
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Figure 11. Schematic drawing of crystalline structures of the 
VDF-TrFE copolymers below and above T, (a) and possible 
conformational changes induced by the electric field (b). 

The noncrystalline relaxation in the VDF-TrFE co- 
polymers is analogous to that in PTrFE. The dielectric 
relaxation in PTrFE has been ascribed to some local 
motions because of strong temperature dependence of At 
and the Arrhenius-type temperature dependence of T .  The 
glass transition of PTrFE has been considered to exist near 
50 "C, where a strong mechanical relaxation is ~bserved . '~ ,~~ 

That the noncrystalline and ferroelectric relaxations of 
the copolymers show the same temperature dependence 
of y leads us to conclude that both processes arise from 
the same type of molecular motions. We consider that 
there exist short all-trans segments even in the noncrys- 
talline regions. Since molecular motions as shown in 
Figure 11 are basically local, such motions can also take 
place in the noncrystalline regions. 

A t  the moment, there remains a question about the 
location of the glass transition point Tg of the copolymers. 
One of the possibilities is that the noncrystalline relaxation 
observed is associated with Tg but for some reason we have 
obtained T of an Arrhenius type rather than of a WLF 
type. The other is that there exists Tg at higher temper- 
ature. But since the noncrystalline relaxation has already 
resulted in fairly large A€, the onset of segmental motions 
has not resulted in additional A€.  
Conclusions 

The VDF-TrFE copolymers exhibit two dielectric re- 
laxations associated the noncrystalline and the crystalline 

regions. These relaxations are inseparable in a frequency 
domain because the relaxation times for respective pro- 
cesses are identical or very close. The noncrystalline re- 
laxation becomes active near -30 "C and results in Ac of 
ca. 5. The crystalline relaxation is related with the fer- 
roelectric phase transition occurring above 70 "C and re- 
sults in much larger & up to 85. Near T,, Ac becomes a 
maximum and T shows a shoulder. The ratio T / Q J ~  cor- 
responding to the kinetic coefficient follows an Arrheni- 
us-type temperature dependence from -30 to +120 "C, 
indicating that the potential barrier for crystalline and 
noncrystalline motions is identical and is not affected by 
structural changes. Possible molecular motions responsible 
for these relaxations are ascribed to cooperative trans- 
gauche transformations at  the boundary between all-trans 
and disordered helical segments. 
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