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Structure and dielectric properties of vinylidene 
fluoride copolymers 

ABSTRACT: Molecular chain structures of vinylidene fluoride 
(VDF)/trifluoroethylene (TrFE) copolymers were investigated by high 
resolution "F NMR. It was found that the arrangement of comonomers in 
the VDF/TrFE copolymer chain is statistically random, and the head-to-tail 
connection of monomer units is predominant. The experimental results on 
DSC, MNR and X-ray diffraction indicated that copolymer chains are in 
isomorphically crystalline state in the whole range of copolymer 
compositions. In particular, 50-80 mol% VDF copolymers shows a 
ferroelectric character associated with a strong remanent polarization at 
room temperature. In addition, these copolymers exhibit a crystal phase 
transition associated with appearance of an anomalous specific heat peak, 
abnormal peak of dielectric constant, and disappearance of remanent 
polarization. These results are consistent with the fact that VDF/TrFE 
copolymers are ferroelectric. The dielectric constant €'of 55 mol% VDF 
copolymer is 18 at 1 KHz and 24°C. The d3l piezoelectric constant of a 
roller-elongated 55 mol% VDF copolymer is 51 pC/N at 1 1  Hz and 24'C. The 
electromechanical coupling factor kt of 75 mol% VDF copolymer in the 
thickness direction is 0.3. The pyroelectric constant of 55 mol% VDF 
copolymer is 50 xIO-~ C/$ K. Accordingly, VDF/TrFE copolymers can have wide 
range applications as transducers. 

INTRODUCTION 

The principal general value of studying fluoropolymers is their great variability in 
properties that can be achieved. The discovery of poly (tetrafluoroethylene) (PTFE), which 
is still the most chemical inert and thermally stable polymer known, led to wide-spread 
research for other fluoropolymers possessing similar outstanding chemical and physical 
properties (ref. 1,2). Since then, many fluoropolymers have been prepared, and many of 
these materials have reseived attention widely in both chemical and physical aspects because 
of their superior o r  unique properties. For example, poly (chlorotrifluoroethylene) 
(PCTFE) , poly (vinylidene fluoride) (PVDF) , tetrafluoroethylene (TFE) / hexafluoropropylene 
copolymer (FEP ) , TFE/ethylene copolymer (ETFE) and TFE/perfluorovinylether copolymer (PFA) 
were commercialized as thermally stable and chemically inert polymers. On the other hand, 
some fluoropolymers have shown special properties as functionalized polymers. In 
particular, PVDF has drawn attention as a new transducer material due to its interesting 
piezoelectric and pyroelectric properties when the polymer film has been drawn and poled 
(ref. 3,4). In 1970's, PVDF was only a potential material to be practically applicable as 
a piezoelectric and pyroelectric polymer (ref. 5). PVDF is characterized by such properties 
as flexibility, toughness, light weight, easy proccessability to large area thin films, and 
low acoustic impedance. Most of these properties, which are typical for polymeric 
materials, sharply contrast with ceramic material properties. 

This paper concerns the molecular structure, electrical properties and applications of 
VDF/trifluoroethylene (TrFE) copolymers. 

EXPERIMENTAL 

Materials 

PVDF, VDF/TrFE copolymers and poly (trifluoroethylene) (PTrFE) were prepared by the free 
radical polymerization at 22°C using 3,5,6-trichloroperfluorohexanoyl peroxide as 
initiator. Polymerization was stopped at low conversion, under 20% so as to estimate the 
polymer composition. The polymer composition was determined by carbon element analysis. 
Three kinds of polymer films were prepared as follow: 
(1 ) Melt-cast film. 
(2) Solvent-cast film. 
(3) Roller-elongated films. First the polymer powder was rolled at 200°C to prepare a 

For electrical properties measurements, aluminum electrodes were obtained on both surfaces 
of the film, by vaporization in vacuum. 

Extruded or  hot-pressed at 250-260°C. 
Cast from methylethylketone (MEK), and N,N,-dimethyformamide (DMA) . 

pre-rolled film. Then, this film was rolled at 120OC. 
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Measurements 

Carbon analysis was undertaken with a Yanako C,H,N-Coder, Type2. Thermal analysis was 
performed with a Perkin-Elmer DSC-2 differential scanning calorimeter at a heating rate of 
10°C/min. Aluminum pans were used as sample containers and each specimen weight was 10 mg. 
High resolution '9F NMR spectra were measured with a Hitachi R-42 Spectrometer at 35°C in 
DMA for PVDF and in acetone for VDF/TrFE copolymers and PTrFE, using a ,  a ,  

, -trifluorotoluene (BTF) as the internal reference. Wideangle X-ray diffraction profiles 
were obtained with a Rigaku-Denki RAD-rA diffractometer. Infrared spectra were measured by 
a Japan-Spectroscopic IR-G Spectrometer. 

Dielectric measurements were performed with a LCR meter (type 4274A, Hewlett Pakard). 
Piezoelectric constant d31 and elastic constant C l l  were measured by a Toyo Baldwin 
Reovibron DDV-LU-EA. Pyroelectric constant was obtained by measuring a change in total 
charges on the electrodes due to an increasing o r  decreasing temperature. Polarization 
switching properties were measued by the Sawyer-Tower method using triangular electric field 
(ref.6). Frequency and electric field strength used were 3-6 mHz and 60-100 MV/m, 
respectively. 

RESULTS AND DISCUSSION 

Molecular chain structure 

The molecular chain structure was studied from the monomer reactivity ratios and high 
resolution F NMR measurements. 

The monomer reactivity ratios for VDF/TrFE copolymerization obtained are rl(VDF)=0.7 and 
r 2 (TrFE)=0.5. If r l  > 1,a growing polymer radical pi prefers to add monomer Mi, whereas 
if ri<l,pl prefers to add monomer M2. The condition r l r 2  =1 is defined as an "ideal 
copolymerization" and gives a random copolymer (ref. 7). The condition r1=r2=0 implies that 
each of the radical pi. and Pp- can react only with the oppsite monomer and leads to an 
alternating copolymer. The case in which rl and r2 are both greater than 1 implies that the 
monomer tends to homopolymerize simultaneously, and leads to a block copolymer. Thus the 
results obtained indicate that the arrangement of comonomers in VDF/TrFE copolymer chain is 
of random structure. 

The 84.5 MHz high resolution "F NMR spectra in -CF2- region are shown in Figure 1. THe main 
resonance peaks in VDF/TrFE copolymer and Fl'rFE are assigned by applying the same method as 
Wilson and Santee used in PVDF "F NMR analysis (ref.8). 

It was found that VDF/TrFE copolymer had a statistically random configuration. The NMR 
results also imply that head-to-tail sequence in the copolymer chain is predominant:i.e., 
90% VDF/VDF dyad, 75% VDF-TrFE of TrFE-VDF dyad and 50% TrFE-TrFE dyad. The percentages of 
head-to-tail and of head-to-head structures are of particular importance in PVDF and 
VDF/TrFE copolymers, because those affect the crystallization and properties of the polymer. 

As VDF/TrFE copolymers were prepared by the radical polymerization method, the tactic defect 
may be unavoidable. However, quantitative analysis of the tactic defect is not available 
from the NMR data. 

PVDF 

VDF52 

A 
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@ 

Figure 1. 84.5 MHz high resolution 
19F NMR spectra of VDF/TrFE copolymers 
in -CF2-region, measured at 35°C in 
N,Ndimethylformamide for PVDF and 
in acetone for VDF/TrFE copolymers and 
PTrFE. Benzotrifluororide is used as 
internal reference. Chemical shift is 
expressed by adding 63.7 ppm to each 
original value. 
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Figure  2 .  X-ray d i f f r a c t i o n  p r o f i l e s  
of VDF/TrFE copolymers. 
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Figure  2 shows t h e  X-ray d i f f r a c t i o n  p r o f i l e s  of VDF/TfFE copolymers. A l l  t h e  samples were 
prepared by t h e  melt  c a s t  method. The d i f f r a c t i o n  peaks a r i s i n g  from t h e  c r y s t a l  phase a r e  
observed c l e a r l y  i n  t h e  whole range of polymer compositions.  F igure  3 shows t h e  DSC curves  
of VDF/TrFE copolymers. F igu re  4 shows t h e  change of mel t ing  tempera ture  wi th  polymer 
compositions.  ( P a r t  of t h e  d a t a  i s  reproduced from Figure  3 . )  A l l  t h e  d a t a  were t aken  from 
t h e  second run measurement. As i s  seen  i n  t h e  f i g u r e ,  t h e  endothermic peak of primary 
mel t ing  was observed c l e a r l y  i n  t h e  whole range of polymer compositions.  These X-ray and 
DSC r e s u l t s  i n d i c a t e  t h a t  VDF/TrFE copolymers a r e  i n  t h e  c r y s t a l l i n e  s t a t e  i n  t h e  whole 
range of polymer compositions.  As t h e  comonomer arrangement i n  VDF/TrFE copolymer cha in  i s  
random, t h i s  copolymer c r y s t a l l i z e s  i somorphica l ly .  The isomorphism i s  ve ry  s p e c i a l ,  because 
mostly t h e  i n t r o d u c t i o n  of t h e  second component causes  a sudden r educ t ion  of t h e  
c r y s t a l l i n i t y  i n  copolymer iza t ion  ( r e f  . 9 ) .  The X-ray d i f f r a c t i o n  f i b e r  p a t t e r n s  of t h e  
copolymer (no t  shown h e r e )  were a l s o  measured, which i n d i c a t e d  t h a t  t h e  copolymer c r y s t a l  
i s  very  d i so rde red .  

I n  a d d i t i o n  t o  t h e  main mel t ing  peaks i n  t h e  DSC measurement, o t h e r  peaks a r e  observed i n  
50-80 mol% VDF copolymer. These phase t r a n s i t i o n  peaks w i l l  be d i scussed  i n  t h e  fo l lowing  
s e c t i o n .  
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Figure  &.Change of mel t ing  tempera ture  
and phase t r a n s i t i o n  tempera ture  wi th  
polymer composition. F igure  3. DSC thermogrames of VDF/TrFE 

copolymers. 
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Crystal structure 

Figure  5 shows t h e  i n f r a r e d  s p e c t r a  of VDF/TrFE copolymers i n  t h e  650-1050 cm-' r eg ion .  The 
sample specimens were melt  c a s t  similar t o  those  f o r  X-ray measurements. Both i n f r a r e d  and 
Xray r e s u l t s  i n d i c a t e  t h a t  PVDF and t h e  copolymers inc lud ing  more than  85 mol% VDF t a k e  a 
trans-gauche-trans-gauche ' (TGTG' ) conformation i n  t h e  i n d i v i s u a l  cha in  a r ranged  t o  y i e l d  
a centrosymmentric u n i t  c e l l  ( a-form c r y s t a l  i n  PVDF c l a s s i f i c a t i o n )  ( r e f .  10,ll). 
Accordingly,  t h i s  c r y s t a l  i s  nonpolar.  The 50-80 mol% VDF copolymers t a k e  a l l  t r a n s  
conformation ( p l a n a r  z igzag)  in c r y s t a l .  A l l  t h e  cha ins  are o r i e n t e d  e s s e n t i a l l y  p a r a l l e l  
t o  t h e  b a x i s  of t h e  u n i t  c e l l  w i th  d i p o l e  po in t ing  i n  t h e  same d i r e c t i o n ,  r e s u l t i n g  i n  a 
noncentrosymmetric c r y s t a l  (B-form c r y s t a l  i n  PVDF c l a s s i f i c a t i o n )  ( r e f .  10,ll). Thus, t h e  
c r y s t a l  i s  po la r .  The &form c r y s t a l  i s  c u r r e n t l y  most impor tan t  i n  PVDF and VDF/TrFE 
coppolymers, being used e x t e n s i v e l y  i n  p i e z o e l e c t r i c  and p y r o e l e c t r i c  a p p l i c a t i o n ( r e f .  5 ) .  
I n  o rde r  t o  o b t a i n  t h e  @-form c r y s t a l  from PVDF and VDF-rich copolymers from melt  c a s t  o r  
ex t ruded  films, t h e s e  must be drawn a t  low tempera ture  ( r e f . 1 2 ) .  PTrFE and t h e  copolymers 
inc lud ing  l e s s  than  45 mol% take  h e l i c a l  conformation i n  c r y s t a l s .  

Dielectric properties 

Figure  6 shows t h e  change of t h e  d i e l e c t r i c  cons t an t  E' wi th  polymer composition of VDF/TrFE 
copolymers, measured a t  1 KHz and 24°C. A s  seen from t h e  f i g u r e ,  E '  t a k e s  a maximum a t  55 
mol% VDF con ten t .  The numerical  va lue  i s  18 and approximate ly  two t imes  h ighe r  t han  t h a t  
of PVDF. The h igh  va lue  of t h e  d i e l e c t r i c  cons t an t  of t h e  copolymer, e s p e c i a l l y  of 
composition around 55 mol% VDF, i s  cons idered  t o  a r i s e  from ( 1 )  l a r g e  magnitude of d i p o l e  
moment of r e p e a t i n g  u n i t s  of bo th  VDF and TrFE monomers (VDF u n i t s  i s  1.96 Debye and TrFE 
u n i t  i s  1.63 Debye ( r e f .  1 3 ) ) ,  ( 2 )  predominant head- to - t a i l  connec t ion  of u n i t s  as NMR 
r e s u l t s  i n d i c a t e d ,  (3)  freedom of t h e  d i p o l e  r o t a t i o n  i n  t h e  e l e c t r i c  f i e l d  because t h e  
g l a s s  t r a n s i t i o n  tempera ture  i s  observed a t  around -2O'C ( r e f . l & ) ,  and ( 4 )  n a t u r e  of 
f e r r o e l e c t r i c i t y .  I n  a f e r r o e l e c t r i c  polymer, c r y s t a l  phase w i l l  be a l s o  r e l a t e d  c l o s e l y  
t o  the  l a r g e  d i e l e c t r i c  cons t an t .  Exper imenta l ly  t h e  d i e l e c t r i c  cons t an t  of 50-80 mol% VDF 
copolymer i n c r e a s e s  wi th  i n c r e a s i n g  annea l ing  t ime a t  h igh  tempera ture  of l O O - l 4 O o C .  F igure  
7 shows t h e  change of t h e  d i e l e c t r i c  cons t an t  of 54 mol% VDF copolymer wi th  tempera ture ,  
measured a t  1 KHz. I t  shows an abnormal peak a t  70°C. This  k ind  of abnormal peak a l s o  was 
observed f o r  50-80 mol% VDF copolymers. These peaks a r e  e x a c t l y  cor responding  t o  t h e  DSC 
peak of t he  phase t r a n s i t i o n .  
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Figure  6 .  Change of d i e l e c t r i c  F igure  7. Change of d i e l e c t r i c  
cons t an t  E '  with  polymer composition cons t an t  E '  of 54 mol% VDF copolymer 
i n  VDF/TrFE copolymers a t  1KH an 24OC. wi th  tempera ture  a t  1KHz. 
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Figure 8. Polar izat ion reversa l  
current  ( a )  and e l e c t r i c a l  displace- 
ment-electric f i e l d  hys te res i s  loop 
( b )  f o r  75 mol% VDF copolymer at  24V. 
The loop is obtained by i n t e g r a t i n g  
reversal  current. 

Ferroelectricit y 
Figure 8 i l l u s t r a t e s  the polar izat ion current  ( a ) ,  and the  d i e l e c t r i c  displacement ( b ) ,  as  
functions of the e l e c t r i c  f i e l d  measured by the Sowyer-Tower method ( r e f .  6) under a 
t r iangular  e l e c t r i c  f i e l d  of 80 MV/m a t  5mHz and Z 4 O C .  The c l e a r  po lar iza t ion  reverse 
current  and f e r r o e l e c t r i c  hys te res i s  loop ind ica te  t h a t  the copolymer i s  a f e r r o e l e c t r i c  
mater ia l .  The in te rsec t ions  of the hys te res i s  loop with X and Y ax is  give the coersive 
f i e l d  Ec and the remanent polar izat ion P r '  respect ively.  Figure 9 shows the change of the 
remanent polar izat ion of 75 mol% VDF copolymer with temperature. The remanent polar izat ion 
disappears at  120"C, which is  exactly the same t r a n s i t i o n  temperature observed i n  both DSC 
and d i e l e c t r i c i t y  measurements. I t  ind ica tes  c lear ly  t h a t  t h i s  i s  a f e r r o e l e c t r i c  
t r a n s i t i o n .  

Figure 10 shows the temperature dependence of 1/E' f o r  54 mol% VDF copolymer, measured a t  
1 KHz. Data was reproduced from Figure 7. This p lo t  i s  the so-called "Curie p lo t" .  For 
a f e r r o e l e c t r i c  mater ia l ,  the  experimental data  can be f i t t e d  t o  the following equation. 

where Tc and C a r e  phase t r a n s i t i o n  temperature and the Curie constant ,  respect ively,  and 
a0 i s  a Constant. As seen from the f igure ,  there  i s  e l imar  r e l a t i o n  between l / e t  and 
temperature below and above T c .  This r e s u l t  confirms t h a t  the phase t r a n s i t i o n  i s  
associated with a f e r r o e l e c t r i c  t r a n s i t i o n .  

1/~' = ( l / C ) ( T - T c )  + ao (1) 
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Figure I 1  . Change of d3 1 p i e z o e l e c t r i c  
cons t an t  with polymer composition of 
VDF/TrFE copolymer a t  11Hz and 24°C. 
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Figure 12.  Change of d31 p i e z o e l e c t r i c  
e l e c t r i c  cons t an t  of 75 mol% VDF 
copolymer with temperature  at 11 Hz. 

Figure 13. Change of electromechani- 
c a l  coupl ing f a c t o r  k t  i n  t h i chness  
d i r e c t i o n  with polymer composition of 
VDF/TrFE copolymer a t  24OC. 

VDF mol% 

Piezoelectric and pyroelectric properties 

Figure 11 shows the  change of t h e  d31 p i e z o e l e c t r i c  cons t an t  with the  polymer composition, 
measured a t  11 Hz and 24OC. Samples were prepared from MEK o r  DMA s o l u t i o n  by t h e  c a s t  
method. The s t r e t c h e d  f i l m s  were obtained by e longa t ion  t h e  so lven t  c a s t  f i l m s  by f i v e  
t imes of t h e  o r i g i n a l  length.  The po l ing  cond i t ions  are 8O-12O0C, 30-80 MV/m and 1 hour.  
As seen in Figure 11, t h e  s t r e t c h i n g  proccess  en la rges  t h e  p i e z o e l e c t r i c  cons t an t  by about 
1 .7  times the  value of t he  uns t r e t ched  sample, f o r  5 5  mol% VDF copolymer. Both s t r e t c h e d  and 
uns t r e t ched  samples of 55 mol% VDF copolymer e x h i b i t  maximum d31 p i e z o e l e c t r i c  cons t an t s .  
The numerical  va lues  of d31  cons t an t  are 19 pC/N f o r  uns t r e t ched  sample and 32 pC/N f o r  
s t r e t c h e d  sample, which appear t o  be l a r g e r  t han  those  of PVDF. It should be n o t i c e d  t h a t  
i n  t h e  case of VDF/Ti-FE copolymers l a r g e  p i e z o e l e c t r i c  cons t an t s  can be obtained even f o r  

uns t r e t chen  films and so t h e  po la r i zed  f i l m s  having an i s o t r o p i c  p i e z o e l e c t r i c i t y  of d 3 i =  
d32 could be obtained.  Th i s  i s  a b i g  d i f f e r e n c e  compared t o  t h e  case of PVDF. I n  
p a r t i c u l a r ,  t h e  d31  cons t an t  of t h e  ro l l e r - e longa ted  f i l m  of 5 5  mol% VDF copolymer, poled 
a t  120°C, 40 MV/m and 30 min, reaches a value of 51 pC/N (11Hz). To our  knowledge, t h i s  is  
the  l a r g e s t  value ever  a t t a i n e d  f o r  a polymeric ma te r i a l .  

A 75 mol% VDF copolymer t a k e s  a minimun value of d l l  cons t an t  i n  s t r e t c h e d  samples. A s  
d31 cons t an t  i s  given by 

where e3i i s  t h e  p i e z o e l e c t r i c  s t r e s s  cons t an t  and G I ~  is t h e  t e n s i l e  modulus, t h e  small 
value of d31  cons t an t  i n  s t r e t c h e d  VDF 75 mol% copolymer i s  due t o  t h e  l a r g e  G I ]  compared 
with those of PVDF and 55 mol% VDF copolymer, while  e31 cons t an t  i s  almost  unchanged i n  
those  samples. 

Figure 12 shows the  temperature  dependence of d31 p i e z o e l e c t r i c  cons t an t  of t h e  73 mol% VDF 
copolymer f o r  both uns t r e t ched  and f o u r  t imes s t r e t c h e d  films. The po l ing  cond i t ions  were 
80°C, 30MV/m and 1 hour. As i s  seen in t h e  f i g u r e ,  t h e  d31 p i e z o e l e c t r i c  cons t an t  i n c r e a s e s  
with inc reas ing  temperature ,  and dec reases  r a p i d l y  above t h e  Curie  po in t .  Curie p o i n t  i s  
a l s o  the  t r a n s i t i o n  temperature  from p i e z o e l e c t r i c  t o  non-piezoelectr ic  s t a t e .  

Figure 13 shows t h e  change of t h e  electromechanical  coupl ing f a c t o r  kt i n  t h e  th i ckness  
d i r e c t i o n  wi th  temperature f o r  VDF/TrFE copolymer, measured a t  24OC. The 75 mol% VDF 
copolymer t akes  a maximun va lue  of kt=0.3. 

d31 = e31 / G I I  ( 2 )  
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Figure 14 shows the temperature dependence of the pyroelectric constant of VDF/TrFE 
copolymer, measured at 24'C. A maximum value of 50 x 1 0 ' 5 C / M 2 K  is obtained for 55 mol% VDF 
copolymer. 

To summarize the electrical properties of VDF/TrFE copolymers, 55 mol% VDF copolymer 
exhibites a very large dielectric constant, a very large dsl piezoelectric constant,and a 
very large pyroelectric constant at 24°C. On the other hand , ca. 7511101% VDF copolymer 
provides a very strong piezoelectricity in the thickness direction at 24'C. 

Table I. Applications of VDF/TrFE copolymers 

ALtdio frequency transducer Headphone 
Tweeter speaker 
Telephone transmitter 
Medical sensor 
Acceleometer 

Ultrasonic transducer Hydrophone 
Ultrasonic medical transducer 

Electromechanical transducer Typewriter and keyboard 
Pressure sensor 
Telephone dial 
Impact detector 

Pyroelectric devices Infrared detector 
Pyrovidicon 
Laser calorimeter 

APPLICATIONS 

The most important applications of VDF/TrFE copolymers are in the general catagory 
of transducers. The unique combination of piezoelectric (as well as pyroelectric) 
and mechanical properties may provide this copolymer with major advantages over 
ceramic transducers. The piezoelectric and pyroelectric applications of VDF/TrFE 
copolymers are summarized in Table I(ref .5). 

1. 
2. 
3. 
4 .  
5. 
6. 
7. 
8. 
9. 
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11 .  
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