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Abstract

Poly(vinylidene fluoride-trifluoroethylene), VF,/VF; random copolymers have been noted to exhibit ferroelectricity. To
obtain a high level of piezoelectrical activity it is necessary for the copolymer to undergo additional processing. In this study
differential scanning calorimetry (DSC) was used to follow the processing of this material for 81/19 and 76/24 mol%
compositions. Although DSC peak parameters were found to show a relationship with piezoelectrical activity a leveling effect
was noted. Additionally a cold crystallization effect was noted. This effect can be explained if one assumes the paraelectric
phase to be a condis crystal transition. © 1997 Elsevier Science B.V.
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1. Introduction

Poly(vinylidene fluoride-trifluoroethylene), VF,/
VF; random copolymers have been noted to exhibit
ferroelectricity [1-3]. To achieve a high level of
piezoelectrical activity it is necessary for the copoly-
mer to undergo additional processing. Differential
scanning calorimetry (DSC) was employed to follow
the effects of the different elements of the processing.

To understand the processing of VF,/VF; copoly-
mers a brief discussion of the possible crystal forms is
necessary. In order to do so a brief discussion of the
homopolymers, polyvinylidene fluoride (PVDF) and
polytrifluoroethylene (PtrFE), is first necessary.

1.1. PVDF crystal forms (just « and (3)

At least five crystalline modifications of PVDF have
been reported in the literature [4,5]. Of interest to this
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study are the « (form II) and § (form I) crystal
structures. The o phase is the most common poly-
morph of PVDF since it is the one normally crystal-
lized from the melt although other forms may be
obtained depending on the nucleating agents present
and crystallization conditions [6]. The o« molecular
conformation consists of repeating sequences of
TGTG with a fiber identity period of 0.462 nm where
T and G denote the trans and gauche skeletal torsional
isomers, respectively. The unit cell has been found to
be orthorhombic with lattice parameters of a = 0.496,
b =0.964, and ¢ = 0.462 nm. Although the indivi-
dual chains of the o phase possess a net electrical
dipole, the chains pack so that their dipoles cancel
resulting in a nonpolar unit cell. However, poling the «
phase may result in obtaining the «, phase [7,8]. The
o, phase has the same unit cell dimensions as the o
phase except that its dipole vectors point in the same
direction; thus its unit cell is polar and therefore
exhibits piezoelectricity although the (3 phase has
the higher activity [9].
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The 3 phase is the most piezoelectric form and is
usually obtained by stretching the homopolymer at
temperatures that appear to be below the « transition
(as noted, e.g. in dynamic mechanical analysis, DMA)
[10]. The chains take on essentially all-trans con-
formation with a repeating period of 0.256 nm [11].
The unit cell has been determined to be orthorhombic
with lattice parameters a = 0.858, b = 0.491, and
¢ = 0.256 nm. Since the chains pack in either a
planar or near-planar zigzag, their dipoles all point
(with the exception of defects) in the same direc-
tion; thus both the chain and the unit cell are polar.
For a further discussion with detailed molecular and
crystal structures, a review by Lovinger is suggested

[4].

1.2. PtrFE crystal structure

Two separate molecular and crystal structures
have been proposed for PtrFE. Lovinger and Cais
[12] have suggested a crystal structure having a
disordered conformation of TG, TG and TT groups
with a fiber period of 0.229 nm and a hexagonal
packing with a = 0.561 nm. Such a structure would
be analogous to the high temperature paraelectric
P(VF,/VF3) crystal structure (discussed in the
next section). Equatorial d-spacings [12] are similar
to those given by Higashihata et al. [13] and also
probably to that of Gal’perin et al. [14], although
Gal’perin et al. obtained a different fiber axis. A fiber
axis similar to Lovinger and Cais [12] was, however,
reported by Kolda and Lando [15]. Tashiro et al.
[16] has suggested a crystal structure for PtrFE
different than that of Lovinger and Cais [12]. They
[16] proposed a disordered all-trans conformation
with an orthorhombic unit cell having parameters
a=0.968, b=0.562, and ¢ =0.253 nm. Such a
structure may be similar to the cooled phase of
P(VF,/VF;) copolymers (described in the next sec-
tion).

A partial explanation of the conflicting results
between Lovinger and Cais [12] and Tashiro et al.
[16] may be found in a paper by Oka and Koizumi
[17]. They found two different crystal phases being
formed depending upon the supercooling used to
crystallize PtrFE. If cooled slowly, a phase with a
double x-ray diffraction (D phase) peak appeared;

however, if quenched a single peak (S phase) was
seen. The D phase was found to be orthorhombic with
peaks at the (110) and (200) reflections while the S
phase was found to be pseudohexagonal with a single
unresolved (110, 200) peak.

Although one would think that the D and S
phases would relate to crystal structures previously
proposed [12,16], however, problems exist with
such a correspondence. Calculated crystal density
of Tashiro et al. [16] is lower than the bulk
density of Oka and Koizumi [17] (crystal density
determined by x-ray diffraction should be greater
than the sample density). Thus the crystal model of
Tashiro et al. [16] is not totally consistent with
that of Oka and Koizumi [17]; however, neither is
the model of Lovinger and Cais [12]. The crystal
structure of Lovinger and Cais [12] is nonpolar
while both phases of Oka and Koizumi [17] are
polar. Additionally, Oka and Koizumi [17] sug-
gested that their results corresponded better to the
low temperature and cooled phase of VF,/VF;
copolymer studies of Tashiro et al. [16]. Lovinger
and Cais [12], on the other hand, indicated that
his PtrFE structure compared best to the copolymer’s
high temperature parelectric phase. (In support of
the above contention by Lovinger and Cais [12],
the d-spacings of Higashihata et al. [13] also indi-
cate a similarity between the high temperature
phase and the PtUFE crystal structure). Therefore it
is difficult to recommend a crystal structure for PtrFE
since it is still being debated in the literature and more
work in this area will be necessary for the issue to
be resolved.

1.3. VF,/VF; copolymers

Three types of crystal phases have been identified
for the copolymer [18,19]. Tashiro and Kobayashi [19]
have denoted them as:

. Low temperature (LT)
2. Cooled (CL)
3. High temperature (HT) phases.

The appearance of any of these phases is primarily
dependent upon comonomer content, temperature and
processing conditions. In general, the phase transitions
seen may be summarized as follows [16]:
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Low VF, CL< —>HT+< =Melt
)
I LT &= === CL« >sHT < =>Melt (55 mol% VF))
4

High VF, LT « >HT < > Melt

Increasing Temperature ———

The dotted line in the above diagram indicates
drawing or poling. The 55 mol% VF, copolymer
illustrates all three phases and is schematically drawn
in the middle in the above diagram.

1.4. Low temperature (LT) phase

The low temperature phase for the 55 mol% VF,
copolymer has a crystal structure that is similar to the
PVDF 3 form and therefore is piezoelectric [13].
Tashiro, et al. [16,20] suggest a monoclinic unit cell
with dimensions a=0.912, b =0.525, and
¢ = 0.255 nm, with 8 = 93°. In an orthorhombic sys-
tem all angles in a unit cell equal 90°. The addition of
VF; segments slightly distorts the unit cell resulting in
an approximately 3° expansion in the 3 angle. (The 3
angle referred to is one of three angles found in a unit
cell; this is not to be confused with PVDF [ crystalline
form or 3 transition.) Lovinger et al. [21,22] have also
found the low temperature phase (at 52 mol % VF,) to
be analogous to 3-PVDF; however, they deduced a
hexagonal packing although their reported d-spacings
are similar to Tashiro et al. [16,20]. Also, as would be
expected, Lovinger’s group found that as the VF,
content increased, the unit cell became more compact.
That is, for 65, 73 and 78 mol % VF,; the axial length
decreases from 0.524 to 0.516 to 0.512 nm, respec-
tively [23,24]. Legrand [25} proposed a structure in
between that of Tashiro’s [16,20] and Lovinger’s
[21,22] groups. He found for a 70 mol % VF, copo-
lymer a pseudohexagonal unit cell with parameters of
approximately a = 0.901 and ¢ = 0.224 nm at 20°C.
The b axis was found to exhibit a temperature depen-
dent a/+/3 relationship. Thus, though the a axis did
not equal the b axis, as required for a true hexagonal
close packing, it is specified by the above relationship.

In general, all the above investigators found the LT
phase similar to the 3 phase of PVDF except with a

slightly expanded unit cell. As implied by being
similar to the 3 phase, the chains pack in an all-trans
conformation and the phase is piezoelectric. Since the
LT phase can undergo a Curie transition to a high
temperature paraelectric phase, it is also ferroelectric.

1.5. High-temperature (HT) phase

The HT phase for the VF,/VF; copolymer is
similar to that of the a phase although it is also
paraelectric [26]. For the 55 mol% VF,, Tashiro sug-
gests an orthorhombic unit cell with parameters
a = 0.975, b = 0.563, and ¢ (fiber axis) = 0.460 nm
[16,20]. Tashiro et al. also note an a/b ratio of /3
suggestive of a hexagonal symmetry. Lovinger, et al.
hypothesize only an expanded LT pseudo-hexagonal
lattice with molecular chains assuming irregular TG,
TG and TT sequences similar to PVDF’s o phase
[21,22]. Legrand, in the middle, gives a pseudo-hex-
agonal lattice with approximate dimensions of
a = 0.980 (at 100°C) and ¢ = 0.255 nm with b equal
to a/\/3. Legrand’s structure is very similar to the
initial structure of Tashiro et al. [27] which was
proposed in 1981 but altered in 1984 [16,20] (Tashiro,
et al. also initially suggested that the LT phase was
orthorhombic) [27]).

Although the a phase of PVDF is similar to the HT
phase, they are different crystal forms and in no way
should the o phase be considered the paraelectric
counterpart to 3-PVDF. The a phase is not polar,
its unit cell is instead antipolar and therefore not
paraelectric. Also, the o form will not transform
spontaneously to the ferroelectric 3 phase at lower
temperatures. As a matter of fact, Lovinger et al. [28]
have shown that at high defect levels annealing at high
temperature results in the crystallization of the 3 phase
from the a phase. Although PVDF containing 13.5 to
15.5 mol% regiodefects exhibits a Curie transition
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from the ferroelectric 3 to the paraelectric HT phase,
at a lower inversion level of 11.4 mol% a solid-state
transition (on heating) from the antipolar « phase to
the paraelectric HT phase was noted. Thus the
11.4 mol% defect PVDF exhibits both the « and
HT phases. Therefore, although a similarity exists
between the HT and « phases, they are two distinct
phases.

1.6. Cooled (CL) phase

The poled phase is thought by Lovinger et al.
[21,22] to be a mixture of the LT and HT phases with
some structural irregularity. Horiuchi et al. [29] also
give a similar interpretation. However, Tashiro et al.
[16,20] have a different interpretation. That is, the CL
phase forms a disordered superstructure having a
subcell structure similar to the LT phase. The mono-
clinic unit cell constants for the subcell structure are
a = 0916, b = 0.543, and ¢ (fiber axis) = 0.253 nm
with g = 93°.

2. Materials

For this study, two different VF,/VF; copolymer
compositions were used, 81/19 and 76/24 mol%. The
76/24 composition shows a clear splitting between the
Curie and melting transitions while the 81/19 com-
position does not.

For the 76/24 mol% composition three films were
analyzed. These films were retains taken from an
extruded film which was then annealed between its
Curie transition and melting and then poled. Thus the
films are designated as after extrusion, after annealing
and after poling.

For the 81/19 mol% composition both films and
powders were analyzed. The films were made through
a spin cast process from MEK and vacuum dried at
50°C. These films were then annealed and poled at
different temperatures, times and AC electric fields.
The temperature ranged from 134 to 140°C, the time
was either 4 or 8 h while the poling field ranged from 4
to 6 kV /cm (for a ten-minute duration). A synopsis of
the film processing is given in Table 2. Specimens of
the powder were subjected to additional thermal treat-
ments which include quenching from the melt and
quenching from 136°C after being annealed for 15 h.

3. Experimental

The mol% of VF; in the VF,/VF; copolymers was
calculated from proton NMR spectra at 200 MHz.
Molecular weight distributions were obtained on a
Waters 150C ALC/GPC at 50°C with N-methyl pyr-
rolidone (stabilized with 0.05M LiBr) as the mobile
phase. All molecular weights were determined relative
to a polystyrene standard and no adjustment was made
for polymer/solvent interactions. Apparent melt visc-
osities were determined by capillary rheology at a
shear rate of 100 sec ™! at 232°C. Measurement of the
piezoelectric strain coefficient d;; was made using a
Berlincourt piezo dy; meter at 100 Hz. (In actuality
since the sample is restricted at the point measured, the
ds; reported should be considered an apparent ds;.)

For the 76 /24 mol% process study a Perkin—Elmer
DSC?7 with an intracooler II attachment was used. For
the 81/19 mol% studies a TA Instruments DSC 910
was used. Cooling was performed by either a mechan-
ical cooling accessory (MCA) or cooling can. All
measurements were made while the DSC cell was
purged with nitrogen. Calibration was performed
using high purity indium and lead. Sample masses
of 9 to 10 mg were used.

For both the process and dj; studies a cycled DSC
method was used. That is, all specimens were first
cooled to —20°C then heated to 210°C where it was
held for 10 min. The sample was cooled to —20°C and
then reheated through the melt. A rate of 10°C/min
was used for each ramp. Finally, for the cold crystal-
lization study on the 81/19 mol% sample various
heating rates from 2— 50°C/min were employed.

Lastly, a dynamic mechanical analysis (DMA) was
performed on a 81/19 mol% specimen that had been
molded into a bar and quenched from the melt. The
specimen was heated 2°C/min and flexed at 1 Hz
using a TA Instruments 983 unit. The DMA was
calibrated using high purity metals that had been
embedded in a plastic medium.

4. Results

4.1. Characterization and end use measurements

Table 1 provides the characterization data on the
two resins. Table 2 lists the average di;; values
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Table 1
Material’s characterization

Mol% VF; Mw GPC Mw/Mn Melt viscosity at

from '"H NMR GPC 100 sec™" in
Kilopoise

24 225.000 2.3 13.7

19 13.6-13.9

Table 2

Annealing Annealing  Poling ds; pC/N Standard

temperature  time (h) field (at 100 Hz) deviation

0 (kV/cm)

134 8 4 16.8 0.45

134 8 5 21.4 0.89

134 8 6 21.6 0.55

138 8 4 24.0 0

138 8 5 25.8 0.45

138 8 6 27.6 0.89

140 4 4 22.6 0.55

140 4 5 23.6 0.55

140 4 6 234 0.55

140 8 4 240 1.73

140 8 5 24.0 0

140 8 6 25.0 0.71

measured on the poled films. Five d;; measurements
were made per processed film.

4.2. Thermal analysis

In Fig. 1 both Curie and melting transitions can be
noted. Although the processing condition affects the
transition region, the Curie transition occurs upon
heating from approximately 75-125°C and the melt-
ing from approximately 125-150°C. Below the Curie
transition is the LT phase and between the Curie and
melting peaks is the HT phase.

The melting peaks are similar for the after annealing
and after poling samples; however, the after extrusion
sample shows a smaller peak height by approximately
one-half, a slightly lower peak area, and a decrease in
peak temperature by about 3 to 4°C as compared to the
after annealing and after poling samples. The Curie
transition of all three conditions is different. Anneal-
ing causes a decrease in the Curie peak temperature
although poling increases it back with a much larger
and sharper peak.

Hest Flow BVg)

.. After Poling~” v

| C——

curie Melting

5.#]  After Extrusion”

T T T
0.0 7!‘.! 100.0 128.0 i0.9 178.0 200.0
Tespersture (°C)

Fig. 1. DSC of the 76/24 mol % VF,/VF; copolymers ot retains
taken after the extrusion, annealing and poling steps.

Analysis of the cooling and reheating traces indi-
cates that all three film retains are similar composi-
tionally. That is, the cooling and reheating are
superimposable. Furthermore, the DSC fingerprints
of the retains also match that of the pellets from which
the retains were processed.

Scans at various rates were used to analyze a variety
of thermal histories for the 81/19 composition. As
seen in Figs. 2-5 an exotherm was observed in the
powder and in the film but not in the annealed and
quenched samples. The exotherm is dependent on the
heating rate with the slower rates favoring its appear-
ance. At the 50°C/min heating, the crystallization
could not be differentiated even for the spin cast films.
With the exception of the quenched samples, faster
heating rates elevated the melting temperature while

<~~ 50Q°C/MIN

<=~ 20°C/MIN

DSC Hest Flow {N/p)
®
h

|
Fy
1

<-= 10°C/MIN

<== 5*C/MIN

) 160 180 200
Temparature (“C)

Fig. 2. Effect of heating rate on the DSC scans of spin cast film of
a 81/19 mol% VF,/VF; copolymer.
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Table 3
Glass transition temperatures with their associated Curie (7) and
melting peak (T},,) temperatures

|
»
s

<~- 50°C/NIN

<—— 20°C/MIN

DSC Heat Flow (M/g)

<=- 10°C/MIN
~4

a°Cc/MIN

80 160 180 200

Tempsrature (°C)

Fig. 3. Effect of heating rate on the DSC scans of powder of a
81/19 mol% VF,/VF; copolymer.

o

<~ BO°C/MIN

<= 20°C/MIN

DSC Hest Flow (M/g)
i
r

BOC/MIN —> <-- 10°C/MIN

$

50 1do 180 200
Teapereture (°C)

Fig. 4. Effect of the heating rate on the DSC scans of an annealed
81/19 mol% VF,/VF; copolymer.

<—— B0°C/MIN

<= 20°C/MIN

<-- 10°C/MIN

0SC Heat Flow (W/g)
[
1

!
S
—

<— B°C/MIN

50 1do 130 200
Temparature (°C)

Fig. 5. Effect of heating rate on the DSC scans of powder that was
quenched into liquid nitrogen from the melt.

T, (°C) AC, T, (°C) T (°C)
(/g °C)
Film -29.7 0.074 126.9 143.9
Quenched powder —34.0 0.080 135.3 145.1
Virgin powder —28.9 0.070 136.4 150.5
Annealed powder —21.9 0.036 147.8 155.7

slower rates allowed a better differentiation between
the Curie and melting transitions.

Glass transition determinations were made for the
50°C/min heatings. For these runs the specimens were
previously cooled rapidly through the glass transition
using a nominal rate of 20°C/min from ambient
temperature. The glass transitions were found to vary
for the various thermal histories. Between the
quenched and annealed samples a difference of
12°C was noted with the quenched specimen having
the lowest T, and the annealed specimen having the
highest (see Table 3). The T, seemed to be sensitive to
changes in both the Curie and melting transitions and,
in general, T, increased with both the Curie and
melting transitions. However, increases in the Curie
transition with only slight changes in the melting
temperature (film versus quenched powder) seemed
to favor lowering the T, while increases in the melting
transition with only slight changes in the Curie transi-
tion (quenched powder versus virgin powder) seemed
to favor raising the 7. This seemingly incongruous
behavior may be explained by two transitions over-
lapping each other. DMA of a quenched bar molded
from the 81/19 mol % powder showed two overlap-
ping relaxations with loss modulus peaks at —40 and
7°C (see Fig. 6). Hence, one might speculate that the
transition seen by DSC encompasses two relaxations
making the transition baseline unclear.

For the di; study, d3; measurements were per-
formed on the 81/19 mol % samples which had been
processed to different piezoelectrical responses. The
d33; measurements were correlated to various peak
parameters. These parameters include peak height,
peak height ratio (ratio of the heights of the melting
peaks between the first and second heatings), heat of
transition, and melting peak temperature. The correla-
tions are presented in Figs. 7-10.
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Fig. 6. DMA of an 81/19 mol% VF,/VF; copolymer showing two
prominent relaxations between —50 to 50°C.
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Fig. 7. Peak height versus d,; of poled spin cast films.
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Fig. 8. Height ratio versus ds; of poled spin cast films.
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Fig. 9. Enthalpy versus dj; of poled spin cast films.
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Fig. 10. Peak temperature versus di; of poled spin cast films.

5. Discussion

A possible interpretation of the DSC data for the
76/24 mol% runs is that upon extrusion poor crystal-
lites are formed. The after extrusion sample’s melting
demonstrates all the symptoms of poorly defined
crystals. This is evident from the lower melting tem-
perature, shorter peak height, and broader peak base,
as compared to the annealed and poled samples’
melting peaks. The poor crystals are probably formed
from quenching the resin from the melt during the
extrusion process.

Annealing the extruded sample above the Curie
transition but below the melting transition increased
the amount of crystallinity and greatly increased the
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size and perfection of the HT crystalline regions. This
is evident from the higher melting peak temperature
and peak height, and slightly larger peak area. How-
ever, since the Curie transition maintains approxi-
mately the same area but is now lower in
temperature, annealing does not perfect the LT phase.
Annealing instead seems to have the opposite effect on
the LT phase even though the more ‘less defect” HT
phase is available from which the LT phase can be
formed. However, the LT phase does not take advan-
tage of this since the Curie peak shape and area
remains almost unchanged. On the other hand, poling
seems to be perfect and increase the LT phase thereby
increasing the Curie peak in height and area, and
narrowing the peak base.

As mentioned in the Introduction, the a phase is
similar to the HT phase. Both the « phase and the HT
phase have similar conformations as noted through
spectroscopic studies [26]. However, the « phase can
be poled and exhibits piezoactivity while the HT phase
does not [4,30]. Based on dielectric and NMR data
Tashiro et al. {16] concluded that the HT phase
exhibits rotational motion along its chain axis. This
additional mobility would thus explain the exotherm
observed above the Curie transition where sufficient
mobility exists for the molecules to reorganize or cold
crystallize.

However, how can we explain this conformational
disorder that would account for the paraelectricity of
the HT phase? The condis crystal concept does this
[31]. That is, the HT phase would best be described as
a condis (conformationally disordered) crystal meso-
phase where a long range conformational disorder
exists causing rotational randomization of the dipoles
along the chain axis, thereby accounting for its para-
electricity. Thus the cold crystallization of the condis
mesophase was previously prevented by an imperfect
LT phase. (It should be noted that if the Curie transi-
tion is assigned as a condis or disordering transition,
T, then the melting is best described as the tempera-
ture of isotropization, T; [31].)

If one assumes that piezoactivity in VF,/VF; copo-
lymers is dependent on the orientation of dipoles in the
crystalline phase then crystal perfection as well as
crystallinity may be monitored through DSC. Correla-
tions of both peak height and heats of transition to
piezoactivity showed only a limited relationship. At
24 pC/N a plateau was quickly reached where

increases in di3 did not have an associated increase
in any DSC parameters (the peak temperature correla-
tion evinced a large error and differentiation between a
slight increase and a plateau effect was difficult to
discern). This suggests that both the crystallinity and
crystal perfection have a dominant effect on piezo-
activity up to a certain point and then other factors
become important.

6. Conclusions

Use of DSC to monitor the processing of VF,/VF;
copolymers in highly piezoelectric materials was
investigated. DSC was found to follow the processing
of the material. Although transition peak parameters
were found to show a relationship with the piezo-
activity for the 81/19 mol% a leveling effect was
noted at high activities. Finally, a cold crystallization
effect was noted for the 81/19 mol% copolymer
which can be explained by the condis crystal concept.
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