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ABSTRACT: The crystallization process and its influence on the microstructures and in turn the
ferroelectric and electromechanical properties of poly(vinylidene fluoride-trifluoroethylene-chlorofluo-
roethylene) (P(VDF-TrFE-CFE)) terpolymer were investigated. It was found that, in addition to the
crystallites formed at the isothermal crystallization temperature Tx, further crystallites form during the
rapid cooling from Tx to room temperature. The proportion of lower melting crystallites increases with
Tx, and for Tx ) 142 °C, this proportion is more than 90%. The experimental results show that the lower
melting crystallites have a higher fraction of the all-trans conformation (and thus more polar-phase
component) than the crystallites formed at Tx. As a result, the higher Tx samples show an increased
polarization hysteresis and reduced electric field induced strain response. For example, the strain is
reduced from -5.9 to -4.2% as Tx is increased from 112 to 142 °C. In addition, the experimental results
in combination with other reported results indicate that CFE units are included in the crystalline lattice.
Consequently, the influence of CFE on the ferroelectric behavior of the polymer is through the defects
induced in the crystal lattice.

I. Introduction
Polymers for electromechanical applications offer

many unique and inherent advantages when compared
with other materials, being lightweight, flexible, and
relatively easy to process and form into complicated
shapes or large areas.1,2 Among various electromechani-
cal polymers, ferroelectric poly(vinylidene fluoride)
(PVDF) and its copolymer with trifluoroethylene (TrFE)
exhibit the highest known piezoelectric response and
have consequently found many commercial appli-
cations.1-3 Since the discovery of high piezoelectricity
in PVDF more than 30 years ago, there has been
constant effort in improving the electromechanical
performance of this class of polymers.1-7

Recently, it was demonstrated that, by appropriate
high-energy electron irradiation treatment, the piezo-
electric P(VDF-TrFE) copolymer can be converted into
an electrostrictive polymer with an electrostrictive
strain greater than 5% and elastic energy density
greater than 1 J/cm3, which are orders of magnitude
larger than those of piezoelectric P(VDF-TrFE) co-
polymers.8-10 This high strain and elastic energy density
are due to defects induced by the irradiation, which
weaken the polarization coupling and convert the
P(VDF-TrFE) to a relaxor ferroelectric. Microstructural
studies indicate that the electromechanical response of
the high-energy electron-irradiated P(VDF-TrFE) co-
polymer originates from a field-induced molecular con-
formation change, which in the crystal lattice can
generate strain of more than 10%.1,8

More recently, it was further demonstrated that, by
copolymerizing P(VDF-TrFE) with a small amount of
chlorinated monomer such as chlorofluoroethylene (CFE),
one can realize the same macroscopic response as that

achieved by high-energy electron irradiation.10,11 In this
paper, we will examine one of these terpolymers,
P(VDF-TrFE-CFE), investigating how the ferroelectric
and electromechanical responses are influenced by
polymer crystallization processes in tandem with the
corresponding microstructure changes.

The main objective of this paper is to investigate the
effect of crystallization temperature on the microstruc-
ture and electromechanical response of the terpolymer.
Through this investigation, it is also intended to exam-
ine how the termonomer CFE influences the micro-
structures. It was found that, by varying the crystalli-
zation temperature, one can selectively vary the fraction
of polar and nonpolar crystallites in the crystalline
phase. Crystallites formed during long times at the
crystallization temperature Tx exhibit less polar behav-
ior. Crystallites formed during the rapid cooling process
between Tx and room temperature exhibit stronger polar
behavior. This is established most quantitatively by
wide-angle X-ray diffraction (WAXD) and reinforced by
FT-IR, polarization loop, and electromechanical strain
measurements. Furthermore, DSC results show that the
fraction of crystallites formed at Tx decreases as Tx is
increased from 112 to 142 °C. At Tx ) 142 °C, DSC data
indicate that more than 90% of the crystallites are
formed during the rapid cooling. As will be shown,
crystallizing at higher Tx has an adverse effect on the
electromechanical strain response and increases the
polarization loop hysteresis.

On the basis of these as well as other related results,
it can also be deduced that CFE termonomers are
included in the crystalline phase, creating local defect
random fields and destabilizing the macropolar phase
with respect to the nonpolar phase in the polymer.

II. Experimental Section
P(VDF-TrFE-CFE) at a composition of 68/32/9 mol % was

chosen for this study due to its relatively high electromechani-
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cal response among the terpolymer compositions investigated.
To facilitate the discussion and comparison with the P(VDF-
TrFE) copolymer, the composition of the terpolymer is labeled
as VDFx-TrFE1-x-CFEy, where the mole ratio of VDF/TrFE
is x/(1 - x) and y is the mol % of CFE in the terpolymer.
Presented in Figure 1 is a brief summary of the electrical and
electromechanical properties of this terpolymer. The polariza-
tion hysteresis loop measured at room temperature is shown
in Figure 1a and the corresponding thickness strain in Figure
1b. An electric-field-induced strain of more than 7% can be
achieved. Figure 1c shows the dielectric constant as a function
of temperature measured at different frequencies. The ter-
polymer exhibits a relatively high room temperature dielectric
constant, and the maximum of the broad dielectric peak shifts
progressively toward higher temperatures, behavior typical of
relaxor ferroelectrics.12,13

The terpolymers were synthesized via suspension polym-
erization using an oxygen-activated initiator.14 The resulting
terpolymer was then dissolved in DMF and cast as 20 µm
films. To examine the influence of isothermal crystallization
temperature on the crystallinity, structure, and resulting
functional properties, the terpolymer was heated to 200 °C

(>Tm) for ∼45 min and then cooled quickly (30 °C/min) to a
predetermined crystallization temperature. Each sample was
maintained at the desired crystallization temperature, Tx, for
>16 h for most samples and then quickly cooled to room
temperature at a rate of ∼30 °C/s. Tx examined in this study
ranged from 112 to 142 °C. DSC experiments were carried out
in heating at a rate of 10 °C/min (TA Instrument Q100). The
conformations of the terpolymers were characterized by FT-
IR spectroscopy using a Nicolet FT-IR spectrometer in the
temperature range from room temperature to 160 °C. X-ray
studies were carried out at the Synchrotron X-ray Light Source
at Brookhaven National Laboratory, beamline X-18A. The
wavelength used was 1.2399 Å. For electrical characterization,
gold electrodes were sputtered on the two sample surfaces.
Polarization hysteresis loops were characterized using a
Sawyer-Tower circuit, and the field-induced strain was
measured using a photonic sensor. In the latter setup, the
polymer film was placed between two conductive hemispheres
as schematically shown in Figure 2, in which one hemisphere
is attached to a fixed sample holder and the other to a steel
cantilever beam. Strain in the polymer film caused the head
of the cantilever beam to move along the z-direction, which
was monitored by a photonic sensor (MTI2000).15

III. Experimental Results and Discussion

3.1. Nature of the Termonomer Inclusion. As
with any random copolymerization of semicrystalline
polymers, there is the question as to the degree of
inclusion of the copolymer units in the crystalline
regions. For the case of the copolymer P(VDF-TrFE),
the VDF and TrFE units are chemically quite similar
(the size of hydrogen and fluorine are very close) and
consequently easily cocrystallize.

Crystallization of the P(VDF-TrFE-CFE) terpoly-
mers is more complicated, however. To begin, we treat
this terpolymer as a copolymer between VDF-TrFE and
CFE. Moreover, the fraction of CFE is relatively small
(in our case 9%), so the bulk of the material acts as the
P(VDF-TrFE) copolymer disturbed by occasional de-
fects of CFE. Assuming random polymerization of the
CFE, which is suggested from all the experimental
evidence to date, there are a few possible scenarios for
placement of the CFE in the crystallites: (1) total
exclusion (no CFE in the crystalline phase), (2) partial
inclusion, and (3) inclusion with CFE aggregation within
the crystallites. Experimental evidence strongly dis-
courages total exclusion. First of all, if we assume that
the 9% termonomer is more or less equally spaced in
the terpolymer chain, the distance between termonomer
units ranges from ∼26 to 29 Å (depending on which
conformation is used). (To allow for this statistical
prediction, relatively high crystallinity and random
placement of the termonomer units must exist, and both

Figure 1. (a) Room temperature polarization hysteresis loop
and (b) field-induced strain measured at 1 Hz (crosses are data
points and solid curve is drawn to guide the eyes); (c) dielectric
constant as a function of temperature at different frequen-
cies: 0.1, 1, 10, 100, and 1000 kHz (from top to bottom). The
data are for the terpolymer P(VDF-TrFE-CFE) 68/32/9 mol
%.

Figure 2. Schematic drawing of the thickness strain mea-
surement setup.
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have been observed.) If total exclusion occurs, the
lamellar thickness cannot exceed this distance between
termonomer units. Crystallites thinner than 30 Å will,
however, melt at temperatures much less than 100 °C,
which is not observed.9,16,17 Second, the thickness of a
similar terpolymer system has been shown by small-
angle scattering to range from 170 to 240 Å18 (for
chlorotrifluoroethylene (CTFE) as the termonomer with
CTFE concentrations of 11.5 and 4.5%). Third, analysis
of the conformations and unit cell parameters of the
P(VDF-TrFE-CFE) terpolymer by FT-IR and WAXD,
respectively, show major deviations from the P(VDF-
TrFE) copolymer. For example, a large decrease in all-
trans conformation and an increase in the interchain
spacing after adding CFE can be seen by comparing the
terpolymer data in Figures 5 and 9, respectively, with
that of the copolymer.19 These results can be attributed
to the defects introduced by the large chlorine atom in
the CFE unit being included in the crystallites. Finally,
computer simulations of short chains of terpolymers
with CFE and other chlorinated-termonomer terpoly-
mers indicate that inclusion of the CFE unit is a low-
energy process that occurs quite naturally.20 In fact, the
simulation results have shown that in P(VDF-TrFE)
copolymers in the VDF/TrFE ratio similar to the ter-
polymer studied here there is very small energy differ-
ence between all-trans (polar) conformation and trans-
gauche (TGTG′) and T3GT3G′ conformations.21 All of
these factors lead to the conclusion that CFE units are
included in the crystalline regions.

3.2. DSC Results. Figure 3 summarizes the DSC
thermograms for the terpolymer crystallized from 112
to 142 °C and then quenched to room temperature. As
Tx increases, a melting peak at temperatures below Tx
gradually appears. For the terpolymer samples with a
Tx of 142 °C, the lower temperature melting peak is
dominant, indicating that most of the crystallites were
formed during the rapid cooling process. In comparison,
no such behavior was ever observed for the P(VDF-
TrFE) copolymers: the CFE unit significantly slows the
crystallization process and is responsible for the two
observed melting endotherms.9,22 The presence of CFE
monomer in the VDF-TrFE polymer chains signifi-
cantly lowers the crystallinity and crystal growth rate
when compared with the copolymer.9,22 Table 1 lists
values for the heats of fusion, melting temperatures, and
crystallinities for the terpolymer crystallized at various

Tx compared against the copolymer at a similar com-
position (VDF/TrFE 68/32 mol %). In the table, Tm(1)
corresponds to the melting of the crystallites formed
below Tx (i.e., during rapid cooling) and Tm(2) is the
melting of the crystallites formed during the long
crystallization at Tx.

Interestingly, rapid cooling from the melt, or crystal-
lization for short times at higher temperatures followed
by rapid cooling, produces very low crystallinity (<20%).
This may be due to rearrangement experienced by the
terpolymer chains while at higher Tx, or a nucleation
barrier that requires crystals formed at higher Tx over
long times.

Figure 4 presents the ∆Hm of the higher temperature
melting peak (normalized to the total enthalpy, which
thus can be regarded as the fraction of the crystallites
formed at Tx to the total crystallites at room tempera-
ture) as a function of Tx. The data reveal that as Tx
increases, this ratio decreases monotonically, reflecting
the increased fraction of crystallites formed during the
rapid cooling process.

3.3. Wide-Angle X-ray Diffraction Data. X-ray
data were collected near the 2θ ) 15° in order to
interrogate interchain spacing and, through its peak
width, crystalline order perpendicular to the chain
direction. For P(VDF-TrFE) copolymers in the ferro-
electric â-phase, this peak corresponds to the (110, 200)
reflection.4,22 Because of the pseudohexagonal symmetry
of the crystal normal to the polymer chain direction,
(110) and (200) reflections overlap and cannot be
resolved. For convenience of comparison, this peak in
the nonpolar hexagonal phase is still labeled as the (110,
200) reflection in the literature.3,23,24 Here, this conven-
tion is used for the X-ray peak of the terpolymer, for
which the crystal lattice should possess hexagonal
symmetry perpendicular to the chain direction. Also
collected was the (001) reflection, whose peak width is
related to the coherent X-ray scattering domain along
the polymer chain direction. For the (110, 200) reflec-

Figure 3. DSC traces of the terpolymer samples with varying
isothermal crystallization temperature Tx. In the figure, both
Tx and the crystallization time of each sample are indicated.
The arrowhead indicates the temperature position of Tx
relative to each trace.

Figure 4. Ratio fH of ∆H from the higher melting crystallite
to the total heat of fusion (from both the higher and lower
melting crystallites) as a function of Tx. The data show a
monotonic decrease of this ratio with Tx. Data points are
shown, and the dashed curve is drawn to guide the eyes.

Table 1.

polymer Tx (°C)
cryst

time (h)
∆H
(J/g)

Tm(1)
(°C)

Tm(2)
(°C) XC

copolymer 140 16 31 158 74
terpolymer 112 1 17 136 41

122 3 18 103 138 44
122 17 20 106 139 48
127 16 20 112 138 48
132 17 18 119 140 43
137 21 20 126 143 47
142 16 15 132 151 39
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tion, the data were acquired at selected temperatures
between room temperature and Tx (taken on heating)
to follow the evolution of the microstructure. For the
(001) reflection, because of the limitation of the heating
stage at the X-ray beamline, no measurements were
taken at temperatures above 60 °C.

The X-ray data in the angle range of the (110, 200)
reflection acquired at room temperature for terpolymer
films with different Tx are shown in Figure 5a. For the
terpolymer films with Tx at 112, 122, and 127 °C, the
X-ray data are relatively well-characterized by a single
peak at 2θ ) 14.7°, which represents the nonpolar
phase.16,24 The data fitting can be improved, however,
by including a small peak at 15.3°, which is close to the
position of the diffraction peak expected for the polar
phase of the corresponding copolymer.16,24-26 As Tx is
raised to 132 °C, this higher angle shoulder increases
quite markedly, and the best fitting to the data can be
achieved by including two peaks, one near 15° and the
other at 15.4°. (Two higher-angle peaks are seen most
clearly in the 137 °C scan.) The phenomenon of two
polar peaks was examined and explained by Lovinger

et al. as arising from the existence of both the planar-
zigzag (all-trans) and 3/1 helical arrangements in the
crystalline phase of P(VDF-TrFE) copolymers.25,26 Fig-
ure 5b summarizes the evolution of the X-ray peak
positions as Tx is raised from 112 to 142 °C. In
comparison with the X-ray data of the copolymer of
similar composition, it can be deduced that the peak at
lower angle (2θ ) 14.7°) arises from the nonpolar phase
while the peaks at 15° and 15.4° indicate the presence
of the polar-phase component in the crystallites.

Using the Scherrer equation27

the coherence of the crystal lattice perpendicular to a
particular crystallographic plane can be deduced. In this
equation, λ is the X-ray wavelength, B is the full width
at half-maximum of the diffraction peak in question (in
2θ), and θ is the peak angular position. At room
temperature, L110/200 ) 14 nm for the nonpolar phase.

The X-ray data for the (110, 200) reflection acquired
at 60 °C are shown in Figure 6 for terpolymer samples
crystallized at different Tx. At this temperature, the
shoulder corresponding to the polar phase has dis-
appeared. Furthermore, at this temperature, the (110,
200) peaks for the samples crystallized at different Tx
are nearly identical in terms of both peak position and
width. Although the peak position associated with
diffraction from (110, 200) of the nonpolar phase does
not show much change with temperature, the peak
width is reduced (to below B(2θ) ) 0.3°) from that at
room temperature, yielding L110/200 ) 23 nm at 60 °C.
One explanation for the observed increase in L110/200 is
that at room temperature the nonpolar and polar phases
coexist in the same crystallite, limiting the special
coherence of the nonpolar phase.

It can be further deduced that in the same crystallite
there are regions with higher CFE fraction, which
stabilize the nonpolar phase, and regions with lower
CFE, which favor the polar phase. The samples crystal-
lized at higher Tx have a greater fraction of crystalline
regions with lower CFE content (more exclusion of CFE
from the crystallites) as reflected by the X-ray data.
Such regions of relatively high and low CFE content are
also suggested by FT-IR data.

Figure 5. (a) X-ray data in the angular range of the (110,
200) reflection taken at room temperature for the terpolymers
with different Tx, from which lattice constants are determined.
(b) Lattice constants for the nonpolar (∼4.9 Å) and polar
(triangles and squares) components of the (110, 200) reflection
measured at room temperature as a function of Tx; The data
for the copolymer of similar composition are also shown (from
ref 13). The X-ray wavelength is 1.2399 Å.

Figure 6. X-ray data for the (110, 200) reflection taken at 60
°C for the terpolymers with different Tx. The X-ray wavelength
is 1.2399 Å.

Lhkl ) 0.9λ
B cos(θ)

(1)
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X-ray data taken at T ) Tx for polymer samples with
different Tx are shown in Figure 7. At this temperature,
the X-ray peaks arise from the diffraction of the crys-
tallites with Tm higher than the original Tx. The
(nonpolar) peak position changes only slightly with
temperature due to thermal expansion. On the other
hand, there is a further reduction in the breadth of the
(110, 200) reflection to B(2θ) ) 0.15°. Therefore, the
coherent domain is now larger than 42 nm.28,29 These
results indicate that L110/200 for the crystallites formed
during the rapid cooling process is at least twice as
small as that formed at Tx. Furthermore, the crystal-
linity at the various Tx’s evaluated by X-ray peak areas
follows the same trend as determined by DSC, shown
in Figure 4.

The (001) reflections as a function of Tx are shown in
Figure 8; the peak positions are at approximately the
same location as the (001) reflection of the nonpolar
phase of the parent copolymer. For samples crystallized
at different Tx, there is no indication of a (001) reflection
from the polar phase, which is notably different than
the data in the angular range of the (110, 200) reflection.
This suggests very small and defective polar domains

along the chain direction. The broadness of the (001)
peak indicates a very small coherent size along the
polymer chain direction. Using the Scherrer equation,
it is deduced that the coherent X-ray scattering domain
is about 1.5 nm and is the same for all samples
examined. Furthermore, even when heating the polymer
samples to 60 °C, at which temperature the (110, 200)
reflection peak width decreases noticeably, there is no
change in the (001) X-ray peak shape and width. In
contrast, the copolymer shows thick nonpolar domains,
with L001 ) 15 nm for the 68/32 copolymer.13 Thus, the
presence of the chlorinated commoners induces nano-
domainssin the stem direction, but not in the lateral
direction.

3.4. FT-IR Results. In Figure 9d, the FT-IR data for
the terpolymer samples with Tx at 112 and 142 °C are
presented, which illustrate the change of the molecular
conformations of the terpolymer samples with Tx (the
copolymer is included for comparison). The absorbance
peaks at 510 cm-1 (T3G), 612 cm-1 (TG), and 1290 cm-1

(Tm>4) are chosen for analysis since they all represent
motions of the CF2 group to some extent.19,30-32 In Table
2, the assignment of the vibration modes for these
absorbance peaks is summarized. Because some of the
peaks have relatively low intensity, direct analysis of
the peak areas using a curve deconvolution routine
results in relatively large error. Instead, subtraction of
the data with a reference was used for data analysis.
The scan taken at 155 °C (polymer melt) was used as
the baseline for the 1288 and 614 cm-1 peaks, and the
scan taken at 15 °C was used for the baseline for the
510 cm-1 absorbance peak. Subtraction and comparison
of the peak heights at the chosen wavelengths allow
qualitative analysis of the conformation changes with
both temperature and crystallization temperature. Parts
a, b, and c of Figure 9 give the conformation fractions
for the 510 cm-1 (T3G), 612 cm-1 (TG), and 1290 cm-1

(Tm>4) peaks, respectively.
Consistent with the X-ray data, at room temperature,

the samples with Tx ) 142 °C show a higher fraction of
the all-trans conformation. As the temperature is raised
to 50 °C, there is a drop in the all-trans conformation.
The results indicate that there is a broad transition at
temperatures near 40 °C, representative of a weak Curie
transition. This transition temperature seems to be the
same for all the samples with Tx ranging from 112 to
142 °C, although the transition is much weaker for
samples with lower Tx, presumably due to the lower
fraction of the polar regions in the polymers. The
correlation between the size of the polar phase transi-
tion and the polymer composition again suggests that
there are regions with higher CFE content (less polar)
and regions with lower CFE content (more polar).

3.5. Polarization Hysteresis Loop and Electric-
Field-Induced Strain Data. The polarization hyster-
esis loops for the terpolymer samples crystallized at
different Tx are shown in Figure 10. A salient feature
revealed by the data is the change of the polarization
hysteresis for the terpolymer samples with different Tx.
The terpolymer samples with lower Tx exhibit lower

Figure 7. X-ray data for the (110, 200) reflection taken at Tx
(indicated for each scan) for the terpolymer samples with
different Tx. The X-ray wavelength is 1.2399 Å.

Figure 8. X-ray data in the angular range of the (001)
reflection taken at room temperature as a function of Tx. For
comparison, the data of copolymer and irradiated copolymer
(75 Mrad) of similar composition are also shown (from ref 13).
The X-ray wavelength is 1.2399 Å.

Table 2.

freq
(cm-1) assignment conformation references

1290 νa(CF2), νa(CC), δ(CCC) Tm, m > 4 30, 31
850 νa(CF2) Tm, m > 3 30, 31
612 δ(CF2), δ(CCC) TG 30, 32
510 δ(CF2) T3G 19, 32
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polarization hysteresis, i.e., a smaller Pr (remnant
polarization) and Ec (coercive field). For example, the
terpolymer films with Tx ) 142 °C show an Ec of 20 MV/
m, while for the sample with Tx ) 112 °C, Ec ) 11 MV/
m.

Corresponding to this change in the ferroelectric
behavior, the field-induced strain is also dependent on

the Tx of the terpolymer samples. As shown in Figure
11, the terpolymer sample with Tx at 112 °C exhibits a
field-induced strain of -5.9% at 133 MV/m, while for
the samples with Tx at 142 °C, the strain is reduced to
-4.2% under the same field. This is too large of a change
to be accounted for by crystallinity changes alone. The
lower field-induced strain is due to already-existing
ferroelectric domains that do not undergo the local
conformation change upon application of the electric
field.

IV. Discussion and Conclusion

In this paper, we investigated (i) the crystallization
process, (ii) the influence of the crystallization process
on the microstructures, and (iii) the influence of the
crystallization process on the ferroelectric and electro-
mechanical responses of the P(VDF-TrFE-CFE) 68/
32/9 mol % terpolymer. It was found that CFE units in
the polymer chains reduce the crystallinity and crystal
growth rate relative to the copolymer. As a consequence,
there is in many cases significant crystal growth during
rapid cooling below the isothermal crystallization tem-
perature Tx. As Tx increases to 142 °C, very few
crystallites are formed at Tx and more than 90% of the
crystallites are formed in the rapid cooling process.

For the terpolymers studied here, one of the key
questions is how the CFE monomers influence the
ferroelectric behavior of the polymer. Without CFE, the
P(VDF-TrFE) copolymer of 68/32 mol % is a normal
ferroelectric, which at room temperature exhibits large

Figure 9. Comparison of the fractions of different conforma-
tions: (a) all-trans, (b) TGTG′, and (c) T3GT3G′ as a function
of temperature for the terpolymer samples with Tx ) 112 °C
(triangles) and 142 °C (open circles). (d) FT-IR scans measured
at 15 and 155 °C for the terpolymer sample with Tx ) 142 °C.
The copolymer of similar composition, measured at room
temperature, is also shown for reference.29

Figure 10. Polarization hysteresis loops measured at room
temperature and 1 Hz for the terpolymer samples with Tx of
110, 120, and 140 °C.

Figure 11. Thickness strain of the terpolymer as a function
of the applied field for the terpolymer samples with Tx ) 112
and 142 °C. The data were acquired at room temperature and
1 Hz ac field.
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polarization hysteresis.1 The copolymerization of CFE
with VDF-TrFE markedly affects the ferroelectric
behavior in the original VDF-TrFE crystal lattices. If
the bulkier CFE monomers (the van der Waals radius
of Cl is 0.18 nm, F is 0.13 nm, and H is 0.12 nm) are
included in the crystallites, it will cause local lattice
distortion and favor the formation of TG and T3G
conformations in the surrounding lattices rather than
the all-trans conformation which is more closely packed.
The CFE lattice defects will also reduce the crystal
lattice positional ordering and decrease the melting
temperature of the crystal lattice. Disorder caused by
defects in the PVDF polymer has been shown to reduce
ferroelectric properties in many instances.33,34

The experimental results presented favor the inter-
pretation that CFE monomers, to some degree, are
included in the crystalline region. Furthermore, the
experimental data show that the crystallites formed
during rapid cooling exhibit a higher fraction of the all-
trans conformation and stronger polar ordering, while
these crystallites have lower crystal lamellar thickness
in comparison with the crystallites formed at Tx. This
supports the idea that there is more inclusion in the
crystallites formed during isothermal crystallization and
less inclusion in the crystallites formed during rapid
quenching.

Corresponding to the change of the crystallization
process in the terpolymer with different Tx, it was
observed that polarization hysteresis measured at room
temperature increases and strain response decreases
with Tx, reflecting an increased polar phase component
in the crystalline region, due to the increased proportion
of the crystallites formed during the rapid cooling from
Tx.

Furthermore, this polar-phase component exhibits a
broad transition in the temperature range from 30 to
50 °C, which is far below the Curie transition temper-
ature in the parent copolymer phase, as indicated by
the disappearance of the X-ray peak corresponding to
the polar phase and marked reduction in fraction of the
all-trans conformation from the temperature evolution
of the FT-IR spectra. The temperature range of this
broad transition is independent of Tx, suggesting the
existence of a thermodynamically stable nanopolar
phase in this terpolymer.
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