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ABSTRACT: By using different preparation and processing methods, poly(vinylidene fluoride-co-hexa-
fluoropropylene) [P(VDF-HFP)] films with different crystal orientations were fabricated. Anisotropic dielectric
properties and different electric energy storages were observed in these films. When the PVDF crystals in a film
oriented with their c-axes perpendicular to the applied electric field, they exhibited large polarizability because the
CF2 dipole moments were randomly distributed in a plane parallel to the electric field. As a result, high dielectric
constant and high electric energy density were achieved. On the contrary, when the crystal c-axes in a film oriented
parallel to the electric field (or the CF2 dipole moments perpendicular to the electric field), polarization became
difficult. Consequently, low dielectric constant and low electric energy density resulted. The anisotropic polariz-
abilitywas alsodisplayedathigh electric fields as evidencedby thedifference in the remnant/maximumpolarization
and the dipole switching field for different crystal orientations. These results provide us a guidance to achieve
optimal crystalline morphology in PVDF random copolymer films for high electric energy storage applications.

Introduction

Recently, there has been an increasing interest in utilizing
ferroelectric polymers [e.g., poly(vinylidene fluoride) (PVDF)]
for advanced dielectric applications, such as power conditioning,
electric launch platform, and all electrical or hybrid vehicles, due
to their large effective dielectric constants1-5 and in turn high
electrical energy storage.6,7Althoughboth ferroelectric and linear
dielectric polymers [e.g., biaxial oriented polypropylene (BOPP)]
are insulating enough for advanced dielectric applications, their
fundamental physics and thus electrical properties are fundamen-
tally different. For example, BOPP is currently the state-of-the-
art polymer capacitor film because of its high electric breakdown
strength (730 MV/m at 63.2% Weibull failure probability and
∼600 MV/m at 1% Weibull failure probability for a test area of
2.0 cm2)8 and very low dielectric loss (<0.0002 at 1 kHz).9 Its
electric energy density (Ue) can be described using a linear
function: Ue=

R
E dD=0.5εrε0E

2, where E is the electric field,
D is the electric displacement, εr is the relative dielectric constant
(2.2 for BOPP and independent of electric fields), and ε0 is the
vacuum permittivity.

PVDF and its random copolymers are well-known ferroelec-
tric polymers that exhibit both high dielectric constant1-4,10 and
high dc breakdown strength (∼700 MV/m for∼10 μm capacitor
grade films).6,11-13However, their typical dielectric loss (tan δ) at
1 kHz is nearly 0.02 at ambient temperature because of electric
dipole relaxation.14 More importantly, they exhibit nonlinear
dielectric and ferroelectric behaviors with nonlinear permitti-
vity.15,16 Relatively easy phase transformations between the
paraelectric R-phase and ferroelectric phases (δ, γ, and β phases)
at elevated electric fields1,2 further enhance the cooperative

ferroelectricity in PVDF crystals. Therefore, their stored and
dischargedUe cannot be directly obtained from the εr in the above
equation which is only valid for linear dielectrics (e.g., BOPP)
because the εr is a function of the electric field and may exhibit a
maximum at the coercive field (Ec).

15,17 In addition, the dielectric
hysteresis often results in a significantly lower dischargedUe than
the stored one.

To enable ferroelectric PVDF for advanced dielectric applica-
tions such as high energy density dielectric capacitors, modifica-
tions of PVDF have been pursuit to reduce its cooperative
ferroelectricity in the crystals. For example, bulky comonomers
such as chlorotrifluoroethylene (CTFE) or hexafluoropropylene
(HFP) were randomly incorporated in PVDF, and the corre-
sponding P(VDF-CTFE) or P(VDF-HFP) copolymers showed
a high energy density of 17-25 J/cm3 at∼600MV/m.6,12 The high
energy density is attributed to a relaxor ferroelectric behavior18,19

achieved by the introduction of bulky -Cl atoms (or -CF3 side
groups) into the PVDF main chain to reduce the size of large
R-form crystallites. However, the physical origin of the so-called
relaxor ferroelectricity has not been well understood and quanti-
fied, and its relationships with different crystalline morphologies
and different crystal orientations have yet to be elucidated.
Recently, a low loss polymer, polystyrene (PS), was grafted to
P(VDF-CTFE) using atom transfer radical polymerization.20

After PVDF crystallization, PS formed a confining layer sur-
rounding the PVDF lamellar crystals. As a result, less space
charge was accumulated in the sample comparing to pure PVDF,
and a much faster discharge was observed.

The origin of large polarization in PVDF and its copolymers is
the strong and additive dipole moment perpendicular to the
polymer chain in ferroelectric crystals. In δ-, γ-, and β-form
crystals, the crystals possess net dipoles in their unit cells. There-
fore, their polarizability is high when subjected to an external*Corresponding author: e-mail lxz121@case.edu, Tel (216)368-5861.
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electric field, and thus they exhibit high dielectric constants (e.g.,
19.6 at 100 Hz for β-crystals).21 In the R-form unit cell, neighbor-
ing dipole moments are in the opposite directions, and thus the
crystal unit cell exhibits no net dipole. Therefore, its polarizability
is low, and it exhibits a relatively low dielectric constant (e.g., 13 at
100 Hz).14,21 Furthermore, the polarizability of PVDF crystals
should depend on the orientation of dipole moments because the
orientational polarization is more important than electronic and
atomic polarizations in PVDF crystals.22 We speculate that when
the c-axis of the PVDF crystal is parallel to the electric field, all the
dipole moments will distribute in a plane perpendicular to the
electric field. Alignment of dipole moments with the electric field
will be difficult, and thus the dielectric constantwill be low and less
electric energy can be stored in the crystal. When the c-axis of the
PVDFcrystal is perpendicular to the electric field, dipolemoments
will be distributed in a plane parallel to the electric field.Alignment
of the dipole moments with the applied electric field will be
relatively easy through either chain flipping or crank-shaft mo-
tions,1 and thus the dielectric constant will be high and more
electric energy can be stored in the crystals.However, the relatively
high remnant polarization will prevent the release of energy.

Anisotropic dielectric properties have been reported in ceramic
materials,23 fluorinated polyimide and fluorinated poly(aryl
ether),24 poly(hexamethylene adipate),25 and PVDF.26,27 These
materials showed different dielectric constants along different
directions at low electric field. At high electric fields, however, the
dielectric behavior was complicated by the possibility of electric
field-induced phase transitions and nonlinear ferroelectricity.28

Therefore, a clear understanding of the effect of crystal orienta-
tion on dielectric properties at high electric fields is indispensible
for electric energy storage.

In this work, different crystal orientations were obtained for
the same P(VDF-HFP) random copolymer by different film
fabrication and processing conditions. Low dielectric constant
and low electric energy storage were observed when PVDF
crystalline lamellae were oriented parallel to the film, while high
dielectric constant and high electric energy storage were obtained
when the PVDFcrystalline lamellae oriented perpendicular to the
film.High electric field dielectric properties of the P(VDF-HFP)
films having different crystal orientations were investigated by
electric displacement-electric field hysteresis loops (i.e., D-E
loops) and their derivative curves. Lowermaximum and remnant
polarization and a higher dipole switching field were observed in
films where the PVDF crystalline lamellae were oriented parallel
to the film than in those where PVDF crystalline lamellae
oriented perpendicular to the film.

Experimental Section

Materials. P(VDF-HFP)-96/4 was purchased from Aldrich,
which contained 4 mol % HFP comonomer as determined by
proton nuclear magnetic resonance. Tetrahydrofuran (THF,
Aldrich, HPLC grade) were used as received without further
purification.

Film Fabrication and Processing. Film A with a thickness
around 15 μm was prepared by slow solution-casting from
4 wt % THF solution at room temperature. Film B with a
thickness around 8 μm was prepared by uniaxial stretching
(∼700% extension ratio) of a relatively thick (∼50 μm) solu-
tion-cast and annealed (120 �C for 24 h) film at an elevated
temperature (90 �C) using a home-built uniaxial stretching
device. Film C with a thickness around 80-100 μm was pre-
pared by melt-pressing the resin at 240 �C followed by immedi-
ate quenching into ice water. Thin film D with a thickness
around 20 μm was prepared by uniaxial stretching (∼700%
extension ratio) of the film C at 130 �C.

Instrumentation and Characterization.Two-dimensional (2D)
WAXD experiments were performed on an Oxford Xcalibur

diffractometer with an ONYX CCD area detector. The X-ray
wavelength was Cu KR 0.1542 nm. One-dimensional (1D)
WAXD profiles were obtained by integration from correspond-
ing 2DWAXDimages. The d-spacingwas calibrated using silver
behenate with the first-order reflection at a scattering vector q=
1.076 nm-1, where q=(4π sin θ)/λ (θ is the half scattering angle).
Fourier transform infrared (FTIR) was performed on aNiclotet
Magna 560 FTIR spectrometer. Differential FTIR spectra were
obtained by subtracting different FTIR spectra with that for the
P(VDF-HFP)-96/4 in the melt at 180 �C.29 Differential scan-
ning calorimetry (DSC) was performed on a TADSCQ-20 with
a scanning rate of 10 �C/min.

The low field ε0 and ε0 0 weremeasured using anAgilent 4284A
Precision LCR meter. Polarization hysteresis loops at room
temperature were collected using a modified Sawyer-Tower
circuit at 10 Hz.12 Gold electrodes were sputtered onto both
surfaces of the film with a thickness around 50 nm. The gold
electrode area was 5.0 cm2 for the low field measurements and
ca. 0.0531 cm2 for the D-E loop measurements.

Results and Discussion

Characterization of Crystalline Morphology. Different
crystal orientations in films A-D were studied by 2D
WAXD, where the incident X-ray beam was directed along
the z (normal to the film) and the x (perpendicular to the
stretching direction and parallel to the film) directions,
respectively. For the solution-cast film A, THF was chosen
as the solvent because P(VDF-HFP) could crystallize from
the solution after dissolution at a high temperature (e.g.,
60 �C) and extended standing at room temperature during
the slow solution-casting process. Afterward, the crystallized
P(VDF-HFP) lamellar crystals lay parallel onto the sub-
strate in the dried film (similar to single crystal mats). This
was evidenced by sharp (100)R, (020)R, and (110)R reflections
oriented on the vertical y-direction in the x-uniaxial pattern
in Figure 1. Note that the x-direction was arbitrarily chosen
as parallel to the film because film A was never stretched.
Sharp isotropic reflection rings were seen in the z-uniaxial
pattern, indicating the lying-down lamellar crystals had a
random orientation with respect to the normal direction of
the film. Note that R-crystals exclusively dominated in the
film and no β-crystals were observed, as evidenced by the 1D
WAXD profile in Figure 2, where only (100)R, (020)R, and
(110)R reflections were seen at 12.45, 12.95, and 14.05 nm-1,
respectively. This is further confirmed by the differential
FTIR spectrum in Figure 3. In the differential FTIR result,
only R-form absorption bands were observed at 614, 532,
486, and 410 cm-1, respectively [detailed peak assignment of
FTIR absorption bands for R- and β-forms can be found in
Table S1 in the Supporting Information].30,31

After solution-casting and uniaxial stretching, new crys-
talline morphology and phases developed in the film B in

Figure 1. Two-dimensional (2D)WAXDpatterns for the solution-cast
film A. The X-ray beam was directed along the z- and x-directions,
respectively. Crystal and dipole orientations are also shown in the
schematic representation in the right panel.
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addition to some pre-existing flat-onR-crystals, as evidenced
in the WAXD patterns in Figure 4. For example, R-crystal
reflections [(100)R, (020)R, and (110)R] with broad line widths
were found in the horizontal x- and z-directions in the z- and
x-uniaxial patterns, respectively. The orientation of these
poor R-crystals was 90� apart from that of pre-existing large
flat-on R-crystals, suggesting that part of the pre-existing
flat-on R-crystals were pulled apart by uniaxial stretching
and transformed into poor R-crystals with their c-axes
parallel (or the crystalline lamellae transverse) to the drawing
direction.32 In addition, newly developed (110)β/(200)β re-
flections with a broad line width oriented in the same

direction as those of the poor R-crystals, suggesting that
poor β-crystals also oriented with their c-axes parallel to the
drawing direction. The actual contents of these two crystal
populations along the y- and z-directions were calculated
from the corresponding 1D WAXD profiles (Figure 5) ob-
tained from the x-uniaxial pattern in Figure 4. The results
showed that there were 9.1% poor β-crystals and 22.3%
poor R-crystals with their c-axes oriented parallel to the
drawing direction and 9.5% large pre-existing R-crystals
with their c-axes oriented perpendicular to the drawing
direction. Further evidence for the existence of β-crystals
was clearly seen in the differential FTIR spectrum inFigure 3
for the film B, where typical β-form absorption bands
were observed at 510, 472, and 442 cm-1. We conclude that
these β-crystals must be transformed from the R-crystals
under extensional stresses, which was often observed in
literature.33

For the hot-pressed and stretched film D, there were well-
oriented reflection arcs with broad line widths in the z- and
x-uniaxial patterns in Figure 6. Broad line widths suggested
that the crystallite sizes were small. Judging from the orien-
tation of the (100)R, (020)R, and (110)R reflections exclusively
on the horizontal x- and z-directions [perpendicular to the
drawing (y) direction], small PVDF crystals in the film D
were aligned along the drawing direction. Moreover, exten-
sional stresses also induced certain transformation of poor
R-crystals into poor β-crystals. This was evidenced by the 1D
WAXD profile in Figure 2 for the film D, where new
(110)β/(200)β reflections developed as a shoulder slightly
beyond the (110)R reflection, when compared with the 1D
WAXDprofile of the filmCwhich possessed a pureR-phase.

Figure 2. One-dimensional (1D) WAXD profiles for the solution-cast,
hot-pressed, and hot-pressed and stretched films A, C, and D, respec-
tively.

Figure 3. Differential FTIR absorption spectra for the solution-cast,
solution-cast and stretched, and hot-pressed and stretched films A, B,
and D, respectively.

Figure 4. Two-dimensional (2D)WAXDpatterns for the solution-cast
and stretched film B. The X-ray beam was directed along the z- and
x-directions, respectively. Crystal and dipole orientations are also
shown in the schematic representation in the right panel.

Figure 5. One-dimensional (1D) WAXD profiles for the solution-cast
and stretched film B obtained by integration along (A) the y- and (B)
the z-directions, respectively, when the X-ray beam is along the x-
direction. The integration angle is ca. 50� around the y- and z-directions,
respectively.

Figure 6. Two-dimensional (2D) WAXD patterns for the hot-pressed
and stretched film D. The X-ray beam was directed along the z- and x-
directions, respectively. Crystal and dipole orientations are also shown
in the schematic representation in the right panel.
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The existence of β-crystals again can be clearly seen in the
differential FTIR spectrum in Figure 3 with typical β-form
absorption bands at 510, 472, and 442 cm-1. Different
crystal orientations in the films A, B, and D are summari-
zed in the cartoon representations in Figures 1, 4 and 6,
respectively.

Because of the stretching-induced β-crystals in films B
and D, it is desired to calculate their content relative to that
of the R-crystals. Although differential FTIR spectra in
Figure 3 showed distinct β- and R-form absorption bands,
the relative β-to-R ratio could not be accurately obtained
because the absolute absorption coefficients were not read-
ily available and different R- and β-crystal orientations
(especially in the film B) further complicated the absolute
infrared absorption. Therefore, we resort to 1D WAXD
profiles in Figures 2 and 5 to determine the β-crystal
contents in films B and D. To avoid interference from
different crystal orientations, 1D WAXD profiles were
obtained from the x-uniaxial patterns for all films, where
the X-ray beam was always directed perpendicular to the
c-axes of PVDF crystals. Therefore, equal probabilities for
the (hk0) reflections in both R- and β-crystals could be
assumed as long as the crystals had a random orientation
around the drawing direction. The actual contents ofR- and
β-crystals were directly determined by the R- and β-crystal-
linity obtained from peak-fitting results in Figures 2 and 5;
9.1% β-crystals and 31.8% R-crystals in the film B and
7.3% β-crystals and 32.9% R-crystals in the film D. The
overall crystallinity calculated from 1D WAXD profiles
generally agreed with that obtained from DSC (see Figure
S1 and Table S2 in the Supporting Information). In both
stretched films (B and D), the contents of β-crystals were
much higher than the overall crystallinity increase after
uniaxial stretching (<3% based on WAXD and DSC
results), confirming the stress-induced phase transforma-
tion from R- to β-crystals.

Dielectric Properties at Low Electric Fields. For ceramic
materials, it was reported that dielectric properties were
anisotropic with respect to different crystal orientations.23

This is also true for crystalline PVDF and its copolymers.26,27

The ε0 and ε00 were measured as a function of frequency for
films A-D at a low electric field (bias voltage=1 V), and the
results are shown in Figure 7. The ε0 decreased with increas-
ing the frequency for all P(VDF-HFP) films (Figure 7A)
because they are ferroelectric and nonlinear in nature.
The solution-cast film A had the lowest ε0 (∼5.6 at
1 kHz) compared with other films. In this film, dipole
moments of CF2 in the crystals were distributed in a plane
nearly perpendicular to the electric field (see Figure 1).
Therefore, their orientational polarizability in the flat-on

crystals was low because it was difficult for them to conform
to the electric field. On the contrary, the dipole moments of
CF2 in PVDF crystals of the hot-pressed and stretched film
D were randomly distributed in a plane parallel to the
electric field (see Figure 6). Therefore, their orientational
polarizability in the transverse crystals was large, and film
D showed the highest ε0 (∼12.2 at 1 kHz). Because of the
random dipole orientations (dipole moments both perpen-
dicular and parallel to the electric field) in the hot-pressed
film C, it showed an ε0 (∼9.9 at 1 kHz) in between those for
filmsA andD. Solution-cast and stretched filmBhadmixed
dipole orientations. The slightly lower ε0 (∼9.6 at 1 kHz)
was probably due to the presence of 9.5% flat-on large
R-crystals (see Figure 4).

The relaxation properties of P(VDF-HFP) films with
different crystal orientations were studied by the frequency
spectra of the imaginary permittivity, as shown in
Figure 7B. The solution-cast film A, the solution-cast and
stretched film B, and the hot-pressed film C showed two
relaxation peaks at low (less than 20 Hz) and high frequen-
cies (∼1 MHz), respectively. The relaxation peaks must
originate from typical molecular motions in PVDF
R-crystals.34 The relaxation peak at low frequencies (∼1
Hz), the so-called R-relaxation, is related to the molecular
motion accompanied by the change of dipole moment
along the chain direction in R-crystals. In the solution-cast
film A, all of the chains were aligned along the applied
electric field, and thus it had the largest relaxation peak at
the low frequency. Because a significant portion of flat-on
R-crystals had transformed into transverse crystals, leaving
only 9.5% flat-on R-crystals in the solution-cast and
stretched film B, a weaker relaxation peak was observed
at the low frequency. The hot-pressed film C had a random
chain orientation and thus showed an even smaller relaxa-
tion peak at the low frequency. Finally, there was no
relaxation peak below 103 Hz in the hot-pressed and
stretched film D because all of the chains were aligned
perpendicular to the electric field. At high frequency (∼1
MHz), two molecular motions have been proposed to be
responsible for the relaxation process. One is the so-called
β-relaxation, which is related to the micro-Brownian mo-
tion of noncrystalline chain segments.34 The other is related
to the molecular motion on the amorphous/crystalline and
the R/β or R/γ (if there is a β- or γ-phase in PVDF crystals)
interfaces.35 For the P(VDF-HFP) films with different
crystal orientations, we speculate that the second reason
should dominate and the relaxation peak amplitude could
be determined by the total area of the interfaces. There were
more interface areas in the hot-pressed and stretched filmD
than in films B and C because the film B had 9.5% flat-on

Figure 7. (A) Real part (ε0) and (B) imaginary part (ε0 0) of the permittivity as a function of frequency for the solution-cast, solution-cast and stretched,
hot-pressed, and hot-pressed and stretched P(VDF-HFP) films A-D, respectively.
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large R-crystals and the film C had only R-crystals. There-
fore, the film D had the highest relaxation peak at 1 MHz.
Meanwhile, the solution-cast film A had only flat-on large
R-crystals and thus the least interface area. Consequently, it
had the smallest relaxation peak at 1 MHz.

Dielectric Properties at High Electric Fields. The dielectric
properties of the P(VDF-HFP) films with different crystal
orientations at high electric fields were studied by D-E
hysteresis loop measurements in Figures 8A, 9A, and 10A.
Unipolar electric field was applied as a triangular waveform
with a frequency of 10Hz. For linear dielectric materials, the
electric displacement can be related to the dielectric constant

as the following:

εr ¼ 1

ε0

DD
DE

ð1Þ

However, this relationship is generally invalid for a ferro-
electric or nonlinear material such as PVDF because the
electric displacement at high electric fields changes irrever-
sibly with the electric field. Note that the electric displace-
ment accounts for the dipole orientation (or polarization),
while the dielectric constant reflects themotion (or the rate of
change) of these dipoles. D and ε are not independent but

Figure 8. (A)Unipolar displacement-electric field (D-E) hysteresis loops for the solution-cast filmA. The polarization electric field has an increment
of 50 MV/m at each step up to 550MV/m. (B) Derivative curves ofD, (∂D/∂E)/ε0, as a function of E for the solution-cast film A. The curves have the
same color as their corresponding D-E loops in (A).

Figure 9. (A) Displacement-electric field (D-E) hysteresis loops for the solution-cast and stretched film B. The polarization electric field has an
increment of 50MV/mat each stepup to 550MV/m. (B)Derivative curves ofD, (∂D/∂E)/ε0, as a functionofE for the solution-cast and stretched filmB.
The curves have the same color as their corresponding D-E loops in (A).

Figure 10. (A) Displacement-electric field (D-E) hysteresis loops for the hot-pressed and stretched film D. The polarization electric field has an
increment of 50MV/m at each step up to 500MV/m. (B)Derivative curves ofD, (∂D/∂E)/ε0, as a function ofE for the hot-pressed and stretched filmD.
The curves have the same color as their corresponding D-E loops in (A).
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often correlate with each other. Although eq 1 cannot be
directly used to calculate the field-dependent dielectric con-
stant for nonlinear materials, it was observed experimentally
that (∂D/∂E)/ε0 qualitatively correlated with ε as a function
of the electric field (see ref 15 andFigure S2 in the Supporting
Information). In our D-E loop measurements, unfortu-
nately the field-dependent ε(E) values could not be directly
obtained. Therefore, (∂D/∂E)/ε0 was used to qualitatively
correlate with the dielectric constant at high electric fields for
P(VDF-HFP) films with different crystal orientations. The
corresponding results of (∂D/∂E)/ε0 as a function of the
electric field are shown in Figures 8B, 9B, and 10B. All of
the differential curves in Figures 8B, 9B, and 10B have the
same color as correspondingD-E loop curves in Figures 8A,
9A, and 10A.

From the above results, the solution-cast film A only had
flat-on R-crystals, which showed low orientational polariz-
ability at low electric fields. At high electric fields, the low
orientational polarizability was demonstrated by the low
electric displacement and the high dipole switching field. For
example, at an electric field of 500 MV/m, D was 0.065,
0.084, and 0.075 C/m2 for the solution-cast film A, the
solution-cast and stretched film B, and the hot-pressed and
stretched film D, respectively. The peak position in the
derivative curve of D in Figure 8B indicated that the fastest
polarization reversal in the film A occurred at an electric
field of 260MV/m. This is much higher than typical coercive
fields of 50-70 MV/m for β-PVDF17 and ∼110 MV/m for
R-PVDF6 because the largest dipole moment of the
R-crystals oriented in a plane perpendicular to the electric
field for the film A. However, there is a small dipole moment

along the chain direction in R-crystals, which usually have
alternating (or random) up and down orientations for the
up and down helices, respectively.28 At high electric fields,
these up and down dipoles could be poled into the same
direction. We speculate that the maximum (∂D/∂E)/ε0 in
Figure 8 could be a result of poling these dipoles along the
chains in R-crystals.

There are three types of crystal populations in the solu-
tion-cast and stretched film B; large face-on R-crystal and
poor transverse R- and β-crystals. Upon poling, the dipole
switching field appeared at 160 MV/m, when the polariza-
tion field reached at 200 MV/m and above (see Figure 9B).
This was much lower than that for the solution-cast film A
because the largest dipole moments in the sample oriented in
a plane parallel to the applied field, rather than perpendi-
cular to it. When the applied polarization field was relatively
low (e.g., 150 and 200 MV/m), the maximum value of (∂D/
∂E)/ε0 was about 60 because most dipoles had randomized
back to the original state during the previous depolarization
(or discharge) cycle. When the unidirectional poling cycle
continued to higher electric fields, more dipoles were poled
(or saturated) and did not switch back to the original state
upon removal of the electric field during the previous dis-
charge cycle. Therefore, the maximum value of (∂D/∂E)/ε0
kept decreasing. When the E reached 550MV/m, (∂D/∂E)/ε0
decreased to about 30.

Upon discharging, there was almost no hysteresis in the
D-E loop when the polarization field was less than 100MV/
m. When the polarization field reached 100 and 150 MV/m,
half-propeller-shaped D-E loops were observed, which
could be attributed to an antiferroelectric-like behavior.
Similar propeller-shaped D-E loops with two-step dipole
switching were also observed in P(VDF-trifluoroethylene)
[P(VDF-TrFE)] copolymers with relatively low VDF con-
tents at intermediate temperatures between the ferroelectric
(β) and the paraelectric (rotating R) phases.15,36-38 The first
step switching corresponded to a fast depolarization process
to a nonpolar (antiferroelectric) phase, and the second step
was attributed to a slow repolarization process.We speculate
that similar antiferroelectric-like behavior could exist in the
solution-cast and stretched film B. At a relatively low poling
field (e.g., 100-150 MV/m), almost no space charges were
induced in the sample. After removal of the applied electric
field, the depolarization field could drive the formation of a
nonpolar (antiferroelectric or randomized) phase. This re-
sulted in a low remnant polarization and a half-propeller-
type D-E hysteresis loop, as seen in Figure 9A. At the high
poling fields (>200 MV/m), space charges were induced
to stabilize the oriented dipoles, and the dipoles were thus
saturated.21,39-42 After removal of the applied electric field,

Figure 11. Maximum and remnant polarizations, Dmax and Drem, as a
function of the electric field for films A, B, and D with different PVDF
crystal orientations.

Figure 12. (A) Differential FTIR spectra and (B) 1D WAXD profiles for the solution-cast film A, solution-cast and stretched film B, and the hot-
pressed and stretched film D before and after the cycled dc poling process, respectively.
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the oriented dipoles preserved and thus resulted in a high
remnant polarization. These are illustrated in the schematic
inset in Figure 9A. Since the film B contained a certain
amount of β-crystals, whose dipoles should be more mobile
than the R-crystal dipoles, we speculate that the β-crystals
could be responsible for the fast dipole switching upon
removal of the applied field. For example, upon discharging,
the fast dipole depolarization occurred at 38 MV/m for a
poling field of 100MV/m, and 58MV/m for a poling field of
150 MV/m (see Figure 9B). To determine whether the fast
depolarization step is related to the reorientation of the β-
crystal dipoles or not,more experiments will be carried out in
the future.

The hot-pressed and stretched film D had certain differ-
ences from film B. First, film B had smaller crystallite sizes in
the transverseR- and β-crystals than filmD. This can be seen
by comparing the 1D WAXD profile for film D (Figure 2)
and that for film B (Figure 5B), and the line widths of the
reflections for the transverse R- and β-crystals for the film B
were broader than those for film D. Second, film D did not
have large flat-on R-crystals as in film B. Therefore, more
crystal-amorphous interfacial areas were present in film D,
and thus a stronger depolarization field resulted. Conse-
quently, film D displayed somewhat different D-E hyster-
esis loops (Figure 10A) from the film B (Figure 9A). For
example, upon charging, the dipole switching field was
140 MV/m when the polarization field was above 300 MV/m
(Figure 10B), slightly lower than that (160MV/m) for filmB.
It is because of the stronger depolarization field in film D
that more diminished macroscopic polarization in film D
resulted than in film B, as we discussed before. Meanwhile,

the maximum (∂D/∂E)/ε0 was less than 25 (Figure 10B),
smaller than those for film B at the same poling electric field.

Upon discharging, similar antiferroelectric-like behavior,
as in film B, was observed for filmD at a polarization electric
field between 100 and 200 MV/m because half-propeller-
shapedD-E loops again were observed in Figure 10A. After
removal of the applied electric field, the oriented dipoles
could revert back to the nonpolar (antiferroelectric or
random) phase because of its higher depolarization field.
As a consequence, a low remnant polarization resulted. For
example, the remnant polarization was 0.0075 C/m2 for film
D as compared to 0.014 C/m2 for film B at a polarization
field of 200 MV/m. The fast depolarization step was also
evidenced by a peak in the (∂D/∂E)/ε0 curves during the
discharge process (see Figure 10B). Different from film B,
film D showed a peak around 25 MV/m in the (∂D/∂E)/ε0
curve when the polarization field was 200 MV/m. At higher
polarization fields (>200 MV/m), space charges were accu-
mulated and thus oriented dipoles were stabilized (or
saturated). After removal of the applied electric field, rem-
nant polarization was relatively high in film D. The sche-
matic of poling and discharge processes for the film D is
shown in the inset of Figure 10A.

A summary of the maximum displacement (Dmax) and
remnant displacement (Drem) for films A, B, and D as a
function of polarization field is shown inFigure 11. TheDmax

and the Drem of the film A were the lowest and increased
monotonically with the polarization field. The Dmax and the
Drem of the film B were the highest and increased sharply
between 100 and 200MV/m.TheDmax and theDrem of filmD
were in between those for films A and B and increased
gradually between 100 and 300 MV/m.

Phase Transformation at High Electric Fields. Figure 11
shows that upon high field poling and discharge processes
there are clear differences among films A, B, and D. We
speculate that there could be ferroelectric phase transforma-
tions induced by the high electric field poling. To study the
phase transformation during the D-E loop measurement, a
cycled dc poling experiment with a 50 MV/m increment was
conducted for films A, B, and D to simulate the poling
processes in the D-E loop study. The crystalline phases in
the poled sampleswere immediately studied byFTIRand 1D
WAXD to avoid dipole depolarizationwith time. For filmA,
no obvious changes were detected byFTIR (Figure 12A) and
1D WAXD (Figure 12B) measurements, suggesting that no
obvious phase transformation occurred after electric poling
up to ca. 300 MV/m, although the R-helical conformation
might have changed from alternating up and down to
uniformly up (or down), as reported before.28

Figure 13. Peak fitting results of 1D WAXD profiles for the hot-
pressed and stretched film D before and after the dc cycled poling
process.

Figure 14. (A) Charged and discharged energy densities and (B) losses as a function of the applied electric fields for the solution-cast, solution-cast and
stretched, and hot-pressed and stretched films A, B, and D, respectively.
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For the solution-cast and stretched film B, also no sub-
stantial changes and phase transformation were found up to
a poling field of 376 MV/m, as evidenced by nearly over-
lapped FTIR spectra in Figure 12A and 1DWAXD profiles
in Figure 12B before and after the cycled dc poling process.
However, this was not the case for the hot-pressed and
stretched film D. After the cycled dc poling, the FTIR peak
intensity of the R-crystal absorption bands at 614, 532, 486,
and 410 cm-1 decreased in Figure 12A, and the WAXD
reflection peaks slightly shifted to the right in Figure 12B.
After peak fitting, results are shown in Figure 13 (and Table
S3 in the Supporting Information) to quantify the relative
contents of theR- and β-phases before and after the cycled dc
poling process. About one-fourth of the R-crystals had
already transformed to the β-crystals (7.3% before poling
to 16.9% after poling) when the poling field was up to 286
MV/m. Therefore, we conclude that the difference between
films B and D was likely a result of an easier phase transfor-
mation in filmD than filmB. In the future,more experiments
are necessary to understand the exact mechanism for an easy
phase transformation in film D.

Electric Energy Storage and Discharge Behaviors. The
charged and discharged energy densities could be directly
obtained from Figures 8A, 9A, and 10A. Results are shown
in Figure 14A. First, the solution-cast film A had the lowest
charged and discharged Ue because the largest dipole mo-
ments were oriented perpendicular to the applied electric
field and could not be easily poled. The increases in charged
and discharged Ue as a function of the electric field were
gradual and monotonic. Second, the solution-cast and
stretched film B had the highest charged and discharged
Ue. Interestingly, the chargedUe had a sharp increase around
150 MV/m and then had a nearly linear increase after
250 MV/m. Third, the charged and discharged Ue of the
hot-pressed and stretched filmDwere in between those of the
films A and B. Similarly, the chargedUe for the film D had a
relatively sharp increase between 150 and 300 MV/m and
leveled off until 400 MV/m, after which it increased again.
The sharp increases in the charged Ue for the films B and D
between 100 and 300MV/m coincided well with the peaks in
the (∂D/∂E)/ε0 curve in Figures 8B and 9B. Clearly, the
increase in the charged Ue indicated that space charges
were accumulated in the samples when the mobile dipoles
started to orient along the applied electric field in order to
stabilize them.

Although induced space charges enhanced the electric
energy storage, they could not be easily discharged from
the samples for practical uses during fast pulses.20 This is
reflected by the much lower dischargedUe for the films A, B,
and D. Here, we define the loss as [1 - Ue(discharged)/
Ue(charged)], which includes both ferroelectric and conduc-
tion losses.12 Figure 14B shows the losses for the films A, B,
and D as a function of the electric field. The loss curves for
films A, B, and D showed maxima around 350 MV/m (47%
loss), 200MV/m (61% loss), and 300MV/m (62% loss), after
which the losses started to decrease. At relatively low field
(<150MV/m), the film A hadmuch higher loss than films B
and D. This corresponded well with the low field dielectric
loss (tan δ) study in Figure 7B and could be attributed to the
molecular motion accompanied by the change of dipole
moment along the chain direction in R-crystals. Between
150 and 350MV/m, films B andD had higher losses than the
film A. After 400 MV/m, all films exhibited losses between
38% and 46%. Note that the discharged Ue for films A, B,
and D (11-13.5 J/cm3 at 600 MV/m) are much higher than
that of BOPP (4.88 J/cm3 at 700 MV/m).

Conclusions

In conclusion, PVDF crystals with different orientations in
P(VDF-HFP) films were obtained by varying film fabrication
and processing conditions. Anisotropic dielectric constants and
electric energy storages were observed. Films with crystal c-axes
perpendicular to the electric field exhibited higher dielectric
constants and higher electric energy densities than the film with
its crystal c-axes parallel to the electric field. This was primarily
attributed to the anisotropic orientational polarizability of PV-
DF crystals. At high electric fields, the anisotropic orientational
polarizability resulted in higher maximum/remnant polarization
and a lower dipole switching field in the films with the crystal
c-axes perpendicular to the electric field than in the film with the
crystal c-axes parallel to the electric field. This study provided
physical insights for the practical application of ferroelectric
polymers for advanced dielectric capacitor applications.
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