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The typical limitations of ferroelectric polymers like poly (vinylidene fluoride) (PVDF) - low crystallinity, indirect

ferroelectric B-phase crystallization - and poly (vinylidene fluoride-trifluoroethylene) (PVDF-TrFE) - higher material and

www.rsc.org/

processing costs, lower Curie point - are tackled by a simple and industrially viable melt blending approach. Despite the

immiscible nature of PVDF and PVDF-TrFE, strong interactions exist between the two polymers, which substantially affects

the morphology and texture of the blends as well as their dielectric and ferroelectric properties. Surprisingly, minor

amounts of PVDF-TrFE lead to a significant increase in B-phase content and preferred orientation of PVDF, well beyond the

rule-of-mixtures. Moreover, the blends exhibit maximum increases in dielectric constant of 80% and 30%, respectively,

compared with pure PVDF and PVDF-TrFE. The ferroelectric remnant polarization increases from 0.040 to 0.077 c/m?

while the coercive field decreases from 75 to 32 kV/mm with increasing PVDF-TrFE content from O to 40 wt. %. The

enhancement of properties is explained by the strong interactions at the interfaces between PVDF and PVDF-TrFE, which

also suppresses the Curie transition of PVDF-TrFE, providing a potentially increased working temperature range for

blended films, which is important in applications like non-volatile energy storage devices, ferroelectric field-effect

transistors and touch sensors.

Introduction

Polymer-based ferroelectric materials have low processing
temperatures, high electrical resistivity and excellent flexibility
compared to ceramic materials, which makes them of interest
for flexible electronic devices, such as memories and sensors.”
6 Poly (vinylidene fluoride) (PVDF) and its copolymers with
trifluoethylene (PVDF-TrFE) can be easily fabricated into films
with good ferroelectric properties. Unlike ferroelectric
ceramics, whose polar properties originate from ion
displacement inside the crystal unit cell, the polar properties
of ferroelectric polymers are due to the polar groups in the
crystalline polymer structure. As a consequence of this, the
coercive field of ferroelectric polymers is high (> 50 kV/mm).7
PVDF, a semi-crystalline polymer, shows at least four
polymorphs (a-, B-, y- and (S—).7 The crystallization from the
melt normally leads to the non-polar a-phase, which possesses
trans-gauche chain conformation resulting in the self-
cancelation of the dipoles.7 The a-phase PVDF can be
transformed into the y-phase through thermal treatments®
and into the 8-phase through poling under high electric field (~
150 kV/mm).g’ 1 While the vy and &- phase are polar to some
extent, the pB-phase displays the best piezoelectric and
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ferroelectric properties. The polar direction of B-PVDF is along
its b-axis, while the polymer chains are aligned with the c-axis.”
B-phase PVDF can be made by mechanically stretching a-phase
PVDF ! or poling a- and 6-PVDF at even higher electric fields (>
500 kV/mm).*°

On the other hand, the copolymer PVDF-TrFE with TrFE
content in the range of 20-35 mol. % easily crystalizes as the
ferroelectric B-phase, independent of the processing routes or
post—treatments.12 Moreover, the crystallinity of PVDF-TrFE is
much higher compared with ~ 50% for PVDF, and can reach
90% after annealing in the temperature range between the
Curie and melting points.13 This is due to the increased chain
mobility of PVDF-TrFE, leading to an increase in the lamella
thickness. However, the large scale application of PVDF-TrFE is
impeded by its time-consuming and expensive synthesis,12
along with a limited working temperature range due to the
existence of Curie transition.

Blending is a common strategy to modify the properties of
a base polymer by combining the desirable characteristics of
different polymers. Miscibility is an important issue related to
the evaluation of blends. PVDF blends with amorphous
polymers containing carbonyl group (e.g. poly methyl
methacrylate PMMA) exhibit good miscibility in the whole
composition range due to the contribution from the hydrogen
bonding between the double-bonded oxygen of the carbonyl
group and the acidic hydrogen of the CH,-CF, group.”‘16
However, the crystallization of PVDF and its spontaneous
polarization are suppressed with the addition of amorphous

15, 17 . . .
polymers. As a result, in order to maintain or even
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enhance its ferroelectric properties, blending with fluorine
polymers is more likely to be effective. 18

Tanaka et al. *° investigated the miscibility of PVDF/PVDF-
TrFE blends. Based on the observation of two distinct fusion
peaks in the DSC heating run, PVDF was found to be immiscible
with PVDF-TrFE regardless
copolymer. Gregorio et al. %% came to the same conclusion, but
they suggested that PVDF and PVDF-TrFE displayed miscibility
on a lamellae level due to the fact that pure PVDF showed axial
morphology, while the blends displayed homogenously
distributed irregular texture, suggesting that PVDF-TrFE
molecules segregated to the regions between the PVDF
spherulites. However, they did not
properties of their blended films. Despite the immiscibility of

of the composition of the

report the electric

the polymers, there is evidence of strong interaction in
PVDF/PVDF-TrFE blends, which might have a significant effect
on the dielectric and ferroelectric properties of the blends.

In this work, PVDF was blended with PVDF-TrFE using melt
extrusion, which, to the best of our knowledge, has never been
reported before. On the basis of our previous study,21 melt
extruded PVDF-TrFE films exhibited remarkable ferroelectric
properties due to high crystallinity and highly preferred
crystalline orientation. It is proposed that the presence of
PVDF-TrFE could enhance the crystallization of PVDF into B-
phase and generate preferred orientation of its polymer
chains.

Experimental
Materials

PVDF was purchased from Sigma Aldrich Chemical Co. The
average molecular weight of the PVDF was about 180 kg/mol
(Mw) and 71 kg/mol (Mn). PVDF-TrFE of composition 77/23
mol% was purchased from Piezotech S.A.S, (France). The
average molecular weight of the PVDF-TrFE was 210 kg/mol
(Mw) and 100 kg/mol (Mn).*

Sample preparation

PVDF and PVDF-TrFE were melt-blended using a DSM X’plore
15 Mini-extruder (Xplore Instruments, Geleen, The
Netherlands), at 205 °C and 60 rpm for 10 min. The weight
ratios of PVDF/PVDF-TrFE were set as 100/0, 90/10, 80/20,
70/30, 60/40 and 0/100. A slit die with gauge of 200 um was
used to produce films. The films were collected by a roller at
180 mm/min and ambient temperature. The films were then
clamped and annealed at 100 °C for 2 hours. The thickness of
the films was about 20 um. For the electrical measurements,
gold was vacuum sputtered on both sides of the films to form
electrodes.

Instrumentation

Fourier transform infrared spectroscopy (FTIR) (Tensor 27,
Optik GmbH, Ettlingen,
characterize the crystalline phases.
characterized for every composition of film. To complement

Bruker Germany) was used to

Five specimens were

the FTIR data, the crystalline phases were also determined
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using one-dimensional wide-angle X-ray diffraction (1D-WAXD)
patterns which were obtained using a Bragg-Brentano
geometry X-ray diffractometer (X’Pert Pro, PANalytical,
Almelo, The Netherlands) with Cu/Ka radiation in the 20 range
of 5°-70°. The preferred orientation of the films was
determined using two-dimensional wide-angle X-ray
diffraction (2D-WAXD) ring patterns, which were obtained
using a transmission geometry X-ray diffractometer (Kappa
Apexll Duo, Bruker AXS GmbH, Karlsruhe, Germany). The
surface morphology of the films was studied using a scanning
electron microscopy (SEM) (FEI Inspect-F, Hillsboro, OR, USA).
Before gold coating, samples were etched in potassium
permanganate solution for 40 min at 50 °C to remove the
amorphous region. The thermal properties of the materials
were analyzed using a differential scanning calorimeter (DSC)
(DSC822e, Mettler-Toledo, OH, USA) under N, atmosphere. All
of the samples were initially heated up to 180 °C and kept at
this temperature for 5 min, then cooled down to 25 °C and
heated up again to 180 °C. Both the heating and cooling rates
were set at 5 °C/min. Isothermal crystallization was carried out
at 150 °C and 135 °C. The frequency dependence of dielectric
permittivity and dielectric loss tangent were measured using a
Precision Impedance Analyzer (4294A; Agilent, Santa Clara, CA)
at ambient temperature in the frequency range of 100 Hz to
100 MHz with an applied maximum voltage of 0.5 V. The
temperature dependence of dielectric permittivity and
dielectric loss tangent were measured at different frequencies
using a LCR meter (4284A; Agilent, Santa Clara, CA) which is
connected with a homemade furnace. The electrode diameter
for dielectric tests was 5 mm. The ferroelectric P-E hysteresis
loops were tested using a ferroelectric hysteresis
measurement tester (NPL, Teddington, UK) at ambient
temperature and 10 Hz. The electrode diameter for
ferroelectric tests was 2 mm. Both the dielectric and
ferroelectric data presented in this paper was based on the
testing of 8 different specimens.

Results and Discussions

Crystalline Phases and Preferred Orientation of PVDF/PVDF-TrFE
Blended Films

The FTIR spectra of the blended films are shown in Figure 1a.
For pure PVDF, the strong a-phase characteristic bands at
1211, 1179, 1145, 1066, 976, 871, 854, 795, 764 and 613 cm™
can be seen in line (1). FTIR cannot clearly distinguish the B-
from the y-phase since several of their characteristic bands
overlap.23’ * For example, the typical 840 cm™ B-phase band
could also be a superposition of bands for the B- and y-
phases.“’ » However, the exclusive y-phase bands at 1234,
1117, 833 and 812 cm™* are not apparent in line (1),26 which
means that only the B-phase contributed to the formation of
the band at 840 cm™. To sum up, pure PVDF films mainly
crystallized into the a-phase with a small amount of the B-
phase (~ 8 wt. % as shown in Figure 1b).

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. (a) FTIR spectra of: (1) PVDF/PVDF-TrFE 100/0; (2) PVDF/PVDF-TrFE 90/10 wt.%; (3) PVDF/PVDF-TrFE 80/20 wt.%; (4) PVDF/PVDF-TrFE 70/30 wt.%; (5) PVDF/PVDF-TrFE
60/40 wt.%; (6) PVDF/PVDF-TrFE 0/100; (b) F(B) of pure PVDF and blended films as a function of wt. % PVDF-TrFE; (c) 1D-WAXD of: (1) PVDF/PVDF-TrFE 100/0; (2) PVDF/PVDF-TrFE
90/10 wt.%; (3) PVDF/PVDF-TrFE 80/20 wt.%; (4) PVDF/PVDF-TrFE 70/30 wt.%; (5)PVDF/PVDF-TrFE 60/40 wt.%; (6) PVDF/PVDF-TrFE 0/100; (d) 2D-WAXD of PVDF, PVDF-TrFE and
blends containing 90 wt. % and 70 wt. % PVDF; (e) schematic diagram illustrating the orientation of the blended films; the left reflects the film surface and can be used for the
understanding of 2D-WAXD; the right reflects the cross-section region. The rectangles represent the lamellae with folded polymer chains. The red arrows indicate the extrusion

direction.

For pure PVDF-TrFE, strong characteristic B-phase bands at
1167, 878 and 840 cm™ can be seen in Figure 1a line (6). The
blended films show a mixture of a- and B-phase. The intensity
of the 854 cm™ band (a-phase) was considerably reduced with
increasing amount of PVDF-TrFE, while the 840 cm™ band (B-
phase) became more obvious. Equation 1 was used to quantify
the relative fraction of the B-phase (F(B)), assuming that only
the a- and B-phases existed.”” % Equation 1 is built on the
assumption that FTIR follows the Lambert-Beer law.” In
Equation 1, A, and Ag correspond to the measured absorbance
at 764 cm™ and 840 cm_l, and K, and Kg are the absorbance
coefficients at 764 cm™ and 840 cm'l, the values of which are

This journal is © The Royal Society of Chemistry 20xx

6.1x10* and 7.7x10" cmzmol_l, respectively % The values of
F(B) for the blended films are shown in Figure 1b; the value of
F(B) of PVDF and PVDF-TrFE are also included. The F(B) value
increases to almost 40 wt. % for PVDF/PVDF-TrFE 80/20 wt. %
blended films, which shows that the introduction of PVDF-TrFE
promotes the crystallization of PVDF into the B-phase.

FB) = e !
(K—i) A +Ag

Figure 1c shows 1D-WAXD patterns for the pure PVDF,
PVDF-TrFE, and the blended films. The three main peaks for
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the pure PVDF films, at 26=17.82°, 18.48° and 20.05°, suggest
that PVDF mainly crystallized into the o-phase, > >3
consistent with the FTIR data which shows no traces of the y-
phase but about 8 wt.% of the B-phase. The shoulder peak for
PVDF at 26=20.08° also indicates the existence of a small
amount of B-phase in pure PVDF films. For the pure PVDF-TrFE
films, one strong (110)/(200) reflection peak at 26=20.12° was
observed. Two other peaks at 26= 35.5° and 40.9° were
extremely weak and broad, which indicates a high preferred
orientation for the pure PVDF-TrFE films.*

Similar to PVDF, the blended films showed three XRD
peaks. The intensity of the characteristic (020) a-PVDF peak at
about 18.5° significantly reduced with PVDF-TrFE content,
especially for the blended films containing more than 20 wt. %
PVDF-TrFE. The weakening of this peak indicates that the
amount of the a-phase was reduced and/or the preferred
orientation of the crystallites increased with the presence of
PVDF-TrFE. Combined with the FTIR data, it can be confirmed
that there was a reduction in the a-phase and a corresponding
increase in the B-phase PVDF.

The preferred orientation results for the PVDF and PVDF-
TrFE films obtained from 2D-WAXD analysis are shown in
Figure 1d. From inner to outer, the WAXD reflections of the
PVDF, calculated from Figure 1d, are 18.1°, 20.0° and 26.6°.
The ring at 18.1° consists of the overlapping 17.81° (100), and
18.48° (020), reflections. The reflection at 26.6°, though not
obvious in Figure 1c, is associated with the (021), plane, which
is characteristic of the a-phase. As clearly seen in Figure 1d,
the crystalline phase of PVDF-TrFE is well oriented, with the
(110)p/(200)g reflections concentrated towards the equatorial
region, indicating that the polymer chain axis (c-axis) is
oriented parallel to the extrusion direction.”’ In comparison,
the reflections of PVDF are more uniformly distributed,
implying low preferred orientation. The orientation difference
can be explained by the fact that PVDF-TrFE exhibits a longer
relaxation time in the melt state than that of PVDF, and
therefore showed a more pronounced crystal orientation
during flow extension.*

The 2D-WAXD patterns for the blended films are shown in
Figure 1d. From inner to outer, the WAXD profiles exhibit the
characteristic reflections of (100),/(020),, (110)q.p/ (200)g and
(021), planes at 18.36°, 20.33° and 26.6° respectively. With
increasing amount of PVDF-TrFE, the preferred orientation of
the (110),.3/(200)g and (021), reflections are enhanced. The
intensity as a function of azimuthal angle from -90° to +90° at
the radial position of the (110).s/ (200)g and (100),/(020),
peak for the pure PVDF, PVDF-TrFE and blended films was
fitted with a Gaussian function (Figure S1). Pure PVDF films
show the least preferred orientation, corresponding to the
broadest peak (Figure S1). For the blended films (Figure S1)
the intensity is enhanced and the peak becomes sharper
radially and azimuthally with increasing amount of PVDF-TrFE,
which shows that blending with PVDF-TrFE leads to increased
crystallinity and higher preferred orientation for the
PVDF/PVDF-TrFE blended films. Interestingly, the outermost
26.6° (021), reflection ring of the blended films shows
preferred orientation, about 45° from the equatorial direction,
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which enhanced with increasing the amount of PVDF-TrFE
(Figure 1d). During extrusion, the temperature dropped
quickly from 205 °C to room temperature, which caused the
PVDF and PVDF-TrFE to crystallize simultaneously. The
existence of a strong interaction between the two different
polymers caused the chains of the PVDF to orientate in the
same direction as the PVDF-TrFE. Figure 1e depicts the
orientation of the blended films formed during the extrusion
processing.

Miscibility and crystallization behavior of PVDF/PVDF-TrFE
blended films

Morphology studies

It is known that PVDF crystallizes as spherulites when prepared
by melt processing,7 while PVDF-TrFE crystallizes with stacked
lamellae  structure.® Figure 2a-b shows the surface
morphology of the PVDF and PVDF-TrFE films. The arrow in
Figure 2 indicates the extrusion direction. For PVDF, the
lamellae tend to form spherulites with little preferred
orientation, while PVDF-TrFE displays a stacked lamellar
morphology.37. For the blended films, the two components
crystallize together without obvious phase separation (Figure
2c-f). Furthermore, the introduction of PVDF-TrFE produces
distortion of the spherulites as can be seen in Figure 2f for the
PVDF/PVDF-TrFE 60/40 wt. % blended film.

-
c d %

; 3
-

Figure 2. SEM of surfaces of: (a) PVDF; (b) PVDF-TrFE; (c) PVDF/PVDF-TrFE 90/10 wt. %;
(d) PVDF/PVDF-TrFE 80/20 wt. %; (e) PVDF/PVDF-TrFE 70/30 wt. %; (f) PVDF/PVDF-TrFE
60/40 wt. % (arrow indicates extrusion direction).

Thermal analysis

Figure 3 shows the DSC scans of PVDF, PVDF-TrFE and their
blends. The first heating curves are displayed in Figure 3a. Pure

This journal is © The Royal Society of Chemistry 20xx
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PVDF has two obvious fusion peaks at 161.3+0.3 °C and
169.9+0.4 °C, which could be caused by the existence of
different crystalline phases or crystallization imperfection. The
melting endotherms of a- and B-PVDF are reported to be at
almost the same position, both at around 167 °C.%” Combined
with the FTIR results for PVDF, it can be deduced that the
169.9 °C endotherm peak corresponds to the melting of the
well-formed prevalent a-phase crystals, while the 161.3 °C
peak can be attributed to the melting of imperfect crystalline
regions.38’ * It is seen in Table 1 that pure PVDF exhibits a
fusion enthalpy (AH;) of 43.1 J/g, indicating the crystallinity of
the pure PVDF extruded films is about 41% (AH; for 100%
crystalline PVDF is 104.6 J/g").

Apart from its fusion peak at 147.2+0.2 °C, pure PVDF-TrFE
shows another peak at 133.8+0.1 °C originating from the
ferroelectric to paraelectric phase transition (Curie transition).
The AH; of PVDF-TrFE is 29.0 J/g, suggesting a crystallinity of
76% (AH; for 100% crystalline PVDF-TrFE is about 38 J/g*"). The
blended films exhibit three peaks on first heating,
corresponding to the fusion peaks for PVDF-TrFE and PVDF,
which proves the immiscibility of the two polymers.
Interestingly, the Curie transition peak for PVDF-TrFE is diffuse
and is apparent only as a shoulder on the lower temperature
side of the fusion peak of PVDF-TrFE.

Figure 3b shows the cooling DSC curves on cooling after
first heating. Pure PVDF has one crystallization peak at
150.6+0.5 °C and pure PVDF-TrFE shows two peaks at
134.6+0.8 °C and 77.8%0.5 °C, resulting from the crystallization
and the paraelectric to ferroelectric phase transition,
respectively. All blended films exhibit three peaks. The
crystallization temperatures of PVDF and PVDF-TrFE and the
Curie transition in the blended films are slightly lower than
those of the pure components.

Figure 3c shows the second heating DSC curves of PVDF,
PVDF-TrFE and their blends. During the second heating pure
PVDF has two fusion peaks at 168.9+0.3 °C and 174.8+0.2 °C,
indicating a mixture of a- and \/—phases.23 Further evidence for
the presence of the y-phase can be found in the FTIR data
presented in Figure S2. With regard to pure PVDF-TrFE, the
peak value of the Curie transition shifts to a lower
temperature (127+0.1 °C) when compared to the first heating
(133.8+0.1 °C). The higher Curie point in the first heating
indicates that the pure PVDF-TrFE crystallized into highly
oriented ferroelectric crystals through the extrusion method.*?
For the blended films, the Curie transition peak was diffuse in
the first heating curves, however, a small, but clear, peak can
be seen in the second heating curves. It is shown in Table 1
that AH; pypr Of pure PVDF and blended samples during first
heating are larger than those of second heating, while being
lower for AH:; pyprrre, Which indicates the existence of
interactions between PVDF and PVDF-TrFE in the extruded
blended films. PVDF crystallized first and served as a
nucleating agent in the crystallization of PVDF-TrFE. The
formed crystallites exhibited similar structure and were
intimately correlated. The Curie transition is achieved by the
formation of gauche bonds, which requires the polymer chains
in PVDF-TrFE to undergo severe twisting and/or tiIting“, which

This journal is © The Royal Society of Chemistry 20xx
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needs adequate space to accomplish this. However, the
surrounding PVDF crystals and the intimate coexistence of the
two components restrict the space to accomplish the
transition. However, PVDF and PVDF-TrFE crystallized more
freely during the DSC slow cooling process (cooling rate 5
°C/min), which resulted in more phase separation and less
interactions, making the Curie transition peaks more obvious
than those of the extruded blended films in the first DSC
heating curves.
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Figure 3. (a) First heating; (b) cooling; and (c) second heating DSC graphs of: (1)
PVDF/PVDF-TrFE 100/0; (2) PVDF/PVDF-TrFE 90/10 wt.%; (3) PVDF/PVDF-TrFE 80/20
wt.%; (4) PVDF/PVDF-TrFE 70/30 wt.%; (5) PVDF/PVDF-TrFE 60/40 wt.%; (6)
PVDF/PVDF-TrFE 0/100.
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Table 1 The enthalpy of Curie transition and fusion of PVDF/PVDF-TrFE blended films
acquired from first heating and second heating DSC curves.

Enthalpy values of first Enthalpy values of second
heating (J/g) heating (J/g)
PVDF/ | “AH. OH;  OHipor | OH. OH;  BHipyor
PVDF' PVDF-TrFE PVDF-TrFE PVDF-TrFE PVDF-TrFE
TrFE

100/0 - - 46.3+3 - - 43.1+2
90/10 - 7.0+1 38.0+2 9.2+1 13.1+1 31.1+1
80/20 - 6.611 36.4+3 9.0+1 13.6x1  32.7#1
70/30 - 17.1+2 33.0+3 7.8+1 19.6+1 32.0+1
60/40 - 15.6%1 32.5%2 12.2+2 21.0+1 31.9+1
0/100 28.7%2 29.0+3 - 26.413 28.8+2 -

R TT— enthalpy of Curie transition of PVDF-TrFE; AHs pypr.tere and AHs pype: fusion
enthalpy of PVDF-TrFE and PVDF, respectively.

Journal Name

almost no hindrance to the degree of crystallinity of PVDF due
to the introduction of PVDF-TrFE.

The non-normalized raw DSC data for samples isothermally
crystallized at 135 °C are shown in Figure 4b and Figure S3
Pure PVDF-TrFE exhibited a maximum AH, of approximately 37
J/g, which represents almost complete crystallization using the
reported enthalpy for 100 % crystalline PVDF-TrFE (—~38 J/g).41
During the isothermal crystallization at 135 °C, the PVDF
continued to crystallize as demonstrated by the large
enthalpies of the blends. On the other hand, the rate of
crystallization at 135 °C of the PVDF-TrFE was increased in the
blends compared to the pure copolymer. This can be explained
by the PVDF crystallites acting as nucleation sites for the
crystallization of the PVDF-TrFE. Figure 5b shows the
morphology of samples isothermally crystallized at 135 °C,
with needle-like PVDF-TrFE crystals embedded in the matrix of
PVDF, which did not crystallize into a spherulitic structure. To
conclude, the DSC data (Figures 3, 4 and Table 1) and the
microstructural analysis (Figures 2, and 5) clearly shows that
synergistic effects occurred at the nanoscale in the blended
materials at the interface between the two immiscible
polymers that strongly affected the kinetics of crystallization
and the microstructures that formed.

The above results correlated to both crystallization and
morphological studies strongly demonstrate the intimate
interactions between the PVDF and PVDF-TrFE. More detailed
investigations of isothermal crystallization at 150 °C (PVDF
crystallization temperature) and 135 °C (PVDF-TrFE
crystallization temperature) were undertaken.

The DSC data recorded during isothermal crystallization at
150 °C is shown in Figure 4a and Figure S3, and the
morphology of the films is shown in Figure 5a. No
crystallization of PVDF-TrFE occurred at 150 °C (Figure S3). It is
evident that the rate of crystallization of the PVDF at 150 °C
was increased by the addition of PVDF-TrFE (in melt state).
This is different to what is reported for PVDF/poly(1,4-
butylene adipate) (PBA) blends where the crystallization rate
of PVDF was reduced due to the presence of PBA.® To
understand these differences, it is necessary to consider the
morphologies of the microstructures. In the PVDF/PBA system,
PVDF crystallized into progressively larger spherulites with
increasing PBA content, however, in our PVDF/PVDF-TrFE
blends the growth of PVDF spherulites was restricted. The
isothermally crystallized PVDF showed fine spherulites. The
spherulites that formed in the blended samples were smaller
and less perfect compared to those in PVDF (Figure 5a), which
is consistent with the morphology of extruded films. On the
basis that there was no crystallization of PVDF-TrFE at 150 °C
because the temperature was above its melting point, the
crystallization enthalpy of the blends were normalized in terms
of the PVDF content (AH.pvpr). Figure 4a shows that the
normalized values of AHp\pe for both pure PVDF and the
blends are similar regardless of weight ratio, indicative of

6 | J. Name., 2012, 00, 1-3

90
{a —a— PVDF

80 —e— PVDF/PVDFE-TrFE 90/10 wt.%

70 —a— PVDF/PVDF-TrFE 80/20 wt.%
— 1 —w— PVDF/PVDF-TFE 70/30 wt.%
g’ 6°'_ —e— PVDF/PVDF-TrFE 60/40 wt.%
~_ 50 —<— PVDF-TrFE

D e

0 2 4 6 8 10 12 14

Time (min)
140 -
b —=— PVDF
120 4 —e— PVDF/PVDF-TrFE 90/10 wt.%
] —a— PVDF/PVDF-TrFE 80/20 wt.%
o5 100 —v— PVDF/PVDF-TrFE 70/30 wt.%
=S —e— PVDF/PVDF-TrFE 60/40 wt.%
g —<— PVDF-TIFE
£
S 60+
s
N
T 40
< ]
20 - 0
] Crystallization at 135 °C
0 Ml o -

0 2 4 6 8 10 12 14
Time (min)
Figure 4. Crystallization enthalpy (AH.) acquired by integrating heat flow recorded

during isothermal crystallization as a function of time at: (a) 150 °C and (b) 135 °C. The
AH_ values at 150 °C for blends materials were normalized by PVDF.
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Figure 5. SEM morphology images for samples isothermally crystallized at (a) 150 °C and (b) 135 °C.

Electric properties of PVDF/PVDF-TrFE Blended Films

Dielectric properties

Figure 6a-b shows the frequency dependence of the dielectric
permittivity and loss of PVDF, PVDF-TrFE and their blends. The
blended films show larger dielectric constant values than those
of the two pure components. One explanation for this could be
enhanced interfacial polarization at the PVDF and PVDF-TrFE
interfaces. Another possible explanation might be the
preferred orientation of the polymer chains in the amorphous
region, especially at the crystalline-amorphous interfaces.*
The addition of PVDF-TrFE in the blended films increased the
crystalline preferred orientation of the PVDF, thus causing the
chains in the amorphous region to orient along the same
direction, which gives rise to higher dielectric constant values
than for pure PVDF.

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. Frequency dependence of (a) dielectric permittivity and (b) dielectric loss for
pure PVDF, PVDF-TrFE and blended films as a function of frequency.
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Figure 7 shows the temperature dependent dielectric spectra
for pure PVDF, PVDF-TrFE and their blends. All of the samples
exhibit a dielectric loss peaks at about 0 °C, which is ascribed
to the relaxation of the polymer chains in the amorphous
regions (glass transition).” The dielectric permittivity of PVDF-
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TrFE shows an obvious peaks at about 140 °C, and the peak
position is frequency invariant, which suggests the existence of
Curie transition. ** The blended films with 40 wt. % PVDF-TrFE
show an inflexion in the permitivity and loss data consistent
with a Curie transition (Figure 7c).
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Figure 7. Temperature dependence of the dielectric permittivity and loss of: (a) PVDF; (b) PVDF/PVDF-TrFE 90/10 wt. %; (c) PVDF/PVDF-TrFE 60/40 wt. %; (d) PVDF-TrFE.

Ferroelectric properties

Figure 8 shows the ferroelectric polarization hysteresis loops
for PVDF, PVDF-TrFE and the blended films. The P-E loops are
saturated, which was confirmed by the invariance of the
current peak position beyond a certain maximum applied
electric field (~ 120 kV/mm). The PVDF-TrFE exhibits good
ferroelectric properties, with a coercive field of about 35
kV/mm and a remnant polarization of 0.09 C/mz, which is
attributed to its highly preferred crystalline orientation and
high crystallinity.21 In the case of PVDF, a ferroelectric
response was observed, confirmed by the presence of weak
current peaks. The ferroelectric behavior of PVDF is attributed
to the presence of the small amount of B-phase (~8 wt. %)
and the transformation of the paraelectric a-phase to the
ferroelectric 6-phase during the measurement.

With regard to the blended films, the coercive field
decreased from 83 kV/mm to 32 kV/mm with increasing
amount of PVDF-TrFE from 10 wt. % to 40 wt. % as a result of
blending. The remnant polarization of the PVDF is apparently
higher compared with 10 wt. % PVDF-TrFE due to the leakage
current in the pure PVDF, making the remnant polarization of
PVDF unrealistically high (inset in Figure 8a). Such leakage
currents could be ascribed to the gaps or voids formed

This journal is © The Royal Society of Chemistry 20xx

between large PVDF spherulites.46 The introduction of PVDF-
TrFE enhanced the remnant polarization for the blended films
from 0.030 to 0.077 C/m2 with increasing the amount of PVDF-
TrFE from 10 to 40 wt. % (Figure 8c). On the basis of the data
from the structural characterization, the addition of PVDF-TrFE
enhanced the crystallization of ferroelectric B-phase in the
blended films. This alone would not explain the enhanced
ferroelectric properties of the blended films.

The theoretical value of the remnant polarization for the
blended film with 40 wt. % copolymer based on the simple
mixing rule was calculated using following equation: P,ends-
@pvor¥Provort  @pvortrreXPrpvorre, Where @ and P, are the
volume fraction and measured remnant polarization for pure
PVDF and PVDF-TrFE extruded samples. The calculated value
for the blended film with 40 wt. % copolymer is only 0.058
C/mz, about 25% lower than the experimental value. Similar
conditions existed in the 20 wt. % and 30 wt. % blends, where
the calculated values were about 20% less compared with the
experimental values. Combined with the diffuse Curie
transition and larger dielectric constants observed for the
blended films, the interaction between the two polymers and
the interfaces between them could explain the enhanced
ferroelectric properties of the blended films. The interfacial

J. Name., 2013, 00, 1-3 | 8
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polarization contributed to the higher remnant polarization
and more contributions were generated at high electric fields,
as indicated by the large saturated polarization of blends with
40 wt. % PVDF-TrFE.
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Figure 8. Ferroelectric properties of: (1) PVDF/PVDF-TrFE 100/0; (2) PVDF/PVDF-TrFE
90/10 wt.%; (3) PVDF/PVDF-TrFE 80/20 wt.%; (4) PVDF/PVDF-TrFE 70/30 wt.%; (5)
PVDF/PVDF-TrFE 60/40 wt.%; (6) PVDF/PVDF-TrFE 0/100: (a) Current-Electric field I-E
curves; (b) Polarization-Electric field P-E loops; (c) variations of remnant polarization P,
and switching field E. as a function of wt. % PVDF-TrFE (data collected at E=180
kv/mm).

Conclusions

Despite the immiscibility of PVDF and PVDF-TrFE, as
demonstrated by the DSC results, they intimately crystallize on

This journal is © The Royal Society of Chemistry 20xx
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a fine scale (~ 40 nm) without the appearance of distinct phase
separation. The rate of crystallization of PVDF and PVDF-TrFE is
increased as a result of blending, as suggested by isothermal
crystallization studies. With increasing amount of PVDF-TrFE,
the blended films have more B-phase and increased preferred
orientation, more than would be expected based on a simple
rule of mixtures. Due to interfacial polarization, PVDF/PVDF-
TrFE blended films have larger dielectric constant than those
of the two pure components. Furthermore, the ferroelectric
properties of the blended films were enhanced more than
would be expected based on a simple rule of mixtures. The
switching field decreases (from 75 to 32 kV/mm), while the
remnant polarization increases (from 0.040 to 0.077 C/mz)
with increasing amount of PVDF-TrFE from O to 40 wt. %. The
Curie transition was suppressed in the blended films, which
may lead to increased high temperature stability for
piezoelectric applications.
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