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ABSTRACT: Poly(methyl methacrylate) (PMMA) was
introduced into poly(vinylidene fluoride) (PVDF) via a solu-
tion blending process, and a series of PVDF/PMMA blends
were obtained in an effort to reduce the energy loss of pure
PVDF. The effects of the composition and thermal treatment
on the properties of the polymer blends were carefully stud-
ied. The results show that the introduction of PMMA led to
a lower crystallinity and a smaller crystal size of PVDF for
its dilution effect. As a result, the dielectric constant and
energy storage density of the polymer blends were slightly
reduced. Meanwhile, the phase transition of the PVDF crys-
tals from the a phase to the b phase happened during the
quenching of the blend melt to ice–water; this was also

observed in the untreated or annealed blends with PMMA
contents over 50 wt %. Compared with the a-PVDF, the
PVDF crystals in the b phase possessed a lower melting tem-
perature, a higher dielectric constant, and a lower dielectric
loss. The addition of PMMA reduced the energy loss of PVDF
significantly, whereas the energy storage density decreased
slightly. The optimized blend film with about 40 wt %
PMMA and PVDF in the b phase showed a relative high
energy storage density and the lowest energy loss. VC 2010
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INTRODUCTION

Poly(vinylidene fluoride) (PVDF) and poly(vinyli-
dene fluoride-co-trifluoroethylene) [P(VDF-TrFE)]
are well-known ferroelectric polymers with excellent
pyroelectric and piezoelectric properties and have
been extensively used as electrochemical sensors,
actuators, and transducers.1 Recently, because of the
increasing demand for dielectric polymers with high
dielectric constants for high-pulse energy storage
applications, a lot of research interest has turned to
the modification of PVDF-based fluoropolymers.2

Because the ferroelectric–paraelectric transition tem-
perature (Curie temperature) of the b-PVDF and
P(VDF–TrFE) is much higher than ambient tempera-
ture, depending on the composition, these polymers
exhibit ferroelectric properties at room temperature,
which means their displacement–electric field (D–E)
hysteresis loops are near rectangle shape. Therefore,
they possess a high remnant polarization (�0.1 C/m2)

and render a rather small energy density. For energy
storage capacitor applications, they have to be turned
into paraelectric polymers featured with slim D–E
hysteresis loops, which favor the release of stored
energy and reduce the energy loss.
Since the end of the last century, different meth-

ods have been reported for the modification of
PVDF or P(VDF–TrFE), and a series of PVDF-based
copolymers and terpolymers with reduced ferroelec-
tric–paraelectric transition temperatures have been
successfully prepared. For example, electron irradia-
tion was first reported to modify P(VDF–TrFE) in
1998.2(d) Via the breakage of the large crystal into
small ones with high-energy electron beams, the Cu-
rie temperature of irradiated P(VDF–TrFE) was
shifted to room temperature, and D–E hysteresis
loops at room temperature were turned from a rec-
tangle shape into a slim circle. Another well-known
method is the incorporation of another monomer
(i.e., chlorotrifluoroethylene or chlorodifluoroethy-
lene) to form a kink in the resulting polymer chain
and hinder the formation of large crystals, which
was first reported in 2001.3 This method has been
widely applied to obtain paraelectric fluoropolymers
and is expected to be the best way to prepare dielec-
tric fluoropolymers for energy storage applications.
More recently, an energy storage study showed that
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the resulting copolymer (poly(vinylidene fluoride-
co-chlorotrifluoroethylene) [P(VDF-CTFE)]) and ter-
polymer [P(VDF–TrFE–CTFE) or P(VDF–TrFE–CDFE)]
had a energy density of over 13 J/cm3 under a 500–
600 MV/m electric field,4 which was several times
higher than that of the currently applied dielectric
polymer (i.e., that of biaxially oriented polypropylene
is about 2.5 J/cm3 under a 600 MV/m electric field).
These exciting results have attracted a lot of research
interest, both in academics and industry. However,
the high energy loss (ca. 30% of overall energy stored)
and the high cost of these polymers limit their appli-
cation in much wider fields.

The fundamental idea of turning a ferroelectric
polymer into paraelectric polymer is to reduce the
crystal size of the PVDF-based fluoropolymer and pro-
vide sufficient free space for the flipping of the polar
crystal. During the flipping of these dipoles following
the electric field, the internal friction induced is where
the major energy loss comes from. In these semicrys-
talline polymers, two parts, including a crystal phase
and an amorphous phase, exist. We reported that the
polarization of the crystal section provided the major
contribution for reversible polarization in our previous
work, whereas the polarization relaxation of the amor-
phous phase requires a much longer period and
results in a large energy loss.4(e) Therefore, it is crucial
to enhance the energy density and minimize the
energy loss to reduce the relaxation time of the amor-
phous section and to maintain the high polarization of
the crystal part. In this study, poly(methyl methacry-
late) (PMMA) was blended with PVDF to achieve
these two goals. First, the dilution effect of PMMA
reduced the crystal size and crystallinity of PVDF in
the resulting polymer, which was the key to the real-
ization of high energy storage and was achieved via
the incorporation of another comonomer. Second, the
introduction of PMMA with a high glass-transition
temperature, instead of amorphous PVDF in the elastic
state, was expected to reduce the relaxation time of
the amorphous phase and, therefore, reduce the
energy loss of the final product. So far, few studies
have been reported on the dielectric constant and
energy storage properties of PVDF/PMMA blends,
although this blending system is well known and its
thermal and crystallization properties have been well
investigated.5 PMMA/PVDF polymer blend thin films
were prepared via a solution mixing and casting pro-
cess. The effects of the composition, thermal treatment,
and crystallinity properties on the dielectric and
energy storage properties were studied carefully.

EXPERIMENTAL

Materials

PVDF (Solef 6010) in powder was purchased from
Shanghai Alliedneon New Materials Co., Ltd. (Shang-

hai, China) PMMA powder with a molecular weight
of 410,000 was purchased from Alfa Aesar China
(Tianjin) Co., Ltd. All of the other chemicals were
commercially available and were used as received.

Process of film preparation

Films with a thickness of about 20 lm were depos-
ited by the solution-casting method as follows.
A polymeric blend solution containing about 4 wt

% polymer was prepared via the dissolution of the
polymers in N,N-dimethylformamide (DMF) at 50�C
for 12 h under vigorous stirring. Polymer films were
obtained via the casting of the polymeric solution on
glass slides at 120�C until the solvent was evapo-
rated completely. The films were cooled to room
temperature slowly and peeled off of the substrate,
which were marked as untreated samples. Before
they were peeled off of the glass substrates, the
untreated samples were kept in an oven at 190�C for
10 min followed by quenching in ice–water or
cooled to room temperature over 24 h. The films
obtained were marked as quenched and annealed
samples, respectively. Samples with different compo-
sitions were named with the initial capital letter of
their thermal treatment followed by their PMMA
weight percentage as a subscript; for example, U0.25

refers to the untreated film with 25 wt % PMMA,
A0.3 refers to the annealed film containing 30 wt %
PMMA, and Q0.0 is the quenched neat PVDF film.

Characterization

IR spectra were obtained on a Fourier transform
Nicolet AVATAR 360 Fourier transform infrared
(FTIR) instrument (Thermo Nicolet Corp., USA) in
the 400–4000 cm�1 wave-number range. X-ray dif-
fraction (XRD) analysis was conducted on a Rigaku
D/MAX-2400 (Rigaku Industrial Corp., Tokyo, Ja-
pan). The wavelength of the X-ray was 1.542 Å (Cu
Ka radiation, 40 kV and 100 mA), and the scanning
velocity was 10�/min. Differential scanning calorim-
etry (DSC) analysis was conducted on a Netzsch
DSC 200 PC (Netzsch Corp., Selb, Germany) under a
nitrogen atmosphere to measure the melting temper-
ature and crystallinity, and the temperature was pro-
grammed to rise from 20 to 200�C at a heating speed
of 10�C/min. The crystalline modality and crystal
size were obtained with a polarizing optical micro-
scope (XP600, Wang Heng Precision Instrument
Corp., Shanghai, China).
For electric characterizations, gold electrodes

(thickness � 80 nm) were sputtered on both surfaces
of the polymer films with a JEOL JFC-1600 Auto fine
coater (Japan). The dielectric properties were mea-
sured at different frequencies and at 1 V on an HP
(4284A) loop inductance, capacitance, resistance
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(LCR) meter. The electric D–E hysteresis loops were
measured with a modified Sawyer–Tower circuit
and a linear variable differential transducer driven
by a lock-in amplifier (Stanford Research Systems,
model SR830, USA). Electric fields ranging from 50
to 600 MV/m were applied across the polymer film
with an amplified ramp waveform at 10 Hz.

RESULTS AND DISCUSSION

FTIR

The crystalline phases of PVDF were characterized by
the infrared absorption bands between 400 and 1000
cm�1.6 The bands at 485 and 879 cm�1 were attributed
to the amorphous phase of PVDF and could not be
used to identify any of the crystalline phases. The
bands at 410, 532, 614, 764, 796, 855, and 976 cm�1

were associated with the a phase of PVDF. The bands
at 444 and 510 cm�1 were characteristic of the b
phase, and those at 431, 512, 776, 812, and 833 cm�1

were related to the c phase. The 840 cm�1 band was
common to the b and c phases. A sharp and well-
resolved band indicated the b phase, whereas a broad
band indicated the c phase. This broad band was due
to overlapping with the 833 cm�1 band, which fre-
quently appears as a shoulder.6(g),7

FTIR spectroscopy was used to study the crystal
structure of the untreated polymer blends, as shown
in Figure 1. When the PMMA content was lower
than 50 wt %, the peaks associated with the a phase
of PVDF at 410, 532, 614, 764, 796, 855, and 976 cm�1

were very sharp, which indicated that the crystalline
phase of PVDF in the polymer blends was mainly in

the a phase. Although PMMA addition was over 50
wt %, these peaks disappeared, and new peaks
appeared at 430–440 and 840 cm�1, which suggested
the formation of the b phase. It has been reported
that a PVDF film cast from a DMF solution at a
higher temperature (>100�C) favored the formation
of the a phase; however, the b phase was generated
at a lower temperature, that is, 50�C.8 Because the
film casting temperature was higher than the glass-
transition temperature of PMMA, during the solvent
evaporation and crystal formation of PVDF, PMMA
was always in a viscous state, which showed its lim-
ited influence on the crystallization of PVDF. When
the PMMA content was sufficiently high, the forma-
tion of the a-phase crystals started to be hindered,
and only the b phase was observed.
Thermal treatment affected the crystal structure of

PVDF as well as the casting temperature and solvent
applied. Two kinds of thermal processes, including
annealing and quenching in ice–water, were used to
treat the films cast from the DMF solution. When
the PMMA content was less than 25 wt %, less dif-
ference in the FTIR spectra was obtained in the three
films processed differently. When the PMMA con-
tent was higher than 25 wt %, the bands at 408, 532,
614, 764, 796, 855, and 976 cm�1 disappeared,
whereas the bands at 440 and 840 cm�1 showed up,
as shown in Figure 2. Meanwhile, the broad peak at
about 490 cm�1 was attributed to the overlap of the
peaks at 485 cm�1 (amorphous PVDF) and 510 cm�1

(PVDF in the b phase). These results indicated that
the PVDF crystals in the samples quenched in ice–
water were mostly in the b phase, although anneal-
ing favored the formation of a-PVDF unless PMMA

Figure 1 FTIR spectra of the untreated PMMA/PVDF
thin films with various PMMA contents. All of the unindi-
cated peaks were common to all three phases. [Color fig-
ure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Figure 2 FTIR spectra of the quenched PMMA/PVDF
thin films with various compositions. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]
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content was greater than 50 wt % (the results are not
given). It has been well studied that stretching a
PVDF film leads to the transition of the a-PVDF to b-
PVDF. When the films were melted and quenched im-
mediately, the PVDF crystallization occurred as well
as the cooling of the PMMA melt. Because of the
shrinking of the PMMA melt during cooling, a
stretching strength was formed in the film, and the
PVDF polymer chain was in situ stretched into a
trans-trans-trans-trans (TTTT) conformation; there-
fore, b-PVDF was formed. However, the stretching
strength had to be sufficiently high for the formation
of the TTTT conformation of PVDF, which was associ-
ated with the content of PMMA. Similar results were
also obtained in the PVDF/PMMA blends with 10–20
wt % PMMA, as reported in the literature.9 During
the casting of the films or annealing at high tempera-
ture, no stretching occurred as PVDF crystallized; as a
result, mostly PVDF in the a phase was formed.

XRD

XRD was another useful method for demonstrating
the crystalline phase of PVDF in the blend samples.
In Figure 3, the X-ray diffractograms present the
quenched blend films with different weight fractions
of PMMA. According to the work of Gregorio’s
group,6(a) for pure PVDF, three discernable diffrac-
tion peaks appeared at 18.4, 20.0, and 26.8, referent
to the diffractions in planes (020), (110), and (021),
respectively, all characteristic of the a phase.
Another peak appearing at about 40 was the charac-
teristic of the combined (201) and (111) reflections of

the b phase, which resulted from molecular defects
caused by head–head and tail–tail (HHTT) sequen-
ces.10 When the PMMA content was lower than 10
wt %, the XRD curves of the polymer blends were
similar to those of neat PVDF, which indicated that
the PVDF crystals were mostly in the a phase.
Meanwhile, the broad peak near at about 40 van-
ished as more PMMA was introduced. As the
PMMA content increased to more than 25 wt %, the
blends (Q0.25–Q0.3) had a new peak at about 2y ¼
20.3, which referred to the diffractions in planes
(110) and (200), characteristic of the b phase. Mean-
while, the characteristic peaks of the a phase at 18.4,
20.0, and 26.8 disappeared completely, which meant
that the PVDF crystals in these samples were all in
the b phase. These results confirm the conclusion
obtained from FTIR spectroscopy.
The effect of the thermal treatment on the XRD of

PVDF/PMMA containing 25 wt % PMMA is shown
in Figure 4. For the untreated sample, the PVDF
crystals were completely in the a phase, with charac-
teristic peaks at 18.4, 20.0, and 26.8. After annealing,
they were still in the a phase, but the XRD showed
a significant difference in the peaks of 18.4 and 20.0.
Annealing led to a higher peak at 20.0 and a smaller
one at 18.4, corresponding to the diffractions in
planes (020) and (110), respectively, which indicated
the larger size and thickness of the PVDF crystals in
the a phase formed after annealing. After quenching,
the characteristic peaks of the a-PVDF crystals com-
pletely disappeared, and a new peak at 20.3 appears.
This indicated that the PVDF crystals in this blend
had completely converted from the a phase to the b

Figure 3 XRD patterns for the quenched PVDF/PMMA
blends with different compositions. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 4 Effect of the thermal treatment on the XRD of
the polymer blend containing 25 wt % PMMA. [Color fig-
ure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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phase via quenching in ice–water. Meanwhile, the
characteristic peak of HHTT PVDF in the b phase
appeared around 40� after quenching, which also
meant that quenching favored the formation of b-
PVDF. This confirmed the results obtained from
FTIR spectroscopy, and it was not difficult to deduce
that the phase transition also occurred in other sam-
ples with higher PMMA contents than 25 wt %.

Thermal analysis

The introduction of PMMA changed the thermal
properties of PVDF and its crystallization. The DSC
curves of the untreated polymer blends with altered
compositions are presented in Figure 5. As the
PMMA content increased from 0 to 50 wt %, the
melting temperature decreased slightly from 173 to
158�C. The enthalpy of melting decreased from 58.6
to 12.5 J/g. The crystallinity was obtained via the di-
vision of the melting enthalpy by 104 J/g. As the
PMMA content increased from 0 to 50 wt %, the
crystallinity of the polymer decreased from 56.3 to
12.0%; this change was mostly induced by the dilu-
tion effect of the introduced PMMA. It was reported
that the a and b phases of PVDF crystals possess dif-
ferent melting temperatures and sometimes exhibit
multiple peaks on DSC curves.11 Usually, the melt-
ing point of pure a-phase PVDF is at about 170�C,5(e)

and b-phase PVDF possesses a slightly lower melt-
ing temperature, around 161�C.5(a,c) Therefore, the
decrease in the melting temperature may have been
due to the different phases of PVDF in the polymer
blends. The results obtained from FTIR and XRD
indicate that the PVDF crystals were dominated by

the a phase in pure PVDF. As the PMMA content
increased, more b-phase PVDF crystals were formed
until all of the PVDF crystals were transferred into
the b phase in the sample containing over 50 wt %
PMMA. As a result, the melting temperature slowly
shifted from 170�C to around 160�C.
This phenomenon was further confirmed by the

DSC curves observed in the quenched samples, as
shown in Figure 6. The melting point of samples
containing 0–10 wt % PMMA was around 170�C
with a single sharp peak. As shown by the XRD and
FTIR results obtained previously, the PVDF crystals
in these samples were completely in the a phase.
When the PMMA content was higher than 25 wt %,
PVDF was completely converted into the b phase.
The melting temperature dropped to around 160�C
and was characterized by a broad peak, and no
future decreased occurred as PMMA increased from
25 to 50 wt %. All of the results strongly support
that the melting temperature reduction of the poly-
mer blends containing more PMMA was induced by
the continuous PVDF crystal-phase transition from
the a phase to the b phase. Meanwhile, the small
endotherm around 60�C was well known to be the
glass temperature of PVDF/PMMA blends.12

Thermal treatment showed a significant influence
on the crystallinity of the polymer blends. The
annealed samples had quite similar DSC curves and
trends as the untreated samples but slightly higher
melting temperatures and enthalpies, which indi-
cated a higher crystallinity and larger crystal size.
The quenched samples possessed lower enthalpies
at lower PMMA contents (<10 wt %) and close
enthalpies with untreated samples at higher PMMA

Figure 5 DSC curves of the untreated PVDF/PMMA
blends with various compositions. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 6 DSC curves of the quenched PVDF/PMMA
blends with various compositions. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

2678 MENG ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



contents (>25 wt %). That means quenching did not
reduce the crystallinity of the blends significantly
once the PMMA content was sufficiently high.

Crystal size of the polymer blends

As discussed previously, annealing was able to
cause the formation of larger crystals and improve
the crystallinity of the blends. In an effort to obtain
more direct evidence, we applied a polarimeter
microscope to measure the crystal size. In Figure 7,
microscope pictures of pure PVDF [Fig. 7(a)], A0.1

[Fig. 7(b)], A0.25 [Fig. 7(c)], and A0.4 [Fig. 7(d)] at a
magnification of 600� are shown. A typical black
cross was observed in all of the samples; this was

attributed to the a-PVDF spherulites formed. As
more PMMA was introduced, the spherulite size
decreased. Meanwhile, the crystal part in the poly-
mer blend decreased, and the amorphous part
increased. This means that the presence of PMMA
hindered the formation of larger spherulite crystals.
The distance between the spherulite crystals
increased for the dilution effect of PMMA as well.
All of the results confirm the conclusion obtained
from the DSC results.
The thermal treatment influenced not only the

crystallinity and crystal phase of PVDF but also its
spherulite structure. In Figure 8, two films (A0.1 and
U0.1) prepared in different processes are presented at
the same magnification (600�). Because the spheru-

Figure 7 Polarimeter microscope pictures of the PVDF/PMMA blends with various PMMA contents at a magnification
of 600�.

Figure 8 Influence of the thermal treatment on the spherulite structure of the PVDF/PMMA blend containing 10 wt %
PMMA (the polarimeter microscope pictures are magnified by 600�).
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lite was too small to be observed under the polarim-
eter microscope, even at 600� magnification, the pic-
ture of quenched sample is not given. Obviously,
smaller PVDF spherulites were observed in the
untreated film than in the annealed film. The amor-
phous part of the untreated film was higher than
that of the annealed sample as well.

Dielectric constant and loss

The dielectric constants of the untreated and
quenched PVDF/PMMA films with different compo-
sitions were measured at 1 V with various frequen-
cies from 20 Hz to 1 MHz, as shown in Figure 9. As
the content of PMMA increased, the dielectric con-
stant of the untreated films decreased until the
PMMA content was more than 25 wt %. This may
have been attributed to the dilution effect of PMMA

with a lower dielectric constant (ca. 4) than that of
PVDF. A higher dielectric constant was obtained in
sample U0.5 than in U0.4; this may have been because
the PVDF crystals were transferred from the nonpo-
lar a phase to the polar b phase, which was already
discussed extensively. With the increasing electric
field frequency, the dielectric constant of all of the
samples is decreased. This was due to the response
of different dipole moments of polymer blends to
the electric field with varied frequencies, which is
discussed in dielectric loss section.
The annealed samples had slightly lower dielectric

constants than the untreated polymer blends, which
were interpreted by the FTIR and thermal analysis
results. Annealing increased the crystal size, as
observed in A0.1 and discussed previously. However,
no obvious crystallinity increase and phase transi-
tion were observed. Under the low electric field
where the dielectric constant was measured, the
response of the PVDF crystals in large size to the
electric field was rather weak because the strength
provided by the electric field was really small. As a
result, samples with a larger crystal size showed
lower dielectric constants than those with a smaller
crystal size. However, once the samples were
quenched, a relative higher dielectric constant was
obtained in these samples than in the untreated sam-
ples. First, quenching helped to form smaller PVDF
crystals, which were more sensitive to the low elec-
tric field. Second, the slightly lower crystallinity
caused by the quenching did not show much influ-
ence on the dielectric constant of the blends for the
low polarity of the a-PVDF. Interestingly, when the
PMMA content was higher than 25 wt %, the dielec-
tric constant of PVDF/PMMA started to increase
and showed a maximum value in the sample Q0.3.

This may be interpreted by the phase transition
from the nonpolar a phase to the polar b phase in
these samples, which was discussed previously.
Compared to the a-phase crystals, the b PVDF crys-
tals were more sensitive to the low electric field
applied. However, proper crystal size is essential for
the response of crystals to a low electric field. There-
fore, Q0.3, with b PVDF crystals and proper crystal
size and crystallinity, exhibited a higher dielectric
constant.
Dielectric loss is usually used to characterize the

motivation of different dipole moments under differ-
ent electric fields and frequencies. As shown in Fig-
ure 10, the tan d values of untreated [Fig. 10(a)] and
quenched [Fig. 10(b)] samples with different compo-
sitions were measured at various frequencies. For
the pure PVDF, the dielectric loss profile against fre-
quency curve measured at ambient temperature was
V-shaped. It was reported that the higher dielectric
loss at a lower frequency is due to PVDF crystals
and increasing dielectric loss at higher frequencies

Figure 9 Dielectric constant of PVDF/PMMA with differ-
ent compositions. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]
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corresponds to amorphous PVDF.5(b) For the pure
PMMA, its dielectric loss decreased continuously as
the frequency increased, which we attributed to the
extension of the b relaxation of PMMA at lower fre-
quencies.13 The combination of these three kinds of
dipole moment responses to the electric field
resulted in the V-shaped dielectric loss profile of
PVDF/PMMA against frequency. The dielectric loss
of the blends was between that of pure PVDF and
PMMA, as shown in Figure 10(a). As the PMMA
content increased, the dielectric loss of the blends
increased at lower frequencies and decreased at
higher frequencies. Annealing did not show much
influence on the dielectric loss profiles of PVDF and
the polymer blends, whereas quenching led to a sig-
nificant difference in the dielectric loss profile, as
shown in Figure 10(b). As the PMMA content
increased, the dielectric loss of samples with 5–30

wt % PMMA at lower frequencies was rather low
and close, and Q0.4 and Q0.5 showed higher dielectric
losses. At higher frequencies, tan d decreased and
reached its lowest value when the PMMA concentra-
tion was 25 wt %; then, a slightly higher dielectric
loss was obtained in samples Q0.3–Q0.5. That means
sample Q0.25 possessed the lowest dielectric loss in
the full range of frequencies measured; this coincided
very well with its low dielectric constant value, as
shown in Figure 9(b). Relatively large crystals in the
polar b phase have been the cause of this result
because the low electric field was not sufficient to
pole these large polar crystals, which are very com-
mon in ferroelectric P(VDF–TrFE).

D–E loops

Thermal treatment affects the D–E loops of blend
films as well as composition does. In Figure 11, the
D–E loops of A0.4, U0.4, and Q0.4 are presented.
Under the same electric field (100 MV/m), the polar-
ization of the untreated and quenched samples was
quite close and was obviously larger than that of the
annealed sample. It was reported that the crystal
size plays an important role in the polarization of
PVDF-based fluoropolymers.4(d,e) Under the same
electric field, a larger polarization was obtained in
fluoropolymers with small crystals because smaller
crystals need less space to flip following an electric
field. In this case, the quenched and untreated sam-
ples possessed a smaller crystal size and lower crys-
tallinity than the annealed sample, as discussed pre-
viously; this allowed the PVDF crystals to flip more
easily. As a result, a higher polarization was
observed, which confirmed the effect of thermal
treatment on the dielectric constant discussed

Figure 10 Dielectric loss of the PVDF/PMMA blends
against frequency. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]

Figure 11 Effect of the thermal treatment on the D–E hys-
teresis loops of the PVDF/PMMA thin film containing 40
wt % PMMA. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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previously. Meanwhile, the remnant polarization of
the quenched sample was smaller than that of the
untreated film, although their polarizations were
quite close. This was because the crystallinity was
lower, and the polarization of small crystals was eas-
ier to reverse once the electric field was removed.

It was reported that the remnant polarization in
dipolar D–E loops (Prd) of PVDF-based fluoropoly-
mers contains two parts covering the relaxation of
small dipoles and the irreversible flip of large crys-
tals.4(e) In unipolar D–E loops, only the relaxation of
small dipoles can be observed. Therefore, the contri-
bution of large crystals to the remnant polarization
can be estimated via the subtraction of the remnant
polarization in the unipolar D–E loops (Pru) from
Prd. The value can be used to characterize the contri-
bution of large crystals on the remnant polarization.
This is also an important factor for the judgment of
paraelectric and ferroelectric materials. A typical
PVDF/PMMA unidipolar and dipolar comparison is
presented in Figure 12. In sample Q0.05, Prd (0.035
C/m2) was much higher than Pru (0.016 C/m2)
under a 300 MV/m electric field. This means that
the PVDF crystal size was still large and could not
flip freely in the polymer blends. As the PMMA con-
tent increased to 30 wt % (sample Q0.3), Prd (0.0045
C/m2) was much closer to Pru (0.0032 C/m2) under
a 250 MV/m electric field. This indicates that the

crystals were quite close to the reversible size limit
because of the dilution effect of PMMA addition,
which was achieved via the incorporation of the
comonomer into PVDF or P(VDF–TrFE).
The influence of PMMA on the D–E loops of the

PMMA/PVDF quenched blends in an electric field
of 300 MV/m is shown in Figure 13. In the same
electric field, the displacement of the blends
decreased as more PMMA was introduced for its
dilution effect. When PMMA content was below 10
wt %, the D–E profiles were more like that of PVDF,
which meant that the introduction of PMMA
showed less influence on the polymer blends. As the
PMMA content increased to over 40 wt %, the D–E
profiles were closer to PMMA, which indicated that
the PMMA content was so high that the PVDF part
was mostly frozen in PMMA. Polymer blends with
PMMA contents between 10 and 40 wt % showed
special D–E profiles with relatively high polariza-
tions and low remnant polarizations. We previously
discussed that the PVDF crystals were mostly in the
polar b phase when the PMMA content was higher
than 25 wt %. With the assistance of rigid PMMA
segments, this kind of crystal was easier to pole and
was reversible as the electric field changes. There-
fore, a relatively high polarization and a low rem-
nant polarization were obtained in these samples.
Meanwhile, the introduction of PMMA with a lower

Figure 12 Effect of PMMA on the D–E hysteresis loops of the PVDF/PMMA blends. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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polarization also led to a lower polarization in
PMMA/PVDF, depending on the amount of PMMA
added, which confirmed the dielectric constant
results discussed previously.

Energy storage and energy loss

For the high-pulse capacitor application purpose, the
energy storage and loss properties of the material
were mostly of interest. Calculated from unipolar D–
E loops via a formula described in the literature;4(f)

the energy storage density and energy loss of the
PVDF/PMMA films are presented in Figure 14. As
more PMMA was added to the blends, the energy
density decreased continuously. When the PMMA
content was over 50 wt %, the energy storage curve
coincided with that of pure PMMA, which meant
that the contribution of PVDF was negligible and

confirmed the results of the D–E loops. This may
have been because the PVDF crystal dipole was
completely frozen in glass-state PMMA. The energy
loss of the PVDF/PMMA films was quite dependent
on the electric field because the flipping of the crys-
tals depended not only on the crystal size but also
on the electric field. Some crystals could not flip
under low electric fields but were able to turn in
high electric fields. The flipping and reversing of
these crystals caused great internal friction in the
films; as a result, a higher energy loss was observed.
For the quenched PVDF film cast from DMF, the
FTIR results showed that its crystals were in the a
phase. When the electric field was below 350 MV/
m, more and larger crystals were poled gradually as
the electric field increased. Because these a crystals
possessed a low polarity, their reversibility was
rather poor, and the internal friction was quite high
for PVDF with a high crystallinity. As a result, the
energy loss was quite high and increased sharply as
the electric field increased. When the electric field
was greater than 350 MV/m, a phase transition from
the a to c phase occurred, which has been well
known and reported.14 Compared to a-PVDF, PVDF
in the c phase [trans-trans-trans-gauch (TTTG)] pos-
sessed a higher polarity and exhibited better revers-
ibility. Therefore, the energy loss was reduced signif-
icantly as the electric field improved from 350 to 400
MV/m. A further increase in the electric field led to
a higher energy loss once the phase transition was
finished. However, when the PMMA content was
lower than 25 wt %, most of the PVDF crystals were
in the a phase, and the energy loss profile against
the electric field was closer to a-PVDF. No phase
transition of the PVDF crystals was observed in
these samples, as occurs in pure PVDF before break-
down. The presence of a rigid PMMA segment may
have hindered the phase transition of the a-PVDF to
the c phase under a high electric field. This may
explain the huge energy loss of the samples with
PMMA contents less than 25 wt %. When the

Figure 13 D–E hysteresis loops of the PVDF/PMMA
films with different compositions measured under a uni-
polar electric field. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]

Figure 14 Energy density and loss of quenched PVDF/PMMA blends with different compositions against the electric
field. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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PMMA content was higher than 25 wt %, the energy
loss started to decrease and reached a minimum
value in sample Q0.4. We have discussed that the
PVDF crystals in the quenched samples with PMMA
contents over 25 wt % were mostly in the polar b
phase, which favored the reversibility of the crystals
under electric field. Meanwhile, optimized crystal
size was another factor in the realization of the low-
est internal friction and, therefore, energy loss. As a
result, the sample with 40 wt % PMMA possessed
both polar PVDF crystals and a proper crystal size
and had a relatively high energy density and the
lowest energy loss. That means the optimized com-
position of the PVDF/PMMA film was about 60/40
wt % when we considered both the energy density
and loss.

CONCLUSIONS

Via the solution blending of PMMA with PVDF and
different thermal treatment processes, a series of
PVDF/PMMA blend films were prepared and char-
acterized. As the PMMA content increased, the crys-
tallinity and crystal size of PVDF decreased. As a
result, the enthalpy, dielectric constant, polarization,
and energy density of the polymer blends decreased
accordingly. This was attributed to the dilution
effect of PMMA to PVDF. The phase transition from
the nonpolar a phase to the polar b phase induced
by PMMA addition and the thermal treatment was
another important factor. A high PMMA content
and the quenching process favored the PVDF phase
transition from a to b. Compared to the a-phase
PVDF, the b-PVDF possessed a lower melting tem-
perature, a higher dielectric constant, and a lower
dielectric and energy loss. Via the introduction of
PMMA into PVDF, the energy loss was significantly
reduced, whereas the energy density was slightly
reduced. Quenched PVDF/PMMA (60/40 wt %)
showed a relatively high energy storage density and
the lowest energy loss and was the optimized poly-
mer blend for energy storage purposes.
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