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ABSTRACT: Poly(methyl methacrylate) (PMMA) was introduced into ferroelectric Poly(vinylidene fluoride-co-trifluoroethylene)
P(VDF-co-TrFE) via a simple solution blending process and a series of P(VDF-co-TrFE)/PMMA blends with varied PMMA content
was obtained in an effort to investigate the confinement effect of PMMA on the crystalline, dielectric, and electric energy storage
properties of P(VDF-co-TrFE). PMMA addition could reduce the crystallinity dramatically as well as the crystal size due to its dilu-
tion effect and impediment effect on the crystallization of P(VDF-co-TrFE). PMMA introduction is also responsible for the phase
transition of P(VDF-co-TrFE) from o phase into y phase. As expected, both the dielectric constant and loss of the blends are reduced
as PMMA addition increases for the dilute, decoupling, and confinement effect of PMMA on the relaxation behavior of crystal phases
of P(VDF-co-TrFE) under external electric field. As a result, both the maximum and remnant polarization of the blends are signifi-
cantly depressed. The irreversible polarization of P(VDF-co-TrFE) is effectively restricted by the addition of PMMA due to its imped-
ing effect on the crystallization of P(VDF-co-TrFE) and restricting effect on the switch of the polar crystal domains. Therefore, the
energy loss induced by the ferroelectric relaxation of P(VDF-co-TrFE) is significantly reduced to less than 25% at an electric field of
450 MV/m while the energy storage density is well maintained at about 10 J/cm ™ in the blend with 30 wt % PMMA. The results
may help to understand how the ferroelectric relaxation affects the energy loss of ferroelectrics fundamentally and design more desira-
ble materials for high energy storage capacitors. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40114.
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INTRODUCTION modification of PVDF-based fluoropolymers physically or

Poly(vinylidene fluoride) (PVDF)-based semicrystalline fluoro- chemically has been developed and reported during the past

polymers have attracted a great deal of interests both in material
science academy and microelectronics industry for their high
dielectric constant (ca. 10-12 at 1 kHz for PVDF),' which
could have a potential applications as the capacitor*™ and some
other energy storage units because of their strong C-F and C-H
dipoles. Unfortunately, limited success has achieved in improv-
ing the efficiency of energy density of PVDF-based fluoropoly- rectangle shape into a relaxed ferroelectric characterized with a

mers because of the relatively high remnant polarization in slim loop. In the chemical route, certain amounts of bulky
B-PVDF and VDF/TrFE copolymers at the high electrical ~comonomers such as chlorotrifluoroethylene (CTFE) or hexa-
strength.7’8 Because the ferroelectric nature of the polymers fluoropropylene (HFP) were randomly incorporated into
makes their displacement-electric field hysteresis loops (D-E) in ~ P(VDF-co-TrFE) main chains, which was aimed to reduce crys-
near rectangle shape. That means most of the stored energy is  tal size.'”'" Since then, the copolymers or terpolymers have
unable to be released once the applied electric field is removed  been extensively studied in academy and a great enhancement
or the capacitor is shot down. To overcome these hurdles, in energy density has been achieved.'**® For instance, special

decades. In the physical route, electron irradiation was firstly
reported to modify P(VDF-co-TrFE) in 1998.° Via tailoring the
high polar crystal domains in long sequence into small pieces
with high-energy electron beams, the Curie temperature of irra-
diated P(VDF-co-TrFE) is shifted to room temperature and D-E
hysteresis loops are turned from normal ferroelectric profile in

© 2013 Wiley Periodicals, Inc.
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treatments of P(VDEF-co-CTFE), like stretchinglsf17 or cured
with UV light,'® could even enhance the energy density up to 25
and 22.5 J/em > under 600 MV/m field and 400 MV/m field,
respectively. However, in spite of these exciting improvement in
the energy density capability, PVDF based fluoropolymers still
suffer from high energy loss (ca. 40-60% of overall energy
charged), which limits their application in much wider fields.

It has been well studied that the high energy loss of PVDEF-
based polymers mainly comes from the internal friction between
polar crystals domains result from polar molecular chains as
their dipoles flip following an external electric field. The strong
coupling interaction between adjacent high polar crystal
domains is also found to be responsible for the high energy
loss.”® Besides, for the semicrystalline polymers, the polarization
relaxation of the amorphous phase is rather long and thus
results in a low releasing efficiency of energy stored at high fre-
quency. Therefore, the fundamental idea to reduce the energy
loss of PVDF-based polymers should be focused on accelerating
the switching speed of the polar crystal domains either by
reducing the crystallite size to lessen the coupling interaction
between adjacent polar crystal domains or reducing the relaxa-
tion period of the amorphous phases during polarization.
Recently, polystyrene (PS) grafted on P(VDF-co-CTFE) as side
chains was proposed by Zhu L group.’** As expected, the
introduction of PS did reduce the dielectric and energy loss dra-
matically (below 20% at 500 MV/m). However, due to the poor
compatibility between PS and P(VDF-co-CTFE) main chain,
their weak intermolecular force limits the confining effect pro-
vided by PS in amorphous phase greatly.

According to previous research, amorphous PMMA with higher
polarity has good compatibility with PVDF main chain and
could effectively reduce the crystalline and dielectric properties
of PVDF or P(VDF-co-TrFE) when blending into PVDF or
P(VDF-co-TrFE).>>™® Our previous study has already shown
that the addition of rigid PMMA into PVDF amorphous phase
could improve the modulus of PVDF and block its crystal phase
transition from «- to y-phase driven by the high electric field
applied.”’ However, the phase transition dependence of electric
properties of ferroelectric P(VDF-co-TrFE) has not been con-
cerned. On the basis of this fact, we propose to blend PMMA
with low TrFE mole content (9%) P(VDF-co-TrFE) possessing
the multiple crystal phases in this work to illustrate how to
tune the crystal phase transition and ferroelectric relaxation of
P(VDF-co-TrFE) with PMMA added into the amorphous phase
via reducing the crystal size of P(VDF-co-TrFE) crystal domains
as well as restricting the switch of high polar crystal domains.
With rigid PMMA filling in the amorphous area instead of
P(VDF-co-TrFE) in rubber state, free space provided for the
flipping of high polar domains is expected to be reduced and
the relaxation response speed of the amorphous phase is
expected to be improved. Meanwhile, we would like to provide
direct evidence and fundamental investigation to show how the
ferroelectric relaxation and the induced energy loss of
P(VDF-co-TrFE) is controlled, which has never been mentioned
in the previous study. Both the deep understanding and tuning
of ferroelectric relaxation are important to design and modify
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PVDF based ferroelectric polymers in order to reduce the
energy loss for energy storage applications.

EXPERIMENTAL

Materials

Raw material P(VDF-co-CTFE) (31508) containing 9 mol %
CTFE was purchased from Solvay Solex. PMMA powder with
a molecular weight of 410,000 was purchased from Alfa Aesar
China (Tianjin). Matrix P(VDF-co-TrFE)s with 9 mol % TrFE
molar ratio were synthesized by a full hydrogenation process
of P(VDEF-co-CTFE) following the procedure described in
Ref. 32. The structure and the composition of P(VDF-co-
TrFE) were confirmed by 'H and '’F-NMR. All the other
chemicals were obtained from commercials and used as
received.

Fabrication of P(VDF-co-TrFE)/PMMA Blend Films

The films about 10-20 um in thick were fabricated via casting
the uniform polymer blend solution as described below. First, a
polymeric blend solution containing about 3 wt % polymer was
prepared via dissolving the polymers in dimethylformamide
(DMF) at 60°C for 12 h under vigorous stirring. Polymer films
were obtained via casting the blend solution onto glass slides
coated with PTFE (Polytetrafluoroetylene) at 70°C. After the
solvent was evaporated completely, the glass slides were trans-
ferred into an oven and heated at 200°C for 12 h followed by
immediately quenching into liquid nitrogen (—195.8°C). The
samples were labeled as 0, 5%, 10%, 15%, 20%, 30%, and 40%,
respectively to distinguish from each other by the weight per-
centage of PMMA contained.

Characterization

X-ray diffraction (XRD) results were obtained on a RIGAKU
D/MAX-2400 (Rigaku Industrial, Japan). The wavelength of the
X-ray was 1.542 A (Cu Ko radiation, 40 kV and 100 mA) and
the scanning velocity was 4°/min. Differential scanning calorim-
etry analysis (DSC) was conducted on a NETZSCH DSC 200
PC (NETZSCH, Germany) in nitrogen atmosphere at a heating
rate of 5°C/min for the first circle. For electric characterizations,
gold electrodes (thickness about 80 nm) were sputtered on both
surfaces of the polymer films with a JEOL JFC-1600 Auto fine
coater (Japan). The dielectric properties were measured at dif-
ferent frequencies and at 1 V on a Novocontrol Concept40
loop inductance, capacitance, and resistance (LCR) meter. The
electric D-E hysteresis loops were measured on a Premiere II
ferroelectric tester from Radiant Technologies, with a triangular
wave form at 10 Hz. This measurement system has a preloop
process on the sample to test the stability of the sample
before outputting data. The electric fields were applied across
the polymer films with an increment of 25 MV/m until the
films were electrically broken down or to the limit of the
machine (10,000 V).

RESULTS AND DISCUSSION

The Effect of PMMA Addition on the Crystalline Properties
of P(VDF-co-TrFE)

The crystalline properties of P(VDF-co-TrFE) and PMMA blend
films are characterized with DSC combined with XRD techni-
ques as described in Ref. 33.
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Figure 1. XRD spectra of P(VDF-co-TrFE) with 9 mol % TrFE and its

blends containing varied PMMA content, with the numbers standing for

10

the characteristic reflection peaks. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

The influence of PMMA addition on the crystalline properties of
P(VDE-co-TrFE) XRD was presented in Figure 1. Similar to neat
PVDE, the a-phase of P(VDF-co-TrFE) is characterized with four
discernable peaks at 17.4°, 18.4°, 19.9°, and 26.7°, corresponding
to the Bragg diffractions of (100), (020), (110), and (021) of
a-phase PVDE, respectively.”*™” The f-phase could be identified
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by the single and sharp peak located at 19.7°, representing the
Bragg diffraction of (110)/(200) plane.35 As for y-phase, the
reflection is only observed at 18.4 and 19.9° and the intensity of
the peak at 18.4° is much lower than that of 19.9°. However, if
the crystalline region of the polymer possesses more than one
type of crystalline phase, the reflection peaks of a-phase would
overlap with those from f- and y-phase, making it rather diffi-
cult to distinguish from each other. As shown in Figure 1, the
characteristic reflection peaks of o-phase appeared at 17.4°, 18.4°,
19.9°, and 26.7° are sufficient clear to identify the presence of
main o-phase when the PMMA content is less than 15 wt %.
When the PMMA content is higher than 15 wt %, the intensities
of these peaks are reduced greatly, indicating the decrease of the
amount of a-phase. Moreover, the peaks are continuously widen-
ing as the PMMA content increases, which has been accounted
for either the decrease of the ordering degree of the crystalline
cells or the reduction of the crystal size.”> As for the existence
and the content of /- and y-phase, they could hardly be identi-
fied from XRD of all the samples since the characteristic peaks of
three kinds of crystal phases are all very close to 20° and over-
lapped together.

DSC thermograms have been recently proved to be a powerful
method to identify and distinguish different crystal P(VDF-co-TrFE)
phases from each other. Figure 2(a) shows the DSC curves of the
quenched polymer blends with altered compositions for the first
heating circle.**™® Apparently, multiple endothermic peaks are
observed in all the samples indicating the coexistence of multiple
types of crystalline phases in these samples as confirmed by FTIR
and XRD results. It is reported that the melting points of «-, -, and
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2. (a) DSC thermograms of P(VDF-co-TrFE) with 9 mol % TrFE and its blends containing varied PMMA content, with the dash dot lines to

illustrate the change tendency of the melting point. (b) Overall AH; of P(VDF-co-TrFE)/PMMA blends. The line with open rectangle symbol was the
experimental results calculated from the integral of DSC thermograms. The line with open circle symbols was AH; calculated by multiplying the AH; of
neat P(VDEF-co-TrFE)with its weight percentage in the blends, where only dilution effect of PMMA was accounted. (c) AHy of each crystal phase in
P(VDEF-co-TrFE)/PMMA blends. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3. (a) Dielectric constant of P(VDF-co-TrFE)/PMMA blends as a function of frequency at room temperature. (b) Dielectric loss of P(VDEF-co-
TrFE)/PMMA blends as a function of frequency at room temperature. (c) Dielectric constant of P(VDF-co-TrFE)/PMMA blends as a function of temper-
ature at 10 kHz. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

y-phases of P(VDE-co-TrFE) are about 170, 140, and 160°C, respec-
tively depending on the content of TrFE in these crystals.* As shown
in Figure 2(a), the crystalline region of neat P(VDF-co-TrFE) and
the polymer blend with 5 wt % PMMA is mostly in - and «-phase,
while the samples containing 10-30 wt % PMMA possess f3-, y-, and
o-phases. As for the blend with 40 wt % PMMA, only y-phase is
remained. It is known that PMMA with glass state delays the diffu-
sion of molecules in the melting process of P(VDF-co-TrFE) and
thus increased the probability of the stabilization of conformational
fluctuations that resulted in the y-phase formation.* The phase
transition from o-phase was indicative of a melting and recrystalliza-
tion process when the blends were heated to 200°C and quenched
by liquid nitrogen. In addition, the melting point of each phase is
slightly depressed as PMMA content increases from 0 to 40 wt %,
clearly indicating the compatibility between PMMA and P(VDEF-co-
TrFE) above its melting point.”?

The crystallinity of the blends could be calculated by the formula
of y.= AHf/AH; X 100%, where AH; is the heat fusion enthalpy
of P(VDEF-co-TrFE) with 100% crystallinity. As y. is in liner rela-
tionship with AHy and AH; of P(VDF-co-TrFE) is not available,
AHpis directly utilized to follow the crystallinity change without
further accurate calculation of y.. The AHy of the blends is shown
in Figure 2(b) as a function of PMMA content, where the line
with open circle symbol represents the AHychange caused only by
the dilution effect of PMMA addition theoretically. The one with
open rectangle symbol stands for that of AHyobtained from DSC
experimentally. Apparently, the experimental heat fusion enthalpy
of the blends is much lower than that of theoretical results consid-
ering only the dilution effect of PMMA. That means PMMA intro-
duced is impeding the crystallization of P(VDF-co-TrFE) more
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than just diluting P(VDF-co-TrFE) matrix. The AHyof each crystal
phase is separately obtained from the integrals of DSC curves and
presented as a function of PMMA content in Figure 2(c). Clearly,
the percentage of f-phase declines continuously as the PMMA
content increases for the dilution effect. When PMMA content is
less than 15 wt %, y- and a-phase exhibits a complementary rela-
tionship, namely the percentage of y-phase is enhanced while the
content of a-phase is reduced simultaneously as PMMA increases,
suggesting the conversion of crystal phase from - to y-phase. The
previous study has shown that the introduction of PMMA in
PVDF is one of the effective ways to achieve the crystal phase tran-
sition from antipolar a-phase to polar - or y-phase.*> Consider-
ing the energy barriers for the o to y transformation is less than
that for « to § and y to f§ transformation,** the crystal phase tran-
sition of P(VDF-co-TrFE) induced by PMMA addition is more
preferable from «- to y-phase based on the FTIR, XRD, and DSC
results. When the content of PMMA is over 15 wt %, both o- and
y-phases are reduced due to the dilution effect.

In general, the addition of PMMA is affecting the crystalline
properties of P(VDF-co-TrFE) including reducing the overall
crystallization by impeding its nucleation as well as inducing
the phase transition in P(VDF-co-TrFE).

Dielectric Constant and Loss of P(VDF-co-TrFE)/PMMA
Blends

The effect of PMMA addition on the dielectric behavior of
P(VDF-co-TrFE) at low electric fields (bias voltage=1 V) is
investigated by measuring the dielectric permittivity and loss as
a function of broad frequency and the results are presented in
Figure 3(a,b). The dielectric response of semicrystalline PVDEF-
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Figure 4. (a)The comparisons between the bipolar D—E loops of P(VDF-co-TrFE) with 9 mol % TrFE and its blends containing varied PMMA content at
300 MV/m. (b) The typical D-E hysteresis loops of ferroelectric P(VDF-co-TrFE) under high AC and DC electric field; (c) Illustration scheme of polar-
ization process under AC and DC field (d). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

based fluoropolymers under low electric field at frequency
below 100 kHz has been well recognized to originate from both
the dipoles alignment in amorphous phase in rubber state and
the weak swing of crystal phase.”” As frequency increases from
0.01 Hz to 1 MHz, the contribution of crystal phase is vanish-
ing for the delay of the swing of crystal phase than the applied
electric field characterized with a sharp increment of the dielec-
tric loss at this frequency range. When the frequency is over 1
MHz, the dielectric response only comes from the two random
molecular motions including the micro-Brownian motion of
noncrystalline chain segments (f-relaxation)*> and the molecu-
lar motion onto the amorphous/crystalline interfaces.**™*® As
indicated in Figure 3(a), PMMA addition leads to the continu-
ous decrease of the dielectric permittivity between 0.01 Hz and
10 MHz depending on the PMMA content for the dilution
effect of PMMA with much lower dielectric permittivity than
P(VDF-co-TrFE). In addition, the strong intermolecular force
between rigid PMMA segments and soft VDF units in amor-
phous phase may also result into the restricted dielectric
response of high polar VDF units to the applied electric field.
Moreover, Figure 3(b) shows the dielectric loss(tan &) spectrum
of different blends, and tan 6 of PMMA insufficient blends
decreases as the frequency increases at the range of 0.01-10
kHz, which could be attributed to the o-relaxation of crystalline
phase of P(VDF-co-TrFE). After the frequency increased to 100
kHz, because of the influence of the amorphous phase relaxa-
tion (so called f-relaxation) as described in Ref. 45, the dielec-
tric loss presents a reverse trend as it is at low frequency in the
blends despite of PMMA contents. Besides, the addition of
PMMA shows some influence on tan 6 of P (VDF-co-TrFE)/
PMMA blends at low frequency. It is reported that the peak
of dielectric relaxation in glass forming PMMA below glass
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transition point (T, ~ 100°C) is located at the range about
10-100 Hz.*® Therefore, as presented in Figure 3(b), the
appeared symmetrical relaxation peaks at the frequency around
20 Hz could result in the increasing tan J in PMMA abundant
(20-40 wt %) blends. However, as the frequency increase, the
introduction of PMMA will significantly reduce tan ¢ at high
frequency (ca. 5 kHz) as shown in Figure 3(b). Near 60% of tan
0 is reduced from 0.17 of the neat P(VDF-co-TrFE) to 0.065 of
the blend with 40 wt% PMMA at 10 MHz. That means the
introduction of PMMA shows significant confinement on the
relaxation of P(VDF-co-TrFE) content.

In addition, the temperature dependence of dielectric constant
of different PMMA contents P(VDF-co-TrFE)/PMMA blends at
10 kHz were presented in Figure 3(c). Because of dielectric relax-
ation, the dielectric permittivity of all blends increases as the
temperature below 125°C and shows the dielectric peak at about
120 to 130°C. The dielectric peaks do relate to the Curie temper-
ature (T,) of the P(VDF-co-TrFE) blends, which is recognized as
the ferroelectric to paraelectric (F-P) transition point of polar fi-
or y-phase. When the mole contents of PMMA are 0 and 5%,
the dielectric peaks intensity of the blend is low. However, as the
PMMA contents increased to 10% and 20%, the peaks intensity
of the blends grows accordingly. The reason is that more antipo-
lar a-phase is transformed to polar f- or y-phase in PMMA
abundant blends, which is consistent with DSC and XRD results.

D-E Hysteresis Loops of P(VDF-co-TrFE)/PMMA Blends

D-E hysteresis loops measurements are performed to investigate
the dielectric properties of the blend films under high electric
fields. Figure 4(a) compares the bipolar D-E loops of the blend
films with varied PMMA content under the same AC electric field
of 300 MV/m. Gradually, the D-E loops are turned from a
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Figure 5. (a) Irreversible polarization of P(VDF-co-TrFE)/PMMA blends as a function of electric field calculated from eq. (3). (b) Contribution of
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issue, which is available at wileyonlinelibrary.com.]

rectangular shape into parallelogram-like shape and into linear-
shape eventually when the PMMA content is over 30 wt %. The
maximum polarization under AC electric field (Ppaxac) of the
blend films is declining gradually as more PMMA is introduced
into the system in general, which is mainly due to the lowered
crystalline properties and the restricted flipping of ferroelectric
phase induced by the addition of more PMMA with relative low
polarity and high modulus. This result confirms the conclusion of
dielectric response as discussed above. A step-like reduction of
both P, and remnant polarization (P,) is observed when the
PMMA content is 15 wt % and above this value the D-E loops
show no more visible change. Besides, coercive field (E,), the low-
est electric field required to pole the ferroelectric phase, is vanish-
ing in D-E loops of the blends as more PMMA is introduced,
which suggests the much easier polarization of smaller ferroelec-
tric domains as well as the polarization in crystal region
are reduced although the blend are exposed under the high elec-
tric field.

Figure 4(b) compared the DC and AC loop of neat P(VDEF-co-
TrFE) under the same electric field at 375 MV/m. AC loops of
blend films are not shown in this work. Clearly, the maximum
polarization measured in AC and DC loop (Ppaxac and Poaxpc)
differs greatly from each other. The reason could be vividly illus-
trated by showing the domain orientation performance under
external electric field in Figure 4(c,d). For a fresh sample, the
dipoles are randomly aligned in the samples and the polarization
in electric field direction is zero before the electric field applied as
shown in status 1 in Figure 4(c). As external electric field
increases, the dipoles start to align along the electric field direc-
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tion and reach the maximum (P, pc) at the highest E [status 2
in Figure 4(c)]. As E decreases to zero, only a small portion of
the dipoles aligned could be reversed (Preversiple) and most of
them is maintained aligning to the direction of E [status 3 in Fig-
ure 4(c)]. After a short while, some of the remained polarization
is relaxed (Prla) and most of the polarization is left and stable
for years [status 3’ in Figure 4(c)], which is well known as irre-
versible polarization (P;) and where the excellent ferroelectric and
piezoelectric properties of PVDF based ferroelectrics come from.
In the next charging—discharging circle, the relatively small maxi-
mum polarization would be measured from status 5 instead of
status 1 to status 4. Meanwhile, the machine would automatically
treat the polarization ending status of the last circle as the starting
point (zero polarization) of next charging-discharging circle.
Therefore, the P; appeared in the first circle would not be
observed in the next ones. The measurement both in AC and DC
field in this work has a preloop process on the sample to test the
stability of the sample before outputting data. That means all the
D-E loops presented actually is from the second circle. The polar-
ization process following the electric field applied could be seen
more clearly in Figure 4(b), in which the curves with different
color represent different polarization process, which has been
more systematically illuminated as shown in Ref. 50. Apparently,
comparing the D-E loops measured in AC and DC field becomes
the only way to calculate the irreversible polarization (P;) brought
by big crystal domains.

From the above discussion, it can be drawn that P, sc of the
samples driven by high AC electric field is composed of P, and
reversible polarization (Peversiple) two parts, where P, is
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Figure 6. (a) Discharged energy density of P(VDF-co-TrFE)/PMMA blends. (b) Energy releasing efficiency of P (VDF-co-TrFE)/PMMA blends under dif-
ferent electric field. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

contributed by both P; of high polar crystal domains and the
relaxed polarization (Py.x) induced by the polarization relaxa-
tion of amorphous phase and crystal domains. However, only
Preversiple and Prepax two parts are responsible for the P .cpc»
which means P; is corresponding to the difference of P,,,, meas-
ured under AC and DC field. Namely,

Pmax,AC = Preversible + Pr = Preversible + Pi + Prelax ( 1)
Pmax,DC = Preversible + Prelax (2)
Pi:Pmax,AC_Pmax,DC (3)

P; could be utilized to distinguish the relaxor ferroelectrics
(P;=0) from the normal ferroelectrics (P;# 0). Previous study
has reported that P; of P(VDF-co-TrFE) could be minimized to
zero via introducing defects into the materials physically or
chemically, where the typical ferroelectrics were turned into
relaxed ferroelectrics. As shown in Figure 5(a), PMMA addition
could also reduce P; significantly as a function of applied elec-
tric field. When PMMA content is over 20 wt %, the P; at 300
MV/m is decreased to about zero. That means P; related to the
crystal domains in large scale is effectively restricted thanks to
both the dilution and impeding effect of PMMA on the crystal-
line properties of P(VDF-co-TrFE).

The confining effect of PMMA on the ferroelectric phase relaxa-
tion of P(VDF-co-TrFE) could be further illustrated by plotting
Prax ac of the blends contributed by P(VDF-co-TrFE) as a func-
tion of electric field since the polarization of blends could be
regarded as the polarization sum of P(VDF-co-TrFE) and
PMMA as follows:

Prtends = Wonma X Pomvia + Wo(vDE—1rEE) X P, yop 1oy (4)

where Wppma and Wpypr — 1weg) Tepresent the weight percent-
age of PMMA and P(VDEF-co-TrFE) in the blends, and Wpyvia
and P, prvpr.comirr) stand for the polarization contribution of
PMMA and P(VDEF-co-TrFE), respectively. The polarization of
neat P(VDF-co-TrFE) under the electric field below 100 MV/m
is nearly in linear against the increasing electric field mostly
attributed to the polarization of amorphous phase and slight
swing of crystal domains. When the applied electric field is over
100 MV/m, a sharp increment is observed at 100-300 MV/m
field with a larger slope, which is mainly attributed to the flip-
ping of ferroelectric phase driven by the applied electric field.
PMMA addition leads to not only the higher driven electric
field of ferroelectric phase flipping but also the lowered
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P, pvpF-co-Tirg) Calculated from eq. (4) as shown in Figure 5(b).
When PMMA is over 30 wt %, the linear increment of
P, p(vDr-co-trrE) as @ function of electric field up to 350 MV/m
strongly indicates the flipping of ferroelectric phase in these
samples is well depressed. That could be attributed to the effects
of PMMA addition onto the crystalline properties of P(VDF-co-
TrFE) including the reduced overall crystallinity thus the polar-
ization of crystal phase and the improved modulus of amor-
phous phase, which may accelerate the disorientation of
ferroelectric phase.

It is well addressed that only Pieversible could follow the switch-
ing speed of the applied electric field, which is also responsible
for the recoverable part of the stored electric energy greatly con-
cerned for high-pulse capacitor applications. However, Pieversible
in ferroelectric P(VDF-co-TrFE) copolymer is rather low and is
mainly attributed to the electronic and atomic polarization of
P(VDF-co-TrFE) together with a few reversible polarization of
small crystal domains. Although the P, is significantly
decreased due to the PMMA addition, Pieyersiple> calculated by
either subtracting P, from P, ac as indicated in eq. (1) or
subtracting P,y from P, pc as indicated in eq. (2), shows lit-
tle reduction when PMMA content is no more than 20 wt %.
When PMMA content is over 30 wt %, Preversible Starts to reduce
as shown in Figure 5(c). That might be attributed to the contin-
uously lowered polarization contribution of PMMA than
P(VDF-co-TrFE) and the restricted switching of small P(VDEF-
co-TrFE) crystal domains along the electric field. Meanwhile, the
addition of rigid PMMA also leads to the enhanced discharging
speed of the reversible polarization characterized with a reduced
curvature of the discharging curves in D-E loops.

Energy Density and Loss of P(VDF-co-TrFE)/PMMA Blends

The energy storage and loss properties of dielectric materials are
greatly concerned for high-pulse capacitor applications. When
the electric field is applied on the dielectric materials, the
dipoles in the crystal domains would switch to align with the
external electric field direction. The switched dipoles would
induce the generation of free charge on the surface of the
dielectric field to form an internal electric field against the
external electric field. Once the external electric field is
removed, these free charges are supposed to release simultane-
ously along the elimination of the internal electric field referring
to the disorientation of switched dipoles. Therefore, both the
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discharge energy density and the discharging efficiency are
dominated by the disorientation speed of switched dipoles.
Figure 6(a) presents the discharged energy density of the blend
films with varied PMMA content, which is calculated
from the integral area under depolarization curve vs. electric
displacement. Clearly, the discharged energy density of
P(VDF-co-TrFE)/PMMA blends under the consistent electric
field is well maintained when PMMA is added up to 30 wt %.
When PMMA content is below 20 wt %, the discharged energy
density of P(VDF-co-TrFE)/PMMA blends is even slightly higher
than neat P(VDF-co-TrFE) owing to the restricted ferroelectric
phase relaxation of P(VDF-co-TrFE), while more than 30 wt %
PMMA addition leads to a continuous lowered energy density
under the consistent electric field for the dilution effect of
PMMA with low dielectric constant.

The released energy percentage, defined as 100 X (Uscleased/
Ustored) %, 1s shown in Figure 6(b). The releasing efficiency of
the charged energy in P(VDF-co-TrFE) is quickly reduced as
electric field increases from 75 to 250 MV/m, and then
increases gradually to a constant value when the electric field is
over 300 MV/m. The peak formed at 100-300 MV/m field is
attributed to the relaxation of ferroelectric phase along the elec-
tric field. As PMMA content increases, the switching of the
crystal domains requires enhanced driven electric field for
the confined flipping of ferroelectric phase together with the
depressed crystalline properties of P(VDF-co-TrFE). When
PMMA content is over 30 wt %, the lowered discharging
efficiency induced by F-P transition is vanishing and the curve
is turned into a linear shape, which means the switching of
P(VDE-co-TrFE) crystal domains is completely vanished.

CONCLUSIONS

In general, the addition of rigid PMMA shows great influence
onto the crystalline, dielectric, and electric energy storage prop-
erties of P(VDF-co-TrFE) containing 9 mol % TrFE for its dilu-
tion, impeding, and confining effect on the crystallization and
ferroelectric phase relaxation of P(VDE-co-TrFE). PMMA addi-
tion may help the crystal phase transition from ferroelectric to
ferroelectric relaxation phase of P(VDF-co-TrFE) at high elec-
tric field. The crystallinity, crystal size, the dielectric constant,
and loss of P(VDF-co-TrFE) are reduced by the dilution and
impediment effect of PMMA. Both the dilution and confine-
ment effect of PMMA introduced onto the switch of polar
P(VDF-co-TrFE) crystal domains results into the depressed
polarization of blends under high electric field are characterized
with dropped Pp,.x and P;. The blends are turned from normal
ferroelectrics to relaxed ferroelectrics and even linear shaped
dielectrics, thus the unreleased energy is significantly reduced
while the discharge energy density is well maintained. Both the
reduced crystalline properties and the depressed switching of
crystal domains under high electric field are responsible for the
improved electrical performance of the blends. The blend with
30 wt % PMMA exhibits the most desirable dielectric perform-
ance for high-pulse capacitor utilization, with an energy storage
density of about 10 J/cm™> but an unreleased energy loss per-
centage less than 25%.
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