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In this work, free-standing and flexible polymer-ceramic nanocomposite films were fabricated by a spin-coating
process using poly(vinylidene fluoride-co-hexafluoropropylene) [P(VDF-HFP)] as matrix and BaTiO; (BTO)
nanoparticles as filler. The relationships between the properties and compositions were systematically in-
vestigated. It is experimentally found that the crystallinity and the size of crystals of the P(VDF-HFP) matrix
decreases with increasing BTO content. The dielectric responses of the polymer used as matrix were determined
by four dielectric processes. Both the temperature and frequency dependences of the dielectric responses ob-

tained in the composite films are mainly determined by the polymer matrix, and the influences of the ceramic
filler on the four dielectric processes of the polymer matrix were discussed.

1. Introduction

As is well known, dielectric capacitors are widely used in the pulsed-
power systems, in which the stored energy needs to be charged/dis-
charged over a short time period and in a controlled manner. Dielectric
materials with a high dielectric constant (¢,), a low dielectric loss (tand)
and a high electric breakdown strength (E,) are demanded. Both cera-
mics and polymers have been extensively studied and widely used as
dielectric materials in energy-storage capacitors.

Ceramics, especially lead-free perovskite ceramics, are considered
as one of the most promising materials for the development of the
pulsed-power systems due to their high ¢, [1]. In recent years, a series of
dielectric ceramics, such as BaTiOs-based [2], (Ba/Sr)TiOs-based [3],
AgNbOs-based [4], (K/Na)NbOs-based [5], (Na/Bi)TiOs-based [6], and
NaNbOgs-based [7] ceramics, have been developed for the energy-sto-
rage applications. Although great progress has been made, the appli-
cations of dielectric ceramics are still limited by their low Ep, high
weight, high processing temperature, etc.

Polymers with quite high E, are also widely used as dielectric ma-
terials in energy-storage capacitors. In addition, polymers are flexible,
light in weight, and can be processed at low temperature. Polymers,
such as polypropylene (PP), polyester (PET), polycarbonate (PC),
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polyphenylene-sulfide (PPS), have been widely used as flexible di-
electric films, but the low dielectric constant (~2-3) limits their ap-
plications [8]. Due to the contribution of the high density of dipoles in
the polar polymers to their dielectric responses [9], poly(vinylidene
fluoride) (PVDF) and its copolymers/terpolymers, such as poly(vinyli-
dene fluoride-co-trifluoroethylene) [P(VDE-TrFE)] [10], poly(vinyli-
dene fluoride-co-chlorotrifluoroethylene) [P(VDF-CTFE)] [11], and
poly(vinylidene fluoride-co-hexafluoropropylene) [P(VDF-HFP)] [12],
poly (vinylidene fluoride-co-trifluoroethylene-co-chlorofluoroethylene)
[P(VDF-TrFE-CFE)] [13], have attracted a lot of attentions owing to
their high ¢, (~10) [14-16].

Composite approach has been used to enhance the ¢, of polymers by
introducing high-¢, ceramic particles into polymer matrix, i.e. polymer-
ceramic composites [17-20]. Polymer-ceramic composites take typical
advantages of the good flexibility of polymers and the high &, of cera-
mics. In addition, polymer-ceramic composites are light in weight, and
can be fabricated through low temperature processes. Regarding the
matrix, PVDF based polymers have been extensively utilized due to
their good flexibility and relatively high ¢,. Regarding the filler, ceramic
nanoparticles, such as BaTiO; [21-25], CaCusTi4O1, [26-30], (Ba/
Sr)TiO5 [31-34], have been widely used due to their high &,.

Regarding the fabrication processes, the compatibility between the
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polymer matrix and the ceramic particles and the uniformity in mi-
crostructure are critical [35-37]. That is, the properties of the polymer-
ceramic composite films depend, to a great extent, on the fabrication
processes. Melting blend process and solvent-based processes are
widely utilized in the fabrication and study of the polymer-ceramic
composites. The melting blend process is carried out above the melting
temperature (T,,) of the polymers, and is normally used to fabricate
composites with insoluble polymers as matrix, such as PP and PE
[38-40]. The solvent-based processes are the most popular methods in
the investigation of the polymer-ceramic composites. In the solvent-
based processes, ceramic particles are dispersed in a polymer solution,
and composites can be obtained by evaporating the solvent. Solution-
casting process is one of the popular methods in the development of
polymer-ceramic composite films [18,22,24,26,27,29,31-34]. How-
ever, due to the aggregation of the filler particles caused by gravity
during the solvent evaporation, the composite films fabricated by so-
lution-casting process normally show poor uniformity. To obtain better
microstructure uniformity, a stack of composite films fabricated by
solution-casting process could be hot-pressed into one layer
[18,29,31,33,41-43]. In our previous works, a spin-coating process
using thick polymer solution has been developed in the fabrication and
study of the polymer-ceramic nanocomposite films [44-46]. Owing to
the enhanced stability of the polymer-ceramic-solvent suspension and
the fast solidification, excellent microstructure uniformity can be ob-
tained in the nanocomposite films fabricated by the spin-coating pro-
cess. Besides the sphere-like ceramic nanoparticles, ceramic nanofibers
[47-54], core-shell nanoparticles [52,54-62], etc., have been widely
used in the fabrication and investigation of the polymer-ceramic na-
nocomposite films. The interface between the matrix and the filler
particles is also critical for the performances of the composites and
could been improved using kinds of coupling agents or chemical
treating methods [47,48,51,63-69].

From the application point of view, most of the recent reports are
mainly focused on the enhancements of the dielectric constant (¢,) and
electric breakdown strength (E;) of the polymer-ceramic composites,
which are directly related to the energy-storage performances. It is well
known that a composite is a material made from two or more con-
stituents with significantly different physical or chemical properties,
and that the interaction between those constituents is critical to the
properties. Although a lot of efforts have been made in the development
of polymer-ceramic composites, it has to be noted that, the interaction
between the ceramic nanoparticles and the polymer matrix and its in-
fluences on the evolution of the molecular mobility of the polymer
matrix are still not clear, which are meaningful for the understanding of
ceramic-polymer composites and needs to be further studied.

In this work, polymer-ceramic nanocomposite films were fabricated
using a spin-coating process and systematically characterized to un-
derstand the relationships between the properties and compositions,
especially the influences of the ceramic nanoparticles on the relaxation
processes related to the evolution of the polymer molecular mobility. P
(VDF-HFP) with 15 wt% of HFP was used as the matrix due to its ex-
cellent flexibility and good dielectric properties, and sphere-like BTO
nanoparticles (about 60 nm in diameter) were used as the filler due to
its high ¢, and relatively low tané. Large pieces of P(VDF-HFP)-BTO
nanocomposites films were fabricated in this work, and their micro-
structure is dense and uniform. Both the &, and tané of the P(VDF-HFP)-
BTO films were systemically examined at different temperatures and
frequencies. It is found that the dielectric responses of the P(VDF-HFP)-
BTO films are determined by the polymer as matrix and affected by the
filler content.

2. Experiments
2.1. Materials and chemicals

P(VDF-HFP) with 15 wt% of HFP was provided by PolyK. BaTiO3
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Fig. 1. Freestanding, flexible, translucent P(VDF-HFP)-BTO nanocomposite
films fabricated by a spin-coating process.
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Fig. 2. XRD patterns of the P(VDF-HFP)-BTO nanocomposite films. The inset is
a typical fracture SEM image of the P(VDF-HFP)-20BTO film.

(BTO) nanoparticles with a nominal diameter of 60 nm and with a
specific surface area (SSA) of 15.00-17.60 m?/g were provided by
Sinocera. The densities of P(VDF-HFP) pellets and BTO nanoparticles
are 1.78 g/cm® and 6.02 g/cm?® respectively. N, N-dimethyl formamide
(DMF) was  purchased from Sinopharm. Glass plates
(50 mm x 50 mm x 0.8 mm) were purchased from Guluoglass. All the
materials and chemicals were used as received.

2.2. Fabrication of P(VDF-HFP)-BTO films

A series of the (1-x)P(VDF-HFP)-xBTO films (x = 0, 5, 10, 15, 20,
25, 30, 35, 40 vol%), abbreviated as P(VDF-HFP)-xBTO, were fabri-
cated. The typical procedure for fabricating the P(VDF-HFP)-BTO films
was operated as follows: Firstly, based on the composition, specific
amounts of the P(VDF-HFP) pellets and the BTO nanoparticles were
added in DMF and the mixture was fully homogenized by magnetic
stirring and ultrasonication. Secondly, the P(VDF-HFP)-BTO-DMF sus-
pension was coated on the pre-cleaned glass plates by a spin-coater
(KW-4A, Chemat Technology Inc, Peking, China), and then solidified at
80 °C for about 1 h in an drying oven. After that, the films were stripped
off from the glass plates in DI water. Finally, the free-standing P(VDF-
HFP)-BTO films were annealed at 140 °C for about 24 h. The pure P
(VDF-HFP) film was fabricated by a similar procedure by using a P
(VDF-HFP)-DMF solution. Here the thicknesses of all the annealed films
are around 5-7 pm.

17759



X. Lu, et al. Ceramics International 45 (2019) 17758-17766
0.9 110 0.3
3 - U vol. — vol. ——
@ foomrmmy ) <9 @ e
i 10 vol.%—35vol.%| 23 =
08 — ot 100 rn | E 02hin
S 90 201}
So 5
z 8050203040 067020 30 20
= 0.0- BaTiOs (vol.%) BaTiOs (vol.%)
g 0.3
% e (d) —a—1 —e—2 > (e) —a—1 —0?+22
~MTT~ M |, |e—e—e—e—e—0— o—o-0| =
:GE) _0 0—0—0—0—0 ® é 02l
3
-0.6 7]
[A—E—E—g—-m—-E—N—p—N (%’ 0.1 —::._<=:.=.__'=.§'~'
- 100 L 0.0l

100 150 200 0
Temperature ("C)

9
50

BaTiOs (vol.%)

70 20 30 40 Y0770 20 30 40
BaTiOs (vol.%)

Fig. 3. (a) The DSC heating/cooling curves of the P(VDF-HFP)-BTO nanocomposite films. (b) The peak temperature of the cooling curves; (c) the crystallinity
calculated from the cooling curves. (d) The peak temperatures of the heating curves; (e) the crystallinity calculated from the heating curves.
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Fig. 4. The (a) &, (b) A¢;/erc100 ), (¢) tand, and (d) o, as a function of frequency of the P(VDF-HFP)-BTO nanocomposite films.

2.3. Characterizations

The fracture morphologies of the P(VDF-HFP)-BTO films were ob-
served by a field emission scanning electron microscope (JSM-7000F
JEOL, Tokyo, Japan). Before that, the nanocomposite films were frac-
tured in liquid nitrogen. The X-ray diffraction (XRD) patterns of all the
P(VDF-HFP)-BTO films were examined by an X-ray diffractometer
(PANalytical, Cambridge, UK). The differential scanning calorimetry
(DSC) was measured by an analyzer (DSC 250, TA Instruments, DE, US)
in a temperature range from 50 °C to 200 °C in a nitrogen atmosphere
with a heating/cooling rate of 10 °C/min. For the electrical measure-
ments, the films were coated with gold electrodes (3 mm in diameter)
on the both sides by a gold coater (JFC-1600, JEOL, Tokyo, Japan). The
weak-field (500 mV) dielectric properties were measured by a precision

impedance analyzer (4294A, Agilent, CA, USA) in a frequency range
from 100Hz to 1MHzat room temperature. The temperature de-
pendences of dielectric properties were measured by a precision im-
pedance analyzer (4980, Agilent, CA, USA) in a temperature range from
-80 °C to 160 °C under five selected frequencies (100 Hz, 1 kHz, 10 kHz,
100 kHz, and 1 MHz) with a cooling rate of 10 °C/min, during which the
samples were placed in a heating & freezing stage (TP94, Linkam,
Surrey, UK). The polarization-electric field (P-E) loops and corre-
sponding current-electric field (I-E) curves were measured at 100 Hz
and at room temperature using a commercial ferroelectric testing
system (TF analyzer 2000, aixACCT, Aachen, Germany).
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Fig. 5. The (a) ¢, (b) tand, and (c) o, as a function of the BTO content of the P
(VDF-HFP)-BTO nanocomposite films.
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3. Results and discussions

A photo of the P(VDF-HFP)-BTO films fabricated in this work is
given in Fig. 1. It is clear that the pure P(VDF-HFP) film is transparent
and quite soft owing to its low glass-transition temperature (T,) and low
crystallinity. The T, of P(VDF-HFP) is about -40 °C, above which the P
(VDF-HFP) is viscoelastic. Owing to the increasing content of HFP in
this copolymer, the crystallinity decreases and the elastic modulus of P
(VDF-HFP) can be much smaller than PVDF. It was reported that,
compared with PVDF, the elastic modulus of the P(VDF-HFP) with
15 wt% of HFP is about four times smaller [70]. All these suggest that P
(VDF-HFP) is a highly soft and very flexible material, which is highly
desirable as the matrix for the development of polymer-ceramic com-
posites. All the P(VDF-HFP)-BTO films fabricated here are translucent
and of good flexibility. As is well known, for the composite films, the
transparency and flexibility can reflect the macro/micro uniformity.
That is, the P(VDF-HFP)-BTO films are quite uniform in microstructure
with BTO nanoparticles homogeneously dispersed in P(VDF-HFP) ma-
trix. Using the spin-coating process here, large pieces of the nano-
composite films (as large as the glass plates used) could be fabricated.

The XRD patterns of the P(VDF-HFP)-BTO films are given in Fig. 2.
For the pure P(VDF-HFP) film, the observed diffraction peaks at 18.4°
and 20.3° can be assigned to the o phase and [} phase respectively,
which indicates that the pure P(VDF-HFP) film is semi-crystalline [50].
There is no obvious peak of P(VDF-HFP) in the XRD patterns of the
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nanocomposites films, which might reveal the lower crystallinity of the
P(VDF-HFP) in the nanocomposite films than the pure P(VDF-HFP)
film. The diffraction peaks observed in the nanocomposite films, whose
intensities increase with increasing BTO content, are associated with
the perovskite structure of the BTO nanoparticles. As an example, a
topical fracture SEM image of the P(VDF-HFP)-20BTO film is given in
the inset of Fig. 2. It is clear that the composite was constructed with
BTO nanoparticles dispersed in P(VDF-HFP) matrix. Besides the ad-
vantages of the spin-coating process, the excellent microstructure uni-
formity might also be attributed to a high density of hydroxyl on the
surface of the BTO nanoparticles fabricated by hydro-thermal method.
That is, for the BTO nanoparticles used as filler, surface-treating process
is not requisite to obtain good microstructure uniformity, which leads
to the simplification of the fabrication process of polymer-ceramic
composite films [71].

To understand the influences of the BTO content on the P(VDF-HFP)
matrix, DSC curves of the P(VDF-HFP)-BTO films during the first
heating/cooling cycle are given in Fig. 3(a). It is clear that all the curves
of the nanocomposite films shown a similar behavior as that of the pure
P(VDF-HFP) film. It can be observed that there are two endothermic
peaks in the heating curves. The double endothermic peaks were
usually reported in the DSC curves of semi-crystalline polymers, and
have been attributed to either the melting of two initially coexisting
crystal phases or the imperfection of crystallization [72]. Using the pure
P(VDF-HFP) film as an example, it is experimentally found that the two
endothermic peaks merged into one peak in the second heating cycle,
which demonstrates that the imperfect crystallization regions can re-
crystallize at a higher temperature above the annealing temperature
(140 °C) used in this work, as shown in the dash lines in Fig. 3(a). So, it
is likely to be the imperfection of crystallization rather than the dif-
ferent crystal phases that determines the melting endotherms in the first
heating cycles. There is only one exothermic peak can be observed in
the cooling curves, which is associated with the recrystallization of the
P(VDEF-HFP).

From the data shown in Fig. 3(d), it is found that the temperatures
of the two endothermic peaks slightly change with BTO content. Re-
garding the recrystallization temperature of the polymer matrix, as
shown in Fig. 3(b), it observed in the P(VDF-HFP)-5BTO film is lower
than that of the pure P(VDF-HFP) film, while it, then, increases with
increasing BTO content from 5vol% to 15vol%, and decreases with
further increasing BTO content from 20vol% to 40vol%. The re-
crystallization temperature of the pure P(VDF-HFP) film is 99.7 °C, and
the recrystallization temperatures of the P(VDF-HFP) in the composite
films with increasing BTO content from 5 vol% to 40 vol% are 98.6 °C,
100.4 °C, 100.5°C, 100.1 °C, 99.7 °C, 98.8°C, 98.2°C and 96.7 °C, re-
spectively. That is, there is a clear influence of the BTO filler on the
recrystallization process of the P(VDF-HFP) matrix.

As is well known, during the recrystallization of the polymer matrix,
the filler particles can act as either nucleating agents or physical bar-
riers [73-75]. That is, the interface in the composite films increases
with increasing content of the ceramic nanoparticles, which could
benefit the nucleation of the polymer matrix and leads to a high crys-
tallinity; on the other hand, the recrystallization process may also be
slowed down by the BTO nanoparticles, which leads to a lower crys-
tallinity. The effect of the BTO content on the crystallinity of the
polymer matrix was analyzed by calculating the melting/crystalline
enthalpy normalized to the mass fraction of the polymer matrix in the
nanocomposite films in accordance with the relation [76]:

AH

= ——— X 100%
AHy X ¢

o &)
where AH is the melting/crystalline enthalpy of the P(VDF-HFP)-BTO
films; AH, is the melting enthalpy of pure P(VDF-HFP) with a crystal-
linity of 100% (104.7 J/g) [73]; ¢ is the mass fraction of the P(VDF-
HFP) in the P(VDF-HFP)-BTO films.

The crystallinities calculated from the heating/cooling curves of all
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Fig. 6. The ¢, and tand at selected frequencies (100 Hz, 1 kHz, 10 kHz, 100 kHz and 1 MHz) as a function of temperature of the P(VDF-HFP)-BTO nanocomposite

films.

the P(VDF-HFP)-BTO films are plotted in Fig. 3(e) and (c) respectively.
Based on the heating curves, the total crystallinity value (summed value
of the peak 1 and peak 2) of all the films is around 14.6%-16.7% and
the variation trend is not very clear. Based on the cooling curves, the
crystallinity value clearly decreases with increasing BTO content. The
crystallinity value of the P(VDF-HFP) in the nanocomposite films with
increasing BTO content from 0vol% to 40vol% are 19.2%, 19.0%,
18.7%, 18.7%, 17.6%, 17.0%, 16.9%, 16.3%, and 15.1%, respectively.
It can be seen that even with 40 vol% of BTO in the nanocomposite film,
the P(VDF-HFP) matrix is still semi-crystalline. These also indicate that
the deficiency of P(VDF-HFP) peaks in the XRD patterns of the nano-
composite films might also be attributed to the fact that the size of
polymer crystals significantly decreases with increasing BTO content.

The weak-field dielectric spectra of the P(VDF-HFP)-BTO films
measured at room temperature are given in Fig. 4. For the pure P(VDF-
HFP) film, the high &, can be attributed to the contribution of the di-
poles and mobility of polymer segments above its glass-transition
temperature, and the decrease in ¢ with increasing frequency can be
attributed to the fact that the orientation of dipoles can not keep up
with the AC field change. In Fig. 4(a), over the entire measured fre-
quency range, the ¢, of the nanocomposite films increases with the in-
creasing BTO content, which can be easily attributed to the high ¢, of
the BTO filler. It also can be observed that the &, of all the P(VDF-HFP)-
BTO films decreases with increasing frequency. Compared with the &,
measured at 100 Hz [e,00mz)], the ratios of the changes in ¢, at dif-
ferent frequencies (Ae,) to the &,100mz) are given in Fig. 4(b), where the
Ae, = erc100mz) — Ercp- It can be observed that the above ratio is weakly
affected by the BTO content in the low frequency range, while it ob-
viously decreases with increasing BTO content in the high frequency
range. This is due to the weak frequency dependence of ¢, of BTO and
the composition change, and also indicates that the nanocomposite
films with high BTO content can exhibit better frequency stability of ,.
That is, the frequency dependence of the dielectric responses obtained
in the composite films is mainly determined the polymer matrix.

In Fig. 4(c), compared with the pure P(VDF-HFP) film, the tané of
all the P(VDF-HFP)-BTO films remains at a low value. The tané of all

the films slightly decreases with frequency in the range from 100 Hz to
about 2kHz. This phenomenon has been explained by a relaxation
process associated with the polymer matrix from the low frequency side
rather than the conductivity [45]. It can be seen that in the frequency
range from about 2 kHz to 1 MHz, the tand significantly increases with
increasing frequency, which has been well studied and attributed the
glass-transition process of the polymer matrix, i.e. the motion of the
polymer segments. It also can be observed that the tan§ decreases with
increasing BTO content in the high frequency range, which is caused by
the composition change and the low dielectric loss of BTO.

The AC conductivity (o,) was calculated using the formula
Oue = 27fege, tan 8 [77], where &, (¢o = 8.85 X 10~ '2F/m) is the per-
mittivity of the free space, f is the frequency, respectively. The calcu-
lated o, of the P(VDF-HFP)-BTO films are given in Fig. 4(d). The o, of
all the films is quite low and is strongly dependent on frequency, which
indicates that they are good insulators. Additionally, the curvature of
the AC conductivity spectra is related to the relaxations of the polymer
matrix, which has been discussed in our previous work [46]. It also can
be seen that the o, increases with increasing BTO content. This has
been attributed to the increase in ¢, [46], as described by the above
formula. To clearly show the influences of BTO content on the ¢,, tand,
and 0, the data were extracted from Fig. 4 and summarized in Fig. 5.

In order to study influences of the BTO content on the temperature
dependences of the dielectric properties of the P(VDF-HFP)-BTO films,
the ¢ and tand were measured in a temperature range from -80 °C to
160 °C at five frequencies (100 Hz, 1 kHz, 10 kHz, 100 kHz and 1 MHz).
As shown in Fig. 6(a), there are four processes could be recognized for
the pure P(VDF-HFP) film: the a process is associated with the seg-
mental motion in the amorphous regions, i.e. the glass-transition pro-
cess [70,78-82]; the 3 process is attributed to the dipolar relaxations of
the imperfection in the crystalline regions of the polymer [78], or is
associated with the relaxation within the crystalline phase [70,79-82].
The y process is related to the recrystallization of the polymer. The 8§
process is observed at quite high temperatures and is significant at low
frequencies, which has been attributed to conductivity [83], interfacial
polarization [82,84,85], motion of entire polymer chains [44-46]. The
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temperature dependences of the ¢ and tand obtained in all composite
films are shown in Fig. 6(b)-(i). Clearly, one can find that the tem-
perature dependences of the dielectric properties of all the composite
films are similar with that of the pure P(VDF-HFP) film. That is, the
temperature dependences of the dielectric properties obtained in the
composite films are mainly determined by the polymer matrix.

To identify the influences of the BTO content on these four processes
of the polymer matrix, the ¢ and tan§ measured at 100 Hz are plotted
together, as shown in Fig. 7. In Fig. 7(b), the peaks of the o and f
processes are obvious, so that the peak temperatures are used as
characteristic values in the flowing discussion. There are no clear
phenomena of the y process in Fig. 7(b) while the y process can be
clearly identified in Fig. 7(a), so that the temperature of the inflection
point in Fig. 7(a) is used as the characteristic value of the y process. It
can be seen in Fig. 7(c) that the characteristic temperatures of the a, 3
and y processes defined above decrease with increasing BTO content.
For the a process, the peak temperature of tané is -31.7 °C for the pure P
(VDF-HFP) film, while it is -36.0 °C for the P(VDF-HFP)-40BTO film.
This indicates that the glass-transition temperature (T,) decreases with
increasing BTO content, which has been explained by the interfacial
layer between the filler particles and polymer matrix. In the interfacial
layer, polymer may have different chain structures, which are depen-
dent on the interaction between the polymer matrix and the surface of
the filler particles. And, a weak interaction is necessary for the reduc-
tion in the T, [86-90]. For the B process, the characteristic temperature
is 53.1°C and 41.2°C for the pure P(VDF-HFP) film and the P(VDF-
HFP)-40BTO film respectively. This can be attributed to the variation of
the mobility of the dipoles with increasing BTO content, and also in-
dicates that the crystallinity of the P(VDF-HFP) in the nanocomposite
films is affected by the filler nanoparticles. It is hard to understand that
the filler nanoparticles have directly influences on the crystalline re-
gions of the polymer matrix. That is, it is highly possible that the 8
process is related to the interphase between the crystal regions and the
amorphous regions, which may also indicate the imperfection of crys-
tallization as discussed in Fig. 3. For all the nanocomposite films even
with 40vol% of BTO, the [ process is obvious. This indicates that
though the crystallinity of the P(VDF-HFP) matrix decreases with in-
creasing BTO content, the P(VDF-HFP) in the nanocomposite films still
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Fig. 8. (a) Polarization-electric field (P-E) hysteresis loops and (b) the corresponding current-electric field (I-E) curves measured at 100 Hz and at room temperature
for the P(VDF-HFP)-BTO nanocomposite films; (¢) Py.x and (d) P, vs E for the P(VDF-HFP)-BTO nanocomposite films.
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is semi-crystalline even with a high filler content, which is in ac-
cordance with the discussions in Fig. 3(c). The characteristic tempera-
ture of the y process is independent of frequency, which indicates that
the y process is related to a phase transition, i.e. the recrystallization of
the P(VDF-HFP) matrix. It also can be seen that the characteristic
temperature of the y process decreases with increasing BTO content,
which is due to the decrease in crystallinity and the reduction in the size
of the crystals of the P(VDF-HFP) matrix, as has been discussed in
Fig. 3(c). For example, the characteristic temperature of the y process is
118°C and 101.7 °C for the pure P(VDF-HFP) film and the P(VDF-HFP)-
40BTO film respectively.

As mentioned above, the § process has been addressed to different
origins: conductivity, interface polarization, and motion of entire
polymer chains. It is clear in Figs. 6 and 7 that, compared with the pure
P(VDF-HFP) film, the frequency dispersions of the ¢, and tand are sig-
nificant for the P(VDF-HFP)-5BTO film, and then are restricted in the
nanocomposite films with further increasing BTO content. If the 8
process origins from the conductivity at high temperatures, it can be
explained as that: with a small filler content (5 vol%), the defects in the
nanocomposite films significantly increases, which leads to a higher
conductivity that contributes to the dielectric responses. With further
increasing filler content, due to hindering effects by the filler nano-
particles to the conductivity of the polymer matrix, the ionic con-
ductivity are hindered and trapped in the interfaces and its contribution
to the dielectric responses decreases [82]. If the 8 process origins from
the interface polarization or the motion of entire polymer chains, the
dielectric responses at high temperatures can be explained that: the
relaxation times of the interface polarization or the motion of entire
polymer chains firstly significantly decreases with a small content of
filler and then increases with further increasing filler content. Based on
the interface polarization in composites, the detail still is not clear and
more efforts are needed to explain the dielectric responses, especially at
high temperatures. Based on the motion of entire polymer chains, it has
been concluded that a small content of filler could release the mobility
of the entire polymer chains, while high content of the fillers could
restrict the motion of the entire polymer chains [44].

To conclude, from the analysis of the dielectric properties of the P
(VDF-HFP)-BTO composite films measured at different frequencies and
at different temperatures, it is clear that both the temperature and
frequency dependences of the dielectric responses obtained in the
polymer-ceramic composites are mainly determined by the polymer
matrix and can be affected by the ceramic filler. The influences of
ceramic filler on the dielectric responses associated with the glass
transition (i.e. a process), interphase between the crystal regions and
the amorphous regions of the polymer matrix (i.e. B process), and the
recrystallization of the polymer matrix (i.e. y process) are clear, but not
significant. However, the influences on the dielectric responses asso-
ciated with the high-temperature process (i.e. 8 process) are very
strong. That is, these results suggest that, to obtain a good temperature
stability in the dielectric properties for the polymer-ceramic composites
used in the energy-storage devices, it is critical to choose suitable
polymers as matrix. It is experimentally found that the stability of di-
electric properties at high temperatures of the polymer-ceramic com-
posite films are significantly affected by the content of ceramic filler,
and that a good temperature stability and a small frequency dispersion
can be obtained in the composite films with high content of ceramic
filler. The above results can be used as guideline for the design and
fabrication of polymer-ceramic composite films used in energy-storage
devices.

Fig. 8 (a)-(b) shows the polarization-electric field (P-E) loops and
the corresponding current-electric field (I-E) curves of the P(VDF-HFP)-
BTO films measured at 100 Hz and under 2000 kV/cm. In Fig. 8(a),
compared with the pure P(VDF-HFP) film, the polarization significantly
increases and the P-E loop turns to be more hysteretic with increasing
BTO content, which are attributed to the high polarization of the BTO
nanoparticles. In Fig. 8(b), the I-E curve becomes fatter with increasing
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BTO content. It also can be seen that there is no detectable current peak
for the pure P(VDF-HFP) film, which indicates that there is no obvious
domain switching or phase transition. The polarization current peak
becomes much clear with increasing BTO content, which is accom-
panied by the enhanced hysteresis in the P-E loop. The maximal po-
larization (P,.x) and remnant polarization (P,) with increasing electric
field (E) are summarized in Fig. 8(c)-(d).

4. Conclusion

P(VDF-HFP)-BTO films with a dense and uniform microstructure
were successfully fabricated by a spin-coating process and have been
systemically characterized. All the free-standing nanocomposite films
are translucent and very flexible. Based on the DSC and XRD results, it
is found that both the crystallinity and the size of crystals of the P(VDF-
HFP) matrix decreases with increasing BTO content. At room tem-
perature, the ¢, increases and tand decreases with increasing BTO
content due to the high ¢, and low tand of BTO filler. It is found that
both the temperature and frequency dependences of the dielectric re-
sponses obtained in the composite films are mainly determined by the
polymer matrix, whose dielectric responses originate from four di-
electric processes: a, 3, y, and 8 process. The a process is the glass
transition process of the amorphous regions of the polymer matrix. The
B process is concluded as the relaxation process associated with the
interphase between crystalline regions and amorphous regions. The y
process originates from the recrystallization of the polymer matrix and
its characteristic temperature decreases with increasing BTO content
due to the facts that both the crystallinity and the size of the crystals of
the P(VDF-HFP) matrix decrease with increasing BTO content. The §
process appearing at high temperatures is strongly influenced by the
BTO content. The nature of the 8-process is still an open question.
Further investigations on the 8-process are needed since this process has
a strong contribution to the stability of the dielectric properties of the
polymer-ceramic composites at high temperatures.
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