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ABSTRACT: Electric fatigue under cyclic electric loading
was characterized for 0–3 composite film with particles of
barium titanate dispersed in poly(vinylidene fluoride-tri-
fluoroethylene) copolymer matrix. The data reveal that
both remanant polarization and coercive field decrease as
the cycle number increases. Scanning electron microscope
observation and X-ray diffraction analysis were carried out
to examine the morphology and microstructure change
during the electric field cycling. On cyclic electric field,

large quantities of flaw-like defects occur and the crystalli-
tes grow in size, leading to reduction of interfacial layers
between the crystalline and amorphous regions. The rela-
tionship between the microstructure evolution and the
polarization behavior is discussed. VVC 2008 Wiley Periodicals,
Inc. J Appl Polym Sci 111: 1105–1109, 2009
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INTRODUCTION

Ferroelectric polymer based 0–3 composite films,
which are formed by suspending 0-dimensional ce-
ramic powders into a 3-dimensional continuative
polymer matrix, have attracted much attention for
their promising applications such as capacitors, em-
bedded sensors, and electric energy storage devi-
ces.1–6 The created composites combine the
advantages of ceramics and polymers and present a
novel type of material which is easy to process, with
high dielectric constant, high electromechanical effi-
ciency, and high breakdown strength.1,7–10 The ce-
ramic fillers used in the composites are usually
ferroelectrics with high dielectric constant, such as
calcium or samarium and magnesium modified lead
titanium,2,5–8,11 lead zirconate titanate,3,6 lead magne-
sium niobate (PMN-PT),9 and barium titanate
(BaTiO3).

10 The polymer host material used includes
perfluorocyclobutene homopolymer,10 polyetherke-
tonketone (PEKK),2,5 poly(vinylidene fluoride)
(PVDF),3 poly(vinylidene fluoride-trifluoroethylene)
(P(VDF-TrFE)),7,8,11 and epoxy,7,8,11 etc. Among fer-
roelectric polymers, copolymers of P(VDF-TrFE) are
the best known and exhibit the best ferroelectric and
piezoelectric performances.12–15 For instance, it was

reported that a very large electric-field induced
strain response, as high as 5%, with low hysteresis
can be obtained for electron irradiated P(VDF-TrFE)
copolymers which is very attractive for many elec-
tromechanical applications.13–15

For ferroelectric ceramics and single crystals, it is
well known that its polarization hysteresis exhibits a
fatigue behavior, which reflects the degradation of
polarization with electric cycles and limits the appli-
cation of these materials. However, the fatigue
behavior of the ferroelectric polymers and the ce-
ramic–polymer composites is rarely investigated. It
was recently reported that for the directly annealed
P(VDF-TrFE) 68/32 copolymer films, the remanent
polarization (Pr) decreased whereas the coercive
field (Ec) increased as the field cycles. For the
stretched films, both Pr and Ec decreased as the
cycle number increased.16 In this article, electric
fatigue behavior of BaTiO3-P(VDF-TrFE) 0–3 com-
posite film is reported. Scanning electron microscope
observation and X-ray diffraction analysis were car-
ried out to examine the morphology and microstruc-
ture change during the electric field cycling. The
relationship between the microstructure evolution
and the polarization behavior was discussed.

EXPERIMENTAL

The composite films were prepared by solution-cast-
ing method which employs a BaTiO3 powder–poly-
mer dispersion. P(VDF-TrFE) 68/32 mol % obtained
from Solvay Company (Belgium) was used as the
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polymer host material. When preparing the solution,
P(VDF-TrFE) powders were first dissolved using
dimethylformamide as solvent. Then, BaTiO3 pow-
ders (purity 99.5%, with average size of 50–60 nm)
were added to the polymer solution to achieve a
weight filling fraction of 10% (wt (BaTiO3)/wt
(P(VDF-TrFE) þ BaTiO3), or a volume fraction of
3.4%. After the dispersion was stirred carefully to
achieve a homogeneous mixture, it was poured onto
the clean glass plates and heated at 70�C for more
than 12 h to remove the solvent. The dried films
were carefully peeled off from the glass plates and
were later annealed in a vacuum oven at 135�C for 2
h. The composite films obtained have thicknesses
ranging from 35 to 45 lm.

For polarization characterization, the films were
sputtered with gold on both surfaces as electrodes.
The polarization hysteresis (P–E curve) was measured
using the Sawyer-Tower technique. The applied ac
field had a sinusoidal waveform, with a fixed fre-
quency of 10 Hz. It was supplied from a voltage am-
plifier (Trek-610E-K-CE, by Trek, USA) that amplified
its input from a function generator (TTI-TG1010, by
Thurlby Thandar Instruments, UK). In the experi-
ments, we first obtained the polarization hysteresis
loops at different field magnitude which was from
15 MV/m to 75 MV/m with an interval of 10 MV/m.
Then, we chose a field magnitude at which a well
shaped polarization loop could be obtained. Here, the
field magnitude of 60 MV/m was chosen, and the P–E
curves were measured continuously and recorded at
different cycle numbers. Three to five film samples
were used to obtain the polarization loop. During
the P–E curve measurements, the samples were
immersed in a silicon oil to avoid arcing.

The morphology and microstructure of the sam-
ples were characterized using XRD and SEM. Sam-
ples before and after 50,000 electric cycles were
examined using a Hitachi S-4500 field emission scan-
ning electron microscope (FE-SEM). X-ray experi-
ments were conducted in a reflection mode by using
a MX18A-HF X X-ray diffractometer with CuKa
radiation (wavelength 0.154 nm), operated at 40 kV
and 30 mA.

RESULTS

With a constant ac field, the polarization–electric
field (P–E) curve changes with the cycle numbers in
a monotonic trend. Figure 1(a) shows polarization
hysteresis loops for the composite film at the field of
60 mV/m. For a fresh sample, the value of Pr, Ps,
and Ec are 25.6 mC/m2, 35.1 mC/m2, and 38.8 MV/
m. The data shown in Figure 1(b) are cycle depend-
ence of Pr, Ps, and Ec for the composite film. All the
data were obtained by averaging the corresponding
plus and minus values. As the cycle number

increases, both Pr (or Ps) and Ec decrease, and Pr

reduces 30% of its original value after 50,000 electric
cycles. For the change of minus and plus Ec with the
cycle number, �Ec shows this trend apparently
while þEc first show this trend but later it shows the
opposite trend after approximately 20,000 cycles.
Shown in Figure 2 is the SEM morphology change

for the composite film before and after electric cy-
cling. It can be seen that the original undulant rod-
like textures gradually level off and the crystallites
gradually grow in size, leading to reduction of the
interfacial areas between the amorphous and the
crystalline regions. The average sizes in width of
the rod-like textures are about 45 nm and 70 nm for
initial and fatigued film, respectively.
It can also be seen that large amounts of flaw-like

defects appear for the fatigued sample.
Figure 3 shows the X-ray diffraction (XRD) patterns

for the composite film before and after the electric cy-
cling. For the fresh sample, the peak which locates at

Figure 1 (a) Polarization hysteresis loops and (b) Pr, Ps,
and Ec versus number of cycles for the composite film at a
field magnitude of 60 mV/m. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]

1106 FANG ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



2y ¼ 19.56 is from the (110, 200) reflection of the crys-
talline b phase of the P(VDF-TrFE) copolymer.
Another peak which locates at 2y ¼ 22.15� for the
fresh sample is from the (100) reflection of the BaTiO3

phase. The peak positions for the fatigued sample
move toward higher angle, with 2y equals 19.82� for
the b (110, 200) reflection, and 22.29� for the BaTiO3

{001} reflection. The full width of half maximum of
the (110, 200) reflection peak of the crystalline b
phase is 0.525� and 0.495� for the fresh and fatigued
sample, respectively. These indicate that the crystalli-
tes in the fatigued samples are of a structure with a
smaller interchain spacing and the domains of the
crystallites in the fatigued samples have a bigger size.
The diffraction intensity for the {100} reflection of the
BaTiO3 phase does not change much.

DISCUSSION

In P(VDF-TrFE) copolymer, the fluorine and hydro-
gen atoms have different polarity and form a dipole

with a dipole moment of m ¼ 7 � 10�30 C � m (Cou-
lomb-meter).17 P(VDF-TrFE) is a semicrystalline
polymer, in which the crystallite (or the crystalline
region) has folded chain structure embedded in the
amorphous.17 That is, the molecular chains fold back
on themselves to form thin platelets called lamellae.
The crystallites within the polymer are randomly
oriented, and in each crystallite, the dipole moments
are randomly oriented in a plane normal to the mo-
lecular chain axis. Polarization mainly comes from
the crystalline phase on the applied electric field.
Because of very small crystallite size, there are large
quantities of interfacial layers between the crystalline
and amorphous regions (abbreviated as crystallite/
amorphous interfaces). Since molecular chains in the
crystallite/amorphous interfaces are packed partially
ordered, they may become ordered on the applied
electric field and contribute toward the overall polar-
ization, as it was previously reported by Li et al.18,19

When the P(VDF-TrFE) copolymer film is sub-
jected to an electric field, the reorientation of the
electric dipoles of a crystallite occurs through a 60�,
rather than 180�, rotation model plus a small distor-
tion (1%) of the lattice.20,21 Its occurrence is due to
the orthorhombic symmetry of the unit cell of b
phase resulting from a small (1%) distortion of an
underlying hexagonal primitive lattice.20,21 The small
change in crystal axis dimension that occurs in the
60�-rotational model would cause internal strains in
the crystallites. Further, dipole reorientation would
also cause the polymer chains to rotate and align
preferably in the direction perpendicular to the
applied electric field.16 The rotation of the electric
dipoles and molecular chains in the crystalline
regions induce internal strain at the crystallite/amor-
phous interfaces. As a result, rod-like textures grad-
ually level-off and the crystallites grow in size, as
being observed by SEM morphologies for both the

Figure 2 SEM micrographs showing surface morphology
change for the compositer film: (a) initial state, (b) fatigued
50,000 cycles and broken. The applied electric field was in
the film thickness direction. That is, the electric field was
perpendicular to the surface.

Figure 3 X-ray diffraction patterns for the composite
films: initial state and electric fatigued (50,000 cycles).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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composite film (Fig. 2) and the P(VDF-TrFE) copoly-
mer film.16

Compared with the pure P(VDF-TrFE) copolymer
film, introduction of BaTiO3 powder to the polymer
matrix inhibits the crystallization, leading to lower
crystallinity, and smaller average crystallite size. The
average size in width for the BaTiO3/polymer com-
posite film is 45 nm, whereas it is about 110 nm for
the P(VDF-TrFE) 68/32 copolymer film.16 The reduc-
tion of crystallinity for BaTiO3/P(VDF-TrFE) film
can be verified by the comparatively lower Pr value
before electric cycling than that for the P(VDF-TrFE)
copolymer film which is about 49.5 mC/m2. On
cyclic electric field, the interfaces between the ce-
ramic powders and the polymer (abbreviated as
BaTiO3/polymer interfaces) also suffer from the in-
compatible strain. As a result, flaw-like defects or
microcavities occur at the interfaces, as evidenced by
the SEM morphology shown in Figure 2(b).

For P(VDF-TrFE) copolymer, the prominent X-ray
peak is from the (110, 200) reflection of the crystal-
line b phase. The peak intensity is mainly affected
by the crystallinity and the ordering degree of the
molecular chains. As for the hola background
beneath the peak, it is mainly attributed from the
amorphous phase. Further, large quantities of crys-
tallites/amorphous interfaces where the polymer
chains are packed partially ordered contribute to
both the peak intensity and the hola background
beneath the peak. It can be seen from Figure 3 that
the (110, 200) peak intensity for the fatigued sample
is much lower than that of the fresh sample, as well
as the hola background. By referring to the SEM
morphology change (Fig. 2), it can be inferred that
after electric cycling, the crystallites grow in size,
leading to decrease of the interfacial regions which
contribute to both the peak intensity and the hola
background.

On cyclic electric field, Pr decreases with the cycle
number. The degradation of the polarization for
P(VDF-TrFE) copolymer films is believed to be
related with the pinning of electric dipoles to the
electrodes and defect structures such as vacancies
and pores.22,23 For the BaTiO3/P(VDF-TrFE) compos-
ite film, BaTiO3 powders act as defects and cause
pinning of electric dipoles. Furthermore, reduction
of crystallite/amorphous interfaces on cyclic electric
loading also leads to polarization degradation on
cyclic electric field.

As it was previously reported, interfaces are possi-
ble nucleation sites for polarization switching and
switching can be facilitated near the interfaces.24 The
introduction of BaTiO3 ceramic powders to the poly-
mer matrix causes more amorphous/crystallite and
ceramic powder/polymer interfaces. Consequently,
polarization switching is easier for the composite
film. The initial Ec value is 38.8 mV/m for the com-

posite film whereas it is 46.6 mV/m for the copoly-
mer film. On cyclic electric loading, Ec decreases
with the cycle number for the P(VDF-TrFE)/BaTiO3

composite film, which is in contrary with most of
the ferroelectric materials including ceramics, single
crystals, and polymers. However, we previously
reported that for the stretched P(VDF-TrFE) 68/32
copolymer film, which was prepared by stretching
the solution cast film to 500% of its original length
followed by vacuum annealing, Ec decrease with the
cycle number.16 For both the composite film and the
stretched copolymer film, it is common that they
have large quantities of flaw-like defects under
cyclic electric loading. Therefore, it is inferred that
the flaw-like defects can act as the nucleation sites
for the polarization reversal. As a result, Ec

decreases with the cycle number. For the different
behavior of plus and minus Ec change with the cycle
number, it is suggested due to the pinning of nega-
tive polarization charges to the electrodes, which
was previously reported by Sakai et al. in Ref. 23
Therefore, the interaction between trapped negative
charges and dipoles in ferroelectric polymers gradu-
ally makes the reversal of dipoles more difficult
under a positive electric field. Consequently, þEc

increases after a certain amount of cycle number as
the result of competition between the effects caused
by increasing of flaw-like defects and pinning of
negative charges.

CONCLUSIONS

Investigations on the electric fatigue of BaTiO3-
P(VDF-TrFE) 0–3 composite films demonstrate that
�Pr (or �Ps) and �Ec decrease with the cycle num-
ber, whereas þEc first shows this trend but later has
an opposite trend after a certain amount of cycle
number. Introduction of BaTiO3 powders inhibits
the polymer crystallization and consequently
reduces the initial Pr (or Ps) and Ec. On cyclic electric
field, rotation of polymer chains and electric dipoles
causes incompatible strain between the polymer/
BaTiO3, and crystalline/amorphous interfaces. Con-
sequently, large quantities of flaw-like defects occur
which causes both Pr and Ec to decrease with the
cycle number. The competition between the effects
caused by increasing of flaw-like defects and pin-
ning of negative charge causes þEc to first decrease
then increase after a certain amount of field cycles.
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