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a b s t r a c t

The polyvinyl alcohol (PVA)/barium zirconium titanate Ba[Zr0.1Ti0.9]O3 (BZT) polymereceramic com-
posites with different volume percentage are obtained from solution mixing and hot-pressing method.
Their structural and electrical properties are characterized by X-ray diffraction (XRD), Rietveld refine-
ment, cluster modeling, scanning electron microscope and dielectric study. XRD patterns of PVA/BZT
polymereceramics composite (with 50% volume fractions) indicate no obvious differences than the XRD
patterns of pure BZT which shows that the crystal structure is still stable in the composite. The scanning
electron micrograph indicates that the BZT ceramic is dispersed homogeneously in the polymer matrix
without agglomeration. The dielectric permittivity (εr) and the dielectric loss (tan d) of the composites
increase with the increase of the volume fraction of BZT ceramic. Theoretical models are employed to
rationalize the dielectric behavior of the polymer composites. The dielectric properties of the composites
display good stability within a wide range of temperature and frequency. The excellent dielectric
properties of these polymereceramic composites indicate that the BZT/PVA composites can be a
candidate for embedded capacitors.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Recently there has been a constant search for newmaterials that
possess high dielectric permittivity and good mechanical proper-
ties for important technological applications. Polymers are mate-
rials with low-density flexible, easy to fabricate and superior in
dielectric breakdown strength and mechanically more compliant
than the ceramics, but its dielectric values are much lower than
those of the ceramics [1]. On the other hand, ferroelectric ceramics
possess high dielectric permittivity, but with poor mechanical
properties and lower dielectric breakdown strength [2]. By inte-
grating high dielectric permittivity ceramic powder with superior
dielectric strength of the polymer, it is possible to develop a com-
posite with high dielectric permittivity and high breakdown
strength [3e10]. This type of composites has high capability of
energy storage and can be used in capacitors and energy storage
devices [11]. The easiness of composite fabrication allows produc-
ing thin film capacitors which are difficult to achieve with ceramics
due to complicated fabrication routes.
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Polyvinyl alcohol (PVA) is a good insulating material with low
conductivity, hence it is very useful in microelectronic industry
[12]. It’s electrical conductivity depends on the thermally generated
carriers and also with the addition of suitable dopants. Moreover,
the PVA polymer extends the industrial applications in optical,
pharmaceutical, medical, and membrane fields. PVA is a semi-
crystalline material with several interesting physical properties,
which are very useful in technical applications [13]. Different ad-
ditives have been added in PVA to modify and improve its dielectric
properties [14]. Inorganic additives, such as: transition metal salts
have a considerable effect on the optical and electrical properties of
PVA polymer [15].

The perovskite family of ferroelectric materials is used in the
fabrication of various devices like sensors, actuators, transducers,
capacitors, etc., which are widely used in many electronic com-
ponents of the modern world [16,17]. Barium zirconium titanate
Ba[Zr0.1Ti0.9]O3 (BZT) ceramic has attracted immense attention for
its potential applications for the microwave technology and
piezoelectric devices, due to their high dielectric constant, low
dielectric loss, and large tunability because the substitution of
Zr4þ for Ti4þ ions has a benefit to the stability of the system
[18,19].
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Therefore, in this work, we report on the structure, cluster
modeling and dielectric study of BZT/PVA polymereceramic com-
posites with various BZT volume fractions fabricated by a solution
mixing and hot-pressing process.
(b)
2. Experimental details

BZT ceramic was prepared by the solid state reaction method.
Barium carbonate (BaCO3) Merck-Germany (99.5% purity), titanium
oxide (TiO2) Merck-Germany (99% purity) and zirconium oxide
(ZrO2) Merck-Germany (99% purity) were used as precursors. The
PVA have a molecular weight z14,000 with glass transition tem-
perature at around 70 �C and melting point 220 �C was used as a
polymer matrix. All the precursors were measured stoichiometri-
cally and ball milled for 12 h, followed by heat treatment at
1350� for 4 h. The ceramic powder was characterized by the
X-ray diffraction (XRD) in a PANalytical X-ray diffractometer
(Netherlands). Polymereceramic composites were prepared by
mixing of the synthesized BZT ceramic with the PVA polymer at
different volume percentage (10, 20, 30, 40, and, 50%) in the
aqueous solution of PVA. These composites were dried by using an
infrared lamp and hot pressed at 100 �C for 5 min using the pres-
sure 300 MPa. The microstructure of PVA/BZT composites was
investigated by the scanning electron microscope, model JEOL
(USA). For electrical measurements the hot pressed discs were
coated with silver metallic paste on both sides of the thick films.
Frequency and temperature dependence of the electrical properties
were measured using N4L-NumetriQ (model PSM1735) connected
to PCwith the rising temperature of 1.2 �C/min from 30 �C to 150 �C.
Fig. 1. (a) X-ray diffraction pattern for the hot-pressed PVA, BZT and (b) PVA þ 50 vol.%
BZT. (b) Rietveld refinement plots of BZT ceramic.

Table 1
Lattice parameters, unit cell volume, c/a ratio and atomic positions for the Ba
[Zr0.1Ti0.9]O3 heat-treated at 1350 �C for 4 h.

Atoms Wyckoff Site x y z Occupancy

Ba 1a 4mm 0 0 0 1
Zr 1b 4mm 0.5 0.5 0.50 0.1
Ti 1b 4mm 0.5 0.5 0.48855 0.9
O1 1b 4mm 0.5 0.5 �0.02013 1
O2 2c 2mm 0.5 0 0.48921 1

P4mm (99)e tetragonal (a¼ b¼ 4.0068�A; c¼ 4.0242�A; c/a¼ 1.0043; V¼ 64.67�A3).
Rw ¼ 6.354%; Rwnb ¼ 5.845%; Rb ¼ 4.5841%; Rexp ¼ 2.854% and s ¼ 2.226.
3. Results and discussion

3.1. XRD patterns and Rietveld refinement analyses

To investigate the crystal structure and effect of BZT ceramic in
the PVA polymer matrix the XRD patterns were performed. Fig. 1(a)
illustrates the XRD patterns of pure PVA polymer, BZT ceramics and
BZT/PVA ceramics/polymer composites (50/50), and Fig. 1(b) shows
the Rietveld refinement plot of BZT ceramics heat-treated at
1350 �C for 4 h, respectively.

XRD pattern of pure PVA polymer indicates a broad peak at 22�

which is attributed to non-crystalline or amorphous behavior of the
polymer corresponding to the structural disorder at long range, in
agreement with the literature [20]. The XRD pattern to BZT ceramic
indicates that this material presents a single phase with tetragonal
structure. Moreover, the XRD pattern of PVA/BZT polymerece-
ramics composite (with 50% volume fractions) indicates no obvious
differences than the XRD patterns of pure BZT which indicates that
the crystal tetragonal structure of BZT is still stable in the composite
(Fig. 1(a)). It can also be interpreted from these XRD patterns that
there is no undesired interaction at the interface of PVAeBZT upon
dispersion in PVA. Rietveld refinement plot illustrated in Fig. 1(b),
indicates that BZT ceramic has a perovskite-type tetragonal struc-
ture with a space group (P4mm) [21]. All the diffraction peaks are in
good agreement with the respective Inorganic Crystal Structure
Database (ICSD) card N�. 100802 [21]. The Rietveld analysis in-
dicates that the BZTceramic is highly crystalline. Moreover, Fig. 1(b)
shows a good agreement between the observed XRD patterns and
the theoretical fitting results. The fit parameters (Rwnb, Rb, Rexp, Rw
and s) suggest that the refinement results are very reliable. Finally,
we have employed the structural parameters listed in Table 1 to
model the supercells (1 � 5 � 2) of BZT ceramic by means of the
visualization for electronic and structural analysis (VESTA) software
(Version 3.1.1 for Windows).
3.2. Representation for the Ba[Zr0.1Ti0.9]O3 lattice and PVA polymer
matrix

Fig. 2(a, b) shows the representations for the BZT supercells and
molecular structure of PVA polymer, respectively.

Fig. 2(a) illustrates the supercells (1 � 5 � 2) for BZT ceramics
with tetragonal structure, space group (P4mm) and point-group
symmetry (Oh). In this supercells, the zirconium (Zr) and titanium



Fig. 2. (a) BZT supercells (1 � 5 � 2) and (b) molecular structure of PVA polymer.
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(Ti) atoms are coordinated to six oxygen (O) atoms forming to
octahedral [TiO6]/[ZrO6] clusters.Moreover, we can observe that the
barium (Ba) atoms are coordinated to twelve O atoms forming the
cuboctahedral [BaO12] clusters. The cuboctahedron presents twelve
identical vertices, formed by the meeting of two triangles and two
squares, fourteen faces and twenty-four identical edges, each
separating a triangle from a square [22]. The structure molecular of
PVA polymer is formed by several units of vinyl alcohol (VA) or
ethanol molecule (Fig. 2(b)). The PVA is indirectly formed by the
polymerizationprocess of vinyl acetate followed by the formation of
water molecules (H2O) or hydrolysis of the ester bonds and finally
has the formation of PVA polymer and acetic acid (HOAc) as prod-
ucts, according to the reactions by Equations (1) and (2) below:

n.ðCH2]CHOAcÞ/D ðCH2]CHOAcÞn; (1)

ðCH2]CHOAcÞn þ n$H2O/
D ðCH2eCHOAcÞn þ n$HOAc: (2)

The representation of the molecular structure of VA monomer
and PVA polymer matrix employed in preparation of PVA/BZT
polymereceramic composites is shown in Fig. 2(b).

3.3. Microstructural analyses

Fig. 3(aef) illustrates the SEM images of surface for the
pure PVA polymer and PVA/BZT ceramic/polymer composites,
respectively.

Fig. 3(a) shows a uniform surface for PVA polymer, while the
BZT/PVA ceramics/polymer composites shown the presence of fine
grain related to BZT ceramics merged into the PVA polymer matrix
Fig. 3(bef). Moreover, SEM image of pure PVA polymer exhibits no
features attributable to any crystalline morphology. The raise in
the roughness degree with increased ceramic concentration in-
dicates the segregation of the dopant in the host matrix. Therefore,
the microstructure of BZT/PVA ceramics/polymer composites
illustrated by SEM images (Fig. 3(bef)) indicates clearly the pres-
ences of BZT grains with surface roughness in light region are
more dense and compacted while the dark region are related to
PVA polymer with a smooth surface. The uniformity of the white
dots indicates that the BZT are homogenously dispersed in the PVA
polymer.

3.4. Dielectrics properties analyses

Fig. 4(a, b) illustrates the variation of relative dielectric
permittivity (εr)/dielectric loss (tan d) in relation to frequency (kHz)
and εr values for BZT/PVA ceramics/polymer composites with
different relation in volume (%) sintered at 1200 �C for 2 h,
respectively.

Fig. 4(a) shows the variation of εr with frequency at room tem-
perature for PVA/BZT polymereceramic composites. The low fre-
quency dispersion rises with the increase of the BZTcontent in PVA/
BZT composites. The reason for the increase of dielectric constant at
low frequency dispersion can be due to the space charge effects
[23]. The dielectric constant decreases with increase in frequency
may be due to the dielectric relaxation of the BZT ceramics and the
interfaces in the composite. Dielectric relaxation could originate
from the alternations of the elastic and electric behavior and the
movement of the domain walls in high frequency regions [24]. The
variations of loss tangent with frequency for the PVA/BZT poly-
mereceramic composites are shown in Fig. 4(b). It was found that
the tan d increases gradually with the increase of BZT content. As
shown in Fig. 4(b), the tan d values are found to be decreasing with
increasing frequency which may be due to the fall in electrical
conductivity of the composites with increasing frequency. It can
also be noticed that the frequency dependencies of dielectric con-
stant and loss tangent rise with increasing ceramic loading. The
increase in dielectric constant and loss tangent with increasing BZT
content could be interpreted as interface charge polarization and
intrinsic electric dipole polarization inside the composites in
applied alternating fields [25,26]. This phenomenon appears in the
heterogeneous system like PVA/BZT polymereceramic composites
due to the accumulation of electric charges at the interface
boundaries and the formation of large dipoles on ceramic particles
or clusters. In the present case, the degree of polarization inside the
composite system increases with the increase in particle concen-
tration, which in turn enhances the dielectric constant of polymere
ceramic composites.

As shown in Fig. 4(a), the dielectric constant gradually in-
creases with increasing temperature. The increase in dielectric
property in the composites may be due the two mechanisms: (I)
the segmental mobility of polymer would improve with increasing
temperature, which should facilitate the polarization of polar
components and increase the dielectric constant consequently,
and (II) the structure of BZT grains could be changed with an in-
crease in temperature (before Curie temperature), which could
generate a modification on the dielectric response of the ceramic.
But the rise in dielectric constant with rise in temperature de-
creases with increase in frequency as shown in Fig. 4(a). There is
no significant change in the dielectric constant in the 100 kHze
1 MHz frequency range even at high temperature. The dielectric
loss (Fig. 4(b)) also increases as the temperature increases and
decreases as the frequency increases.

It also can be seen in Fig. 5(a) that there is a strong dispersion in
dielectric constant at low frequencies and it merges at high fre-
quencies. This explains that the dielectric behavior of polymer
ceramic composites is frequency dependent, which is the typical
nature of ferroelectric/ceramicmaterials. It is also observed that the
permittivity decreases monotonically with increasing frequency
and attains a constant value at higher frequencies. The modified
Debye equation related to free dipole oscillating in an alternating
field is expressed in Equation (3):



Fig. 3. SEM image of (a) pure PVA, (b) PVA þ 10% BZT, (c) PVA þ 20% BZT, (d) PVA þ 30% BZT, (e) PVA þ 40% BZT, (f) PVA þ 50% BZT.
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ε
* ¼ ε

0 � iε00 ¼ εN þ εs � εN

1þ ðiusÞ1�a
; (3)
where, εs and εN are the low and high frequency values of ε
0,

u¼ 2pf, f is being the frequency of measurement, s is the relaxation
time, and a is a measure of distribution of relaxation time. At very
low frequencies dipoles follow the field and we have ε

0 z εs
whereas with the increase of frequency (u < 1/s), dipoles lag
behind the field and ε

0 starts decreasing. When the frequency
reaches the characteristic frequency (u ¼ 1/s), the dielectric con-
stant drops. At very high frequencies, dipoles can no longer follow
the field and ε

0
z εN, also there exists polarization effect. The low-

frequency dispersion region is attributed to charge accumulation at
the electrodeeelectrolyte interface. At higher frequencies, the pe-
riodic reversal of the electric field occurs quickly that there is no
excess ion diffusion in the direction of the field. Hence, the relative
dielectric permittivity referent to imaginary ðε0rÞ decreases with
increasing frequency in the PVA/BZT composites. In Fig. 5(b) is
presented the variation of tan d of PVA/BZTcomposites (50:50) with
respect to frequencies at different temperature. It indicates the
presence of temperature dependent relaxation in the composites.
The relaxation peak shifts to the high frequency side with an in-
crease in temperature. A small hike appears in composites which
indicate the activated space charge polarization at low frequencies
and thus acts as a dipole. It also indicates the presence of one more
relaxation mechanism due to the hopping frequency of charge
carriers which coincides with that of external field [27]. By addition
of BZT in the polymer matrix, more and more free charges may
accumulate on the interface resulting in a decrease of relaxation
time and thus, the relaxation process shifts toward the higher
frequencies [28].

In the present work, various models are used in order to
predict the effective dielectric constant of the composite. Fig. 6
shows the room temperature dielectric constant of the compos-
ite at 1 kHz (experimental) and the dielectric constant calculated
based on various models for different volume fractions of BZT.
There are a number of models to predict the effective dielectric
constant of the composites. In the present study the following
equations were used to calculate the effective relative permit-
tivity of the PVA/BZT composites. The dielectric property of a
biphasic dielectric mixture comprising of spherical crystallites
with high dielectric constant dispersed in a matrix of low



(a)

(b)

Fig. 4. Frequency dependence of (a) dielectric constant and (b) dielectric loss at room
temperature of PVA/BZT composite as a function of volume percent of BZT.

(a)

(b)

Fig. 5. Frequency dependent (a) dielectric constant and (b) dielectric loss for
PVA þ 50 vol.% BZT composite at different temperatures.
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dielectric constant could be well described by Maxwell’s model
[29] as presented in Equation (4):

εeff ¼

0
BBB@

dpεp

�
2
3
þ εc=3εp

�
þ dcεc

dp

�
2
3
þ εc=3εp

�
þ dc

1
CCCA; (4)

where, εc, εp, dc, and dp are the dielectric constants of ceramic,
polymer, the volume fraction of the ceramic and the polymer,
respectively.

The most commonly used dielectric mixture rule is Lichte-
necker’s [30], which is also referred to as the logarithmic mixture
rule in Equation (5).

log εeff ¼ d1log εp þ d1log εc: (5)

The effective medium theory (EMT) model [31] has been
established taking into account the morphology of the particles.
According to which the effective dielectric constant is given by
Equation (6):
εeff ¼ εp

�
1þ fc

�
εc � εp

�
εp þ nð1� fcÞ

�
εc � εp

��; (6)

where, fc is the volume fraction of the ceramic dispersed, and n is
the ceramic morphology fitting factor respectively. The small value
of n indicates the filler particles to be in near-spherical shape, while
a high value of n indicates largely non-spherically shaped particles.
The theoretical morphology fitting factor is closer to that of the
experimental one, and is consistent with that observed (irregular
shaped particles) in the present studies (Fig. 3(aef)). A close
agreement is found between the experimental and theoretical
values which are achieved with n equal to 0.45.

According to Yamada et al. [32], the effective dielectric constant
can be expressed in Equation (7) below:

εeff ¼ εp

�
1þ n$fc

�
εc � εp

�
n$εp þ nð1� fcÞ

�
εc � εp

��; (7)

where, n is the parameter related to the geometry of the ceramic
particles. The parameter n is evaluated to fit the theoretical
value obtained from Equation (6) to the observed values. The



Fig. 6. Variation of effective dielectric constant measured at room temperature and
1 kHz of PVA/BZT composite as a function of volume percent of BZT ceramic and
comparison with calculated value by using various models.
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experimental results are comparable to the calculated value using
this model, when the parameter n is around 0.7.

The ClausiuseMossotti model [33] was also used for predicting
the effective dielectric constant of a mixture composed of spherical
crystallite dispersed in a continuous medium. The effective
dielectric constant (εeff) of the composite is calculated using the
Equation (8):

εeff ¼ εp

"
1þ 3dc

 
ðεc�εpÞ�
εc þ 2εp

�
!#

: (8)

Among the various models used for rationalizing the dielectric
behavior, experimental εeff at different volume fractions is com-
parable with those obtained with the models like EMT (n ¼ 0.45)
and Yamada (n ¼ 0.7).

4. Conclusions

In summary, the BZT ceramic and PVA/BZT polymereceramic
composites were obtained by the solid state reaction method
(1350 �C for 4 h) by the solvent mixing and hot pressing. The XRD
pattern of PVA polymer showed the presence of orthorhombic
structure. The XRD patterns and Rietveld refinement analysis of
BZT ceramic showed a perovskite-type tetragonal structure. Riet-
veld refinement data were employed to model [BaO12], [ZrO6], and
[TiO6] clusters by lattice parameters and atomic positions. The
SEM images showed that there is no agglomeration and good dis-
tribution of BZT ceramic within the PVA polymer matrix. The
dielectric study revealed that the dielectric constant and dielectric
loss increases with the increase in ceramic content. The PVA/BZT
polymereceramic composite (50:50) showed frequency and tem-
perature dependence dielectric behavior. Although the dielectric
constant increases with increasing temperature, the rise in
dielectric constant with rise in temperature is not significant at
frequencies from 10 kHz to 1MHz. The high dielectric constant, low
loss tangent and stable dielectric properties make the PVA/BZT
polymereceramic composites as a good candidate material for
various industrial applications.
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