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In  this  study,  structural,  dielectric  and  ferroelectric  properties  of BaZr0.025Ti0.975O3 ferroelectric  ceramics
have  been  investigated.  The  compound  was  synthesized  using  solid  state  reaction  technique.  It  is observed
that  the  synthesized  compound  have  perovskite  crystal  structure.  As  the  sintering  temperature  increases
from  1200 ◦C  to 1250 ◦C and  1300 ◦C, the  average  grain  size  increases  from  0.62  �m  to  2.82  �m  and
3.20  �m  respectively.  Moreover,  the  domains  with  “water-mark”  and  “lamellar”  features  are  observed  in
SEM  micrographs.  The  dielectric  measurements  as  a function  of  temperature  show  a  decrease  in Curie
eramics
erroelectrics
intering
ielectric response
-ray diffraction
canning electron microscopy

temperature  on  increasing  the  sintering  temperature.  The  decrease  in Curie  temperature  is attributed
to  the  decreased  tolerance  factor  of the  perovskite  ABO3 structure.  There  is enormous  increase  in  the
permittivity  with  the  increase  in  grain  size.  The  coercive  field  decreases  and  the remanent  polarization
increases  as  the  grain  size  increases.

© 2011 Elsevier B.V. All rights reserved.
EM

. Introduction

In the past years, Pb-based materials have been widely stud-
ed due to their excellent ferroelectric, dielectric and piezoelectric
roperties. However, these materials possess some serious draw-
acks when heat treated in the range of 500–900 ◦C due to the
olatility and toxicity involved with the Pb containing compounds
1–4]. For environment friendly applications, researchers have
een working for alternative to Pb-based materials. Since the dis-
overy of barium titanate (BaTiO3) in early 1940s, this material
as been used for a wide range of scientific and industrial applica-
ions such as capacitors ultrasonic transducers, pyroelectric infra
ed sensors, etc. [5–8]. In order to reduce the dielectric loss at low
requencies, SrO and ZrO2 have been used as a substituent as Zr+4

s chemically more stable than Ti+4 and has a larger ionic size to
xpand the lattice [9].  In case of barium titanate, Ti+4 reduces to Ti+3

nd conduction by electron hopping takes place and conduction is
epressed with the substitution of Zr+4 [10–14].  Barium zirconate
itanate (BZT) shows a very large dielectric constant because of
he pinching effect. Pinching effect occurs when the three phase

ransition temperatures of BaTiO3 (T1 = 198 K: rhombohedral to
rthorhombic; T2 = 273 K: orthorhombic to tetragonal; T3 = 393 K:
etragonal to cubic) coexist [15]. The electrical properties

∗ Corresponding author. Tel.: +91 98 68 24 21 50; fax: +91 11 27 87 10 23.
E-mail address: dr jha ak@yahoo.co.in (A.K. Jha).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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exhibited by this material arise from lattice expansion effect [16].
In this report, the effect of sintering temperature on the structure,
grain size and electrical properties of BaZr0.025Ti0.975O3 is reported.

2. Experimental

Polycrystalline samples of composition BaZr0.025Ti0.975O3 were prepared by the
solid state reaction method by taking high purity BaCO3,  TiO2 and ZrO2 (all from
M/s  Aldrich, USA) in their stoichiometric proportions. The powder mixtures were
thoroughly ground in an agate mortar and passed through a sieve of appropriate
size. The powder mixture was then calcined at 1150 ◦C for 2 h in an alumina crucible.
The  calcined mixtures were ground and admixed with polyvinyl alcohol (PVA) as a
binder and then pressed at 150 MPa  into disk shaped pellets. The pellets were then
sintered at 1200 ◦C, 1250 ◦C and 1300 ◦C for 2 h in air. X-ray diffractograms of all
the sintered samples were recorded using a Bruker X-ray diffractometer with CuK�
(�  = 1.5406 Å) radiations in the range 10◦ ≤ 2� ≤ 70◦ at a scanning rate of 2◦/min. The
microstructural studies of the samples were carried out using Scanning Electron
Microscope (Hitachi S-3700 N). The sintered pellets were polished to a thickness
of 1 mm and coated with silver paste on both sides to act as electrodes and then
finally cured at 300 ◦C for 30 min. The dielectric measurements were carried out
in  the temperature range of room temperature to 300 ◦C at 10 kHz using a high
precision LCR meter (HP 4284A) at an oscillation amplitude of 1 V. P–E hysteresis
loops were recorded at room temperature using a P–E loop tracer based on Sawyer-
Tower circuit.

3. Results and discussions
3.1. XRD analysis

X-ray diffractograms of the studied specimens are shown in
Fig. 1. Lattice parameters were calculated from the diffractograms

dx.doi.org/10.1016/j.jallcom.2011.11.012
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. X-ray diffractograms of BaZr0.025Ti0.975O3 ceramics sintered at 1200 C,
250 ◦C and 1300 ◦C.

nd refined using least square refinement method by a com-
uter programme package Powder-X. They reveal the formation
f perovskite structure with tetragonal phase in the compound.
t is observed that the diffraction peaks shift towards the lower
ngle with the increase in sintering temperature. This is pos-
ibly due to the fact that the ionic radius of Zr+4 ion (0.87 Å)
s higher than that of Ti+4 ion (0.68 Å) and more and more
r+4 ions occupy Ti+4 sites on increasing the sintering tempera-
ure [17]. Moreover, the splitting of tetragonal peaks (1 0 0) and
0 0 1); (2 0 0) and (0 0 2); and (2 1 0) is observed at 2� = 22.355◦,
5.262◦, 51.096◦ respectively on increasing the sintering tem-
erature which is indicative of the fact that the tetragonal
hase grows when the sample is sintered at higher temperature
18].

.2. Surface morphology

Fig. 2 shows the SEM micrographs of BZT ceramics sintered at
emperatures 1200 ◦C, 1250 ◦C and 1300 ◦C. The specimen sintered
t 1200 ◦C has small grains and a porous microstructure. On increas-
ng the sintering temperature well developed grains with uniform
rain distribution is observed. The average grain size is observed
o be 0.62 �m,  2.82 �m and 3.20 �m respectively in the samples
intered at 1200 ◦C, 1250 ◦C and 1300 ◦C. The grain size in the sam-
les increases as the sintering temperature is increased. The driving
orce responsible for the increase in grain size is proportional to
he difference between free energy of the strained matrix and the
train free crystals and hence the larger grain size results from the
ecrease in grain boundary area and the total boundary energy
19]. When the grain size increases there is reduction in porosity
nd hence when there is adjoining of grains, the driving force for
he grain boundary migration and pore shrinkage reduces to zero
20]. Also the domain structures are clearly seen in the SEM micro-
raphs. The domain structures appear in the high resolution SEM
n these compounds which has been earlier reported by Wei  Cai
t al. [17]. In the present work also the domains are visible. The
omains with “lamellar” and water-mark characters are observed
s indicated in Fig. 2 by circles A, B, C, D, and E. The increase in

rain size can also be attributed to lower interfacial energy and the
nterfacial energy is inversely proportional to the grain diameter
21].
Fig. 2. SEM micrographs of BaZr0.025Ti0.975O3 ceramics sintered at 1200 ◦C, 1250 ◦C
and  1300 ◦C.

3.3. Dielectric study

Fig. 3 shows the temperature dependence of dielectric constant
of the studied specimens at 1 kHz, 10 kHz and 100 kHz frequency.
The figures show that the value of permittivity increases gradually
to a maximum value (εm) with increase in temperature up to the
transition (Curie) temperature and then decreases gradually indi-
cating a phase transition. A diffuse phase transition on substitution
of zirconium [22] is observed. There is an enormous increase in
dielectric constant from 540.586 in the sample sintered at 1200 ◦C

to 3208.581 and 4840.437 in the samples sintered at 1250 ◦C and
1300 ◦C respectively at 1 kHz which may  be attributed to increas-
ing space charge (i.e. oxygen vacancies) with increasing sintering
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cies 1 kHz, 10 kHz and 100 kHz (i) 1200 ◦C (ii) 1250 ◦C (iii) 1300 ◦C.
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Fig. 3. Variation of permittivity with temperature at frequen

emperature which leads to enhanced space charge polarization
ubsequently leading to the higher dielectric constant. There is
road permittivity temperature curve in the transition temperature
egion as seen in Fig. 3, which can be attributed to inhomogeneous
istribution of Zr ions at the Ti sites [23] due to the higher ionic
adius of zirconium ion. The broad permittivity–temperature curve
an also be attributed to the tolerance factor of the perovskite
tructure. For perovskites with the general formula of ABO3, the
ollowing equation is used to calculate the tolerance factor, t [24]:

 = RO + RA√
2(RB + RO)

(1)

here RA is the radius of A-site atom, RB that of the B-site atom and
O that of the O atom.

For the composition in the present work, the above equation can
e rewritten as:

 = RO + RBa+2√
2(xRZr+4 + (1 − x)RTi+4 + RO)

(2)
For a stable perovskite structure, value of t should be unity. The
ormal ferroelectric phase gets stabilized in barium titanate [25].
he calculated value of tolerance factor with the present composi-
ion is 0.92. Thus the substitution of Zr+4 at Ti+4 sites destabilizes the
 Fig. 4. Variation of tetragonal strain (c/a) with sintering temperature.
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Fig. 5. Variation of dielectric loss tan ı with temperature at freq

ormal ferroelectric structure and induces paraelectric behavior
ue to the higher ionic diameter and lower polarization.

It is observed that the permittivity increases with increase in sin-
ering temperature. This can be understood as follows: at the higher
intering temperature the average grain size increases making the
omain wall motion easier resulting in an increased dielectric con-
tant [26]. As the sintering is carried out in air, reoxidation will
ake place around the grains during the cooling process. Hence
he lattice can pick up oxygen from the surroundings and reox-
dation results in a strong insulating layer around a grain with

 higher bulk resistance leading to the high interfacial polariza-
ion and increase in dielectric constant [27]. As the behavior of
rain boundary is responsible for the large resistance and capac-
tance compared to the grain interior [28,29]. The difference in
he conductivity of the bulk and grain boundary results in an
ncrease in surface charge accumulation and this in turn, results
n an increase of interfacial polarization. It is also observed that
c reduces on substitution of zirconium from 125 ◦C to 120 ◦C and
15 ◦C as the sintering temperature is increased. This is possi-

ly due to the higher ionic radii of Zr+4 than Ti+4. Substitution
f Zr+4 for Ti+4 weaken the bonding force between the Ti+4 and
he oxygen ion of the ABO3 perovskite structure. As the Zr–O
onds (776.1 kJ/mol) are stronger than Ti–O bonds (672.4 kJ/mol),
s 1 kHz, 10 kHz and 100 kHz (i) 1200 ◦C (ii) 1250 ◦C (iii) 1300 ◦C.

hence the Zr+4 ions can be substituted at lower temperature for
cubic phase formation, hence the phase transition temperature is
reduced [30]. On the other hand, the weakening of Ti–O bond leads
to a weaker distortion of the octahedron and the substitution of Zr
might induce a “break” of the cooperative vibration of Ti–O chains;
this could bring about a decrease in the c/a ratio as depicted in
Fig. 4. This “break” is responsible for the drop in Curie temperature
[31,32].

The dielectric loss of the studied samples from room tempera-
ture to 300 ◦C is shown in Fig. 5. At lower frequencies it is observed
that the loss is independent of temperature up to nearly 200 ◦C
and then rapidly increases with increase in temperature. This
sharp increase of dielectric loss in high temperature region may  be
attributed to the increased mobility of charge carriers arising from
defects or vacancies in the sample [33]. This behavior can also be
attributed to the domain boundary vibrations or excitations that
are readily stimulated under the weak a.c. drive conditions [34].
The loss peaks at 1 kHz frequency are associated with the phase
transitions. It is observed that loss peaks are not formed at higher

frequencies. This can be understood as follows: at some suitable
frequencies of the applied alternating field, resonance in dielectric
behavior is often observed [35]. At higher frequencies, the dipoles
cannot keep up with the applied alternating field, their amplitude of
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Fig. 6. Ferroelectric hysteresis loops showing remanent polariza

ibration will not be correlated and hence the polarization cannot
ollow the applied alternating field [20].

.4. Hysteresis loops

Fig. 6 shows the hysteresis loops of the studied specimens mea-
ured at room temperature. The P–E hysteresis loop is unsaturated
n the sample sintered at lower temperature leading to poor fer-
oelectricity [36]. The remanent polarization (2Pr) increases from

 �C/cm2 to 10 �C/cm2 and then to 24 �C/cm2 with the increase in
intering temperature. There are two major effects of grain bound-
ry on polarization. As the grain size is small leading to large
umber of grain boundaries [17] and it is well known that grain
oundary is a low permittivity region, hence poor ferroelectric-

ty. On the other hand there is polarization discontinuity between
rain boundary and grain surface and hence polarization (2Pr)
ecreases. It is also seen that coercive field decreases with increase

n sintering temperature. This is due to the fact that energy bar-

ier for switching ferroelectric domain gets reduced as the grain
ize increases. Polarization reversal of a ferroelectric domain is
uch easier inside a larger grain compared to that in a smaller

rain.
Pr) and coercive field (Ec) at (i) 1200 ◦C (ii) 1250 ◦C (iii) 1300 ◦C.

4. Conclusions

The synthesized compounds are formed with perovskite struc-
ture in tetragonal phase. As the sintering temperature increases
from 1200 ◦C to 1250 ◦C and 1300 ◦C, the average grain size
increases from 0.62 �m to 2.82 �m and 3.20 �m. The domain struc-
tures with water-mark and lamellar features are seen in the SEM
micrographs. A diffuse phase transition is observed in the stud-
ied specimens. The dielectric constant increases with increase in
average grain size in the specimens. The substitution of zirco-
nium leads to the decrease of Curie temperature. The dielectric
loss is independent of temperature nearly up to 200 ◦C and then
rapidly increases with increase in temperature. The loss peaks are
attributed to the phase transitions and consequent dissolution of
domains. The coercive field decreases and remanent polarization
increases with increase in grain size of the specimens. At higher
sintering temperature the value of remanent polarization increases
considerably.
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