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Fig. 9 Raman spectroscopy curves for xPZN–(1 − x)PZT ceramics
prepared by (a) conventional and (b) columbite methods. The ceramics
were sintered at 1250◦C for x = 0.1 and 0.2 and 1225◦C for x = 0.3–0.5
for 2 hours

method is illustrated in Fig. 11. The coefficient d33 increases
with increasing sintering temperature up to 1225◦C and then
decreases for all compositions. It is clearly apparent that
the optimum processing condition is sintering at 1225◦C
for 2 hours. The lower d33 values in ceramics sintered at

Fig. 10 TEM bright field images of ferroelectric domains in ceram-
ics prepared by the columbite method: (a) 0.1PZN–0.9PZT ceramic
sintered at 1250◦C for 2 hours; and (b) the 0.5PZN–0.5PZT ceramic
sintered at 1225◦C for 2 hours

1250◦C are presumably due to the PbO loss during the
sintering process. Also evident in Fig. 11 is that the com-
position 0.3PZN–0.7PZT exhibits the highest piezoelectric
coefficient d33 among all the compositions. It is interest-
ing to note from Fig. 8 that this composition possesses a
rhombohedral symmetry at room temperature and is very

Fig. 11 Piezoelectric coefficient d33 as a function of sintering temper-
ature for xPZN-(1 − x)PZT ceramics prepared via columbite method.
The duration for sintering was 2 hours

Springer



148 J Electroceram (2006) 16: 141–149

Table 2 Comparison of the piezoelectric properties observed in
this study with previous studies

Ceramics kp (%) d33 References

Pb(Zr0.53Ti0.47)O3 52 220 [1]
0.5PZN–0.5Pb(Zr0.47Ti0.53)O3 67 430 [12]
0.5PZN–0.5Pb(Zr0.5Ti0.5)O3 67 600 Present study
0.3PZN–0.7Pb(Zr0.5Ti0.5)O3 70 690 Present study

Fig. 12 Piezoelectric properties of d33 and kp in ceramics prepared
with the columbite method and sintered at 1250◦C for x = 0.1–0.2 and
1225◦C for x = 0.3−0.5 dwell 2 hours

close to the MPB. The observation is consistent with other
relaxor-normal ferroelectric solid solution systems, such
as the Pb(Mg1/3Nb2/3)– PbTiO3 and the Pb(Zn1/3Nb2/3)–
PbTiO3 systems, where ultrahigh piezoelectric proper-
ties were found in the rhombohedral phase close to the
MPB. [3, 8].

The piezoelectric coefficient d33 of the ceramics synthe-
sized via the columbite method sintered at optimum con-
ditions is replotted against the composition parameter x in
Fig. 12, together with the electromechanical coupling factor
kp. High coupling factor values are noted in compositions of
x = 0.3, 0.4 and 0.5, among which the composition 0.3PZN–
0.7PZT displays the highest values. In Table 2, the piezoelec-
tric properties observed in this study are compared with a
previous study where the conventional mixed-oxide method
was utilized. It is clear that ceramics with excellent piezo-
electric properties can be produced in the xPZN–(1 − x)PZT
pseudo-binary system.

3.5. The PZN–PZT phase diagram

All the above results can be combined into a phase dia-
gram which shows the complete picture of the ferroelec-
tric Pb(Zn1/3Nb2/3)O3−Pb(Zr0.5Ti0.5)O3 system (Fig. 13).
The data used in this phase diagram were derived from
the dielectric measurements on columbite-method prepared
ceramics. The two data points at x = 0.3 were ob-
tained from the two peaks on the εr versus T curve

Fig. 13 The proposed phase diagram for the Pb(Zn1/3Nb2/3)
O3−Pb(Zr0.5Ti0.5)O3 pseudo-binary solid solution system. The solid
circles represent data points obtained from the present study, the open
circles represent data taken from reference 1

from Fig. 5(a). According to this phase diagram, the
0.3Pb(Zn1/3Nb2/3)O3−0.7Pb(Zr0.5Ti0.5)O3 ceramic trans-
forms from ferroelectric rhombohedral phase to ferroelectric
tetragonal phase at 283.6◦C and to a paraelectric cubic phase
at 298.8◦C. The shaded range between x = 0.5 and 0.6 de-
notes a transition from a normal ferroelectric to a relaxor fer-
roelectric. As expected, the best piezoelectric properties were
observed in the 0.3Pb(Zn1/3Nb2/3)O3−0.7Pb(Zr0.5Ti0.5)O3

ceramic.

4. Conclusions

Investigations on the structure and properties of the
xPb(Zn1/3Nb2/3)O3 − (1 − x)Pb(Zr0.5Ti0.5)O3 system over
the range x = 0.1−0.6 have revealed an MPB between
x = 0.2 and 0.3, separating a tetragonal phase from a
rhombohedral phase. A normal ferroelectric to relaxor fer-
roelectric transition is also observed around x = 0.5 to
0.6. This transition corresponds to a gradual decrease in
the rhombohedral distortion in the structure and a gradual
increase in the frequency dispersion of the dielectric re-
sponse. As expected, excellent piezoelectric properties were
obtained for the 0.3Pb(Zn1/3Nb2/3)O3−0.7Pb(Zr0.5Ti0.5)O3

composition.
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ABSTRACT The structural and electrical properties of
(1 − x)PbZr0.52Ti0.48O3–xBaFe0.5Nb0.5O3 ceramics system
with the composition near the morphotropic phase boundary
were investigated as a function of the BaFe0.5Nb0.5O3 con-
tent by X-ray diffraction (XRD) and dielectric measurement
technique. Studies were performed on the samples prepared
by solid state reaction for x = 0.1, 0.2, 0.3, 0.4 and 0.5. The
XRD analysis demonstrated that with increasing BFN content
in (1−x)PZT–xBFN, the structural change occurred from the
tetragonal to the cubic phase at room temperature. Changes
in the dielectric behavior were then related to these structural
depending on the BFN content.

PACS 77.84.Dy; 77.22.Ch; 77.22.Gm

1 Introduction

Pb(ZrxTi1−x)O3 (generally known as PZT) is
a solid solution of perovskite ferroelectric PbTiO3 and
antiferroelectric PbZrO3. The PZT has been considered
as an important material for a wide range of piezoelectrics,
pyroelectrics and ferroelectrics device applications such
as transducers, memory chip, transformer and pyro-
electric sensors [1, 2]. Since the discovery of relaxor be-
havior in Pb(Mg1/3Nb2/3)O3 [3], Pb(Zn1/3Nb2/3)O3 [4],
Pb(Ni1/3Nb2/3)O3 [5] and Ba(Fe0.5Nb0.5)O3 [6, 7]. The stud-
ies of relaxor ferroelectrics with AB′

(1−x)B
′′
xO3-type

perovskite have attracted much attention because of their
excellent dielectric and electromechanical properties.
Pb(Zr0.52Ti0.48)O3 and Ba(Fe0.5Nb0.5)O3 belong to the per-
ovskite structural family with general formula ABO3 (A =
mono or divalent ions, B = tri- to pentavalent cations). It is
well established that the physical properties or device parame-
ters of PZT can be tailored by synthesizing the materials with
improved processing techniques and making suitable substi-
tutions of A and/or B sites. The electrical properties of relaxor
ferroelectrics are greatly influenced by the manner in which
the B site cations (B′ and B′′ ions) are distributed and ordered
on the B site sublattice. The Zr/Ti ratio is known to strongly
influence properties, such as the elastic constant, the dielectric
constant, the coupling factor, etc.

� Fax: +66-5335-7512, E-mail: tawee@chiangmai.ac.th

In spite of the evident effect of the BFN on the PZT by
solid state reaction, the phase evolution and behavior of elec-
trical properties of dense ceramic bodies of materials obtained
by the solid state reaction are not clearly understood. There-
fore, we decided to prepare (1−x)PZT–xBFN (x = 0.1 to 0.5)
powders and subjected the sintered to an extensive characteri-
zation and microstructure and dielectric properties.

2 Experimental

The PZT–BFN ceramics used in this study are
prepared from powders using the conventional mixed-
oxide method. The (1−x)PbZr0.52Ti0.48O3–xBaFe0.5Nb0.5O3

(1−xPZT–xBFN) powders were first prepared by mixing the
starting materials PbO (> 99%), ZrO2 (> 99%), TiO2 (>

99%), BaCO3 (> 99%), Fe2O3 (99.9%) and Nb2O5 (99.9%)
powders in the desired mole ratio, (x = 0.1, 0.2, 0.3, 0.4 and
0.5). These powders were ball-milled for 24 h in polyethylene
container with zirconia balls. Ethanol was used as a milling
medium. After drying at 120 ◦C, the mixed powders were
then calcined at 800–1100 ◦C for 2 h with heating and cooling
rate of 5 ◦C/min. Subsequently, the most appropriate calcined
samples were pressed into disc shape and sintered at vari-
ous temperatures ranging from 1150 to 1300 ◦C depending
upon the compositions. The samples were heated for 2 h with
constant heating and cooling rates of 5 ◦C/min. The physical
characteristics of the ceramics were then determined with the
following procedures. The densities of the sintered ceramics
were measured by Archimedes method. The phase forma-
tions of the calcined powders and sintered specimens were
studied by an X-ray diffractometer (Philips model X-pert) at
40 kV and 30 mA in the 2θ range from 10 to 60 degrees with
step scan of 0.01◦. The microstructure was examined by the
scanning electron microscopy (Jeol model 6335F).

For electrical property characterizations, the sintered sam-
ples were ground to obtain parallel faces, and the faces were
then coated with silver paste as electrodes. The samples were
heat-treated at 750 ◦C for 12 min to ensure the contact be-
tween the electrodes and the ceramic surfaces. The dielec-
tric constant and loss tangent of the sintered ceramics were
measured as a function of temperature at 1 kHz with an auto-
mated dielectric measurement system. The system consists
of an LCR-meter (Hioki 3532-50) and a furnace tube, both
furnace temperature and dielectric properties were controlled
and recorded by a computer. The capacitance and the di-
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electric loss tangent were determined over the temperature
range of 30 and 400 ◦C at the frequency 1 kHz. The polariza-
tion versus electric field hysteresis loop was measured using
a Sawyer–Tower circuit at temperatures between room tem-
perature and 220 ◦C.

3 Result and discussion

The XRD results of calcined (1−x)PZT–xBFN
powders showed that the perovskite structure of PZT started
to form at 800 ◦C. It was clearer at higher calcining tem-
peratures and was most pronounced at 1100 ◦C. No trace of
pyrochlore phase was detected. Therefore, the powder cal-
cined at 1100 ◦C was employed to prepare ceramic samples.
After that the (1−x)PZT–xBFN ceramics were prepared from
optimum condition of calcined powder. The sintering tem-
perature was varied from 1150 to 1300 ◦C. Figure 1 shows
the relationship of density against temperature of the ceramic
sample in (1−x)PZT–xBFN system x = 0.1, 0.2, 0.3, 0.4
and 0.5 or denoted as P9B1, P8B2, P7B3, P6B4 and P5B5
respectively. These results showed that the optimum dens-
ity depended on sintering temperature. Maximum density of
(1−x)PZT–xBFN was found at 1250 ◦C for P9B1 and P8B2,
at 1200 ◦C for P7B3, P6B4 and at 1300 ◦C for P5B5. These
are 7.68, 7.50, 7.30, 7.22 and 7.00 g/cm3 for P9B1, P8B2,
P7B3, P6B4 and P5B5 respectively, comparable to the the-
oretical value of PZT 8.006 g/cm3 [8] and according to the
inorganic crystal structure database (ICSD) [9], the dens-
ity of BFN is 6.51 g/cm3. In the same way, phase evolution
of (1−x)PZT–xBFN ceramics of each sintered temperature
was investigated by XRD techniques. Figure 2 shows the X-
ray diffractograms of the highest density ceramics. The re-
sults indicated that change of crystal structure occurred as
a function of PZT-BFN compositions. Ferroelectric tetrag-
onal PZT phase appeared as x = 0.1. Mixed tetragonal and
cubic phases began to occur at x = 0.2 and completely trans-
forms to paraelectric cubic phase when x ≥ 0.3, as can be
seen at (001) and (100) peaks. Similar result was also found
by Vittayakorn et al. [10] who studied the (1−x)PZT–xPZN,
when x ≥ 0.2. Neither BFN nor other impurities were de-
tected. The lattice parameters of the two co-existing ferro-

FIGURE 1 Shows the effect of sintering on the density of ceramics

FIGURE 2 X-ray patterns of ceramic at maximize bulk density condition

FIGURE 3 Lattices parameter of (1−x)PZT–xBFN system

electric phases in the ceramics were calculated by the re-
finement method. The cell parameters and tetragonality (c/a)
obtained for each PZT-BFN composition is given in Fig. 3.
The result of the cell refinement showed that the (1−x)PZT–
xBFN system having BFN content in the range x = 0.3 and
0.5 has single phase cubic symmetry, with cell parameters
dependent on the BFN content. The value of the c/a pa-
rameter decreased from 1.02 to 1.00 when the BFN content
increased from x = 0.1 to 0.3, comparable to that report by
Thammajaree et al. [11] who obtains the c/a value of PZT
as 1.015 after heating at 1200 ◦C. At higher x values the pa-
rameter (a) of the cubic PZT-BFN phase slightly decreased
from 4.043–4.042 Å. These values are comparable to that
in the inorganic crystal structure database ICSD No. 43622
(a = 4.045). The X-ray diffraction (XRD) pattern of the BFN
ceramic (Fig. 2) shows the single phase of cubic structure. The
analysis was carried out based on the ICSD No. 43622 [7].
Even though our result is agreeable to those obtained by Rama
et al. [7] and Tezaka et al. [12] who also prepared the sam-
ples via solid state reaction, the accurate crystal structure of
BFN is still controversial. This is because the structural analy-
sis of BFN ceramic performed by Saha and Sinha [6], using
a standard computer program (POWD), gave different results
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FIGURE 4 SEM micrograph of PZT and
(1−x)PZT–xBFN ceramics. (a) PZT ceramic
with average grain size = 1.66 μm, (b) P9B1
ceramic with average grain size = 5.03 μm,
(c) P8B2 ceramic with average grain size =
15.68 μm, (d) P7B3 ceramic with average grain
size = 8.65 μm

FIGURE 5 Effect of composition (x) on P–E hysteresis
loops for (1−x)PZT–xBFN system processed at the opti-
mum processing conditions measures at room temperature.
(a) P9B1, (b) P8B2, (c) P7B3, (d) P6B4 and (e) P5B5

from the monoclinic-type structure was evaluated in stead of
the cubic one.

The SEM micrographs of the (1−x)PZT–xBFN ceram-
ics were compared with that of pure PZT ceramic (Fig. 4).

It can be seen that only single phase appeared in all micro-
graphs, and no other phase was observed. The small addition
of BFN of about x = 0.1 causes significant increase on grain
size (Fig. 4b) and reaches maximum of about 15 μm at x = 0.2
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(Fig. 4c). Then the average grain size is reduced at approxi-
mately 8 μm when the BFN content is increased up to 0.3
(Fig. 4d). Over this point, the gradually decrease in grain size
is observed. These variations are mainly attributed to the sol-
ubility of BFN in the PZT system. The certain solubility value
of BFN of about 0.2 is allowed in this system and beyond this
solubility limit it is believed to segregate at grain boundaries,
resulting in inhibition of grain growth. This is consistent with
the work done by Yang et al. [13]. Moreover, the XRD pattern
of (1−x)PZT–xBFN ceramic at around this solubility limit
of x = 0.2, contains the mixing of both tetragonal and cubic
structures. It may be assumed that the morphotropic phase
boundary of the (1−x)PZT–xBFN ceramic is near to x = 0.2.
This can be confirmed by the hysteresis loop measurement of
the (1−x)PZT–xBFN as shown in Fig. 5. The typical ferro-
electric hysteresis loop could only be found in the samples of
x up to 0.2, and beyond this morphotropic phase boundary the
ellipse loops, indicating lossy linear capacitor.

The relationships between dielectric properties and tem-
perature are shown in Figs. 6 and 7. It was clearly shown that
the relative dielectric constant depends on temperature meas-
ured at 1 kHz on the ceramic sample of (1−x)PZT–xBFN
system. In the first set (P9B1, P8B2 and P7B3), the broadness
of the dielectric constant peak increased with increasing BFN

FIGURE 6 The relationship between dielectric permittivity and tempera-
ture

FIGURE 7 The relationship between dielectric loss and temperature

content. Since the Curie temperature for all of investigated
compositions in the first set showed a tendency to decrease
from 280 ◦C to below 30 ◦C. Not only does the Curie tem-
perature decrease, but also the maximum dielectric constant
decreases from 13 350 to 5460 for P9B1 and P7B3 respec-
tively. Considerable broadening of dielectric constant curves
was found to increase, with the dielectric loss lower than 0.05
at working temperature (room temperature to 200 ◦C). On
the other hand, the dielectric behaviors of second set mate-
rials (P6B4 and P5B5) change in the dielectric peak broad-
ening considerably, while the maximum dielectric constant

FIGURE 8 Temperature dependence of the P–E hysteresis loops of P8B2
ceramics at the optimum sintering conditions
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increased from 12 400 to 14 000 for P6B4 and P5B5 respec-
tively, but with quite high dielectric losses. Furthermore, it
was seen that the role of BFN affected the dielectric properties
of samples. When BFN content are more than 40 percent per
mole the dielectric behavior is close to pure BFN [6].

The hysteresis loops of the P8B2 sample at various tem-
peratures are illustrated in Fig. 8. It can be seen that as the
temperature increases the hysteresis loop gets thinner and be-
comes a single line above the Curie temperature (≈ 150 ◦C)

when the material is no longer ferroelectric. This typical hys-
teresis loop behaviors was revealed elsewhere [14].

4 Conclusions

The effect of BFN on the structure and dielectric of
(1−x)PZT–xBFN system was investigated for various chem-
ical compositions. The (1−x)PZT–xBFN (when x = 0.1 to
0.5) ceramics were prepared by the mixed oxide method. Lat-
tice parameters of the tetragonal phase and cubic phase were
found to vary with chemical composition. The evolution of
the tetragonal phase, (100)/(001) transformed to a single peak
(100) which indicating cubic symmetry, while optimum sin-
tering temperature was standing at 1250 ◦C. They were iden-
tified as a single PZT phase material with a perovskite struc-
ture having the symmetry from tetragonal to cubic when the
ratio of BFN increased. The result shown that the dielectric
properties of (1−x)PZT–xBFN ceramics can be distinguished
into two set. First set (P9B1, P8B2 and P7B3), the broadness
of dielectric constant peak increased and Curie temperatures

showed a tendency to decrease below 30 ◦C while the dielec-
tric loss was still less than 0.05. On the another hand, second
set (P6B4 and P5B5) is large broad peak and high dielectric
constant. The SEM micrographs also revealed single phase of
the materials.
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Abstract

(Pb1−xBax)ZrO3 ceramics for the composition range 0.0 ≤ x ≤ 0.3 were prepared by mixed oxide solid-state reaction method. Phase formation,
microstructure, piezoelectric, dielectric and mechanical properties were studies. It was found that the density of the ceramics decreases with
increasing amounts of Ba2+, whilst the average grain size is in the range of 1.0–2.3 �m. The structure of as-calcined powder revealed that, the
fraction of the orthorhombic phase is decreasing with increasing Ba2+ content. The mechanical properties of the ceramics were studied by Vickers
and Knoop microhardness testers. The values of Vickers and Knoop hardness are in the range of 4.10–6.48 and 4.15–5.67 GPa respectively. The
d33 values of the samples increases from ∼0 to 87 pC/N with increasing Ba2+ concentration from x = 0.0–0.3. The dielectric constant at room
temperature increases with increasing of Ba2+ concentration. The results indicated that Ba2+ concentration has a significant effect on the electrical
properties in PBZ ceramics.
© 2006 Elsevier B.V. All rights reserved.

Keywords: (Pb1−xBax)ZrO3; Phase formation; Piezoelectric; Mechanical properties

1. Introduction

Lead zirconate, PbZrO3 (PZ), is one end member of the indus-
trially interesting solid-solution series PbZrO3–PbTiO3 [1] and
the first antiferroelectric identified by Sawaguchi et al. [2,3]. At
room temperature PZ is an antiferroelectric phase (AFE) which
has an orthorhombic structure [2]. It changes from the AFE to a
paraelectric phase (PE) and transforms from the orthorhombic
structure to the cubic structure at 236 ◦C [4]. It is reported that
there exists a ferroelectric phase (FE) over a very narrow temper-
ature range (230–233 ◦C) [5–8]. The intermediate FE can also be
introduced by partial replacement of Pb2+ ions by Ba2+ ions. The
temperature range of this intermediate phase also increases with
the Ba concentration [9–16]. The AFE-FE transition produces a
large volume expansion. It makes this material potentially useful
for high-displacement electromechanical actuator applications
[15,16].

(Pb1−xBax)ZrO3 (PBZ) was discovered by Roberts in 1950
[4]. Later on, many authors prepared and investigated the proper-

∗ Corresponding author. Tel.: +66 53 943 376; fax: +66 53 357 512.
E-mail address: rujijanagul@yahoo.com (G. Rujijanagul).

ties such as structural, dielectric properties, field induced strain
behavior and phase transition of PBZ [9–22]. Although the
microstructure and mechanical properties of PBZ ceramics are
particularly important in the design of displacement electrome-
chanical actuator, they have received much less attention than
other active properties. Moreover, the piezoelectric properties
of PBZ system have not been clearly understood. Therefore, in
this present work, (Pb1−xBax)ZrO3 (PBZ) for 0.00 ≤ x ≤ 0.30
were prepared by solid state reaction method. Structural phase
formation, densification, microstructure, mechanical, dielectric
and piezoelectric properties of PBZ ceramics are investigated
as a function of compositions x. The results were discussed and
compared with previous data.

2. Experimental procedure

The (Pb1−xBax)ZrO3, 0.000 ≤ x ≤ 0.300, powders were pre-
pared by a conventional mixed oxide method. The raw materials
of PbO, ZrO2 and BaCO3 were weighed and mixed by ball-
milling in acetone using zirconia ball for 24 h. After drying
and seiving, it was calcined at 1000 ◦C for 1 h. The calcined
powders were reground by ball-milling with 1 wt.% binder (B-5

0921-5093/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
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supplied by Rohn-Haas, Germany) for 24 h. The powders were
then dried, crushed and sieved again. Pellets of 15 mm in diam-
eter were isostatically pressed at 80 MPa. Finally, the pellets
were sintered at 1300 ◦C for 3 h. In order to minimize the loss
of lead due to vaporization, the PbO atmosphere during the
sintering process was maintained using PZ as the spacer pow-
der. The microstructures of the sintered samples were examined
using a scanning electron microscopy (JEOL, JSM5910). The
phase formation of the calcined powders and the sintered pellets
were determined using a diffractometer (Philips ADP1700). The
density of the sintered samples was measured by Archimedes’
method with distilled water as the fluid medium. Effect of Ba2+

content on the mechanical properties of the ceramics was stud-
ied by Vickers and Knoop microhardness testers. Indentations
were applied on the polished surfaces of PZ ceramics. Applied
loads were 500 and 50 g for Vickers and Knoop microhardness,
respectively, with an indentation period of 15 s. The sintered
samples were prepared for electrical properties measurements
by first polishing and then gold sputtering on to the clean pellet
faces. The poling was done conventionally, in silicone oil bath at
170 ◦C with a field of 25 kV/cm. After poling, the d33 coefficient
was measured using a d33 tester (Pennebaker Model 8000). The
dielectric measurements were carried out at room temperature
using an impedance analyzer (HIOKI 3532-50).

3. Results and discussion

X-ray diffraction (XRD) patterns of the calcined
(Pb1−xBax)ZrO3 powders for 0.00 ≤ x ≤ 0.30 are shown
in Fig. 1. Pure perovskite phase was observed for the whole
range of the compositions. Also the XRD patterns indicate that
the replacement of Pb2+ by Ba2+ ions apparently influenced
the orthorhombic PbZrO3 structure. For all of the samples,
the diffraction lines could be indexed with respect to an
orthorhombic structure. The intensity ratio of 0 0 4/2 4 0 peaks
and the relative intensity of superlattice reflections, namely 1 1 0
and 1 3 0/1 1 2 are decreased with increasing of Ba2+ content as
shown in Fig. 2. Pokharel et al. reported that the XRD pattern of
orthorhombic antiferroelectric (AO) phase presents the doublet
of 2 4 0 and 0 0 4 reflections change to the single peak of 2 0 0
reflections for rhombohedral ferroelectric (FR) phase [14–17].
For a purely orthorhombic pattern, I0 0 4/2 4 0 ∼ 0.5 and this value
decreases with increasing amounts of coexisting rhombohedral
phase. In addition, the superlattice reflections, such as 1 1 0
and 1 3 0/1 1 2 of AO phase, are absolutely disappeared for the
FR phase. Therefore, the structure of as-calcined powder also
revealed that, the fraction of the orthorhombic phase decreases
with increasing Ba2+ content.

Fig. 3 shows the typical sintered densities for various PBZ
compositions. The bulk densities for all samples are higher
than 97% of theoretical density. The bulk density continuously
decreases with increasing Ba2+ content. The result was agreed
with the work by Pokharel et al. [17]. In general, the bulk density
of PbZrO3–BaZrO3 system decreases with increasing mole per-
cent of BaZrO3 (BZ). The theoretical density of the constituent
compounds PZ and BZ are 8.055 and 6.229 g/cm3, respectively
[23,24], which can be used to calculate an empirical estimate of

Fig. 1. XRD patterns of (Pb1−xBax)ZrO3 calcined powders.

the density (D) via D = 8.055(A − x) + 6.229x. The variation of
the measured density and the calculated density with composi-
tion x is also shown in Fig. 3.

The scanning electron micrographs in Fig. 4 show as-sintered
surface of (Pb0.975Ba0.025)ZrO3 and (Pb0.850Ba0.150)ZrO3

Fig. 2. Relative intensity of (1 1 0), (1 3 0)/(1 1 2) XRD peaks and value of inten-
sity ratio, I0 0 4/2 4 0 for calcined powders as a function of Ba2+ content.
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Fig. 3. Calculated density and bulk density of sintered pellets as a function of
composition x.

ceramics. It can be seen that the samples with higher Ba2+

concentration show more uniformity in grain size. The ceram-
ics with x = 0.00–0.05 compositions show the grain size of
1.0–1.3 �m, while the x = 0.075–0.30 compositions show a grain
size of 1.6–2.3 �m (as seen in Table 1). The effect of Ba2+ substi-
tution on the mechanical properties of the samples was studied
by using Vickers hardness, Knoop hardness, fracture toughness
and Young’s modulus. These values are listed in Table 1. It was
found that there is no relation between Ba2+ concentration and

Fig. 5. Piezoelectric coefficient d33 and dielectric constant at room temperature
of (Pb1−xBax)ZrO3 ceramics with various x.

the mechanical properties. Generally, the mechanical properties
of lead base ceramics depend on many factors such as grain
size and porosity [25]. The variation in mechanical properties
is likely caused by the variation in grain size of the samples.
Because of the samples were prepared by normal solid-state
method, the variation in mechanical properties may also be
attributed to chemical homogeneity effect.

The longitudinal piezoelectric sensitivity of (Pb1−xBax)ZrO3
at room temperature are shown in Fig. 5. The d33 value gradu-

Fig. 4. Scanning electron micrographs of as-sintered surface of (a) (Pb0.975Ba0.025)ZrO3 and (b) (Pb0.850Ba0.150)ZrO3 ceramics.

Table 1
Average grain size and mechanical properties of (Pb1−xBax)ZrO3 ceramics

Samples composition
(nominal x)

Average grain
size (�m)

Vickers hardness
(GPa)

Knoop hardness
(GPa)

Fracture toughness
(MPa m1/2)

Young’s
modulus (GPa)

0.000 1.0 4.81 ± 0.18 4.15 ± 0.48 3.29 ± 0.19 473 ± 55.06
0.025 1.3 6.48 ± 0.44 5.50 ± 0.77 2.09 ± 0.32 189 ± 39.76
0.050 1.3 5.83 ± 0.32 4.40 ± 0.37 1.83 ± 0.25 143 ± 41.63
0.075 2.3 5.61 ± 0.49 4.97 ± 0.35 2.32 ± 0.95 263 ± 151.10
0.100 1.6 5.85 ± 0.35 4.73 ± 0.33 1.58 ± 0.59 109 ± 116.26
0.150 2.0 5.10 ± 0.58 5.67 ± 0.31 2.75 ± 1.19 283 ± 152.60
0.200 1.7 4.61 ± 0.65 4.60 ± 0.26 2.33 ± 0.68 296 ± 87.24
0.250 1.7 5.30 ± 0.59 4.86 ± 0.53 2.65 ± 0.40 329 ± 94.04
0.300 2.2 4.10 ± 0.60 5.10 ± 0.37 2.15 ± 0.54 186 ± 74.95
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ally increases with increasing Ba2+ content. Roberts [4] reported
that the d33 value of (Pb0.700Ba0.300)ZrO3 was ∼65 pC/N, and it
is 10−1 pC/N for PZ [26]. The present result indicates that sub-
stitution Pb2+ by Ba2+ enhanced some piezoelectric property in
PBZ.

The dielectric constant at 1 kHz as a function of Ba2+ con-
centration at room temperature is also shown in Fig. 5. The
dielectric constant of the samples increases from ∼160 to 2300
with increasing Ba2+ concentration from x = 0.00 to 0.30. This
result suggests that the Ba2+ content in PBZ ceramics has a sig-
nificant effect on the dielectric constant.

4. Conclusions

In the present work, effect of Ba2+ concentration on the
properties of the PBZ ceramics was studied. The orthorhombic
phase and the fraction of the antiferroelectric phase were
found to decrease with increasing Ba2+ content. The results
were corresponded to the structural phase changes in PBZ.
The bulk density of PBZ ceramics continuously decreases
with increasing Ba2+content. This trend matches that of
the calculated density of PZ-BZ system. The d33 value at
room temperature gradually increases with increasing Ba2+

content. It is also indicated that substitution Pb2+ by Ba2+

enhanced some dielectric property of PBZ. However, there is
no relation between Ba2+ concentration and the mechanical
properties.
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Abstract

Pyrochlore-free lead zirconate titanate – lead zinc niobate ceramics have been systematically investigated in the as-sintered condition
as well as after annealing. The ceramics were characterized by dielectric spectroscopy and Sawyer–Tower polarization (P–E) measure-
ments. The powders of Pb[(Zr1/2Ti1/2)(1�x)–(Zn1/3Nb2/3)x]O3, where x = 0.1, 0.3 and 0.5 were prepared using the columbite–(wolframite)
precursor method. The general trend seems to indicate that the annealed samples become more normal-ferroelectric-like behavior as
opposed to the relaxor-ferroelectric-like behavior observed in the as-sintered state. The as-sintered 0.9PZT–0.1PZN ceramic exhibited
weak relaxor-ferroelectric behavior, with a relatively low dielectric constant maximum of 14,000 measured at 1 kHz. Annealing resulted
in a transition to normal-ferroelectric-like behavior, a shift in the dielectric maximum temperature from 360 �C to 350 �C, and a dramatic
increase in the dielectric constant at 1 kHz to a maximum value of 35,000 for the longer anneal. After thermal annealing at 900 �C for one
week a strong enhancement of remanent polarization (Pr) was observed.
� 2007 Elsevier B.V. All rights reserved.

PACS: 77.84.Dy; 77.65.�j; 77.80.Bh

Keywords: Lead zinc niobate (PZN); Lead zirconate titanate (PZT); Dielectric properties

1. Introduction

Lead zirconate titanate (PZT) is one of the most inter-
esting perovskite ferroelectric materials for applications
in various devices owing to its potential usefulness and sta-
bility [1]. PZT have been applied to many useful electronic
devices by utilizing their excellent dielectric, piezoelectric
and pyroelectric properties [2]. Lead zirconate titanate
ceramics and their solid solution with several complex
perovskite oxides represented by Pb(B 0B00)O3 have been
investigated [3–5]. Among the various complex ferroelectric
oxide materials, several niobates with a transition point
higher than room temperature are Pb(Fe1/2Nb1/2)O3 [6],

Pb(Mn1/2Nb1/2)O3 [7], Pb(Sc1/2Nb1/2)O3 [8], Pb(Zn1/3-
Nb2/3)O3 [4], and Pb(Cd1/3Nb2/3)O3 [9]. Among them Lead
zinc niobate [Pb(Zn1/3Nb2/3)O3, (PZN)] is also a typical
ferroelectric relaxor material with a transition temperature
of 140 �C and its ferroelectricity was reported by Smolen-
skii et al. in 1959 [10]. PZN is one of the most famous
relaxor-ferroelectrics with perovskite structure exhibiting
a diffused phase transition [11,12]. Single crystals of PZN
can be synthesized by using flux method with excellent
dielectric, optical, and electrostrictive properties, but
PZN ceramics with pure perovskite are relatively difficult
to prepare by conventional ceramic techniques [13,14].
Since both PZT and PZN have perovskite structure and
are known to have excellent dielectric and piezoelectric
properties, it is suggested that PZN alloyed with PZT to
stabilize and optimize the PZN ceramics. Recently our
previous work [4,15] has shown promise in producing
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phase-pure perovskite PZN–PZT ceramics with the colum-
bite method. A morphotropic phase boundary (MPB)
between the PZN-rich rhombohedral phase and the PZT-
rich tetragonal phase was reported at PZN:PZT 50/
50 � 0.2:0.8. At this composition, a high dielectric constant
(er) � 26,000 was measured [16]. In this study we emphasize
the effect of annealing on the crystal structure dielectric and
ferroelectric properties in PZT–PZN ceramics. The samples
were heat treated at 900 �C for one week in a sealed Al2O3

crucible with PbO-rich atmosphere. The temperature and
frequency dependence of the dielectric constant are given
for as-sintered and annealed samples. Finally, the rema-
nent polarization and coercive field determined from P–E
hysteresis loops are also introduced.

2. Experimental procedure

PZT-based ceramics with the composition of Pb[(Zr1/2-
Ti1/2)(1�x)–(Zn1/3Nb2/3)x]O3, where x = 0.1, 0.3 and 0.5
were prepared by columbite–(woulframite) precursor. The
reagent-grade oxide powders of PbO (99.9%, Aldrich, Mil-
waukee, WI, USA), ZnO (99.9%), Nb2O5 (99.9%), ZrO2

(99.9%) and TiO2 (99.9%) were used as starting raw mate-
rials. Prior to reaction with other raw materials, ZnO was
reacted with Nb2O5 at 975 �C for 4 h to form ZnNb2O6

and ZrO2 was reacted with TiO2 at 1400 �C for 4 h to form
ZrTiO4. The precursors ZnNb2O6, ZrTiO4 and PbO (with
2 mol% excess PbO) were weighted and mixed well by
ball-milling in polyethylene bottle together with methyl
alcohol and partially stabilized zirconia balls. Methyl alco-
hol was removed by heating at 80 �C for appropriate dura-
tions and then the mixture was dried at 150 �C for 24 h.
After drying, the mixture powders were calcined at 700–
900 �C for 4 h in covered Al2O3 crucible. To investigate
densification of ceramics, the disks were sintered in a sealed
alumina crucible at temperatures ranging from 1175 �C to
1275 �C using a heating rate of 5 �C/min and a dwell time
of 2 h. To prevent PbO volatilization from the disks, a PbO
atmosphere was maintained by placing PbZrO3 powders in
the crucible. This resulted in pellets with 94–96% of theo-
retical density which were single-phase perovskite with
grain sizes of 2–5 lm. The crystal structure and phase tran-
sition of the individual compositions can be found in Refs.
[4,17]. To determine the effect of thermal annealing, the
maximum density sample was thermally annealed at
900 �C in the same PbO atmosphere for one week.

The dielectric and ferroelectric properties of the as-sin-
tered and annealed samples were characterized as follows.
The polished samples were electroded with silver paste
and then fired at 550 �C for 30 min. The dielectric constant
(K) and dielectric loss (tan d) were measured on heating at
3 �C min�1 using an LCR meter (HP4284A, Hewlett-Pack-
ard, Palo Alto, CA) over the range of 100–500 kHz and
temperatures 25–450 �C. In addition, the polarization (P)
was measured as a function of electric field (E), using a fer-
roelectric tester system (Radiant Technologies, Inc.,
PT66A).

3. Results and discussion

The phase development in the annealed samples was
analyzed by XRD and the results are shown in Fig. 1.
All samples show single-phase powder diffraction pattern.
No secondary reaction phases, such as PbO, Pb-based
compounds, unreacted oxide and so on, are observed in
the pattern. There seem to be no measurable changes
before and after annealing. Fig. 2a–c show the dielectric
constant versus temperature of the as-sintered and
annealed samples of compositions x = 0.1, 0.3 and 0.5,
respectively, for frequency of 100 Hz, 1 kHz, 10 kHz,
100 kHz and 500 kHz. The as-sintered sample showed typ-
ical relaxor-ferroelectric-like behavior, characterized by a
diffuse dielectric-temperature response (Fig. 2a). After
annealing, a significant improvement in the dielectric con-
stant is observed, especially near the temperature of the
maximum dielectric constant and it is relatively small at
room temperature and at temperatures far above Tm. At
the composition x = 0.1, the maximum dielectric constant
at 1 kHz (Km @ 1 kHz) was approximately 14,000 and
the Tm value was 360 �C. The general trend seems to
indicate that the annealed samples become more normal-
ferroelectric-like behavior as opposed to the relaxor-ferro-
electric-like behavior observed in the as-sintered state. In
contrast, the annealed samples showed normal-ferroelectric
behavior, characterized by a much-sharper dielectric-
temperature response and a weak dependence of Tm with
frequency. Annealing resulted in a transition to normal –
ferroelectric – like behavior, a shift in the dielectric maxi-
mum temperature from 360 �C to 350 �C, and a dramatic
increase in the dielectric constant at 1 kHz to a maximum
value of 35,000, up from the initial value of 14,000 for
as-sintered sample. This behavior also appeared in the

Fig. 1. X-ray diffractograms of annealed samples for various composi-
tions of the Pb[(Zr1/2Ti1/2)(1�x)–(Zn1/3Nb2/3)x]O3, where x = 0.1, 0.3 and
0.5 system at room temperature.
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x = 0.3 and 0.5 composition. The dielectric constant and
transition temperature of the samples studied is summa-
rized in Table 1. However, very limited improvements were
observed for the x = 0.5 composition because the higher
PZN content required lower sintering temperatures, thus
limiting the efficacy of the annealing step. Polarization hys-
teresis measurements at room temperature were performed

using a modified Sawyer–Tower circuit. Fig. 3 shows the
saturated loops of 0.7PZT–0.3PZN samples with difference
electric fields strengths.

It is clearly evident that the shape of hysteresis various
greatly with the electric fields strength. At 5 kV/cm electric
fields strength, a near-linear relationship of P–E is
observed. This result is due to the fact that the electric field
is not large enough to switch any domains. At 10 kV/cm
electric fields, the polarization nonlinearity is developed in
both regions of the positive and negative fields. These
results clearly demonstrate that the electric field strength
of 10 kV/cm is of enough energy to constrain realignment
of some domains in the direction of the applied fields. No
evidence of pinning effect or asymmetric loop was detected
in all electric fields strength. At 30 kV/cm electric field
strength, the loop reveals fully developed symmetric hyster-
esis loop. This shows that the electric fields strength of
30 kV/cm has of enough energy to constrain realignment
of all domains in the direction of the electric fields. The hys-
teresis loops of as-sintered and annealed samples are shown
in Fig. 4. The as-sintered sample exhibited a smaller rem-
nant polarization (Pr) and lower coercive field (Ec), com-
pared with the annealed samples. Annealed sample
showed normal-ferroelectric behavior with a rectangular
loop. For the composition x = 0.3, the Pr increased from
21.4 lC/cm2 to 34.7 lC/cm2 for the annealed sample.
Moreover the Ec decreased from 14.5 kV/cm to 12.3 kV/
cm after annealing. Although this behavior was observed
in all of our composition, the increasing in the Pr and

Fig. 2. Temperature dependence of the dielectric constant at difference
frequencies for as-sintered and annealed samples (a) x = 0.1, (b) x = 0.3
and (c) x = 0.5.

Table 1
Dielectric properties of as-sintered and annealed sample

Composition As-sintered Annealed

Km Tm,�C Km Tm,�C

x = 0.1 14,000 360 35,000 350
x = 0.3 14,500 310 21,500 300
x = 0.5 21,000 250 23,000 254

Fig. 3. P–E behaviors for annealed sample at various maximum electric
field strengths.
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decreasing in the Ec was minimal at high concentrations of
PZN. This is due to the fact that the higher PZN content
required lower sintering temperatures to achieve the best
combination of density and properties. Therefore, heat
treatment is not necessary for ceramics with high PZN con-
tent. This change in behavior is might be due to the extrinsic
effect of domain wall motion and a decrease in the chemical
heterogeneity of the samples. This behavior is consistent
with the conclusions of Xia et al. [18] and Leite et al. [5]
in the PZN–BT–PT and PMN–PT system respectively.

4. Conclusions

The dielectric and ferroelectric properties of Pb[(Zr1/2-
Ti1/2)(1�x)–(Zn1/3Nb2/3)x]O3, where x = 0.1, 0.3 and 0.5
ceramics formed via the columbite process were investi-
gated. Thermal treatment is an effective way to improve
the dielectric and piezoelectric responses of PZT–based fer-
roelectric ceramics. The annealing time has an effect on the
electrical properties. The large improvement in the dielec-
tric and ferroelectric properties due to annealing are mainly

attributed to the increase in the chemical homogeneity and
the extrinsic effect of domain wall motion in ferroelectric
ceramics.
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(Pb1�xBax)ZrO3 ceramics for the composition range 0� x� 0.30 were prepared
by the mixed oxide solid state reaction method. Phase transition was studied
by dielectric and dilatometric measurements. The ferroelectric to paraelectric
phase transition temperature was progressively shifted to a lower temperature by
replacing lead with barium. The x¼ 0.20 sample showed the maximum dielectric
constant of 16,300 at the transition temperature. For compositions 0� x� 0.075,
the antiferroelectric to ferroelectric phase transition exhibited a large linear
thermal expansion. However, the antiferroelectric to ferroelectric phase transition
did not exist for 0.10� x� 0.30 samples. A phase diagram for PBZ ceramics
prepared by the conventional mixed oxide method was also present.

Keywords: (Pb1�xBax)ZrO3; Phase transition; Dielectric properties; Linear thermal
expansion

1. Introduction

PbZrO3 (PZ) is a perovskite crystal, which was identified as antiferroelectric
material. PZ exhibits three phases: an orthorhombic antiferroelectric (AFE) phase
between room temperature and 230�C, a rhombohedral ferroelectric (FE) phase
up to 233�C and a cubic paraelectric (PE) phase above 233�C [1–5]. The ferroelectric
phase between 230–233�C is sometimes called the ferroelectric intermediate phase.
The phase transitions between AFE to FE (AFE!FE) and FE to PE (FE!PE) in
PZ have been extensively studied by previous authors [4, 5]. It is also reported that
many properties of PZ are changed by incorporation of Ba2þ ions into the Pb2þ site
of PZ [6–12]. The modification of PZ becomes (Pb1�xBax)ZrO3 (PBZ) and exhibits
the better dielectric properties compared with the pure PZ. By varying Ba2þ

concentrations, electric fields, and temperatures in PBZ, many phase diagrams have
been proposed [8, 9, 12]. It should be noted that different research groups reported
different results and different phase diagrams. Further, the information for thermal
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expansion associated with the phase transitions of PBZ ceramics is unclear. In the
present work, (Pb1�xBax)ZrO3 ceramics for 0� x� 0.30 were prepared by the mixed
oxide solid state reaction method. X-ray diffraction, dielectric and dilatometric
techniques were used to study the details of the phase transitions. Eventually, the
phase diagram of PBZ system was constructed and compared to the previous work.

2. Experimental procedure

PBZ ceramics can be prepared by many methods [8, 9, 12]. However, in the present
work, PBZ ceramics were prepared by a mixed oxide solid state reaction method as
described by previous study [13]. The raw materials of PbO, ZrO2 and BaCO3 were
weighed according to the formula (Pb1�xBax)ZrO3, where 0� x� 0.30. The powders
were mixed with acetone for 24 h using zirconia balls as the grinding media. The
mixed powders were calcined at 1000�C for 1 h. The calcined powders were reground
by wet ball-milling with 1wt% binder for 24 h. The calcined powders with binder
were isostatically pressed at 80MPa into a pellet of 15mm in diameter. Finally, the
pellets were fired in an alumina crucible and sintered at 1300�C for 3 h. It is known
that excess PbO affect the properties of lead base ceramics [14]. There is a loss of
lead due to vaporization. Therefore, the PbO atmosphere for the sintering was
maintained using PbZrO3 as the spacer powder. Phase formation of the samples was
determined by X-ray diffraction (XRD). For electrical measurement, the sintered
samples were polished and then gold was sputtered on to the clean pellet faces. The
dielectric measurement was carried out at 1 kHz using an impedance analyzer. The
linear thermal expansion was measured using a dilatometer.

3. Results and discussion

Figure 1 shows XRD patterns of (Pb1�xBax)ZrO3 calcined powders. The XRD traces
showed diffraction profiles as attributed to pure PBZ [11]. Due to peak overlap
effects between rhombohedral and orthorhombic structures, the intensity of the peak
indexed as 240 in the orthorhombic pattern increased relative to the neighboring 004
peak with the presence of the rhombohedral phase [10]. This result indicates that the
introduction of Ba2þ increases the proportion of the rhombohedral phase in PBZ
calcined powders.

XRD patterns of ceramic samples are shown in figure 2. The XRD patterns
for the composition of 0� x� 0.10 are qualitatively similar to that observed for
the as-calcined powder. Although a similar situation prevails for the calcined
powder, the sintered sample is predominantly rhombohedral whereas the calcined
powder has a significant proportion of the orthorhombic phase as evidenced by
the relative intensity of the 240 and 004 reflections. Due to the 004 reflection of
orthorhombic phase completely vanished, but some of the superlattice reflections
such as 110 and 230/212 were still present. For composition x¼ 0.15, the XRD
results could be indicated that both rhombohedral and orthorhombic phases
coexisted. The rhombohedral 200 reflection, which was a doublet in the calcined
powder, has become a single peak for composition 0.20� x� 0.30. Also the
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superlattice lines of the orthorhombic phase have completely vanished in the pellets.
This clearly indicates that the structure is rhombohedral for 0.20� x� 0.30 ceramic
samples.

Figure 3 shows the variation of dielectric constant with temperature of samples
for 0� x� 0.30. The anomalies around 193, 157, and 116�C for x¼ 0.025, 0.050 and
0.075, respectively, are found. These anomalies are due to a transition from the AFE
phase to FE phase [9]. However, no dielectric anomaly corresponding to
the AFE!FE transition is observed, for x� 0.10. The AFE!FE transition
temperature decreases at about the rate of 15.4�C/mol% of BaZrO3 with respect to
its value for pure PZ. The dielectric maximum of lead zirconate is shown to be shifted
to a lower temperature by replacing lead with barium. The dielectric maximum in
all samples, is linked with the transition of the FE phase to the PE phase [9, 12].
The FE!PE transition temperature was found to decrease from 232�C for the x¼ 0
sample to 82�C for the x¼ 0.3 sample with a rate of 4.8�C/mol% of BaZrO3. The
shift of transition temperature may be explained by the change of structure in PBZ
with increasing Ba2þ [12].

The value of the maximum dielectric constant as a function of a Ba2þ

concentration is shown in figure 4. The maximum dielectric constant increases
with increasing Ba2þ content from 6300 for pure PZ to 16300 for PBZ20 (x¼ 0.20)
for the FE!PE transition. At higher concentrations of Ba2þ substitution,
the lowering of the maximum dielectric value is accompanied by a progressive

Figure 1. XRD patterns of calcined powders of (Pb1�xBax)ZrO3.
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Figure 2. XRD patterns of as-sintered pellets of (Pb1�xBax)ZrO3.

Figure 3. Dielectric constant vs. temperature of (Pb1�xBax)ZrO3 ceramics; (a) x¼ 0,
(b) x¼ 0.025, (c) x¼ 0.05, (d) x¼ 0.075, (e) x¼ 0.10, (f) x¼ 0.15, (g) x¼ 0.20, (h) x¼ 0.25,
(i) x¼ 0.30.
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broadening of the permittivity peak. The change in the dielectric constant can be
related to the change of portion of coexist phase, i.e. the proportion of rhombohedral
phase in PBZ increases with increasing Ba2þ content.

The measurement of the length of a specimen compared to its temperature is
a method for the determination of the kinetics of the phase transformation of PBZ.
The dilatometric thermal expansion of polycrystalline samples of (Pb1�xBax)ZrO3,
is plotted in figure 5. The presence of such a break in the thermal expansion
curves indicates a phase transition. The discontinuous curves can be attributed to
the AFE!FE and FE!PE phase transition with rising temperatures [4, 8].
By progressively increasing barium content, the AFE!FE and the FE!PE
transition temperatures continuously decreased. For x¼ 0, 0.025, 0.050 and 0.075,
the linear thermal expansion curve transforms from the AFE phase to the FE phase
through the transition region around 226, 189, 160 and 127�C, respectively. For
x¼ 0.10–0.30 samples, the AFE!FE transition does not exist. For FE!PE

Figure 5. Linear expansion vs. temperature of (Pb1�xBax)ZrO3 ceramics; (a) x¼ 0,
(b) x¼ 0.025, (c) x¼ 0.05, (d) x¼ 0.075, (e) x¼ 0.10, (f) x¼ 0.15, (g) x¼ 0.20, (h) x¼ 0.25,
(i) x¼ 0.30.

Figure 4. Curie temperature and maximum dielectric constant of (Pb1�xBax)ZrO3 ceramics.
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transition, the transition temperature decreases from 232�C for the x¼ 0 sample to
83�C for the x¼ 0.30 sample. It can be noted that the AFE!FE transition was
accompanied by a large volume expansion while FE!PE transformation was
accompanied by a small volume contraction.

A phase diagram of the PBZ system is shown in figure 6. It is clearly seen that
the width of temperature range of the FE phase continuously increases with
progressively increasing Ba2þ content. The FE!PE transition temperature in this
work is consistent with the previous work [9, 12]. However, the AFE!FE transition
temperatures are lower than those of the PBZ which was prepared by a chemical
method [12]. This indicates that the processing method used to prepare the PBZ may
be important in influencing the AFE!FE transition temperatures.

4. Conclusion

The phase transitions of PBZ ceramics prepared by a solid-state method, were
studied by XRD, dielectric, and dilatometric measurements. A phase diagram of the
PBZ system was present. The AFE!FE and FE!PE transition temperatures were
found to decrease with increasing Ba2þ concentrations. However, the AFE!FE
transition temperature was found to be lower than that of the PBZ prepared by
chemical method. From the dilatometric measurement, the AFE!FE phase
transition showed a large linear thermal expansion while the FE!PE phase
transition was accompanied by a small contraction. In addition, the AFE!FE
phase transition was not observed for compositions 0.10� x� 0.30.
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Abstract

Microstructures, Vickers hardness and dielectric properties of PbZrO3 ceramics with co-additions of 0.5–5 vol% Al2O3

nanoparticles have been investigated. The additive inhibited grain growth, with average grain size decreasing from �13 mm for

PbZrO3 to �1 mm for the nanocomposites. The mode of fracture also changed, from predominantly inter-granular in PbZrO3 to a

mixed-mode of intra- and inter-granular fracture in the composite samples. Vickers hardness values increased from 2.9 GPa for

PbZrO3 to 4.1 GPa for the sample with 1 vol% Al2O3, but there was a more gradual increase for higher Al2O3 contents. Plots of

relative permittivity versus temperature indicated subtle differences which were attributed to a chemical reaction between the

additive and matrix during sintering. X-ray powder diffraction showed that lead aluminium oxides were the principal products of

this reaction.

# 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Lead zirconate, PbZrO3 (PZ), is an antiferroelectric ceramic and an end-member of the technologically important

lead zirconate titanate (PZT) solid solution system. Although the electrical properties and phase transitions in these

perovskite ceramics have been studied in detail over many years, their mechanical properties are less well understood.

It is important from an applications viewpoint that PbZrO3 and Pb(Zr1�xTix)O3 ceramics are resistant to fracture or

microcracking when subjected to large electric fields. For structural ceramics such as alumina, it has been

demonstrated over a number of years that their mechanical properties can be enhanced by the incorporation of nano-

scale particles into the microstructure [1–3]. The resulting materials are referred to as nanocomposites.

More recently, the nanocomposite approach has also been considered for improving the mechanical properties and

reliability of some ferroelectric materials such as PZT [4–6]. Particles of silver, platinum and alumina have been

demonstrated to improve the hardness and fracture strength of PZT [5–8]. The mechanisms resulting in the improved

properties are uncertain. It has been proposed that the enhancement in mechanical properties is due to the

nanoparticles reinforcing the grain boundaries, and the reduction in grain size. Diffusion of Al3+ onto the PZT lattice

sites has also been suggested, which would alter surface and/or grain boundary energies, leading to smaller grain sizes
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