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bstract

he isovalent Ba2+ modified lead lanthanum strontium zirconium niobium titanate (PLSZNT) solid solutions were prepared by solid-state reaction
ethod with the compositional formula [Pb1−x−w−yLaxSrwBay][(ZrzTi1−z)(1−(x/4)−(5/4)k)Nbk]O3 where Ba content, y, was varied from 0, 0.5, 1 and

.5 mol%. X-ray diffraction (XRD) studies revealed that all the samples have ferroelectric tetragonal structure (FETET). The presence of multiple
ons at Pb-site enhanced grain growth and further addition of Ba concentration resulted in restrained grain growth. Dielectric studies suggested
hat the ε increased up to 1 mol% Ba while T has shown a continuous decreasing trend throughout the series. The piezoelectric parameters as
RT c

function of grain growth were characterized. The optimum piezoelectric charge coefficient (d33 = 538 pC/N) and piezoelectric planar coupling
oefficient (kp = 0.521) was found to be in 1 mol% Ba modified PLSZNT ceramic, respectively, and this composition may be suitable for possible
ensor and actuator applications.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Ferroelectric ceramics have been widely used in the areas
uch as dielectric ceramics for capacitor applications, ferroelec-
ric thin films for non-volatile memories, piezoelectric materials
or medical ultrasound imaging and actuators and electro-optic
aterials for data storage and displays, etc.1,2 PZT has a per-

vskite type structure (ABO3) with Pb2+ occupying the A-site
nd the Ti4+ and Zr4+ ions occupying the B-site at random.
bZrO3 and PbTiO3 modified with La2O3 forms lead lanthanum
irconium titanate, also known as PLZT. The incorporation of
a3+ ions into Pb(Zr,Ti)O3, ceramics increases their dielectric
onstants and coupling factors.3 The influence of various mod-
fiers like Sm,4 Ba,5 Sr,6 Nb,7 Na,8 Ag,9 Dy10, etc., have been
xtensively investigated for various specific properties required
n either thin films or bulk ceramics. The various modifiers

n hard PZT’s or soft PZT’s both on A-site (Pb) and/or B-
ite (Zr/Ti) sites with pentavalent, isovalent and/or aliovalent
lements or donor/acceptor ions can effect the microstructural
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and actuators

evelopment and electromechanical properties of the ceramics.
he distribution of A-site and B-site vacancies in PLZT11 and
T12 ceramics has been extensively investigated. The ceramic
ystems of (Pb1−xXx)(Zr0.7Ti0.3)O3 (X = Ca, Sr, Ba) were inves-
igated for dielectric properties in multilayer capacitor (MLC)
pplications with thin dielectric layers.6

In an investigation of the addition of La2O3 to PbTiO3, in
elation to the partial pressure of PbO,13 it was found that spec-
mens with only A-site vacancies could be produced at low
artial pressures of PbO. All ferroelectric materials having a
ransition temperature where T > Tc the crystal does not exhibit
erroelectricity, while for T < Tc it is ferroelectric. On decreasing
he temperature through the Curie point, a ferroelectric crystal
ndergoes a phase transition from a non-ferroelectric phase to a
erroelectric phase. Particularly, donor elements like La on Pb or
b on (Zr/Ti) sites have been reported to positively influence the

eliability of PZT thin films,14 although the dielectric and ferro-
lectric properties seem to be rather decreased in contrast to what
hould be expected from effects on bulk ceramics.15 Lead may be

ubstituted by isovalent cations including Ca2+, Ba2+, Sr2+ and
d2+as well as off-valent substitutions such as rare-earth ions
m3+ and Y3+ while maintaining the perovskite crystal struc-

ure responsible for the strong ferroelectric behaviour.16 Dausch

mailto:ramamk@udec.cl
dx.doi.org/10.1016/j.jeurceramsoc.2007.01.001
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Table 1
Ba modified PLSZNT ceramic compositions

Composition mol% Formula

1 y = 0 [Pb0.9725La0.0125Sr0.015][(Zr0.53Ti0.47)0.990625Nb0.005]O3

2 y = 0.5 [Pb0.9675La0.0125Sr0.015Ba0.005][(Zr0.53Ti0.47)0.990625Nb0.005]O3

3 y = 1.0 [Pb0.9625La0.0125Sr0.015Ba0.010][(Zr0.53Ti0.47)0.990625Nb0.005]O3
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y = 1.5

eneral formula used for PLBSZNT: [Pb1−x−w−yLaxSrwBay][(ZrzTi1−z)(1−(x

= Ba in mol%. Chemical formula used for PLBSZNT: [Pb0.9725−yLa0.0125Sr0.0

nd Haertling17 have fabricated PLZT bulk ceramics and thin
lms (PLZT (2/53/47), PLZT (2/51/49) and PLZT (2/55/45))
ith different La concentration modification near MPB region

nd found higher dielectric constants. Thus, different properties,
iz. dielectric, ferroelectric, piezoelectric, etc., can be tailored
y substituting Pb with several donor or acceptor cations in the
erovskite and also by several synthesis techniques.

The purpose of the present investigation is to partially sub-
titute Pb by Ba, La and Sr near morphotrophic phase boundary
MPB) and Nb at Zr/Ti-site. This paper is aimed at developing
dielectric and piezoelectric system with enhanced dielectric

nd piezoelectric properties and the effect of isovalent Ba2+ (Tc-
hifter) on the dielectric and piezoelectric behaviour of PLSZNT
eramics. Accordingly, we have reported the structural,
ielectric and piezoelectric properties of PLBSZNT ceram-
cs in which La = 1.25 mol% = 0.0125, Sr = 1.50 mol% = 0.015,
r = 53% = 0.53, Ti = 47% = 0.47, Nb = 0.5% = 0.005 and Ba is
aried from 0, 0.5, 1 and 1.5 mol% = 0, 0.005, 0.010 and 0.015
refer Table 1). The results obtained from our studies were ana-
yzed and compared to those of the literature.

. Experimental procedure

.1. Synthesis of materials

In this study, the PLBSZNT solid solutions were pre-
ared by the solid-state reaction processing technique, starting
ith analytical reagent grade powders (purity 99.99%) of
bO, La2O3, BaCO3, SrCO3, ZrO2, TiO2 and Nb2O5.
he weighed starting reagents were mixed in appropri-
te stoichoimetric ratios with the addition of excess 5 wt%
bO to compensate lead loss during high temperature
intering to form the final composition with formula:
Pb1−x−w−yLaxSrwBay][(ZrzTi1−z)(1−(x/4)−(5/4)k)Nbk]O3 abbre-
iated hereafter as PLBSZNT where y = 0, 0.5, 1 and 1.5 mol%,
espectively. The batch powders were ball milled using zirco-
ia balls and ethanol as media for 24 h. The dried powders
ere calcined at 950 ◦C for 4 h in a high purity alumina cru-

ible by maintaining air atmosphere. Calcined powders were
all milled using zirconia balls and ethanol as media for 24 h to
rush agglomerates and to minimize the particle size. The cal-
ined fine powders were mixed with 5 wt% polyvinyl alcohol

PVA, as binder) and were compacted into disk shaped sam-
les sizing of 12 mm in diameter and 2–3 mm of thickness
sing steel die and hydraulic press under uniaxial pressure of
00–900 kg/cm2. Binder was burned off at 500 ◦C for 3 h and

3

S

[Pb0.9575La0.0125Sr0.015Ba0.015][(Zr0.53Ti0.47)0.990625Nb0.005]O3

)k)Nbk]O3, where x = La = 1.25, w = Sr = 1.50, z = Zr = 53, k = Nb = 0.5 and

y][(Zr0.53Ti0.47)0.990625Nb0.005]O3.

intered at 1225–1250 ◦C for 4 h in a lead-rich environment
nd fired in closed alumina crucibles to minimize lead oxide
olatilization. After sintering process, the samples were cooled
o the room temperature along with furnace.

.2. Structural characterization

The phase formation in the sintered specimens were ana-
yzed by applying X-ray diffraction (XRD) technique (Philips
-ray diffractometer PW-1710) using Cu K� radiation with Ni
lter at room temperature and a step scan from 2θ = 20◦ to 60◦.
s-sintered ceramic surfaces were polished, thermally etched

t 1045 ◦C for 1 h and gold coated using a sputtering tech-
ique to analyze microstructure. Microstructural studies were
bserved through scanning electron microscopy (SEM) of JEOL
odel JSM 840A. Fractured surfaces of the ceramics were also

oated with gold for SEM studies. The grain sizes were mea-
ured by the linear interception method18 with scanning electron
icrographs. The apparent densities of sintered ceramics were
easured using the Archimedes method.

.3. Dielectric and piezoelectric characterization

The lapped pellet surfaces were painted with silver paste and
ured at 600 ◦C for 1 h to form perfect electrodes on the sam-
le surfaces and these specimens were characterized for room
emperature dielectric constant (εRT), dielectric maximum (εTc),
urie temperature (Tc) and dissipation factor (tan δ) at 1 kHz
sing 4192A HP Impedance Analyzer. In this study, the temper-
ture change was provided by an automatic temperature chamber
Delta 2300) controlled by a HP computer.

The electroded specimens were poled in silicone oil bath at
00 ◦C by applying a dc field 20 kV/cm. After 24 h ageing,
he poled specimens were characterized for the piezoelec-
ric properties. The piezoelectric planar coupling coefficient
kp) was characterized using a 4192A HP impedance ana-
yzer through resonance and anti-resonance technique. The
iezoelectric charge coefficient (d33) was characterized using
Berlincourt piezo-d-meter.

. Results and discussion
.1. XRD studies of barium modified PLSZNT ceramics

Fig. 1(i–iv) depict the XRD patterns of PLSZNT and PLB-
ZNT ceramics. XRD results demonstrate that all the samples
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Fig. 1. (i–iv) XRD patterns of

ave a single phase with ferroelectric tetragonal structure and the
sovalent Ba2+ addition influenced the FETET phase to intensified
erroelectric tetragonal phase near the MPB where Zr/Ti = 53/47.
ig. 1(i) represents the ferroelectric tetragonality in PLSZNT
nd PLBSZNT ceramic system and the tetragonal peak’s
plitting has been illustrated in Fig. 1(ii–iv). In Fig. 1(ii–iv),
he tetragonal peak’s splitting of (0 0 2) and (2 0 0), (1 0 2) and
2 0 1) and (1 1 2) and (2 1 1) occurred at 2θ = 43.97◦ and 44.83◦,
9.69◦ and 50.33◦ and 54.95◦ and 55.45◦, respectively. In our
hemical compositions (refer Table 1), we have assumed that
rivalent La3+ ions partially substitute for Pb2+ (at A-site) by
reating vacancies at B-site and pentavalent Nb5+ ions partially
ubstitute for Zr4+ (at B-site) to maintain charge balance in the
erovskite. The multiple ions (La3+, Sr2+ and Ba2+; Table 219)
artially substitute for Pb2+ (at A-site) and thereby charge-
ompensation in the perovskite. The distribution of A-site and

-site vacancies in PLZT has been extensively studied by Hardtl
nd Hennings.11 These results are in agreement with previous
tudies.19–21

able 2
onic radius of different ions19

ons Ionic radii (Å)

b2+ 1.49
a2+ 1.61
r2+ 1.44
a3+ 1.36
r4+ 0.89
i4+ 0.74
b5+ 0.74

u
g
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NT and PLBSZNT ceramics.

.2. Microstructure studies of barium modified PLSZNT
eramics

Fig. 2(i) represents grain size variation of PLSZNT and
LBSZNT ceramics and Fig. 2(iii) represents the scanning elec-

ron micrograph of 1 mol% Ba modified PLSZNT fractured
eramic surface. The materials average grain size was deter-
ined directly from the SEM micrographs by using the linear

nterception method.18 The grain size of a ceramic material is a
ritical microstructure feature. The grain size in piezoelectric
aterials depends on the material composition and the sin-

ering process. It is reported that average grain size enhanced
ith the substitution of Sr in PZT22 and Nb in PZT23 accord-

ngly the grain boundary between two enhanced grains will have
elatively large grain boundary. In this investigation, Ba mod-
fication in PLSZNT ceramic system resulted in grain growth
p to 1 mol% Ba, and further Ba addition led to restrained
rain growth, where excess Ba content restricts the movement of
rains across the grain boundary causing inhibited grain growth.
t is known that the domain-wall existence and movement con-
ribute considerably to the dielectric, piezoelectric and elastic
roperties of the PZT and PLZT ceramics.24–27 The proper-
ies of PZT are known to be affected by microstructure, the
ature and amount of modifying elements.1 The average grain
ize calculated using scanning electron micrograph revealed
hat grain growth increased (2.41 �m) up to 1 mol% Ba in
LSZNT ceramic and further addition of isovalent Ba2+ resulted
n restrained the grain growth. This proves that the nature of
odifier and its concentrations affect the microstructure devel-

pment and electromechanical properties of the ceramics. These
esults are in accordance with the literature.1,18,24–27
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ig. 2. (i) Grain size variation of PLSZNT and PLBSZNT ceramics. (ii) Appar
f 1 mol% Ba modified PLSZNT fractured ceramic surface.

.3. Apparent density profile of barium modified PLSZNT
eramics

Fig. 2(ii) represents apparent density of PLSZNT and PLB-
ZNT ceramics. The apparent density is shown as a function
f Ba concentration and as the Ba content increased, densifi-
ation in ceramics achieved up to 1.5 mol% Ba in PLSZNT
eramic system. The barium addition to the PLSZNT at
PB = 53/47 remarkably increased the apparent density of

he ceramics in tetragonal phase. At the final stage of sinter-
ng, if lead vacancies are formed either by PbO evaporation
r by the diffusion of the ions, the densification process is
ccelerated.

The effect of multiple ions with small additives of isovalent
a2+ has enhanced the diffusion in the perovskite and thereby the
utward diffusion of Ba ions speeds up the densification process.
he volume diffusion, being the main mechanism, is enhanced
y the creation of Pb vacancies and it is controlled by the number
f vacancies caused by modifiers, and thus promoting density.28

he apparent density showed a maximum value of 7.748 g/cm3

t 1.5 mol% Ba. These results are consistent with the previous
nvestigations.28–31

.4. Dielectric behaviour of barium modified PLSZNT

eramics

Fig. 3(i–iv) shows: (i) room temperature dielectric constant
εRT), (ii) dielectric maximum (εTc), (iii) dielectric loss (tan δRT

f
a
a
r

nsity of PLSZNT and PLBSZNT ceramics. (iii) Scanning electron micrograph

nd tan δTc) and (iv) Curie temperature (Tc) of PLSZNT and
LBSZNT ceramics at 1 kHz, respectively. The enhanced grain
rowth showed a high dielectric constant at the Curie point. The
hemical formulae referred in Table 1 is based on the assumption
hat Ba2+, Sr2+ and La3+ partially substitutes for Pb2+ in the A-
ite of the perovskite and that vacancies are created in the B-site
o achieve charge balance. The increment of the concentration
f lead vacancies allowed the atomic diffusion process during
he sintering, thereby achieving better compositional homoge-
ization resulting in dielectric constant increment. As Ba content
ncreased, the room temperature dielectric constant (εRT = 2377)
ncreased while decreasing dielectric maximum (εTc = 11182) at
mol% Ba, respectively, with a relatively decreasing room tem-
erature dielectric loss. Usually, the dielectric maximum (εRT)
nd dielectric loss (tan δ) increase simultaneously as an effect
f enhanced mobility of domain walls caused by formation of
etal vacancies. On contrary, in our study, we observed different

endency, as dielectric maximum increased, the dielectric loss
ecreased. The Curie temperature showed a continuous decreas-
ng trend from 254 to 229 ◦C. As can be observed from Fig. 3,
a2+ partially substitutes for Pb2+ increasing the dielectric con-

tant while proportionally decreasing the Curie temperature. The
ultiple donor ions (La3+, Sr2+ and Ba2+) partially substitute

or Pb2+ (at A-site) and pentavalent Nb5+ partially substitutes

or Zr4+ (at B-site), enhancing high dielectric constant with

relatively decreasing Curie temperature and dielectric loss
t 1 kHz till 1 mol% Ba. These results comply with previous
esults.6,14,17,32–34
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.5. Piezoelectric studies of barium modified PLSZNT

eramics

Fig. 4(i and ii) depict piezoelectric charge coefficient (d33)
nd piezoelectric planar coupling coefficient (kp) of PLSZNT

ig. 4. (i and ii) Piezoelectric charge coefficient (d33) and piezoelectric planar
oupling coefficient (kp) of PLSZNT and PLBSZNT ceramics, respectively.
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), (iii) dielectric loss (tan δRT and tan δTc) and (iv) Curie temperature (Tc) of

nd PLBSZNT ceramics, respectively. Fig. 5(i and ii) depicts
he influence of grain size on piezoelectric charge coefficient
33 and piezoelectric planar coupling coefficient kp of PLSZNT
nd PLBSZNT ceramics, respectively. It is obvious that the
rain size will affect the properties of piezoelectric ceram-
cs. Fig. 5 depicts experimental results of the dependence of
iezoelectric properties on average grain size in PLSZNT and
LBSZNT ceramics. In general, piezoelectric properties of
eramics increase approximately linearly with increasing grain
ize. In PZT ceramics with a tetragonal phase (titanium-rich)
nd in PbTiO3 ceramics, both 180◦ and 90◦ domain walls exist
ear the MPB. Usually, 180◦ domains are switched sufficiently
y an external field and are stable in a poled sample.2 There are
everal parameters influencing the properties of piezoelectric
aterials, viz. homogeneity, porosity, grain size and different

ationic concentrations, etc. However, it is worth noting that
he most striking effects of the grain size are on mechani-
al rather than on electrical properties. Piezoelectric properties
re also sensitive to isovalent substitutions (Ba2+ and Sr2+) of
he cations and formation of end product solid solutions. The
iezoelectric charge coefficient (d33 = 538 pC/N) and piezoelec-
ric planar coupling coefficient (kp = 0.521) had increased up
o 1 mol% Ba, respectively. The increasing grain size relatively
nhanced the piezoelectric properties till 1 mol% Ba and fur-
her increment of isovalent Ba2+ additive controlled the d33 and
p in 1.5 mol% Ba. Our results are in conformity with those
f Ikeda27 in which it is clear that with increasing concentra-
ion of modifiers after attaining saturation, there is a decrease
n the piezoelectric properties. It was revealed that penetra-

ion of oxygen into PLZT plays dominant role in controlling
lectromechanical performance, while increased grain growth
nfluenced piezoelectric properties. These results comply with
he literature.2,22,29,35–37
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ig. 5. (i and ii) Influence of grain size on piezoelectric charge coefficient d33 a
espectively.

. Conclusion

The presence of multiple ions at A-site in the perovskite
nd average grain growth increment play an important role
n the compositional and microstructural homogenization
f PLBSZNT ceramic system. The increase of isovalent
a2+ additive enhanced grain growth. Microstructural studies

evealed that increased grain growth had influenced the density,
ielectric and piezoelectric properties. The multiple donor
ons (La3+, Sr2+ and Ba2+) partially substitute for Pb2+ (at
-site) and pentavalent Nb5+ partially substitutes for Zr4+ (at
-site), which resulted in enhanced dielectric constant with

elatively decreasing Curie temperature. It has been observed
hat there is a remarkable influence of Ba on microstructure,
hich in turn influences the piezoelectric properties (kp and

33) in PLBSZNT ceramic system. The 1 mol% Ba composition
howed optimum values of εRT, kp, d33 and low tan δ among the
eries which can be suitable for possible sensor and actuator
pplications.
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