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a b s t r a c t

Polycrystalline (1 − x)PLZT–xPBBiN ferroelectric complex ceramic nanocomposites were synthesized
through high-energy mechanical activation technique. It is found that milling time has a significant
impact on the phase formation, particle size and grain growth. The optimized compositions were sub-
jected to XRD, SEM, dielectric and piezoelectric studies. Powder X-ray diffraction studies revealed that the
nanocomposites consisted of both perovskite (tetragonal) and tungsten bronze (orthorhombic) structures
whilst pure PLZT showed perovskite structure and pure PBBN showed tungsten bronze structure. As the
erroelectrics
-ray diffraction
ielectric response
echanical activation

iezoelectricity

PBBN content increased, the in situ prepared perovskite and tungsten bronze nanocomposites revealed
a bi-phase formation. It is worth mentioning that crack-free nanoceramic composites were obtained.
The maximum dielectric constant (εRT = 2509), piezoelectric planar coupling coefficient (kp = 0.584) and
the piezoelectric charge coefficient (d33 = 596 pC/N) were observed for x = 0.6 nanoceramic composite. It
has been observed that the dielectric and piezoelectric constants increased gradually with increasing x
up to 0.6 and was found optimum, which could be ideal for electromechanical and energy harvesting

applications.

. Introduction

Tungsten bronzes MxWO3 (M = alkali atoms) have long been
he subject of investigations for their interesting structural, elec-
ronic, and electrooptic properties [1,2]. The word “bronze” has
een applied to non-stoichiometric crystalline of transitional metal
xide, especially ternary (tetragonal tungsten bronze (TTB), hexag-
nal tungsten bronze (HTB) and intergrowth tungsten bronze (ITB))
ystems. The crystalline structure of tungsten trioxide is based on
orner-shared W O octahedra [3]. Ferroelectric compositions of
he tungsten bronze-type can be represented by the chemical for-

ula (A1)2(A2)4(C)4(B1)2(B2)8O30, where positions A1, A2, B1, B2
nd C will be filled by different valency cations or may be partially
mpty. In tungsten bronze niobates, B1 and B2 are filled by Nb5+,
1, A2 and C could be filled by alkali and alkaline earth metal ions.
ne of the important tungsten bronze relaxor ferroelectrics is lead

arium niobate PbxBa1−xNb2O6 (PBN) solid solution because of its
orphotrophic phase boundary (MPB) and its potential applica-

ions [4,5]. The tungsten bronze crystal structures especially the
arium Strontium Niobate (Ba0.27Sr0.75Nb2O5.78) with Tc = 348 ± K

∗ Corresponding author. Tel.: +56 41 2203369; fax: +56 41 2203391.
E-mail address: ramamk@udec.cl (K. Ramam).
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oi:10.1016/j.jallcom.2009.08.082
© 2009 Elsevier B.V. All rights reserved.

which crystallizes in the tetragonal system have been discussed [6].
Another in-depth study of ferroelectric tungsten bronze-type crys-
tal structures of Ba(4+x)Na(2−2x)Nb10O30 with a Curie temperature
of 833 K which crystallizes in the orthorhombic system have been
reported [7].

At the same time, the electromechanical properties of well
known perovskite Pb(Zr,Ti)O3 ceramics can be improved by addi-
tives [8]. The donor ions like La3+ incorporated into the PZT lattice
can be tailored for specific desired properties, such as dielectric, fer-
roelectric and piezoelectric properties for specific applications. The
lanthanum-modified PZT known as PLZT [(Pb2+,La3+)(Zr4+,Ti4+)O3]
near morphotrophic phase boundary (MPB with Zr/Ti ratio ≈ 52/48)
has been extensively studied and tailored for specific properties,
since these compositions contribute better ferroelectric and piezo-
electric properties [9]. The conventional solid state reaction route
to synthesize tungsten bronze involves mixing of oxides in sto-
ichiometric ratios, calcination and sintering process at elevated
temperatures ≈ 1200–1300 ◦C [10,11]. The influence of SrBi2Nb2O9
(SBN) on dielectric and ferroelectric properties of (PLZT) ceram-

ics was systematically investigated [12]. La3+-doped and undoped
PBN56 ceramics were studied in order to investigate the composi-
tion range for the formation of the orthorhombic phase caused by
the La3+ doping [13]. However, the concern is about the undesirable
lead loss, which influences structural and functional properties.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ramamk@udec.cl
dx.doi.org/10.1016/j.jallcom.2009.08.082
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o overcome this limitation, it is certainly essential to have a
rocess, where lead loss can be restricted by processing at low
emperatures. Nanocrystalline materials are of great interest both
rom technology and applications viewpoint. Since properties of
anocrystalline materials are synthesis/process dependent, much
ttention is therefore, required towards the process optimization
f nanomaterials.

It is well known that perovskite materials have been extensively
nvestigated for several tailored properties [14]. In general, there
re different techniques that have been explored for the synthe-
is route but the mechanical activation route has extremely been
imited to understand the effect of PLZT–PBBiN composites on sev-
ral tailored characteristics. Mechanical activation process can also
e termed as high-energy ball milling, high-energy mechanical
illing, high-energy mechanical activation or mechanical alloying,

tc. In this study, we report the structural and functional properties
f binary structured (1 − x)PLZT–xPBBiN composites synthesized
hrough mechanical activation technique.

. Experimental procedure

.1. Synthesis of (1 − x)PLZT–xPBBiN nanocomposites

Analytical reagent grade (99.99% purity) starting materials (PbO, La2O3, ZrO2,
iO2, BaCO3, Bi2O3 and Nb2O5 (Sigma–Aldrich, USA) were subjected to high-energy
echanical activation milling to obtain PLZT–PBBN composites with the stoichio-
etric formula (1 − x)[Pb0.988La0.012(Zr0.53Ti0.47)0.997O3]–x[Pb0.59Ba0.38Bi0.02Nb2O6].

lease refer Table 1. The synthesis was carried out using Fritsch Pulverisette 5 ball
illing system. Appropriate amounts of the constituent oxides as per the stoichio-
etric compositions were mixed together and milled in a 250 ml agate bowl with

igh wear resistant Zirconia grinding media. The balls were 3 mm in diameter, and
he ball to powder ratio was 10:1 and milling was carried out in toluene medium.

illing was done at a speed of 150, 200, 250 and 300 rpm for 20, 25, 30, 35 and 40 h.
he milling was stopped for 5 min after every 30 min of milling to cool down the
ystem. The milled powders were calcined at 850 ◦C for 2 h. Calcined batch pow-
ers were ground for crushing agglomerates and 5 wt% PVA binder was added, and
ubsequently powders were pressed into pellets of 12 mm in diameter and 2 mm
hickness, using a steel die and uniaxial hydraulic cold pressing with pressures of
00–900 kg/cm2. The green bodies were sintered at 1025 ◦C for 2 h and samples were
llowed to cool in the furnace.

.2. Structural characterization of (1 − x)PLZT–xPBBiN nanocomposites

The phase formation in the nanocomposites were analyzed by powder X-ray
iffraction (XRD) technique (Philips X-ray diffractometer PW-1710) using CuK�

adiation with Ni filter at room temperature and a step scan from 2� = 20–80◦ .
EOL JSM 840A scanning electron microscopy was used to analyze microstructure
f polished, etched and fractured ceramic surfaces. The morphology of nanoparti-
les was observed by JEOL TEM 1200 transmission electron microscope. Densities
f sintered batch samples were measured by Archimedes method. Polished and sil-
er electroded specimens were characterized for temperature dependent dielectric
esponse by using HP 4192A impedance analyzer and a programmable furnace. The
lectroded specimens were poled in silicon oil bath at 100 ◦C by applying a dc field
f 20 kV/cm. After 24 h ageing, the poled specimens were characterized for piezo-
lectric studies. The piezoelectric charge coefficient (d33) was characterized by using
Berlincourt piezo-d-meter. The piezoelectric planar coupling coefficient (kp) was

haracterized through resonance and anti-resonance technique by using a 4192A
P impedance analyzer.

. Results and discussion

.1. Optimization of (1 − x)PLZT–xPBBiN nanocomposites

The evolution of the phase formation from oxide precursors
aused by high-energy mechanical activation process is milling
peed and time dependent. We had taken x = 0.2 composition in this
eries which was milled at a speed of 150, 200, 250 and 300 rpm
or 20, 25, 30, 35 and 40 h and milled powders were subjected

o XRD for optimization. The milling was stopped for 5 min after
very 30 min of milling to cool down the system. It is found that
illing time has a significant impact on the phase formation. It

s observed for x = 0.2 composition in (1 − x)PLZT–xPBBiN, 250 rpm
illing speed for 25 h had shown best results than other milling Ta
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substitution of Pb2+ by Ba2+ and Bi3+ resulted in chemical homo-
ig. 1. X-ray diffraction patterns of (1 − x)PLZT–xPBBiN nanoceramic composites.

peed and hours. Thus, the optimized conditions in this series
mongst different milling speed and hours are Fritsch Pulverisette
illing process at a speed of 250 rpm for 25 h. The literature survey

ndicated that PLZT [15], PZT [16] and PBN [17] ceramics have been
ynthesized separately through high-energy mechanical activation
rocess and to the best knowledge of the author there is no liter-
ture on (1 − x)PLZT–xPBBiN complex ferroelectric nanocomposite
ystem.

.2. X-ray diffraction patterns of (1 − x)PLZT–xPBBiN
anocomposites

Fig. 1 indicates powder X-ray diffraction patterns of
1 − x)PLZT–xPBBiN nanocomposites. Fig. 2 shows powder X-ray
iffraction pattern of 0.4PLZT–0.6PBBiN nanoceramic compos-

te with standard diffraction files 29-776-PLZT-Tetragonal and

3-196-PBN-Orthorhombic phases. X-ray diffraction studies of
omplex composite indicated coexistence of perovskite PLZT
tetragonal) and tungsten bronze PBBiN (orthorhombic) phases
hilst pure PLZT showed perovskite tetragonal symmetry and

Fig. 2. X-ray diffraction pattern of 0.4PLZT
ompounds 488 (2009) 211–216 213

pure PBBN showed orthorhombic tungsten bronze symmetry.
As the PBBN content increased, the in situ prepared perovskite
and tungsten bronze complex composite revealed a bi-phase
formation. It is found from Fig. 1 that the intensities of XRD
peaks of the tungsten bronze phase gradually increase with the
increase of x throughout the series. This is due to the mixture
of crystallization between the two phases, predominantly with
tungsten bronze phase as x increased. As we have chosen the
compositions near morphotrophic phase boundary (MPB) in both
perovskite 1 − x(PLZT) and tungsten bronze x(PBBiN) compounds,
the XRD analysis indicated combined phases. However, it is
observed that the shifts of the tungsten bronze phase are more
than those of perovskite phase due to the variation of PBBiN in
the nanoceramic composite. In the literature, it is reported that
Barium Strontium Titanate Niobate (BSTN) composite ceramics
showed coexistence of perovskite and tungsten bronze phases
and the crystal growth rate of the tungsten bronze phase was
higher than that of perovskite phase in BSTN composite ceramics
as the sintering temperature increased [18]. It is reported that
BST and SBN composite ceramics were prepared in which the
coexistence of perovskite (BST) and tungsten bronze (SBN) were
observed [19]. In our study, as the tungsten bronze content was
increased, Ba2+ ions substituted Pb2+ and influenced the bi-phase
formation. Due to the large Ba2+ ions (1.61 Å) substituting Pb2+

(1.49 Å) ions in two mixed phases, the XRD peaks of the two mixed
phases shifted to lower angles of 2�. Hence, mixture of tetragonal
and orthorhombic characteristics has been strongly identified in
x = 0.6 which is illustrated in Fig. 2. However, there is coexistence
of both 180◦ and 90◦ domains due to the mixed phases. The
geneity as evidenced in Fig. 1 which had a profound influence
on the structural and functional properties of the composites.
In literature, tungsten bronze structured Ba2NaNb5O15 (BNN)
and perovskite structured BaTiO3 (BT) examined as a function

–0.6PBBiN nanoceramic composite.
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ig. 3. Scanning electron micrograph of 0.4PLZT–0.6PBBiN nanoceramic composite.

f molar ratio x in (1 − x)Ba2NaNb5O15–xBaTiO3 and coexis-
ence of tungsten bronze and perovskite phases were observed
20]. A similar coexistence of phases has been noticed in our
tudy.

.3. Structural characterization of (1 − x)PLZT–xPBBiN
anocomposites

Fig. 3 represents scanning electron micrograph of
.4PLZT–0.6PBBiN nanoceramic composite. Fig. 4 shows transmis-
ion electron micrograph of 0.4PLZT–0.6PBBiN. Microstructural
roperties revealed homogenous grain growth with well-densified
anoceramic composites. Scanning electron micrograph shows a
ixture of semi-spherical grains of perovskite PLZT and elongated

rains of tungsten bronze PBBiN. It is worth mentioning that
rack-free nanoceramic composites were obtained. It is observed
hat high-energy mechanical activation route supported in rel-
tively lowering the sintering temperature to 1025 ◦C and in
voiding lead loss. It was observed that milling speed (250 rpm)
nd time (25 h) were crucial in obtaining crack-free microstructure
upported by surfacial crack-free particles as evidenced in TEM
icture. On the contrary, lower milling speed (150 and 200 rpm)
nd time resulted in micro-particles and higher or prolonged
illing speed (300 rpm) and time resulted in surfacial cracks. As x

PBBiN) increased, elongated homogenous grains were evidenced.

he well-densified nanocomposites obtained in this study could
e due to the volumetric expansion in the lattice in view of the
act that both perovskite and tungsten bronze phases coexist in
inary structured nanoceramic composites. The TEM micrograph

Fig. 4. Transmission electron micrograph of 0.4PLZT–0.6PBBiN.
ompounds 488 (2009) 211–216

shows more or less spherical particle morphology and average
particle size ranged from 12 to 76 nm. The density of these
nanoceramic composites showed an increasing trend from x = 0
(7.67 g/cm3) to x = 1 (7.34 g/cm3). It was observed in the literature
that the density of 0.7BaO–0.3SrO–0.7TiO2–0.3Nb2O5 (BSTN)
composite ceramics had no significant change with the sintering
temperature increasing from 1275 to 1300 ◦C and confirmed that
there were porous grains and the variation of measured porosity
influenced the density [17]. In our study, the (1 − x)PLZT–xPBBiN
ceramic composite indicated homogenous crystallization and
microstructure which could be attributed to the multiple unit
cell volume increase and expansion of the crystal structure due
to the introduction of PBBiN in PLZT. As x increased, the crys-
tallization increased due to the presence of multiple cations,
improving the composite densification and increasing the mobility
of the ferroelectric domain wall orientation which resulted in
enhanced functional properties. It was observed that x = 0.6 com-
position showed well-densified homogenous grains. In literature,
PLZT ceramics synthesized via mechanical activation processing
revealed the formation of powders on the nano-scale which is
comparable with our study [20]. (1 − x)Ba2NaNb5O15–xBaTiO3
generated an abnormal grain growth which is probably due to
a liquid phase originated from the second phase [21]. Whereas
in our study, SEM picture revealed the intergrowth phases
with both intragranular (perovskite PLZT–perovskite PLZT,
tungsten bronze–PBBN–tungsten bronze PBBN, respectively)
and intergranular (perovskite PLZT–tungsten bronze PBBN)
growth.

3.4. Dielectric properties of (1 − x)PLZT–xPBBiN nanocomposites

Fig. 5 shows the dielectric properties of (1 − x)PLZT–xPBBiN
nanoceramic composites. It is observed that the dielectric con-
stant increased gradually with increasing x (PBBiN) up to 0.6
(optimum) and thereafter decreased which could be due to the
multiple cationic arrangements in the nanoceramic composite. The
increase in dielectric constant could be attributed to the space
charge polarization and presence of two trivalent ions internally
substituting the respective lattices, La3+ ions in PZT and Bi3+ ions
in PBN by forming PLZT–PBBiN ceramic composite with both ABO3
and MxWO3 structures in a single composite. Moreover, both the
compounds are almost near the MPB range and allow the com-
posite in drastically changing the polarization with temperature,
which resulted in increased dielectric constant and dielectric max-
imum. The dielectric constant at room temperature (εRT = 2509)
and dielectric maximum at transition temperature (εTc = 16328)
were found optimum for x = 0.6 at frequencies of 1 kHz. The dielec-
tric loss continuously decreased both at room temperature and
transition temperature along with Curie temperature (322–207 ◦C).
The trend of Tc, tan ıRT and tan ıTc were continuously decreas-
ing throughout the series whilst εRT and εTc were maximum at
x = 0.6 and thereafter decreased. In literature, the dielectric per-
mittivity is higher and the diffused phase transition is lesser
when PBN is closer to the morphotrophic phase boundary [22].
In our study, we chose the compositions near morphotrophic
phase boundary of perovskite PLZT and tungsten bronze PBBN
in order to achieve a combined effect of both distinct structures.
There has been tremendous study on the synthesis of ferroelec-
tric ceramic materials via high-energy mechanochemical technique
[23]. However, there is no literature on the synthesis and charac-
terization of binary structured (1 − x)PLZT–xPBBiN nanocomposites

processed via high-energy mechanical activation technique. It has
been reported in the literature that there was no significant dif-
ference observed in dielectric properties of PLZT 7/60/40 ceramics
with and without excess PbO at higher sintering temperatures [24].
Whereas, in our study the combination of perovskite PLZT and tung-
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Fig. 5. Dielectric properties of (1 −

ten bronze PBBiN resulted in tremendous increase in the dielectric
onstant.

.5. Piezoelectric properties of (1 − x)PLZT–xPBBiN
anocomposites

Fig. 6 depicts piezoelectric properties (piezoelectric charge

oefficient, d33 and piezoelectric planar coupling coefficient, kp)
f (1 − x)PLZT–xPBBiN nanoceramic composites. The piezoelectric
harge coefficient (d33) and piezoelectric planar coupling coeffi-
ient (kp) exhibited optimum values at x = 0.6. The dependence

ig. 6. Piezoelectric properties of (1 − x)PLZT–xPBBiN nanoceramic composites.
–xPBBiN nanoceramic composites.

of piezoelectric properties on microstructural evolutions associ-
ated with the PLZT perovskite phase in conjunction with tungsten
bronze PBBiN phase could have enhanced the domain orienta-
tion and thus ionic and electronic polarization. Certainly, denser
ceramic composite would have better piezoelectric properties.
As a result, high piezoelectric coefficients were achieved in this
study. Furthermore, presence of multiple ions of both PLZT and
PBBiN in a single ceramic composite influenced the domain ori-
entation and thus, resulted in enhanced piezoelectric properties.
The poling process remarkably improved the domain orienta-
tion in these dense nanoceramic composites; as a result these
composites (PLZT–PBBiN) influenced an electrical response due
to a mechanical excitation and a mechanical response due to an
electrical excitation. The maximum piezoelectric planar coupling
coefficient (kp = 0.584) and the piezoelectric charge coefficient
(d33 = 596 pC/N) was observed for x = 0.6 nanoceramic compos-
ite. It is reported in literature that the piezoelectric constant for
(K0.5Na0.5)0.94Li0.06(Na0.94Sb0.06)O3 ceramic (d33 = 212 p/CN) and
planar electromechanical coupling factor kp = 46% was the max-
imum at KNLNS–x/0.06 ceramic [25]. It is well known that the
morphotrophic phase boundary (MPB) plays a significant role
in the enhancement of functional properties [8]. Generally, the
piezoelectric properties of the ceramics are optimal near the MPB
region due to the polarization states resulting from coexistence
of two phases. A MPB is defined as an abrupt structural change

in a solid solution with variation in composition [26]. In our
study, we have observed that coexistence of two distinctly struc-
tured nanoceramic composite near MPB was optimum at x = 0.6
which could be ideal for electromechanical and energy harvesting
applications.
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. Conclusion

The high-energy mechanical activation milling process was
ptimized at a speed of 250 rpm for 25 h through Fritsch
ulverisette mill. The nanoceramic composite in which both per-
vskite and tungsten bronze phases coexisted were successfully
repared in situ. X-ray diffraction studies of (1 − x)PLZT–xPBBiN

ndicated a coexistence of perovskite and tungsten bronze phases.
he homogenously distributed grains of both perovskite and tung-
ten bronze confirm well-densified nanoceramic composites. The
ielectric constant at room temperature and dielectric maximum at
ransition temperature were found optimum at x = 0.6 at frequen-
ies of 1, 100 and 200 kHz, respectively. The dielectric loss and Curie
ransition temperature continuously decreased. The optimum
iezoelectric planar coupling coefficient (kp = 0.584) and the piezo-
lectric charge coefficient (d33 = 596 pC/N) was observed in x = 0.6
anoceramic composite processed through non-conventional syn-
hesis by mechanical activation (MA) technique which could be
deal for electromechanical and energy harvesting applications.
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