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a b s t r a c t

In this paper, the microstructure, dielectric and piezoelectric properties of pentavalent Nb5+ on isova-
lent Sr2+ and acceptor Fe3+-modified PLZT have been reported. Nanocrystalline ceramic compositions
[Pb0.973La0.012Sr0.015][(Zr0.54Ti0.46)0.9895−(5n/4)Fe0.01Nbn]O3 (PLSZFNT) where n = 0, 0.2, 0.4, 0.6, 0.8 and
1 mol%) near morphotrophic phase boundary were fabricated through solid-state reaction method.

X-ray diffraction patterns indicated that pure PLZT showed the presence of rhombohedral phase, and Fe
eywords:
LZT
erroelectrics
ielectric response
iezoelectrics

and Sr incorporation into PLZT (PLSZFT) lattice shifted to coexistence of both rhombohedral and tetragonal
phases while increasing Nb content in PLSZFT resulted in enhanced tetragonality. The tolerance factor
(t = 1.00) indicates an ideal and stable tetragonal structure of PLSZFNT lattice. Grain size and apparent
density were maximum at Nb0.01. TEM studies indicated that average particle size ranged from 16 to
63 nm. The effect of grain growth on dielectric and piezoelectric properties were studied. The optimum
dielectric and piezoelectric properties were found (εRT = 2862, d33 = 491 pC/N and kp = 0.522) in n = 1 mol%,
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. Introduction

Lead lanthanum zirconium niobate Pb1−xLax(ZrzTi1−z)1−x/4O3,
esignated as PLZT belongs to the family of lead-based relaxor fer-
oelectrics and different cations could be doped both on the A-site
nd B-site of perovskite structure for outstanding dielectric and
lectromechanical properties. It has a relatively high ferroelectric
hase transition temperature being around ≈340 ◦C at 1 kHz. PLZT
ompounds with particular compositions manifest a rather large
alue of piezoelectric effect. This feature makes them important for
ensor and actuator applications. Perovskite-structured PLZT is also
mportant for researchers engaged in investigations of fundamental
nd functional properties of solids due to a variety of phase transi-
ions possible in these substances. These materials are also known
or their unusual phase boundary, called the morphotrophic phase
oundary (MPB) [1], which occurs at around x ≈ 53 which separates

wo structural phases rhombohedral (zirconium-rich region) and
etragonal (titanium-rich region) structures; in particular, a very
igh dielectric and piezoelectric response is recorded in and around
he MPB. The occurrence of the MPB depends mainly on the Zr:Ti
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itable for possible sensor and actuator applications.
© 2008 Elsevier B.V. All rights reserved.

atio, dopants and procedure of preparation of the samples [2,3] and
he structural modification influences the functional properties of
olycrystalline materials. Multiple ions occupation of A and/or B
ites in ABO3 compounds can influence the lattice parameters; as a
onsequence, a change in the physical and functional properties is
xpected due to the polarization [4].

High power or “hard” piezoelectric ceramics can withstand
igh levels of electrical excitation and mechanical stress. These
aterials are suited for high voltage or high power generators

nd transducers. Hard piezoelectric ceramics are more resistant
o stress-induced depolarization compared to soft piezoelectrics.
ard piezoelectric materials are characterized by a very high load
r distortion constant, low hysteresis and high Qm. Whereas, soft
iezoelectrics are less resistant to stress induced depolarization
ompared to hard piezoelectrics. “Soft” ceramics feature high sen-
itivity and permittivity, but if over driven these materials can be
amaged due to self-heating beyond their operating temperature
ange or Curie temperature. Soft piezoelectrics are used in vari-
us sensors, low-power motor-type transducers, receivers, and low

ower generators. An ideal piezoelectric ceramic could be the com-
ination of both hard (acceptor) and soft (donor) dopants near the
orphotrophic phase boundary which could be resistive as well

s sensitive. Previous investigations reported that high electrome-
hanical behaviour was found with soft doping (isovalent Ba [5]

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ramamk@udec.cl
dx.doi.org/10.1016/j.jallcom.2008.05.092
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ABO3-structured perovskite has different types of ferroic phases
including ferroelectrics, antiferroelectrics, ferroeleastics, ferro-
magnetics and coupled forms of these phases. Using the relation
K. Ramam et al. / Journal of Alloys

nd Sr [6,7]) and hard doping (acceptors Ag [8] and Fe [9,10]).
he electrical and mechanical properties of donor and/or acceptor-
odified PLZT depends on the nature of dopant, its concentration

nd its effects in stoichiometric compounds resulting in desired
nd products which influence the microstructure, being this a con-
equence of the processing route. The properties of the ceramics for
ny specific application desired can be achieved by using element
ubstitution.

PLZT has been extensively investigated for different dopants by
any researchers. However, the combination of isovalent Sr, accep-

or Fe and donor Nb (PLSZFNT, 1.2/1.5/54/1/Nbn/46) has not been
eported in the literature. Moreover, this system includes donor,
sovalent and acceptor dopants which are expected to enhance the
ielectric and piezoelectric properties. Also, there is no consen-
us on mechanisms determining the nature or influence of these
opants on dielectric and piezoelectric properties of the ceramic
ystem. The objective of this study is to investigate the combinatory
nfluence of donor, isovalent and acceptor dopants for enhanced
ielectric and piezoelectric properties and to study the composi-
ional dependence of donor Nb5+-modified PLSZFT nanoceramics.
he stoichiometric compositions are given in Table 1.

. Experimental procedure

.1. Ceramic processing

Analytical grade (99.99% purity) PbO, La2O3, SrCO3, ZrO2, Fe2O3, TiO2 and Nb2O5

owders were mixed with excess 5 wt% (optimized) PbO to form PLSZFNT. The
etailed fabrication of ceramics is reported elsewhere [5,10]. The batch powders
ere ball-milled (zirconia balls and ethanol as media for 24 h) and calcined (925 ◦C

or 3 h) in a high purity alumina crucible. Calcined powders were ball-milled (zirco-
ia balls and ethanol as media for 24 h) to crush agglomerates and to minimize the
article size. The calcined fine powders were mixed with 5 wt% polyvinyl alcohol
PVA, as binder) and were pressed into pellets (12 mm diameter and 2–3 mm thick-
ess) using steel die and hydraulic press with uniaxial pressure of 700–900 kg/cm2.
inder was burned off at 500 ◦C for 3 h and the green bodies were sintered at 1250 ◦C

or 3 h. The sintering process was conducted in a lead-rich environment and fired
n closed alumina crucibles to minimize lead oxide volatilization. After sintering
rocess, the samples were cooled to the room temperature in furnace.

.2. Structural characterization

The sintered specimens were characterized for phase formation by Philips X-ray
iffractometer for sintered specimens (PW-1710, Cu K� radiation, Ni filter, 1◦/min).

EOL JSM 840A scanning electron microscopy was used to analyze microstructure
f polished, etched and fractured ceramic surfaces. The scanning electron micro-
raphs were analyzed by linear interception method for grain sizes. JEOL JEM 1200
ransmission electron microscope was used to analyze particle size of the calcined
owders.

.3. Dielectric and piezoelectric characterization

Electroded specimens were characterized for dielectric properties (εRT, εTc, Tc

nd tan ı) by using HP-4192A Impedance Analyzer at 1 kHz. Dielectric loss D is a
ignificant factor and is usually equal to the ratio of effective series resistance to the
ffective reactance. It is the tangent of the loss angle and is given by the formula.

= tan ı = series resistance
series reactance

he dielectric constant is calculated from the following formula:

= cd

ε0A

here c is the capacitance, d is the thickness, A is the surface area of sample and ε0 is
he permittivity of free space = 8.85 × 10−12 Farad/meter. Electroded specimens were
oled in silicon oil bath at 100 ◦C by applying a dc field of 20 kV/cm. The piezoelectric
harge coefficients (d33) were characterized using a Berlincourt piezo-d-meter. The
iezoelectric planar coupling coefficient (kp) was characterized as follows—as per

he IRE standards on piezoelectric crystals: measurements of piezoelectric ceramics,
he following formula has been employed to find out piezoelectric planar coupling
oefficient (kp):

k2
p

1 − k2
p

= 2.51 ×
[

fa − fr
fr

]
F
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here kp = piezoelectric planar coupling coefficient, fr = resonance frequency and
a = anti-resonance frequency of poled ceramic. The resonance (fr) and anti-
esonance (fa) frequencies of poled samples were measured by using a 4192A HP
mpedance analyzer.

. Results and discussion

.1. XRD studies of undoped and Nb-modified PLSZFT
anoceramics

Fig. 1 represents X-ray diffraction patterns of undoped and Nb-
odified PLSZFT nanoceramics. It has been observed that pure

LZT (1.2/54/46) showed the presence of rhombohedral phase.
he incorporation of isovalent Sr2+ and acceptor Fe3+ shifted
he rhombohedral phase to coexistence with both rhombohedral
nd tetragonal phases. The initial incorporation of Nb content
0.2 mol%) resulted in coexistence of FERH (ferroelectric rhombo-
edral) and FETET (ferroelectric tetragonal) phases and further Nb
ontent (0.4 mol%) increment shifted the coexistence to tetrago-
al phase. The tetragonality increased as Nb content increased in
LSZFT lattice. The tetragonal phase with peak splittings at (0 0 2)
nd (2 0 0), and (1 1 2) and (2 1 1), respectively, can be observed in
ig. 1, and the tetragonality could be ascribed to Sr, Fe and Nb con-
ent in PLZT lattice. The donor La3+ (RLa = 1.36 Å) and isovalent Sr2+

RSr = 1.44 Å) occupies the A-site of PZT lattice partially substitut-
ng Pb2+ (RPb = 1.49 Å), while the acceptor Fe3+ (RFe = 0.645 Å) and
onor Nb5+ (RNb = 0.64 Å) occupies the B-site of PZT lattice owing to
he similar ionic radius of Zr4+ (RZr = 0.72 Å) and Ti4+ (RTi = 0.605 Å)
11]. The co-existence of tetragonal and rhombohedral phases is
ound in PLZT ceramics at or near MPB and phase stability depends
n the dopant nature, type and concentrations [12]. In our study,
he increasing Nb content resulted in phase transition from coex-
stence to tetragonal phase. The location of the MPB composition
ange is displaced towards titanium-rich end enhancing the tetrag-
nality in the lattice due to the incorporation of Nb5+ into B-site
f PLSZFT perovskite structure while stabilizing tetragonal phase
gainst rhombohedral phase [13].

.2. Tolerance factor
ig. 1. X-ray diffraction patterns of undoped and Nb-modified PLSZFT nanoceramics.
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Table 1
PLSZFNT nanoceramics synthesized

S.N. Composition Formulae

1 General formula [Pb1−x−yLaxSry][(ZrzTi1−z)(1−(x/4)−(3f/4)−(5n/4))FefNbn]O3 (PLSZFNT)
2 Chemical formula [Pb0.973La0.012Sr0.015][(Zr0.54Ti0.46)0.9895−(5n/4)Fe0.01Nbn]O3

x = La = 1.2 mol% = 0.012, y = Sr = 1.5 mol% = 0.015, z = Zr = 54 mol% = 0.54, 1 − z = Ti = 46 mol% = 0.46, f = Fe = 1 mol% = 0.01, n = Nb = 0–1 mol%
3 PLZT [Pb0.988La0.012][(Zr0.54Ti0.46)0.997]O3

4 PLSZFT, n = 0 mol% [Pb0.973La0.012Sr0.015][(Zr0.54Ti0.46)0.9895Fe0.01]O3

5 PLSZFT, n = 0.2 mol% [Pb0.973La0.012Sr0.015][(Zr0.54Ti0.46)0.987Fe0.01Nb0.002]O3

6 0.004]O
7 .006]O
8 0.008]O
9 .01]O3
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homogenization produced by greater atomic diffusion in PLSZFNT
could be attributed to the increasing concentration of lead vacan-
cies caused by the sintering temperature which may have caused
the rapid movement of the domain walls. TEM studies for calcined
PLSZFT, n = 0.4 mol% [Pb0.973La0.012Sr0.015][(Zr0.54Ti0.46)0.9845Fe0.01Nb
PLSZFT, n = 0.6 mol% [Pb0.973La0.012Sr0.015][(Zr0.54Ti0.46)0.982Fe0.01Nb0

PLSZFT, n = 0.8 mol% [Pb0.973La0.012Sr0.015][(Zr0.54Ti0.46)0.9795Fe0.01Nb
PLSZFT, n = 1 mol% [Pb0.973La0.012Sr0.015][(Zr0.54Ti0.46)0.977Fe0.01Nb0

or perovskite structural tolerance factor (t):

= rA + rX√
2(rB + rX)

here rA = ionic radii of A-site cations, rB = ionic radii of B-site
ation, rX = ionic radii of anion [14], the stability of the perovskite
hase in the perovskite family can be determined. Complex per-
vskite with ordered mixed species on a site (particularly the B-site)
ay be represented by multiples of this formula unit and larger

nit cells. The A-site is a 12-coordinated cubo-octahedral hole in
he oxygen network that is equivalent to an oxygen vacancy and is

ost readily occupied by large ions with crystal radii greater than
r equal to that of O2− (1.26) [11]. The B-site is a 6-coordinated octa-
edral site typically occupied by smaller ions. The structure may be
iewed as AO3 cubic close-packing with B ions occupying the octa-
edral voids and is therefore atomically dense. When t is equal to
, the packing is said to be ideal. When t is larger than 1, there is too
arge a space available for B ion, and therefore this ion can move
nside its octahedron. In general, to form a stable perovskite struc-
ure, one requires that 0.9 < t < 1.1. Roth [15] had made a detailed
lassification of A2+, B4+ and O2−

3 compounds. The tolerance factor
or the synthesized compositions has been represented in Table 2.
s can be evidenced from Table 2, PLZT and PLSZFNT compositions
re more stable with ferroelectric rhombohedral and ferroelectric
etragonal phases, respectively, while PLSZFT (undoped) with coex-
stence of both FERH and FETET phases has some distortions in the
attice. PLSZFNT compositions exhibited a tolerance factor of 1.00

hich is an ideal ferroelectric tetragonal structure which confirmed
he stability in the perovskite ferroelectric tetragonal phase and
upported by XRD studies.

.3. Microstructure and apparent density profile of undoped and
b-modified PLSZFT nanoceramics

Fig. 2 shows average grain size variation and apparent den-
ity of undoped and Nb-modified PLSZFT nanoceramics. Fig. 3(a–d)
hows scanning electron micrographs (fractured surfaces) of 0.2,
.4, 0.6 and 1 mol% Nb-modified PLSZFT, respectively, and Fig. 3(e
nd f) shows transmission electron micrographs of 0.6 and 1 mol%

b-modified PLSZFT, respectively. Most of the samples had an aver-
ge grain size of 1–2 �m but no distinct grain boundaries can be
bserved and nearly dense compacts of 98% theoretical density
re obtained. A fairly uniform microstructure has been observed
n Nb-modified PLSZFT ceramics as illustrated in Fig. 3. The grain

able 2
olerance factor data

omposition Tolerance factor, t

LZT 1.10
LSZFT 1.19
LSZFNT 1.00

F
m

3

3

3

rowth enhanced as Nb content increased up to 1 mol% (2.07 �m).
he rapid grain growth up to 1 mol% Nb was evidenced by the
ore-free grains along the grain boundaries and within grains. It
ppeared that 1 mol% Nb is at the threshold of the grain growth
echanism. In good agreement with the literature, a similar trend
as observed with Nb doping in PBZT relaxor ferroelectric ceramic

ystem [16]. Apparent densities of sintered ceramics were mea-
ured using the Archimedes method. The density of PLSZFNT was
igher than undoped PLZT and PLSZFT ceramics. The reasons for
nhanced density and small grain size could be due to the addi-
ion of excess PbO and the influence of Nb. The apparent density
ncreased till 1 mol% Nb constantly in PLSZFT nanoceramics when
ompared to that of undoped compositions. Microstructural stud-
es revealed that pore-free and tightly bound grains promoted the
ensification of the ceramics. The grain coarsening process at lower
emperature is negligible and a uniform microstructure is obtained.
he microstructural analysis revealed the mixture of fine and coarse
rains bounded uniformly. The increasing sintering temperature
nd the chemical diffusion of multiple dopants (La3+, Sr2+ and Nb5+)
eading to lead vacancies while Fe3+ leading to oxygen vacancies.
he oxygen vacancies are being compensated by the donor doping
nd distribution of both A-site and B-site vacancies in the lat-
ice [17]. The distribution of A-site and B-site vacancies has been
tudied extensively by Hardtl and Hennings [18]. In our investiga-
ion, the lead vacancies [19] caused by the presence of La3+ and
r2+ cations play a significant part in the microstructural homog-
nization of PLSZFNT nanoceramics. The increasing compositional
ig. 2. Average grain size variation and apparent density of undoped and Nb-
odified PLSZFT nanoceramics, respectively.
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ig. 3. (a–d) Scanning electron micrographs (fractured surfaces) of 0.2, 0.4, 0.6 and 1
f 0.6 and 1 mol% Nb-modified PLSZFT, respectively.

owders revealed that fine and semi-agglomerated nanoceramic
owders with particle size ranging from 16 to 63 nm. The donor
b modification (0–1 mol%) in the PLSZFT near MPB 54/46 remark-
bly increased the grain growth and density. We are systematically
tudying different dopants (donor, isovalent and/or acceptor) with
ifferent Zr/Ti ratios near MPB to find out the effect of dopant nature
nd its concentration on different properties. In our previous study
20], we found that grain sizes were larger than the grain sizes of
ndoped (PLSZFT) due to the variation of La (donor), Fe (acceptor)
nd Zr/Ti ratios in these compositions. In our study, it is observed
hat donor Nb content resulted in small grains with an increasing
rend of grain growth.

.4. Dielectric response of undoped and Nb-modified PLSZFT
anoceramics
Fig. 4 shows (a) room temperature dielectric constant (εRT),
b) Curie temperature (Tc), (c) dielectric loss (tan ıRT) and (d)
ielectric maximum (εTc) of undoped and Nb-modified PLSZFT
anoceramics, respectively. The maximum dielectric response was

c
i
s
a
N

Nb-modified PLSZFT, respectively, and (e and f) transmission electron micrographs

bserved in 1 mol% Nb (2862). The dielectric constant is proportion-
lly dependent on the grain size with the sintering temperature.
he increasing Nb content led to a significant increase in the
ielectric constant when compared to undoped composition. The
ielectric constant showed an increasing trend which is quite con-
rary to the results reported by Klissurska et al. [21] who found
ecreasing ε with increasing Nb content in thin films. The Curie
emperature (Tc) decreases with increasing Nb content. This trend
s well in agreement with the results reported for PNZT ceramics

ith compositions in the tetragonal phase [22]. It is well known
hat Nb5+ preferentially substitutes the Zr-site which will shift the
omposition towards Ti-rich side with low Tc temperatures. The
icrostructure parameters influence the electrical and mechani-

al properties of the ceramics [23]. The dielectric and piezoelectric
roperties of PZT and PLZT ceramics are influenced by domain-wall
xistence and its movement [24]. The dopants and their con-

entrations in Ferroelectric tetragonal (FETET) domain orientation
nfluence the domain-wall motion. The increase in dielectric con-
tant could be ascribed to the modification of A-site cations (La3+

nd Sr2+) donor and isovalent dopant substituting Pb2+ and donor
b5+ substituting Zr4+/Ti4+ at B-site, and thereby reducing the
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Fig. 4. (a) Room temperature dielectric constant (εRT), (b) Curie temperature (Tc), (c) diel
PLSZFT nanoceramics, respectively.
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ig. 5. Piezoelectric properties (piezoelectric charge coefficient (d33) and piezo-
lectric planar coupling coefficient (kp)) of undoped and Nb-modified PLSZFT
anoceramics, respectively.

xygen vacancies created by acceptor Fe3+ in the perovskite lat-
ice. The dielectric loss (tan ıRT) gradually decreased from undoped
o 1 mol% Nb in the series. It is reported that Nb doping unam-
iguously induces a softening effect and higher dielectric constant,
igher piezoelectric coefficients and electromechanical coupling
oefficients can be obtained [25] and our results are consistent with
his observation reported in the literature.

.5. Piezoelectric properties of undoped and Nb-modified PLSZFT
anoceramics

Fig. 5 shows the piezoelectric properties (piezoelectric charge

oefficient (d33), and piezoelectric planar coupling coefficient (kp))
f undoped and Nb-modified PLSZFT nanoceramics, respectively. It
s observed that d33 and kp enhanced with increasing Nb modifica-
ion in PLSZFT series. The piezoelectric properties depend on many
actors namely compositional dependence of intrinsic properties,

s
g
e
p
t

ectric loss (tan ıRT) and (d) dielectric maximum (εTc) of undoped and Nb-modified

omain-wall movement, nature, amount of dopant concentrations,
tc. The piezoelectric charge coefficient, d33 = 491 pC/N and piezo-
lectric planar coupling coefficient, kp = 0.522 exhibited optimum
alues at 1 mol% Nb. The enhanced piezoelectric properties may
e due to the donor dopants which reduces the concentration of
he intrinsic oxygen vacancies created due to PbO evaporation dur-
ng the sintering of PZT ceramics and introduces lead vacancies to

aintain the charge neutrality [26]. It is evident that dense ceram-
cs would have better piezoelectric properties. The combinatory
nfluence of donor, isovalent and acceptor dopants have induced
he polarization and enhanced the mobility of ferroelectric domains
hich facilitated grain growth enhancement in the nanoceram-

cs influencing domain orientation resulting in enhancement of
lectro-mechanical activity. As a result, donor Nb modification
n PLSZFT lattice has remarkably influenced the corresponding
iezoelectric properties and high piezoelectric coefficients were
chieved [27].

. Conclusion

The structural, dielectric and electromechanical properties of
onor Nb5+-modified PLSZFT ceramic system had been studied.

n Nb-modified PLSZFT ceramics, microstructural evolution and
ucleation enhanced the crystallization process. The constituent
opants helped in achieving dense ceramics in the tetragonal sym-
etry supported by tolerance factor. The tolerance factor (t = 1.00)

ndicates an ideal and stable tetragonal structure of PLSZFNT lattice.
-ray diffraction results exhibited that Nb modification resulted in
hemical homogeneity and diffusivity in PLSZFT nanoceramics sup-
orted by tolerance factor. Nb modification resulted in small grain

ize and increasing Nb content resulted in enhancement of grain
rowth which in turn enhanced dielectric and piezoelectric prop-
rties. The optimum dielectric response and electromechanical
roperties of 1 mol% Nb-modified PLSZFT nanoceramic composi-
ion could be suitable for possible sensor and actuator applications.
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