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PLZT-modified relaxor piezoelectric ceramic system for medical diagnostic applications
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The piezoelectric ceramic system [Pb0.978−yLa0.012Ba0.01Sry][(Zr0.534Ti0.466)0.987Nb0.008]O3 (PLBSZNT) has been fabricated
for use in medical diagnostics applications. The fundamental pre-requisites are high-density, high dielectric constant and
high piezoelectric properties that serve as compatible ceramic materials for medical diagnostic applications. It is essential
for sensitive transducers that the piezoelectric ceramics must efficiently convert between electrical and mechanical energy,
and so the electromechanical coupling coefficients should be high, as the fabrication process of tiny elements for medical
arrays must be carried out without damaging the material and its properties. In our study, Sr-modified PLBZNT had shown
single ferroelectric tetragonal phase. An analysis of different Sr doping concentration is reported, and the high dielectric
permittivity, low dielectric loss along with high electromechanical properties indicate that PLBSZNT is suitable for medical
diagnostic applications as well as sensors and actuators.
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1. Introduction

Piezoceramics based on lead zirconate titanate (PZT), well
known for its outstanding electromechanical properties, are
widely used for various potentially medical ultrasonic imag-
ing/diagnostic applications (Gururaja 1994; Smith 1990).
Piezoelectric composites with 1–3 connectivity (Newnham
et al. 1978) have received a great deal of attention in med-
ical imaging applications due to their similar properties
to that of human tissues than other materials, and due to
increased electromechanical coupling coefficients. There
have been many fabrication structures developed for these
applications, depending on the tailored properties, with sev-
eral modifiers or substituents by different synthesis routes
(Janas and Safari 1995; Lubitz 1993) both in bulk ceramic
and thin film form.

In the past, fabricated material was used for suitable
device-oriented applications. The advances in the field of
ferroelectric and piezoelectric device development resulted
in a revolution and the beginning of a new direction, namely
the tailoring of a material to a specific application desired.
Accordingly, the advancement in the field of ferroelectric
and piezoelectric device development led to tailoring of
properties to an optimum extent for the specific applica-
tion desired (Heartling 1983). Piezoelectric devices have
recently been used successfully in a range of medical appli-
cations, including an artificial fertilisation system, a medi-
cal micro-pump, micro-monitoring and surgery devices and
drug delivery devices. Piezoelectric materials are suitable
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for medical applications since they produce no electromag-
netic noise and are highly efficient. Piezoelectric materi-
als having large electromechanical coupling coefficients,
where kt > 0.4 and kp > 0.6 (characterising the electrical-
to-mechanical energy conversion efficiency), and high di-
electric constant and piezoelectric charge coefficient (d33)
with low dielectric loss (tan δ < 0.05) serve as compati-
ble materials for ultrasonic applications (Koduri and Lopez
2007).

The objective of this study has therefore been to find an
alternative or more stable material system which would not
only offer the desired material characteristics for medical
applications, but also allow a simple solid-state conven-
tional processing route where highly predictable results can
be obtained. Modified PLZT has been investigated since
many decades and extensive work has been done on bi-
nary and ternary relaxor systems such as PMN-PZT (Had-
jicostis et al. 1984), PZN-PLZT (Deng et al. 2006), PMN-
PLZT (Ramam and Lopez 2007) and modified PLZT (Ra-
mam and Miguel 2006). The compositions synthesised have
been represented in Table 1. The work in this investigation
has been concentrated on the development of a solid so-
lution herein named as PLBSZNT, which was found to be
easier to process and at the same time could give max-
imum dielectric permittivity and high piezoelectric cou-
pling coefficients with low dielectric loss. Furthermore, an
in-depth exploration of the ferroelectric tetragonal phase
region near the morphotrophic phase boundary (MPB) will
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Table 1. Sr-modified PLBZNT ceramic compositions.

General formula [Pb1−w−x−yLawBaxSry][(ZrzTi1−z)(1−(w/4)−(5/4)k)Nbk]O3 (PLBSZNT)
Chemical formula [Pb0.978−yLa0.012Ba0.01Sry][(Zr0.534Ti0.466)0.987Nb0.008]O3 (PLBSZNT)
Mol% La = w = 1.2, Ba = x = 1, Zr = z = 53.4, Ti = 1-z = 46.6,

Nb = k = 0.8 mol%, respectively.
y = 0 mol% Sr [Pb0.978La0.012Ba0.01][(Zr0.534Ti0.466)0.987Nb0.008]O3

y = 1 mol% Sr [Pb0.968La0.012Ba0.01Sr0.01][(Zr0.534Ti0.466)0.987Nb0.008]O3

y = 2 mol% Sr [Pb0.958La0.012Ba0.01Sr0.02][(Zr0.534Ti0.466)0.987Nb0.008]O3

y = 3 mol% Sr [Pb0.948La0.012Ba0.01Sr0.03][(Zr0.534Ti0.466)0.987Nb0.008]O3

y = 4 mol% Sr [Pb0.938La0.012Ba0.01Sr0.04][(Zr0.534Ti0.466)0.987Nb0.008]O3

provide an insight into the compositional dependence of
the piezoelectric properties, hence Zr/Ti = 53.4/46.6 has
been chosen for this study. Emphasis is laid on the effect of
Sr in the PLBZNT system and its effect on microstruc-
ture in turn influencing the dielectric and piezoelectric
properties.

2. Experimental procedure

2.1. Synthesis of materials

PLBSZNT solid solutions were prepared by the solid-
state reaction processing technique, starting with analyti-
cal reagent-grade powders (purity 99.99%) of PbO, La2O3,
BaCO3, SrCO3, ZrO2, TiO2 and Nb2O5. The weighed start-
ing reagents were mixed in appropriate stoichiometric ra-
tios with the addition of excess 5 wt% PbO to compensate
lead loss during high-temperature sintering to form the fi-
nal composition (abbreviated hereafter as PLBSZNT). The
batch powders were ball-milled using zirconia balls and
ethanol as media for 24 h. The dried powders were cal-
cined at 925◦C for 4 h in a high-purity alumina crucible by
maintaining air atmosphere. Calcined powders were ball-
milled using zirconia balls and ethanol as media for 24 h to
crush agglomerates and to minimise the particle size. The
calcined fine powders were mixed with 5 wt% polyvinyl
alcohol (PVA, as binder) and were compacted into disk-
shaped samples sizing 12 mm in diameter and 2–3 mm in
thickness using steel die and hydraulic press under uniax-
ial pressure of 700–900 kg/cm2. The binder was burnt off
at 500◦C for 3 h and sintered at 1225–1250◦C for 4 h in
a lead-rich environment and fired in closed alumina cru-
cibles to minimise lead oxide volatilisation. After the sin-
tering process, the samples were furnace-cooled to room
temperature.

2.2. Structural characterisation

The sintered specimens were analysed by Philips X-ray
diffractometer PW-1710 using CuKα radiation with Ni fil-
ter at room temperature and a step scan from 2θ = 20◦

to 60◦. As-sintered ceramic surfaces were polished, ther-
mally etched at 1045◦C for 1 h and gold-coated (including

fractured surfaces) using a sputtering technique to anal-
yse microstructure. Microstructural studies were observed
through scanning electron microscopy (SEM) of JEOL
Model JSM 840A. The grain sizes and apparent densities
of sintered ceramics were measured by the linear intercep-
tion method with scanning electron micrographs and the
Archimedes method, respectively. The particle size of the
calcined powders was studied using a transmission electron
microscope (JEOL JEM 1200).

2.3. Dielectric and piezoelectric characterisation

The lapped pellet surfaces were painted with silver paste
and cured at 600◦C for 1 h to form perfect electrodes on the
sample surfaces and these specimens were characterised for
room temperature dielectric constant (εRT), dielectric max-
imum (εTc), Curie temperature (Tc) and dissipation factor
(tan δ) at 1 kHz using the 4192A HP Impedance Ana-
lyzer. In this study, the temperature change was provided
by an automatic temperature chamber (Delta 2300) con-
trolled by HP computer. The electroded specimens were
poled in silicone oil bath at 100◦C by applying a dc field
20 kV/cm. After 24-h ageing, the poled specimens were
characterised for the piezoelectric properties. The piezo-
electric coefficients (planar coupling coefficient (kp) and
thickness coupling coefficient (kt )) of the poled samples
were characterised by using the 4192A HP Impedance An-
alyzer through resonance and anti-resonance techniques.
The piezoelectric charge coefficient (d33) was characterised
by using a Berlincourt piezo-d-meter.

3. Results and discussion

3.1. Phase and microstructure characterisation

Figure 1 shows (a) X-ray diffraction patterns (XRD) of
PLBSZNT ceramics, (b) Bragg angle (43◦ to 57◦) to indi-
cate peak splitting (002) and (200), and (112) and (211) of
4 mol% Sr, (c) Bragg angle (43◦ to 46◦) to indicate peak
splitting (002) and (200), and (d) Bragg angle (54◦ to 56◦)
to indicate peak splitting (112) and (211). XRD reveals
a single-phase material with tetragonal structure. It is ob-
served that as the Sr content increased, the tetragonality
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Figure 1(a–d). X-ray diffraction patterns of PLBSZNT ceramic system.

intensified when compared to the undoped composition.
The zirconium (PbZrO3)-rich end is rhombohedral and the
titanium (PbTiO3)-rich end is tetragonal, and the MPB sep-
arates these two regions. It is known that (Pb, La)(Ti, Zr)O3

solid solutions with compositions on the tetragonal side
near the MPB have excellent electrical properties. It is also
known that at the MPB, the coercive field is minimal and
the domain wall movement is the strongest. The phase for-
mation depends on the composition dependence of intrinsic
properties which is inherent to a single-phase. It is noticed
that the tetragonal peaks intensified as the Sr content in-
creased and no secondary phases were observed and showed
homogeneous crystallisation in the end products, which is
supported by the SEM. In a tetragonal phase (titanium-rich,
PbTiO3) region of PZT ceramics, both 180◦ and 90◦ domain
walls exist. Usually, 180◦ domains are switched sufficiently
by an external field and are stable in a poled crystal. In the
case of tetragonal PZT ceramics, 50% of the domains per-
pendicular to the applied field can be reoriented by poling
and about 44% of them are maintained after removing the
poling field.

Figure 2(a) represents grain size variation and
Figure 2(b) represents the scanning electron micrograph
of fractured surface of 4 mol% Sr. Figure 2(c) represents
the transmission electron micrograph of 4 mol% Sr, which
indicates that the size of powder particles is in the range

of 42–74 nm. The ceramics average grain sizes were de-
termined directly from the SEM micrographs by using the
linear interception method (Mendelson 1969). A character-
isation of the microstructure as a function of Sr doping in
PLBZNT was performed by SEM in order to determine the
grain size variation. It can be evidenced from the SEM that
it was a very fine-grained and pore-free structure wherein
no foreign phase was present in the ceramics. The grain
size increased up to 4 mol%, which has been compared to
the dielectric and piezoelectric characteristics. The solid-
phase reaction of these ceramic compositions can be mainly
attributed to the diffusion of the isovalent dopant Sr2+ par-
tially substituting Pb2+ ions in PLBSZNT perovskite.

The apparent density profile showed an increasing be-
haviour as Sr content was increased in the PLBZNT ce-
ramics. The increase in density could be attributed to the
tetragonality and pore-free grain growth which helped in
promoting the densification in PLBSZNT ceramics. The
domain wall motion and movement enhanced the ionic po-
larisation, which in turn influenced the density. The volume
diffusion, being the main mechanism, is enhanced by the
creation of Pb vacancies and it is controlled by the number
of vacancies caused by modifiers, thus promoting density.
The increase in grain size could be attributed to the domain
size increment during the sintering process. The process
of domain switching starts with nucleation at varied points
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Figure 2. (a) Grain size and apparent density of PLBSZNT ce-
ramic system; (b) scanning electron micrograph (fractured ce-
ramic) of 4 mol% Sr; (c) transmission electron micrograph of 4
mol% Sr.

on the domain followed by the switching of perovskite on
the boundary of the domains, thus causing the spreading
of the newly formed domain or the net resultant domain.
The movement of this newly formed domain boundary is
called domain wall movement. This domain wall movement
is fully swept through the existing domains to complete the
domain switching process and thus enhanced grain growth
in PLBSZNT ceramics.

Accordingly, the net domain switching process from the
existing multiple cations with intensified tetragonal sym-
metry had enhanced the net polarisation in the PLBSZNT
ceramics. The grain size of a ceramic material is a criti-
cal microstructure feature because the domain size, domain
structure and domain wall movement contribute to the po-
larisation thus resulting in enhanced electrical properties. In
the tetragonal structure, the internal stains (or stresses) are
gradually removed in the course of time by domain motion
(by new domain nucleation, domain splitting and domain
wall displacement). It is reported that the average grain
size enhanced with the substitution of Sr in PZT (Banerjee
et al. 2006) and Nb in PZT (Pan et al. 2005); accordingly
the grain boundary between two enhanced grains will have
relatively a large grain boundary. The grain size in piezo-
electric materials depends on the ceramic composition and
the sintering process.

3.2. Dielectric behaviour

Figures 3(a–d) show room temperature dielectric constant
(εRT), dielectric loss (tan δRT), dielectric maximum (εTc)
and Curie temperature (Tc) of PLBSZNT ceramics at 1 kHz,
respectively. The characterisation of the dielectric parame-
ters as a function of dopant concentration was performed.
The grain growth enhancement resulted in a high dielectric
constant at the Curie point. In a single-ceramic system, the
correlation between linear increment of granular growth
influences increment of dielectric and piezoelectric prop-
erties. In the soft PZT ceramic materials, as polarisation
increases within the domains, the domain wall movement
influences dielectric behaviour. It is known that the domain
wall existence and movement contribute considerably to the
dielectric, piezoelectric and elastic properties of the PZT
and PLZT ceramics (Celi et al. 2002; Ikeda 1959; Okazaki
and Nagata 1973; Zhang et al. 1994).

The chemical formulae shown in Table 1 are based on
the assumption that Ba2+, La3+ and Sr2+ partially substi-
tute Pb2+ at the A-site of the perovskite and that vacan-
cies are created in the B-site to achieve charge balance.
The increment of the concentration of lead vacancies al-
lowed the atomic diffusion process during the sintering,
thereby achieving better compositional homogenisation re-
sulting in dielectric constant increment. The multiple donor
ions (La3+, Sr2+ and Ba2+) partially substitute for Pb2+

(at A-site) and pentavalent Nb5+partially substitutes for
Zr4+/Ti4+ (at B-site), enhancing high dielectric constant
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Figure 3(a–d). Dielectric behaviour of PLBSZNT ceramic system.

with a relatively decreasing Curie temperature and low di-
electric loss at 1 kHz till 4 mol% Sr (εRT = 3549 and tan
δ = 0.012). In our study, dielectric constant ε is calculated
by using the formula (Shannon 1993; Smolensky 1970)

ε = Cd

εoA

where C is the capacitance of the ceramic, d is the thickness
of the ceramic, A is the surface area of the ceramic and εo

is the permittivity of the free space (8.85 × 10−12 F/m).

3.3. Piezoelectric properties

The piezoelectric planar coupling coefficient (kp) was char-
acterised as follows: As per the IRE Standards on Piezo-
electric Crystals: Measurements of Piezoelectric Ceramics
(Mason and Van Nostrand 1950, 1958, 1961), the following
formula has been employed to find out piezoelectric planar
coupling coefficient (kp):

k2
p

1 − k2
p

= 2.51 ×
[
fa − fr

fr

]

where kp is the piezoelectric planar coupling coefficient,
fr is the resonance frequency and fa is the anti-resonance
frequency of the poled ceramic. The resonance and anti-
resonance frequencies were measured by using the 4192A
HP Impedance Analyzer.

Figure 4(a) depicts piezoelectric charge coefficient (d33)
and Figure 4(b) shows piezoelectric planar coupling coef-

Figure 4(a). Variation of d33 with Sr concentration of PLBZNT
ceramic system; (b) variation of kp and kt with Sr concentration
of PLBZNT ceramic system.
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ficient (kp) and piezoelectric thickness coupling coefficient
(kt) of PLBSZNT ceramics. Figure 4(a) and (b) depicts the
influence of grain size on piezoelectric properties of PLB-
SZNT ceramics. The fundamental difference in the way
grains are gathered before and after the sintering process is
that in the former grains are only physically bound together,
but in the latter grains are bound by grain boundaries. Gen-
erally during the sintering process, as the temperature in-
creases the atomic diffusion at elevated temperature, the
area between grains in contact increases due to thermal
expansion of the grains. As grain size increases, the net
polarisation within the grain increases. As a result the ce-
ramics show an electrical response due to a mechanical
excitation and a mechanical response due to an electrical
excitation. Thus, grain size influences piezoelectric prop-
erties. In general, piezoelectric properties of ceramics in-
crease approximately linearly with increasing grain size. In
fact, several parameters influence the properties of piezo-
electric ceramics such as porosity, grain size, homogeneity
and doping concentrations (soft/hard) (Ramam et al. 2007).
The increasing grain size enhanced the piezoelectric prop-
erties until 4 mol% Sr (kp = 0.642, kt = 0.418 and d33 =
692 pC/N).

A number of materials have recently been developed
specifically for advanced ultrasound applications. The fun-
damental pre-requisites of ceramic materials are high-
density, high dielectric constant and high piezoelectric
properties for transducers, sensors and actuators applicable
for medical diagnostics. The enhancement in the properties
results in the materials that range from greater strength and
improved machinability to increased transducer element
capacitance and coupling coefficients. There are several re-
quirements for the piezomaterial to be used for transducers,
sensors and actuators for medical diagnostic applications.
It is essential for sensitive transducers that the piezoelectric
must efficiently convert between electrical and mechanical
energy, and so the electromechanical coupling coefficients
should be high. The high electromechanical coupling coef-
ficients help during transmission and reception. The dielec-
tric constant must be high because the electrical impedance
should be compatible with the driving and receiving elec-
tronics. Finally, good sensitivity and low loss also help the
material to be suitable for medical diagnostic applications.

It is reported in the literature (Ikeda 1959) that with
increasing concentration of modifiers after attaining satu-
ration, there is a decrease in the piezoelectric properties. It
is observed in the literature that co-doping ceramics with
strontium (x = 0.06) and barium (y = 0.06) resulted in the
disappearance of the 1/2 hkl reflections while exclusively Sr-
doped PZT solubility limit is 16 mol% (Zheng et al. 2002).
It is also observed that as isovalent Sr content increased,
the d33 values decreased (Zheng et al. 2002). Furthermore,
the piezoelectric values decreased as isovalent Ba content
increased, as reported in our previous publication (Ramam
and Lopez 2007). Previous investigations in literature state

that to avoid the degeneration of properties, the amount of
Sr substitution in PZT must be less than 10 at% (Xu 1991).
Thus, we have chosen Sr dopant concentration till 4 mol%
which is the optimum solubility limit as per literature.

Our results for 4 mol% PLBSZNT conform to the pre-
requisites with a high dielectric permittivity, high piezo-
electric properties, low dielectric loss. Hence, it can be
concluded that this composition could be compatible for
bio-medical applications (Bove et al. 2001; Eremkin et
al. 2004; Kutnjak et al. 2006; Ramam and Lopez, 2007;
Yamashita et al. 1998; Zhang et al. 2004).

4. Conclusion

This work has systematically studied the PLZT with sev-
eral (hard) acceptor and/or donor (soft), isovalent dopants
along with different Zr/Ti ratios near morphotrophic phase
boundary for specific applications desired. This work has
demonstrated the development of a piezoelectric ceramic
material in Sr-modified PLBZNT, optimised for medical
diagnostic applications. The composition of this material
was selected from the optimised composition of our pre-
vious study, which gave high dielectric permittivity, high
piezoelectric properties and low dielectric loss in compari-
son with undoped conventional PLZT-based compositions.
In this study, our results are in confirmation with that of
the pre-requisites for medical diagnostic applications. The
size of powder particles was in the range of 42–74 nm. The
microstructural studies reveal that the compositions were
homogeneous and the domain wall mobility due to mul-
tiple ions had resulted in the enhanced grain growth. Mi-
crostructural studies revealed that increased grain growth
had influenced the dielectric and piezoelectric properties
in Sr-modified PLBZNT ceramic system. It has been ob-
served that there is a remarkable influence on the dielectric
and piezoelectric parameters wherein high εRT (3549), kp

(0.642), kt (0.418) and d33 (692 pC/N) values with low tan δ

(0.012) have been achieved in 4 mol% PLBSZNT ceramic
system. Thus, 4 mol% PLBSZNT could be the optimum
composition compatible for the medical diagnostic appli-
cations.
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