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a b s t r a c t

The sol–gel process was employed to prepare (Pb1−xLax)(Zr1−yTiy)O3 (PLZT) ceramics with nominal com-
position (Pb0.92La0.08)(Zr0.60Ti0.40)O3. X-ray diffraction results showed that the perovskite PLZT phase is
formed at room temperature itself. The average size distribution of the particles was obtained by small
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vailable online 23 February 2010

eywords:
erroelectrics
ol–gel synthesis
-ray diffraction

angle X-ray scattering (SAXS). Nano-crystalline particles with a size of the order of ∼30 nm were found.
Morphological studies were carried out by SEM analyses to observe the grain structure. TG–DTA and DSC
studies were used to analyze the thermal properties of the nano-powders, in order to understand the
reaction kinetics in them. Poled bulk ceramic samples prepared from the sol–gel derived powders were
subjected to electrical measurements, in order to determine the piezoelectric and electromechanical
coupling coefficients.
hermal analysis

. Introduction

In recent years the amount of research on the solution syn-
hesis of ceramic materials has increased due to the potential
dvantages of better homogeneity, chemical purity and the wide
ariety of geometries that can be achieved – ranging from nano-
owders to films, fibres or monoliths – which cannot be realized
y solid-state processing [1]. The issue of homogeneity is partic-
larly important for electronic ceramics, which generally contain
t least two metal ions [2–4]. The processing of electroceramics
y means of chemical solutions has become increasingly impor-
ant especially in the production of transparent PLZT ceramics of
arge size (up to 100 mm diameter and more) [5]. Recent activities
n ferroelectric materials, motivated by the latest advances in thin
lm growth processes, exploit several phenomena in ferroelectric
aterials including piezoelectricity, pyroelectricity, polarization

witching and electro-optic activity [6,7]. In the perovskite oxide
erroelectric family, lead zirconium titanate (PZT) and lead lan-

hanum zirconium titanate (PLZT) are the well-known materials
nd are also the most important key materials used in the indus-
ry [7–10]. PZT doped with specific amount of La has been shown
o be useful in many applications such as memories (DRAM and
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FRAM), infrared detectors, electro-optic devices and surface acous-
tic wave devices and so forth. Modification of the PZT system
by the addition of lanthanum sesquioxide has a marked bene-
ficial effect on several of the basic properties of the material,
such as increased squareness of the hysteresis loop, decreased
coercive field, increased dielectric constant, maximum coupling
coefficients, increased mechanical compliance, and enhanced opti-
cal transparency [11]. On account of the attractive properties of
this material, in this paper, we report on the synthesis of PLZT
ceramics via the sol–gel route on the nanometric scale and dis-
cuss the structure, thermo-physical and electrical properties of the
same.

Another aspect of importance in this paper is that although,
in general, irrespective of the synthesis methods, the morphol-
ogy of nano-particles is mainly inferred from microscopy studies
such as SEM/TEM, these techniques have certain limitations. One
of the limitations of SEM/TEM is the small sampling volume.
When used to analyze the size of a sample, in particular small
particles, it is pragmatic to use another technique to corrobo-
rate the data obtained via microscopy. One such technique is the
small angle X-ray scattering (SAXS) or dynamic light scattering.
Scattering techniques sample a larger volume of the specimen

and give information about the bulk properties of a sample. In
the present study, SAXS technique has been applied to study
the size, shape and distribution of particles from scattering data
by means of the well-established ‘indirect Fourier transforma-
tion’.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:james@dmrl.drdo.in
dx.doi.org/10.1016/j.jallcom.2010.02.132
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. Experimental details

Lead lanthanum zirconate titanate with nominal composition [(Pb0.92La0.08)
Zr0.60TiO0.40)O3] was prepared by the sol–gel method as described in the follow-
ng lines. Stoichiometric amounts of nitrates of lead, lanthanum and zirconium i.e.,
Pb(NO3)2], [La(NO3)3], [Zr(ONO3)2] of purity >99% were taken in aqueous solution
nd was designated as solution A. Stoichiometric amount of titanium dioxide [TiO2]
as dissolved in hydrofluoric acid (HF). Then ammonia solution was added drop
ise to get a precipitate of titanium hydroxide. This precipitate was washed with
ouble-distilled water to remove excess HF. The resultant precipitate was added to
olution A. Then citric acid was added to this solution such that the mole ratio of citric
cid: metal ion is 2:1. At this stage metal citrates were believed to be formed. The pH
f the resultant metal citrate solution was adjusted to 6–7 by adding dilute ammonia
olution drop wise. The solution was then slowly evaporated on a hot plate till a vis-
ous liquid was obtained. At this stage ethylene glycol (gelating reagent) was added
uch that the molar ratio of citric acid to ethylene glycol was 1:1.2. This mixture was
eated at 100 ◦C for 2–3 h with constant stirring. The temperature was increased to
60–180 ◦C at the onset of solidification to obtain dry gel. The dried gel powders
ere subjected to X-ray diffraction studies using a Philips PW-3020 diffractometer

o confirm phase formation. A scan rate of 2◦ min−1 was used. The average size distri-
ution of the particles can be obtained by using small angle X-ray scattering (SAXS)
echnique. This was done using a PW-3830 X-ray generator (Anton-Paar, Austria)
perated at 40 kV and 50 mA with a Cu target. The scattering data collected were
sed to calculate the particle size, shape and distribution of the PLZT nano-particles.

nitially the powders were dispersed in a solvent (toluene) and then this solution is
ubjected to ultrasonic vibration in order to separate the agglomeration of particles
since nano-particles are chemically highly reactive). Thereafter the powders were
llowed to remain in suspension for about 24 h following which with the help of a
yringe a part of the top of the solution was siphoned off and then injected into a
uartz capillary tube for measurement. In addition, to estimate the particle size of
he powders, the powders were examined via scanning electron microscopy.

Thermal analysis for the as-dried powders was carried out using a TG–DTA ana-
yzer (TA Instruments, SDT 2960) in air between 30 and 1000 ◦C using a heating rate
f 10 ◦C min−1. In order to obtain further information about the reaction kinetics in
he dried powders, differential scanning calorimetric (DSC) measurements of the
s-dried powders were carried out using a DSC analyzer (TA Instruments, DS2920)
etween 30 and 600 ◦C with a heating rate of 10 ◦C min−1 in air.

The sol–gel derived powders were stacked in crucible and calcined isothermally
n air at 800 ◦C for 4 h and then cooled. The calcined powder was crushed and pressed
nto circular pellets of diameter 1 cm and thickness 1 mm using 2 mol% polyvinyl
lcohol at a pressure of ∼4 MPa using a hydraulic press. The pellets were sintered
t 1200 ◦C for 4 h. During sintering, in order to prevent PbO loss, particularly at high
emperatures, a small crucible containing PbZrO3 with 10 wt% excess PbO was placed
n a double crucible configuration. The entire assembly consisted of a doubly sealed
lumina crucible with lids sealed with alumina powder as cement. All samples were
oated with silver paste on the larger faces to make proper electrical contact. The
ample geometries for measurement of the material properties were in conformity
ith the IEEE standards. Samples were electrically poled at a field of 15 kV cm−1 for

5 min at 100 ◦C immersing the samples in a silicone oil (Dow Corning 704®) bath.
esonance data were acquired using an Agilent-E-4980 Precision LCR Meter, in the

requency range from 20 Hz to 2 MHz, on poled samples.
The elastic compliance sE11 and coupling factor k31 can be expressed as follows:

1

sE11

= 4�f 2
r l

2 (1)

here fr is the resonant frequency, l is the sample thickness and � is the density of
he specimen (in meters).

Similarly,

D
11 = (1 − k2

31)sE11 (2)

2
31 =  

1 + (3)

here

= �

2

[
1 + fa − fr

fr

]
tan

[
�(fa − fr

2fr

]
(4)

he frequency constant of the disks (radial mode disk) were also computed from
esonance data using the relation:

t = fr × D (5)
here D is the diameter of the disk. Piezoelectric constants are defined as partial
erivatives evaluated at constant stress (T), constant field (E), constant displacement
D) and constant strain (S) and these boundary conditions can be thought as free,
hort circuit, open circuit and clamped response, respectively.

The dielectric polarization versus electric field measurements (P–E hysteresis
oops) were conducted using a modified Sawyer–Tower circuit. P–E measurements

ere traced using a triangular waveform.
Fig. 1. X-ray diffractogram of (a) dried gel powder and (b) sintered PLZT.

3. Results and discussion

Fig. 1(a) shows the XRD pattern of the sol–gel derived PLZT pow-
ders and Fig. 1(b) the sintered compact, indicating the formation of
the PLZT in the single phase. It can be seen that Fig. 1(a) exhibits
some peaks of crystalline PbO, in addition to the PLZT peaks. This
indicates that some of the constituent oxides are still un-reacted.
Besides the fact the sol–gel process resulted in a partial phase for-
mation of PLZT (without any heat treatment). The strongest peak,
at 2�≈ 29.17◦, corresponds to the PbO (1 1 1) peak, which disap-
pears after heat treatment. Fig. 1(b) is the diffraction pattern for
the sintered PLZT pellet.

The results of the SAXS experiments are discussed in the ensuing
paragraphs. The experimental scattering function I(q) was obtained
for the samples are shown in Fig. 2(a). From the figure it is clear that
samples are poly disperse in nature [12]. Fig. 2(b) shows the pair
distances distribution functions as a function of r. It can be inferred
from Fig. 2(b) that the PLZT (8/60/40) samples prepared via the
sol–gel route have an average particle size of around 30 nm.

In the sol gel method, the particles obtained generally are spher-
ical in shape whereas in other processes such as high energy ball
milling, the shape of the particles deviates from sphericity, result-
ing in flaked or elliptically shaped particles. The particles seem
to be free from agglomeration since only top solution was taken
and injected into the quartz capillary tube. Whereas SAXS gives
the average size of the particles, in SEM the estimation of particle
size is rather localized to the region being seen under the micro-
scope. Fig. 3(a) shows the SEM micrograph of the PLZT powders.
Due to the very fine scale nature of the powders, agglomeration
took place resulting in tightly packed agglomerates of size around
450 nm. The average particle size was found to be in good agree-
ment with the SAXS result. The result of SEM and SAXS together
confirm that the particles are nano-sized. The particles are spheri-
cally shaped as expected from the sol gel technique. Fig. 3(b) is the
SEM micrograph of a fractured surface of sintered PLZT. The grain
size of the PLZT ceramics was found to be 1–3 �m. The ceramics
show a well-sintered dense microstructure.

Fig. 4(a) shows the thermogravimetric analysis (TGA) and differ-
ential thermal analysis (DTA). Curves for the sol–gel derived PLZT
derived powders taken simultaneously in the temperature range
of 30–1000 ◦C. The weight loss observed in TGA curves between

200 and 400 ◦C can be attributed to the removal of water and other
volatiles. The TGA curve shows a sharp weight loss peak at 580 ◦C;
this is due to the release of volatiles and onset of lead loss from the
powders. The lead loss from the powders continued even beyond
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Fig. 2. (a) Double logarithmic plot of the experimental scattering intensity, log I(q),
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Fig. 3. (a) SEM picture of dried gel powders. (b) SEM picture of fractured surface of
sintered PLZT.
ersus the scattering vector log q for the PLZT as gel powdered sample. (b) Plot of
he experimental pair distance distribution function, p(r), vs. size r for the as-dried
el PLZT sample.

his temperature up to 1000 ◦C. There is a significant weight loss
rom ∼92% at 580 ◦C to ∼7% at 1000 ◦C, whereas the weight loss due
o removal of solvents and other volatiles in the temperature range
f 200–580 ◦C is 4%. DSC data shown in Fig. 4(b) reconfirms the
bservations found in the DT–TGA analyses. The observed weight
oss due to water and other volatiles from the sol–gel derived
owders is observed from 300 to 400 ◦C. The area under the peak
endothermic peak at 350 ◦C) is attributed to the heat loss due to
he vaporization of volatiles from the powder.

Resonance measurements were used to calculate several elec-
romechanical parameters of the sol–gel derived PLZT ceramics.
he resonant and anti-resonant frequencies were determined from
he first minimum and maximum impedance peaks, respectively of
he admittance vs. frequency scan and the graph is shown in Fig. 5.
he figure shows the variation of the real part of admittance as
function of small signal voltage, with swept frequencies over a

ange from 100 to 300 kHz. These peaks were used to evaluate the
alues of various electromechanical and compliance coefficients
or the sol–gel derived samples. The electromechanical coupling
actor is an indicator of the effectiveness with which a piezoelec-
ric material converts electrical energy into mechanical energy, or

onversely, converts mechanical energy into electrical energy. The
lanar coupling factor (kp) was calculated and was found to be 0.35
Fig. 5). A compilation of the other electromechanical and compli-
nce coefficients is shown tabulated in Table 1.

Fig. 4. (a) DTA/TG Curve for sol–gel derived powders. (b) DSC curve for the sol–gel
derived powders.



A.R. James et al. / Journal of Alloys and C

Fig. 5. Admittance data plotted against the applied frequency, showing the reso-
nance and anti-resonance peaks.

Table 1
Electrical properties of PLZT-MCP samples.

Physical parameter Value

Density (g/cm3) 6.297
Kp 0.35

a
a
c
s
t
m
o
o

c
f
w
o

F
P

k31 0.20
sD33 (×10−12 m2/N) 7.52
sE11 (×10−12 m2/N) 7.84
Nt (Hz m) 2250

The polarization versus electric field studies resulted in a rel-
tively square shaped hysteresis loop with a Pr of ∼17 �C/cm2

nd a coercive field of about 10 kV/cm Fig. 6. These values are
omparable to ones reported by Kong et al. [13] on samples synthe-
ized via the solid-state sintering route, but are significantly lower
han those observed in samples synthesized via the high energy

echanochemical processing route by our group [14]. Application
f higher electric fields was limited by the increased conductivity
f the samples.
PLZT can be sintered to transparent/translucent ceramics that
an be used as novel electro-optic materials and can be used
or a variety of applications such as electro-optic switches. They
ere conventionally fabricated by either hot-pressing [11,15] or

xygen-atmosphere sintering via two-step or multiple-step pro-

ig. 6. Ferroelectric polarization (P) vs. electric field (E) curve for the sol–gel derived
LZT ceramics.

[
[
[
[
[

[

[
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cessing. Hot-pressing is very time consuming, with low through
put, making the process very expensive. Furthermore, hot-pressing
derived transparent PLZT ceramics have other unwanted proper-
ties, such as optical anisotropy caused by the residual strain and
contamination coming from the hot-pressing die materials [11].
Alternatively, oxygen-atmosphere sintering is also widely used.
Transparent PLZT ceramics derived from the solid-state reacted
powders typically need a sintering temperature of 1250 ◦C and that
too with a time duration of 60 h in flowing oxygen [8]. The high
sintering temperature required by the solid-state reaction pow-
ders is due to the coarse PLZT powders. To reduce the sintering
temperature, fine PLZT powders must be used [16]. Fine PLZT pow-
ders are usually synthesized via chemical methods or via the high
energy milling process. Preparation of four-component PLZT via
chemical process is still a challenge, while the high energy milling
method has a problem with contamination. Nonetheless, in this
study, we were successful in producing fine particle PLZT via a sim-
ple chemical processing route, with a possibility to scale up the
same.

4. Conclusions

PLZT ceramics could be successfully prepared by the sol–gel pro-
cessing route. The sol–gel process resulted in nano-sized powders
with an average particle size of 30 nm. This was estimated by SAXS
and SEM studies. SAXS measurements also revealed the sphericity
of the particles synthesized by this process, unlike the flaky par-
ticles obtained by processes such as the high energy mechanical
processing route. Thermal analysis studies in the form of TG–DTA
and DSC studies were used to analyze the thermal properties of the
nano-powders, in order to understand the reaction kinetics in them.
The electrical property measurements were performed on poled
bulk ceramic samples prepared from the sol–gel derived powders.
The piezoelectric, electromechanical coupling coefficients and elas-
tic compliance coefficients were determined from the resonance
data. The process mentioned herein offers the promise to be scaled
up although there is scope for improvement in the electrical prop-
erty output.
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