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a b s t r a c t

In this paper, Pb3O4, rather than conventional PbO, was introduced in the solid phase synthesis of
(Pb0.92La0.08)(Zr0.35Ti0.65)0.98O3 (PLZT) ceramics. The microstructure and electrical properties of the PLZT
ceramics were investigated. Results showed that due to the activity of Pb3O4, pyrochlore phase PLZT was
depressed effectively. The PLZT ceramics with 5.0 wt.% excess Pb3O4 in the original materials had a well-
crystallized pure perovskite structure when being sintered at 1100 ◦C for 6 h. In addition, the amount of
vailable online 30 November 2010
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Pb3O4 had an influence on the electrical properties of the PLZT ceramics. Residual polarization as high as
36.9 �C/cm2 was obtained from the samples with 5.0 wt.% excess Pb3O4.

© 2010 Elsevier B.V. All rights reserved.
erroelectric
b3O4

. Introduction

Due to the electro-optic, birefractive, piezoelectric and elec-
rostrictive effect, as demonstrated by several groups [1–3], lead
anthanum zirconate titanate (PLZT) ferroelectric materials play

very important role in integrated optical and photoelectronic
evices. However, to develop devices, preparation of high quality
LZT materials is essential. For PLZT ferroelectric ceramics, what
hould be considered most are the perovskite structure and stoi-
hiometric proportion. The main technologies to produce ceramics
nclude: hot pressed sintering, atmosphere sintering and hot iso-
tatic pressing sintering, etc. However, it is difficult to obtain pure
erovskite phase PLZT through these conventional solid phase
ynthesis methods. Pyrochlore phase is often formed and thus influ-
nce the ferroelectric properties of PLZT. Furthermore, there is high
ontent of lead in PLZT, and the lead is easy to volatile at high tem-
erature during sintering. As a result, vacancy defects form in the

attice. The vacancy of lead influences ferroelectric properties fur-
her. Therefore, excess PbO is commonly added in the mixture as
arried out by Kong et al. [4–6], and Galassi et al. [7]. Although

xcess PbO can compensate the loss of lead in lead-base ferroelec-
ric materials effectively [8–11], He et al. [11] showed that excess
bO would make the ceramic composition change locally, thereby
egrading the uniformity of the Pb(Zr,Ti)O3 (PZT) ceramic. Lu
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E-mail address: jhzhang@uestc.edu.cn (J. Zhang).
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et al. [12] found that when they prepared Pb(Mg1/3Nb2/3)O3 (PMN)
ceramics, Pb3O4 was better than PbO in sintering character. The
pure perovskite and high density PMN ceramics was obtained from
Pb3O4 at 900 ◦C. While for PbO as the lead source, the ceramics was
not single perovskite phase and the density of the sintered mate-
rial was loose. As a result, because of the pure perovskite and high
density, the samples synthesized from Pb3O4 had a larger dielectric
constant than that of from PbO. Recently, Zhu et al. [13] also pre-
pared pure perovskite Pb0.98Sr0.02(Mn1/3Sb2/3)x(Zr0.15Ti0.15)12xO3
(0 < x < 0.1) (PMSZT) using solid phase synthesis method with 1%
excess Pb3O4.

Based on the possible superiority of Pb3O4 in synthesis of lead-
base ferroelectric materials, in this paper, we adopted Pb3O4 to
replace conventional PbO as the lead source in preparation of PLZT
ceramics. The effect of excess Pb3O4 on the microstructure and elec-
trical properties of PLZT was studied. We found that the pyrochlore
phase was depressed and pure perovskite phase was obtained with
5.0 wt.% excess Pb3O4. The resultant PLZT ceramics crystallized well
with uniform grain. Moreover, electrical properties of the PLZT
ceramics were also improved with optimized amount of Pb3O4.

2. Experiment

PLZT was synthesized from Pb3O4, TiO2, ZrO2 and La2O3 using conventional

ceramics process. What should be noted that we adopted Pb3O4 rather than com-
monly used PbO as the lead source. All the original materials were analytically
pure. To compensate the loss of lead during the sintering, excess Pb3O4 was
added in the original materials. Dosing was adopted according to the stoichiome-
try of (Pb0.92La0.08)(Zr0.35Ti0.65)0.98O3 + xPb3O4, where x = 0.0 wt.%, 2.0 wt.%, 5.0 wt.%,
8.0 wt.%, 10.0 wt%, respectively. The molded samples were sintered at 1100 ◦C for
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http://www.sciencedirect.com/science/journal/09258388
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h. To further inhibit the vaporization of lead during the sintering process, samples
ere surrounded by PbZrO3 atmosphere.

This paper focused on the effect of different amount of excess Pb3O4. The phase
tructure of the presintered powder and the sintered ceramics were characterized by
ede D1 high resolution XRD system with Cu K� source. Microstructure and surface
opography were examined through Hitachi S-450 scanning electronic microscope
SEM). To measure the electrical properties, both sides of the samples were coated
ith sliver paste and were sintered at 800 ◦C. The dielectric properties were mea-

ured using Hioki3532-50 LCR meter at frequency of 1 MHz and on temperature
etween −50 ◦C and 140 ◦C. Ferroelectric properties were measured using Radiant
recision LC 2000 meter.

. Results and discussion

.1. Effect of excess Pb3O4 on the microstructures

In order to depress the volatilization of lead in PLZT, this work
ntroduced Pb3O4 as flux to reduce the sintering temperature.
xcess Pb3O4 was also used to compensate the loss of lead. Fig. 1
resents the XRD spectra of the presintered powder and the sin-
ered ceramics for excess 5.0 wt.%, 8.0 wt.% and 10.0 wt.% of Pb3O4,
espectively. It was shown that, when presintering at 910 ◦C for 2 h,
ll PLZT powder with different content of Pb3O4 were perovskite
hase. In addition, there were some peaks corresponded to PbO.

t is well known that Pb3O4 will decomposed on the temperature
igher than 500 ◦C as
b3O4 → 3PbO + 1/2O2

This fact demonstrated that there remained PbO and it did not
ake part in the solid reaction. The remained PbO was helpful to
ompensate the volatilization of lead during the subsequent sin-
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ig. 1. XRD patterns of PLZT with different amount of excess Pb3O4: (a) calcined at
10 ◦C for 2 h and (b) sintered at 1100 ◦C for 6 h. Peaks marked with (*) are pyrochlore
hase PLZT, and marked with (�) are PbO.
pounds 509 (2011) 2838–2841 2839

tering process. This result indicated that, presintering at 910 ◦C for
2 h was a suitable condition for the preparation of PLZT ceram-
ics. Because the PbO obtained from the as-decomposed Pb3O4 had
extremely small particles and fresh surface, it was more active
and favorable to synthesize perovskite PLZT. After presintering,
the PLZT powder was ball milled and molded into discs with
Ø10mm × 1 mm, and then the samples were sintered at 1100 ◦C for
6 h. Fig. 1(b) is the XRD spectra of sintered PLZT ceramics. It can be
seen that, for the samples from 8.0 wt.% and 10.0 wt.% excess Pb3O4,
there was also a peak around 2� = 28◦ besides the peaks of per-
ovskite phase as indicated. It was corresponded to the pyrochlore
phase. Additionally, PbO peaks could also be observed on these two
XRD spectra. The PbO is come from the decomposition of Pb3O4, and
implied that Pb3O4 was over dosing. However, for the sample from
5.0 wt.% excess Pb3O4, the PLZT was pure perovskite structure, no
pyrochlore phase was observed from the XRD spectrum. Accord-
ing to the XRD results, the PLZT8/65/35 ceramics was a tetragonal
structure with lattice parameter a =b = 0.4015nm, c =0.4117 nm and
c/a = 1.0254. Therefore, 5.0 wt.% excess Pb3O4 in the original mate-
rial is optimized, which can synthesize pure perovskite phase PLZT
ceramics.

The content of Pb3O4 not only influences the phase composition
of PLZT ceramics, but also the microstructure and surface mor-
phology. Fig. 2 depicts the SEM photographs of PLZT ceramics for
different amount of Pb3O4. All samples were sintered at 1100 ◦C
for 6 h. It showed that for the samples synthesized from 5.0 wt.%
excess Pb3O4, the grain was well crystallized. The grain boundary
was sharp and the grain size was uniform. As the content of Pb3O4
increased, the grain of the PLZT ceramics was not well developed,
the porosity increased and thus the density decreased. These results
indicated that 5.0 wt.% of Pb3O4 was optimal for preparation of well
crystallized PLZT ceramics. This is well consistent with the XRD
result and the electrical properties discussed later.

3.2. Effect of excess Pb3O4 on dielectric properties

Temperature dependence of the relative dielectric constant
(εr–T plots) of PLZT ceramics from various amount of excess
Pb3O4 is shown in Fig. 3. Compared to single phase ferroelec-
tric materials, the εr–T plots changed gradually for this PLZT
compound. The transformation temperature zone widened obvi-
ously. The Curie temperature TC and maximal dielectric constant
εmax were greatly affected by the amount of Pb3O4. For 5.0 wt.%
excess Pb3O4, εmax = 7521, TC = 74 ◦C, For 8.0 wt.% excess Pb3O4,
εmax = 5484, TC = 72 ◦C and for 10.0 wt.% excess Pb3O4, εmax = 3584,
TC = 68 ◦C. That is to say, the Curie temperature TC reduced as the
amount of Pb3O4 increases. Accordingly, the maximal dielectric
constant εmax reduced. Of course, it was not found significant effect
of excess Pb3O4 on ferroelectric to paraelectric transition temper-
ature TC, which is similar to Bongkarn’s [14] result for lead barium
zirconate ceramics.

As discussed above, the grain size, the porosity, the density
and the grain boundary are determined by the content of Pb3O4
in the original materials. Compared with the samples synthesized
from 5.0 wt.% of Pb3O4, PLZT from 8.0 wt.% and 10.0 wt.% of Pb3O4
have a smaller grain size, and the non-ferroelectric grain boundary
is thicker. Because of the presence of the minor non-ferroelectric
phases (as is also seen from XRD), dielectric constant reduced. In
order to compensate the loss of lead during the sintering of ceram-
ics target and the deposition of thin films, Zeng et al. [15] also added

excess Pb3O4 in the target material when sputtering PbZrTiO3 (PZT)
thin films. They found that PZT films without pyrochlore phase
were obtained when the PZT ceramics target was synthesized from
5.0% excess Pb3O4 in mass percentage. This is consistent with our
results.
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Fig. 3. Temperature dependence of the relative dielectric constant of PLZT ceramics
with different amount of excess Pb3O4.
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in the samples and reduce the dielectric constant. Additionally,
the excess impurity made the local composition distribute non-
uniformly and further reduced the ferroelectric properties. These
results also proved that, in the process of our work, 5.0 wt.% excess

Table 1
Ferroelectric parameters of PLZT ceramics with different amount of excess Pb3O4.
ig. 2. SEM photographs of the fractured surface of the PLZT ceramics with different
mount of excess Pb3O4: (a) x = 5.0 wt.%, (b) x = 8.0 wt.%, and (c) x = 10.0 wt.%.

.3. Effect of excess Pb3O4 on ferroelectric properties

Ferroelectric hysteresis loops were carried out by Radiant Pre-

ision LC 2000 meter at 10 kHz and on room temperature. Fig. 4
resents the ferroelectric hysteresis loop of samples with differ-
nt content of Pb3O4. It was found that the ferroelectric properties
ere significant different. For samples of x = 0 and x = 8%, due to the
Electric Field (kV/cm)

Fig. 4. Ferroelectric hysteresis loops of PLZT ceramics with different amount of
excess Pb3O4.

large leakage currents at high voltage, the maximum electric field
could only be applied to 25 kV/cm. While for samples of x = 5.0 wt.%,
leakage currents remained small enough that electric field as high
as 80 kV/cm could be applied. It presented superior insulator char-
acteristics. Table 1 lists the ferroelectric performance parameters
of PLZT ceramics samples from five proportions of 0 wt.%, 2.0 wt.%,
5.0 wt.%, 8.0 wt.% and 10.0 wt.%, respectively. It was found that the
sample of x= 5.0wt% exhibited the best ferroelectric properties,
which had a saturation polarization Ps of 41.1 �C/cm2 and residual
polarization Pr of 36.9 �C/cm2.

The results indicated that, for lead-base ferroelectric PLZT, if the
excess Pb3O4 was less than 5.0 wt.%, lead was not enough to com-
pensate the loss during the high temperature sintering process. The
lack of lead in the PLZT samples made the ferroelectric properties
inferior. While for x > 5.0 wt.%, there remained much PbO impurity
at the PLZT lattice boundary, which created a non-ferroelectric layer
0 wt.% 2.0 wt.% 5.0 wt.% 8.0 wt.% 10.0 wt.%

PS (�C/cm2) 7.38 16.7 41.1 15.75 7.43
Pr (�C/cm2) 7.51 9.34 36.9 9.18 7.14
Ec (kV/cm) 13.72 15.24 17.64 14.34 14.18
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b3O4 in the original materials was an optimized formula for the
ynthesis of high performance PLZT ceramics.

. Conclusion

In conclusion, this paper introduced Pb3O4 as the lead source
n the synthesis of PLZT8/65/35 ceramics. As Pb3O4 can be decom-
osed into PbO with small particle and fresh surface, the activity
f Pb3O4 is higher than that of common PbO powder in original
aterials. It can effectively promote the pure perovskite phase, and

epress the formation of pyrochlore phase. Of course, because of the
olatility of lead, excess Pb3O4 needs to be added to original mate-
ials. When the amount of excess Pb3O4 is 5.0 wt.%, the resultant
LZT ceramic has high density and is well crystallized. The grain
ize is uniform and has a higher dielectric constant and superior
erroelectric properties.
cknowledgment
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