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Abstract

This study describes structure, dielectric and piezoelectric properties of Pb[(Zr, 5,Ti, s)(Mn, 5,5b, 5), 05105
(PZT-PMS) ceramics prepared by conventional mixed-oxide route and sintered at up to 1180 °C. The pre-
pared ceramics was characterized by X-ray diffraction and scanning electron microscopy. The piezoelectric
constants, dielectric constant, Young’s modulus and electromechanical factors were measured in broad tem-
perature range. The results showed that the PZT-PMS ceramics is composed of tetragonal and rhombohedral
phases and has the average grain size of about I um. The Pb[(Zr, ,s.Ti, s)(Mn,, 5,Sb,5), 0s]O; ceramics has
excellent dielectric and piezoelectric properties for wide practical applications. Thus, planar coupling factor
of 0.70, poled dielectric constant of 8215, the Curie temperature of 345 °C and dielectric loss of 6% were
attained in the PZT-PMS ceramics sintered at 1180 °C.
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I. Introduction

As extensively reported in the last decades [1,2],
Pb(Zr,  Ti, )O; (PZT) ceramics has wide applications
in the area of science and technology. Currently PZT
ceramics has been widely used in motors, piezoelec-
tric actuators, piezoelectric transformers, ultrasonic vi-
brator, filter, blue luminescence, resonator, and medi-
cal applications [3,4]. The morphotropic phase bound-
ary (MPB) separating the Zr-rich rhombohedral symme-
try from Ti-rich tetragonal symmetry contributes to the
highest piezoelectric response, which is located around
Zr/Ti 52/48 in binary PbZrO;-PbTiO, system [5]. These
ceramic properties are strongly influenced by the den-
sity and microstructure which depend on the procedure
of synthesis and the powder processing [6].

PZT perovskite structure is distorted below 350 °C
(the Curie temperature) [7], when this structure has
Zr** in position B (the center of the unit cell), and has
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PbZrO, rhombohedral phase. However, when Ti4+ oc-
cupies the B site of a structure, the tetragonal phase of
PbTiO, appears [8].

Classically, the electrical properties of PZT ceramics
are modulated by the incorporation of small amounts
of cations (doping), typically 0.5-2 mol%. Modification
of PZT with suitable substitutions of single or multiple
cations at Pb>* and Zr**/Ti*"* sites helps in enhancing its
physical and electrical properties. There are two princi-
pal categories of dopants [9,11]. Donor dopants (soft-
eners) which are higher valence substitutes like Nb>*
or Sb>* in the place of (Zr**/Ti*") or Gd** or Eu** in
the place of Pb>". They cause the following changes
of the PZT characteristics: higher dielectric constant
and losses (at room temperature), higher charge coef-
ficient d31/ds3, much lower mechanical quality factor
0O,, and easy depolarization by mechanical stress. The
excess of positive charge in the soft PZT is compen-
sated by lead vacancies. Acceptor dopants (hardeners)
are lower valence substitutes like Mg>* or Fe*" (B-site)
or Na* (A-site). They cause the following changes of
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the PZT characteristics: lower dielectric constant and
losses (at room temperature), lower ds3, much higher
mechanical Q,, and difficult depolarization by mechan-
ical stress. The lack of positive charge in the hard PZT
is compensated by oxygen vacancies. The complex dop-
ing of two or more elements is expected to combine the
properties of donor doped and/or acceptor doped PZT,
which could exhibit better stability or improved piezo-
electric and dielectric properties than those of the sin-
gle element doped PZT [12,16]. Manganese could be
introduced into the PZT-based ternary piezoceramics to
improve the bulk density causing the combinatorial ef-
fect of “hardening” and “softening” [17]. As reported
for Mn-doped PZT-based piezoceramics [18,19], both
an increment of dz; and Q,, could be achieved with
a certain content of Mn, but the mechanical properties
have been rarely investigated.

In this study, Pb[(Zr),s,Ti,s)(Mn5,Sb; ) 05105
ternary piezoelectric ceramics was investigated by vary-
ing the firing temperature. The first purpose of the
present study is to determine the width of tetrag-
onal and rhombohedral co-existence phase region.
The second objective of this work resides in detail
study of the dielectric and piezoelectric properties of
Pb[(Zrg 45, i 5)(Mny 5,Sb; 5) 05105 ceramics near the
MPB.

II. Experimental details

Pb[(Zr 45.Ti 5)(Mn, 5,Sb; 5), 5105 (hereafter abbre-
viated as PZT-PMS) was synthesized by solid state reac-
tion using oxide precursors: Pb;O, (99.9% M/S Aldrich
chemicals, USA), TiO, (98.9%, Travancore Titanium
Products), ZrO, (99.9% M/S Aldrich chemicals, USA),
Sb,05 (99%, Biochem) and Mn,O; (99%, Acros). The
precursor powders were dispersed in acetone and mixed
with a magnetic stirrer for 2h to achieve desirable ho-
mogenization. After drying process, the mixture was
crushed for 4h in a mortar and calcined at 800 °C for
120 min with a heating rate of 2 °C/min. The calcined
powder was again milled for 6 h. The obtained fine pow-
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Figure 1. Density and porosity of the PZT-PMS ceramics as a
function of sintering temperature
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der was pressed into discs (pellets) of 13 mm diameter
and 1 mm thickness under a pressure of 14000kg/cm?
using a hydraulic press. The pellets were sintered in
air at 850, 950, 1050, 1150 and 1180 °C for 2h in the
presence of PbZrO, powder, to prevent PbO loss during
the high temperature sintering. The sintered pellets were
electroded by high-purity silver particle paste, and fired
at 750 °C, before any electrical measurements.

X-ray diffraction (XRD, Siemens D500, Acyxe =
1.5406 A) was used to determine the crystalline phases
present in the PZT-PMS ceramics. The compositions of
the PZT phases were identified by the analysis of the
characteristic XRD peaks of tetragonal (T) and rhom-
bohedral (R) phases, i.e. (002)T, (200)R and (200)T, in
the 260 range 43—46°. Microstructural features such as a
grain size and pores were characterized by the scanning
electron microscope (SEM) using a FE-SEM Quanta
200 FEG instrument.

Dielectric properties were measured at 1 kHz using
an LCR meter (800 GWI, LTD) in the temperature range
from 25 to 450 °C with a heating rate of 1 °C/min. The
samples used for measurement of piezoelectric prop-
erties were poled in a silicone oil bath at 120 °C by
applying 30-40kV/cm for 45 min and then cooled un-
der the same electric field. The piezoelectric properties:
piezoelectric constant (ds;), electromechanical planar
coupling factor (k,), g31 and mechanical quality factor
(Qn) were determined by the resonance and antireso-
nance technique 24 h after poling, using an impedance
analyser (SI1260 Impedance/Gain-Phase Analyzer, So-
lartron, UK).

II1. Results and discussion

3.1. Structure

It has been reported in the literature [20,21] that the
dielectric and piezoelectric properties are highly depen-
dent on the density of the ceramics. The density and
porosity of the Pb[(Zr 45, Tij, s)(Mn, 5,Sby, 5) 05105 ce-
ramics sintered at various temperatures are presented in
Fig. 1. When the sintering temperature was increased
from 850 to 1180 °C, the density of the specimens sig-
nificantly increased and achieved a maximum value at
1180 °C of 97.5% of theoretical value (theoretical den-
sity was assumed to be 8.24 g/cm?). The optimal sinter-
ing temperature was affected by the addition of impuri-
ties and other processing parameters, such as the rate of
heating, time of thermal treatment and protecting atmo-
sphere. The optimal sintering temperature was taken as
the point when the PbO vapour pressure, evaporation-
recondensation equilibrium for the reaction: PbO-PbO
(vapour)-Pb (vapour) + 1/2O,, was established [22]. It
can be noticed that the peak density value corresponds
to the lowest value of porosity. Thus, it can be concluded
that an optimal sintering temperature of the PZT-PMS
specimen is 1180 °C.

Figure 2 shows scanning electron micrographs of the
specimens sintered at 1050, 1150 and 1180 °C. From
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Figure 2. SEM micrographs of PZT-PMS ceramics sintered at: a) 1050 °C, b) 1150 °C and c¢) 1180 °C
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Figure 3. XRD patterns of PZT-PMS ceramics sintered at
different temperatures

these images, it can be deduced that there is the de-
crease of porosity with the increase in sintering temper-
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ature, confirmed by obvious decrease in the number and
size of pores. Uniform and dense microstructure was ob-
tained at 1180 °C. The average grain size increases with
the increase in sintering temperature from 0.75 um at
1050 °C up to 1.35 um at 1180 °C. The increase in grain
size may have led to the decrease of oxygen vacancies
in PZT [23].

To investigate the phase formation and crystal struc-
ture, the ceramics was examined by XRD. Figure 3
shows the XRD patterns of the PZT-PMS ceramics sin-
tered at different temperatures from 1050 to 1180 °C.
It is observed that the ceramics has perovskite struc-
ture without any secondary impurity phases. The sam-
ples sintered at 1050 and 1150 °C consist of tetrago-
nal phase, where the {200} -reflections (at 45—46.5°) are
associated with tetragonality showing unique splitting
[24,25]. The sample sintered at 1180°C has an extra
XRD peak between two tetragonal (200)T and (002)T
reflections, indicating the coexistence of tetragonal and
rhombohedral phases and formation of MPB after sin-
tering at 1180 °C.

3.2. Dielectric and piezoelectric properties

Figure 4 shows the variation of the dielectric constant
as a function of temperature for the PZT-PMS ceramics
sintered at 1180 °C measured at the frequency of 1 kHz.
The permittivity increases gradually with the increase in
temperature and reaches a maximum of 8215 at 345 °C
(the Curie temperature). This maximum of dielectric
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Figure 4. Variation of dielectric constant of PZT-PMS
ceramics sintered at 1180 °C as a function of temperature

Dissipation factor [%]

150 200 250 300 350 400 450

Temperature [°C]

0 50 100

Figure 5. Variation of dissipation factor of PZT-PMS
ceramics sintered at 1180 °C as a function of temperature

constant can be explained by the presence of several di-
rections of spontaneous polarization related to the exis-
tence of two structures, rhombohedral and tetragonal.
The temperature dependence of loss (tan¢) for the
PZT-PMS ceramics sintered at 1180 °C measured at the
frequency of 1kHz is shown in Fig. 5. The dissipation
factor increases with the increase in temperature and
then decreases. The maximum of dissipation factor can
be explained by the movement of dipole moments. It
decreases afterwards with the increase in temperature
which causes the deterioration of the material proper-

ties.
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The most important property of a piezoelectric mate-
rial is the electromechanical coupling factor (k;;), which
is the figure of merit of the piezoelectric activity. The
square of the factor gives the efficiency of the con-
version of electrical to mechanical energy [26]. The
electromechanical coupling factor has been used as a
measure of the piezoelectric response of PZT-type ce-
ramics. It was found that k;; depends on the material
parameters such as grain size, porosity and chemical
composition [27]. The planar coupling coefficient &,
and mechanical quality factor Q,, were measured for
the Pb[(Zr, 45, Ti, 5)(Mn, 5,Sb, 5) 05105 ceramics sin-
tered at 1180 °C. Variation in the values of the k,, as a
function of temperature is represented in Fig. 6a. The
k, of this system increases as temperature increases
and reaches a peak value of 0.70 at 200 °C and then
decreases. Usually, the piezoelectric activity increases
with the value of the planar coupling coefficient k,,. The
variation of the mechanical quality factor along with
temperature is shown in Fig. 6b. The Q,, decreases re-
markably as temperature increases from 25 to 250 °C.
The mechanical quality factor is defined as the recipro-
cal of the internal friction. Internal friction in the piezo-
electric ceramics is due to the movement of domain
walls causing the friction between their surfaces. Vacant
Pb sites support the movement of domain walls and in-
crease the internal friction within the ceramics, thereby
reducing the mechanical quality factor [28].

Variations in the values of the d3;, g3; and Y as a
function of the temperature are represented in Fig. 7.
g31 increases gradually to its maximum value (15.9 -
1073 m-V/N at 100°C) when temperature increases up
to a transition temperature (7,,,,) and then decreases.
The piezoelectric constant d3; increases when the tem-
perature increases, and attains a maximum value of
144.61 - 10712 C/N at 250 °C. This maximum of piezo-
electric activity can be explained by the presence of sev-
eral directions of spontaneous polarization related to the
existence of the tetragonal and rhombohedral phases.
Young’s modulus Y decreases continuously when tem-
perature increases from 25 to 250 °C. The decrease of
this factor could be explained by the attractive forces
that prevent vibration dipoles [29].
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Figure 6. Variations of the planar coupling coefficient k, (a) and mechanical quality factor (b) of PZT-PMS ceramics sintered
at 1180 °C as a function of temperature
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Figure 7. Variations of the piezoelectric constants g3, d3; and Young’s modulus Y of PZT-PMS ceramics sintered at 1180 °Cas
a function of temperature

The properties of piezoelectric ceramics can be char-
acterized by three sets of tensor constants: elastic mod-
ule, piezoelectric constants and dielectric constants. In
piezoelectric ceramics, the properties depend on the
composition and the crystal structure; the dielectric con-
stant may be increased or decreased through the pol-
ing treatment. After poling, the dielectric constant in-
creases for the tetragonal compositions, but decreases
for the pseudocubic compositions. The increase of the
dielectric constant of the poled tetragonal compositions
was previously explained as being due to the elimi-
nation of the effect of compression of the 180° do-
mains. In a pseudocubic phase, the dielectric constant
decreases after poling, and the net decrease is due to
the domain reorientation dominating the effect of the re-
moval of compression [30]. As far as the dielectric con-
stant of polarized ceramics is concerned, its maximum
in multi-component systems is displaced into the tetrag-
onal phase, and does not coincide with the maximum
of the planar coupling factor. This is, possibly, because
of the difference in domain reorientation between these
two phases [31].

IV. Conclusions

Sinterability, structure, dielectric and piezoelectric
properties of Pb[(Zr 45, Ti, s)(Mn, 5,Sb;, 5), (5105 ce-
ramics have been studied. Coexistence of tetragonal and
rhombohedral phases was found in the selected compo-
sition after sintering at 1180 °C. The region showing the
best electrical performance was considered as the core
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of MPB. Grain size was in the order of ~1.35 um with
the uniform grain size distribution. The PZT-PMS ce-
ramics sintered at 1180 °C has excellent dielectric and
piezoelectric properties for wide practical applications.
Planar coupling factor of 0.70, poled dielectric constant
of 8215, the Curie temperature of 345 °C and a dielectric
loss of 6% are attained at 1 kHz and room temperature.
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