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Abstract

Ferroelectric ceramics in specific composition of 0.95Pb(Zr,Ti; _,)O3-0.05Pb(Mn, 3Nb,;3)O3 or PZT-PMnN (with x=0.46, 0.48,
0.50, 0.52, and 0.54) have been investigated in order to identify the morphotropic phase boundary (MPB) composition. The effects of
Zr/Ti ratio on phase formation, dielectric and ferroelectric properties of the specimens have also been investigated and discussed. X-ray
diffraction patterns indicate that the MPB of the tetragonal and rhombohedral phase lies in x=0.52. The crystal structure of PZT-
PMnN appeared to change gradually from tetragonal to rhombohedral phase with increasing Zr content. The dielectric and ferroelectric
properties measurements also show a maximum value (¢, tan 6 and P,) at Zr/Ti=52/48, while the transition temperature decreases with

increasing Zr content.
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1. Introduction

Nowadays, lead free piezoelectric ceramics, such as
BaTiO3 or BT [1*3], (Bll/zKl/z)TIO3 or BKT [4], (Bil/ZKl/Z)
TiO5-BaTiO; or BKT-BT [5], (K;2Na;)NbO; or KNN
[6,7], (BijNa;p)TiOs [BNT]-based ceramics [8,9] have
been actively studied to replace PZT-based materials from
the viewpoint of environmental protection. However, no
materials recently replacing PZT has higher piezoelectricity
especially at a composition near the morphotropic phase
boundary (MPB) which has tetragonal and rhombohedral
phases with the coexistence of 14 orientation states:
6-tetragonal and 8-rhombehedral [10]. This is essential to
allow the strong polarization for piezoelectricity. This
compound also possesses high spontaneous polarization
and high Curie temperature (7.=390 °C) [10]. PZT compo-
sitions belong to the classical piezoelectric materials which
can be used for microelectromechanical systems (MEMS)
applications because of their excellent electromechanical
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coupling coefficient, piezoelectric and pyroelectric properties.
However, the disadvantages of PZT ceramics are their high
loss due to their highly hysteretic characteristics and rela-
tively high Curie temperature (7.) [10]. Therefore, most
commercial PZT ceramics are designed in the vicinity of the
MPB with various doping methods in order to achieve
high properties such as PZT-PMgN [11], PZT-PCN [12],
PZT-PNN [13], and PZT-PZN [14].

Pb(ZI'XTiI _X)O37Pb(Mn1/3Nb2/3)O3 or PZT-PMnN
ceramic system can be expected to have low heat generation
in the large vibration velocity and high mechanical quality
factor (Q,,) value. In view of such advantages, PZT-PMnN
ceramics are used as an excellent candidate for the high
power applications. Investigations on PZT-PMnN ceramic
systems have already shown excellent electrical properties
with the composition at 0.95 PZT—0.05 PMnN [15]. How-
ever, there have been no systematic studies on the relation-
ship between Zr/Ti ratio, physical and electrical properties
of ceramics within specific morphotropic phase boundary
(MPB) compositions of PZT and PMN. Therefore, the
overall purpose of this study is to determine the influence
of Zr/Ti ratio on phase formation behavior, dielectric
and ferroelectric properties of the 0.95Pb(Zr,Ti;_,)
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05-0.05Pb(Mn, 3Nb,/3)O3 (where x=0.46, 0.48, 0.50, 0.52,
and 0.54) ceramic system.

2. Experimental

The ceramics studied were fabricated according to the
formula: 0.95Pb(Zr,Ti; _)O3-0.05Pb(Mn, 3Nb,3)O3, where
x=0.46, 0.48, 0.50, 0.52, and 0.54. Raw materials of PbO,
Zr0O,, TiO,, MnO, and Nb,Os with > 99% purity were used
to prepare samples. In the present work, the 0.95Pb(Zr,Ti;_ )
05-0.05Pb(Mn, 5Nb,3)O5 samples were prepared using the
conventional solid-state reaction of raw materials. The pow-
ders were mixed by a vibratory-milling technique in ethanol
for 6 h. After drying, the product was calcined in an alumina
crucible at a temperature of 950 °C for 2 h [12]. The calcined
powders were uniaxially cold-pressed at 5000 psi into disc-
shaped pellets with a diameter of 10 mm and a thickness of
1-2 mm, with 3 wt% poly (vinyl alcohol) (PVA) added as a
binder. Following binder burnout at 500 °C, the pellets were
sintered at 1200 °C for 2h at a heating/cooling rate of
5 °C/min [12].

The phase structure of the powders was analyzed via X-ray
diffraction (XRD; Bruker-AXS D8). The dielectric properties
of the samples were measured using an automated measure-
ment system. An Agilent 4284 A LCR meter was used to
measure the dielectric properties over a wide temperature
range using a NorECS ProboStat high temperature measure-
ment cell. The room temperature ferroelectric properties were
examined using a simple Sawyer—Tower circuit at fixed
measuring frequency of 50 Hz.

3. Results and discussion

Effects of Zr/Ti ratios on phase formation of
0.95Pb(Zr,Ti; - »)O3-0.05Pb(Mn, 3Nb,/3)O3 ceramics have
been investigated, where the XRD patterns for x=0.46,
0.48, 0.50, 0.52 and 0.54 are shown in Fig. 1. Phase
formation of the specimens was characterized by XRD
technique, showing a perovskite structure for all composi-
tions. In the XRD patterns, the crystal structure of the
specimens appears to change gradually from tetragonal
(correlated with JCPDS File no. 50-0346) to rhombohedral
(correlated with JCPDS File no. 73-2022) with increasing
Zr content, as presented in Fig. 1(a). In addition, the c/a
ratio calculation of the samples varies from 1.00 to 0.91 at
x=0.46 to 0.54, respectively, confirming rhombohedral-
rich phase with increasing Zr content (Table 1). As shown
in Fig. 1(b), XRD peak profiles of the (200)t and (002)t
peaks at x=0.46-0.50 indicate the tetragonal phase. At the
x=0.52 composition, (020)r peak is observed with (200)t
and (002)T peaks, indicating the coexistence of the tetra-
gonal and rhombohedral phases. The (020)g peak in
compositions x=0.52 and 0.54 have indicated that the
crystal has transformed into a rhombohedral phase. There
also appears coexistence between tetragonal and rhombo-
hedral phases around Zr/Ti=52/48, as shown in Fig. 1(b).
Previously, a similar behavior was also observed with
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Fig. 1. XRD pattern of Pb(Zr,_,Ti,)O;-Pb(Mg;3Nn,;3)O;, where
x=0.46-0.54.

increasing Zr content in PZT [16], PZT-PZN [17], PZT-
PCN [18] and PZT-SiO, [19] ceramics. To a first approx-
imation, it could be stated that the composition with
x=0.52 is close to the MPB of the 0.95PZT —0.05PMnN
system.

Temperature and frequency dependences of dielectric prop-
erties (¢, and tan d) of 0.95PZT—0.05PMnN ceramics are
displayed in Fig. 2. The maximum dielectric constant (&)
and transition temperature (7;,.x) at 1 kHz are also measured
and shown in Fig. 2. The dielectric characteristic shows board
peaks at maximum transition temperature with independence
on frequency, confirming a normal-like ferroelectric with
for all samples possible due to the characteristic of PZT
component for 95 mol% in this 0.95PZT —0.05PMnN cera-
mics system. In Fig. 2(f), the &, significantly increases from
x=0.46 which reaches maximum value at x=0.52 and then
decreases, clearly indicating the maximum dielectric constant
at MPB composition of x=0.52. In addition, a clear transition
in 7.« (defined as the temperature at which ¢, is maximum at
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Table 1
Physical and electrical properties of 0.95Pb(Zr,Ti, _ )O3 —0.05Pb(Mn, 3Nb,/3)Osceramics.

Zr/Ti ratio ¢/a ratio & (at 1 kHz) T. (°C) P, (°C/em?) E. (kV/cm) Loop squareness (Ryq)
46/54 1.00 10,100 288 1.26 4.74 1.17
48/52 0.98 10,300 283 11.32 23.30 1.66
50/50 0.96 10,300 272 11.62 23.54 1.67
52/48 0.93 12,000 266 13.44 23.81 1.73
54/46 0.91 10,200 262 11.68 23.33 1.68
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Fig. 2. Dielectric properties of 0.95Pb(Zr,Ti, _ .)O3-0.05 Pb(Mn, 3Nb,/3)O3, where x=(a) 0.46 (b) 0.48, (c) 0.50, (d) 0.52 and (e) 0.54, and (f) summarized
result of T, and &y.y.

rhombohedral, as confirmed by XRD patterns in Fig. 1. This
result suggests that the transition temperature of the
0.95PZT —0.05PMnN system can be varied over a range from

1 kHz) is noticed that an increase in Zr mole fraction leads to
a decrease in Ty, most likely due to the reason that crystal
structure of the materials was changed from tetragonal to
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Fig. 3. P-E hysteresis loop of 0.95Pb(Zr,Ti, _,)O3-0.05Pb(Mn;;3Nb,/3)Os,
where x=0.46— 0.54.

262 to 288 °C by controlling the Zr/Ti ratio in the system.
Similar behavior is also reported in previous works [16-19].

The room temperature polarization—electric field (P-E)
hysteresis loops of 0.95Pb(Zr,Ti,_ )O3 —0.05Pb(Mn; 3Nb,/3)
O; ceramics measured at 45 kV/cm are presented in Fig. 3.
The remnant polarization (P,) gradually increases with increas-
ing Zr content up to x=0.52 and then decreases. This
behavior is likely due to the ferroelectric characteristics that
reaches optimized values at the MPB composition. However,
the decrease in the remnant polarization at x=0.54 could be
caused by Zr-rich rhombohedral phase in this composition
[16-19]. Clearly, substantial changes of the phase formation
and electrical properties are observed at Zr/Ti ratio of 52/48,
which confirms the MPB of this ceramic system at Zr/Ti=
52/48. An anomaly of electrical properties at the MPB has also
been observed in solid solutions of PZT-PNN [13], PZT-PZN
[17], and PZT-PCN [18]. Furthermore, the ferroelectric
characteristics can be assessed with the hysteresis loop square-
ness (Ryq) [20], which can be calculated from the empirical
expression Ry = (P,/Ps)+ (P 15/Ps), where Py is the saturated
polarization obtained at some finite field strength below the
dielectric breakdown and P; ;g is the polarization at the field
equal to 1.1E;. For the ideal square loop, R is equal to 2.00
[20]. As listed in Table 1, the loop squareness parameter Ry
increases from 1.27 in Zr/Ti=46/54 to reach the maximum
value of 1.73 in Zr/Ti=52/48 and then decrease to 1.68 in
Zr/Ti=54/46.As it is well known, values of the dielectric and
ferroelectric properties of a solid solution with MPB usually
maximize approximately at the MPB composition. It is seen
that the highest Ry, at Zr/Ti of 52/48 indicates the MPB of this
system. This behavior has also been found in previous
investigation [16-20]. This observation could be due to easy
polarization rotation in the MPB region with coexistence of
the tetragonal and rhombohedral phase [10].

4. Conclusions

From the present results, ceramics in the 0.95Pb
(Zr,Ti; _)O3—0.05Pb(Mn; 3Nb,3)O3 system, with x=0.46,

0.48, 0.50, 0.52, and 0.54, are successfully prepared by a solid-
state mixed-oxide technique. The MPB composition, where
the tetragonal and rhombohedral phases coexist in the present
system, is formed to be x=/0.52. At 1 kHz, the maximum
dielectric constant (gy,,¢) of 12,000 is observed at Zr/Ti=52/
48. Moreover, the ferroelectric parameters change significantly
with Zr content, while the highest loop squareness (Ry,) of
1.73 is observed at the MPB composition. Most importantly, a
combination of X-ray diffraction analysis, dielectric and
ferroelectric measurements shows that the MPB between the
tetragonal and rhombohedral phases exists around Zr/Ti ratio
of 52/48. Finally, this study shows that the Zr/Ti ratio could
be used to tailor electrical properties in 0.95PZT —0.05SPMnN
ceramics.
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