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Abstract

A ceramic ternary system of (1�x�y)Pb(Lu1/2Nb1/2)O3–xPbZrO3–yPbTiO3 (PLuN–PZ–PT) has been prepared by two-step synthetic

process and characterized by X-ray powder diffraction and electric measurements. A morphotropic phase boundary (MPB) region has

been delimited in the ternary system at room temperature. With the PLuN content increasing, the morphotropic phase boundary region

becomes broad as well as the dielectric peak. The best comprehensive piezoelectric properties were achieved at MPB composition

0.42PLuN–0.1PZ–0.48PT, with the piezoelectric coefficients d33, the Curie temperature Tc, the planar electromechanical coupling factor

Kp, and the remnant polarizations Pr being 367 pC/N, 360 1C, 68% and 35 mC/cm2, respectively. The results indicate that the PLuN–

PZ–PT ternary ferroelectric material may be a promising candidate for high-power electromechanical transducers that can operate in a

large temperature range.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Perovskite ferroelectric materials have been extensively
studied for actuators, multilayer ceramic capacitors and
electromechanical transducers, because of the high dielectric
and piezoelectric properties[1–3]. Specifically, the morphotro-
pic phase boundary (MPB) compositions exhibit anomalously
high dielectric and piezoelectric properties as a result of
enhanced polarizability arising from the coupling between
two equivalent energy states, i.e., the tetragonal and rhombo-
hedral phases, allowing optimum domain reorientation during
poling [4]. As typical representatives, the piezoelectric and
electromechanical properties of (1�x)Pb(Mg1/3Nb2/3)O3�x

PbTiO3(PMN–PT) and (1�x)Pb(Zn1/3Nb2/3)O3�xPbTiO3

(PZN–PT) single crystals near MPBs are up to d334
1500 pC/N and k3340.9, respectively [5,6].
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The usage temperature range, however, is limited by their
relatively low ferroelectric–ferroelectric phase transition TR�T

(o100 1C), which occurs at significantly lower temperatures
than their respective Curie temperature. Furthermore, much
attention has been focused on new systems with relatively high
Tc and high piezoelectricity near MPBs, such as binary
systems of Pb(Yb1/2Nb1/2)O3–PbTiO3 (PYN–PT), BiScO3–
PbTiO3 (BS–PT), Pb(In1/2Nb1/2)O3–PbTiO3 (PIN–PT), etc.
[7–9] and ternary systems of Pb(In1/2Nb1/2)O3–Pb(Mg1/3Nb2/3)
O3–PbTiO3 (PIN–PMN–PT), Pb(Mg1/3Nb2/3)O3–Pb(Ni1/3
Nb2/3)O3–PbTiO3 (PMN–PNN–PT), Pb(Sc1/2Nb1/2)O3–
Pb(Mg1/3Nb2/3)O3–PbTiO3 (PSN–PMN–PT), Pb(Yb1/2Nb1/2)
O3–Pb(Mg1/3Nb2/3)O3–PbTiO3 (PYN–PMN–PT) single crys-
tals or ceramics, etc. [10–13].
Specifically, the morphotropic phase boundary (MPB) was

observed in PZTs, which displayed excellent piezoelectricity
and high Tc (�370 1C) near the morphotropic phase bound-
ary (MPB) (x�0.47)[14]. In view of above, numerous studies
on PZT-based ternary solid solutions, such as Pb(Yb1/2Nb1/2)
O3–PbZrO3–PbTiO3 (PYN–PZ–PT) [15], Pb(Mg1/3Nb2/3)
O3–PbZrO3–PbTiO3 (PMN–PZ–PT) [16] and Pb(Ni1/2Nb1/2)
ll rights reserved.
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Fig. 1. XRD patterns of (1�x)Pb((LuN)1�yTiy)O3�xPZ ternary system:

(a) x¼0.4, (b) x¼0.25 and (c) x¼0.1.
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O3–PbZrO3–PbTiO3 (PNN–PZ–PT) [17] have been carried
out and their MPB compositions were reported to exhibit
promising dielectric and piezoelectric properties.

Compositionally ordered Pb(Lu1/2Nb1/2)O3 (PLuN) is anti-
ferroelectric with a pseudo-monoclinic perovskite structure
and has an antiferroelectric–paraelectric phase transition Tm

at 258 1C[18]. It forms a solid solution with PbTiO3 (PT),
(1�x)Pb(Lu1/2Nb1/2)O3�xPbTiO3 (PLuN–PT), with a mor-
photropic phase boundary at x¼0.38–0.49. The Tc for the
MPB composition of this system is up to �350 1C[18]. To
date, however, limited research has been carried out to
investigate the PLuN-based binary or ternary systems. In this
work, the (1�x�y)PLuN–xPZ–yPT ternary system as a
function of PT and PZ contents was synthesized; the phase
structure, dielectric, ferroelectric and piezoelectric properties
were investigated systematically.

2. Experimental procedure

The PLuN–PZ–PT ternary ceramics with the composi-
tions of (1�x)Pb((Lu1/2Nb1/2)1�yTiy)O3�xPbZrO3 (y¼
0.42�0.50, x¼0.10, 0.25, 0.40) were prepared using the
two-step precursor method. All the compositions
were selected at the proximity of the straight line connect-
ing the two MPBs in binary system PLuN–PT and
PZT[14,18]. Raw materials, Lu2O3 and Nb2O5, were used
to synthesize precursor of LuNbO4 at 1150 1C for 1.5 h.
Then PbO, TiO2, ZrO2, LuNbO4 powders were mixed
according to the desired compositions with excess 3 mol%
PbO in order to compensate volatilization and wet-milled
in alcohol for 24 h. The dried mixed powders were calcined
at 800 1C for 6 h to synthesize the compound and
then grounded in a mortar for 1.5 h with 5% polyvinyl
alcohol binder. The powders were granulated and pressed
into pellets. Following binder burnout at 500 1C, the
pellets were sintered in a sealed Al2O3 crucible at 1050–
1150 1C.

The phase structure of the sintered samples was deter-
mined by X-ray powder diffraction (Rigaku, Japan)
equipped with Cu Ka radiation and a graphite mono-
chromator. The microstructure analyses were undertaken
by scanning electron microscopy (SEM: JEOLModel
JSM6700F). For electrical tests, sintered samples were
polished and coated with silver paste as electrodes.
Following this, the samples were poled in silicon oil at
250 1C and electric field of 30 kV/cm. Dielectric measure-
ments were carried out using a computer-controlled
Alpha-A broadband dielectric/impedance spectrometer
(Novocontrol GmbH), with an AC signal of 1.0 V (peak-
to-peak). Polarization hysteresis loops were determined
using an aix-ACCT TF2000 analyzer (at f=2 Hz) at room
temperature. Piezoelectric coefficient was measured
using a quasi-static d33 meter (Institute of Acoustics,
Chinese Academy of Sciences, model ZJ-4AN). The
planar electromechanical coupling factor Kp was
determined from the resonance and antiresonance
frequencies, which were measured using an Alpha-A
broadband dielectric/impedance spectrometer (Novocon-
trol GmbH) according to IEEE standards on piezoelec-
tricity [19,20].
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3. Results and discussion

3.1. Structure and phase analysis

The XRD patterns of (1�x)Pb((Lu1/2Nb1/2)1�yTiy)
O3�xPbZrO3 with various PZ levels are shown in Fig. 1.
It can be seen that all the obtained ceramic samples show pure
perovskite phase. According to the chemical bonding theory
of single crystal growth[21–23], lattice planes correspond to the
anisotropic microscopic structure of constituent atoms which
finally determine the phase structure of solid state materials.
Due to the crystallographic characteristics of perovskite[24,25],
the XRD profiles of (200) reflections for the compound with
perovskite structure show only a single peak R(200) in the
rhombohedral symmetry because all the planes of (200) share
the same lattice parameters, however, in the tetragonal
symmetry the (200) reflections should be split into two peaks
of T(200)/(020) and T(002) profiles (due to a=bac), with the
intensity of the T(200)/(020) peak being double that of T(002)
Fig. 2. Phase region of (1�x)Pb((LuN)1�yTiy)O3�xPZ ternary system

at room temperature, presenting a morphotropic region.

Fig. 3. SEM micrographs of the fracture surface of 0.64Pb((LuN)

Fig. 4. SEM micrographs of the fracture surface of 0.75Pb((LuN
peak. Therefore, the (200) reflections are usually used to
distinguish the tetragonal symmetry, rhombohedral symme-
try or their coexistence[26,27]. As shown in Fig. 1(a), those
samples with yZ0.48 show the splitting of the pseudo-cubic
(200), indicating a tetragonal symmetry for the solid solution
with a high PT content. With the PT content decreasing, the
(200)/002) peaks gradually merge into one single peak at
y¼0.45, indicating that the structure transfers gradually
from tetragonal to rhombohedral phase, in which a mor-
photropic region is presented within y¼0.46–0.47. For
x¼0.25 and 0.10, also a similar phenomenon can be
observed (as shown in Fig. 1b and c). Based on above
analysis, the morphotropic region of PLuN–PZ–PT ternary
system has been established, as shown in Fig. 2. Apparently,
the morphotropic region became broadened as the composi-
tion shifted to the PLuN–PT side. The area above this MPB
curve on PT side is in ferroelectric tetragonal phase, while
the lower on PT side is in ferroelectric rhombohedral or
antiferroelectric phase. Scanning electron microscopy (SEM)
images of the fracture surfaces of 0.64Pb(LuN)1�xZrx)O3–
0.46PT and 0.75Pb((LuN)1�yTiy)O3–0.25PZ, as a function
of PZ or PT contents, are given in Figs. 3 and 4, respectively,
showing a mixture of transgranular and intergranular
characteristics, with low porosity. The grain size of 0.64Pb
((LuN)1�xZrx)O3–0.46PT was found to decrease slightly
with decreasing PZ content, being on the order of �6 mm
for x=0.40 and �2 mm for x=0.10, as shown in Fig. 3(a)–
(c). It should, however, be noted that the compositions with
y¼0.46 were not well-sintered. Meanwhile, the grain size of
0.75Pb((LuN)1�yTiy)O3–0.25PZ was found to be insensitive
to PT content level, being on the order of �4 mm, as shown
in Fig. 4(a)–(c), but the density and the crystallizing quality
improved with decreasing PT content, exhibiting good
sintering behavior.
1�xZrx)O3–0.46PT: (a) x¼0.40, (b) x¼0.25, and (c) x¼0.10.

)1�yTiy)O3–0.25PZ: (a) y¼0.48, (b) y¼0.45, and (c) y¼0.43.



Fig. 5. Temperature dependence of permittivity (er) for (1�y)Pb((LuN)1�xZrx)O3�yPT ternary system: (a) x¼0.40, (b) x¼0.25, and (c) x¼0.10.
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3.2. Dielectric and piezoelectric properties

(The temperature dependence of dielectric permittivity for
(1�x)Pb((LuN)1�yTiy)O3�xPZ is shown in Fig. 5, with
corresponding Curie temperature Tc as a function of PT
content being given in Fig. 6. It was found that with
increasing PT content, Tc increased monotonously, being
attributed to the high transition temperature of PT end
member �490 1C. In addition, with increasing PLuN con-
tent, the ternary solid solution exhibited more relaxor-like
characteristics, showing broadened dielectric peaks and dif-
fused dielectric behavior with respect to frequency. Further-
more, the dielectric anomaly prior to Tc temperature for some
compositions could be observed, as indicated in Fig. 5, being
associated with the rhombohedral to tetragonal phase transi-
tion temperature TR�T, as a result of curved MPB [28,29].
The piezoelectric coefficient d33 and dielectric properties at

room temperature as a function of PT content with different
PZ levels are shown in Fig. 7, showing optimum values for
ceramics with MPB compositions. The detailed dielectric,
piezoelectric, and electromechanical properties of the studied
(1�x)Pb((LuN)1�yTiy)O3-xPZ are summarized in Table 1.
The optimum properties were achieved in the MPB composi-
tion 0.9Pb((LuN)0.52Ti0.48)O3–0.1PZ (x¼0.10/y¼0.48), with
the piezoelectric coefficients d33, the dielectric permittivity er

the Curie temperature Tc, the planar electromechanical
coupling factor Kp, and the remnant polarizations Pr being
on the order of 367 pC/N, 1015, 360 1C, 68% and 35 mC/cm2,
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respectively. It is consistent with the polarization rotation
theory of Fu and Cohen due to enhanced polarizability aris-
ing from coupling between tetragonal and rhombohedral
phase [30].
Fig. 7. (a) Piezoelectric coefficient d33 and (b) dielectric constant (er) and loss t

for (1�x)Pb((LuN)1�yTiy)O3�xPZ ternary system.

Fig. 6. Curie temperature Tc as a function of PT content for

(1�x)Pb((LuN)1�yTiy)O3�xPZ ternary system.

Table 1

Dielectric, piezoelectric, and ferroelectric properties of several selected (1�x)P

Compositions TC (1C) Trt (1C) er tan d

10PLuN–40PZ–50PT 380 — 876 0.02

12PLuN–40PZ–48PT 377 — 1079 0.02

13PLuN–40PZ–47PT 372 — 1117 0.02

14PLuN–40PZ–46PT 365 235 941 0.02

15PLuN–40PZ–45PT 365 272 836 0.02

27PLuN–25PZ–48PT 371 — 1308 0.02

28PLuN–25PZ–47PT 368 200 965 0.02

29PLuN–25PZ–46PT 362 232 790 0.02

30PLuN–25PZ–45PT 351 264 652 0.02

32PLuN–25PZ–43PT 346 291 538 0.02

42PLuN–10PZ–48PT 360 177 1015 0.01

43PLuN–10PZ–47PT 355 204 978 0.02

44PLuN–10PZ–46PT 350 232 946 0.02

45PLuN–10PZ–45PT 344 243 902 0.01

46PLuN–10PZ–44PT 338 260 821 0.01

47PLuN–10PZ–43PT 331 — 804 0.02
3.3. Ferroelectric properties

The electric-field-induced bipolar polarization hysteresis
loops for (1�x)Pb((LuN)1�yTiy)O3–xPZ with various PT
and PZ levels are shown in Fig. 8, from which remnant
polarization Pr and the coercive field Ec as a function of PT
content can be obtained, as given in Fig. 9. Remnant
polarization Pr was found to increase significantly with
increasing PLuN content, reaching peak values for MPB
compositions, and then decreasing for compositions
with rhombohedral phase, where the maximum value of
39.5 mC/cm2 was obtained for the MPB composition
0.9Pb((LuN)0.54Ti0.46)O3–0.1PZ (x¼0.10/y¼0.46). Due to
the coexistence of ferroelectric rhombohedral and tetragonal
phases in the MPB region, the highest Pr value is expected
owing to the summation of the possible crystallographic
orientations, with eight o1114 spontaneous polarization
directions in a rhombohedral phase and six o0014
directions in a tetragonal phase [31]. Meanwhile, Ec was
found to increase with increasing PT content, indicating
that the domain switching becomes harder with higher PT
level, attributed to the decrease of the tetragonal phase.
angent (tan d) at room temperature and 1 kHz as a function of PT content

b((LuN)1�yTiy)O3�xPZ ternary ceramics.

d33 (pC/N) Kp (%) Ec (kV/cm) Pr (mC/cm
2)

3 144 – 12.98 5.15

0 185 – 13.54 18.55

1 239 43 12.73 19.4

3 206 31 11.62 22.9

4 198 – 11.43 14.9

1 342 48 14.81 27.6

2 352 56 13.66 26.18

3 210 – 10.72 23.8

5 174 – 10.3 22.6

8 150 – 8.9 21.2

7 367 68 16.97 34.9

0 334 54 15.9 29.5

6 327 52 15.54 37.5

9 296 – 15.02 35.3

8 217 – 14.7 33.6

0 203 – 13.2 29.6



Fig. 8. Bipolar polarization hysteresis loops for (1�x)Pb((LuN)1�yTiy)O3�xPZ ternary system: (a) x¼0.4, (b) x¼0.25, (c) x¼0.1, and (d) y¼0.47.

Fig. 9. Remnant polarization Pr (a) and coercive field Ec (b) as a function of PT content for (1�x)Pb((LuN)1�yTiy)O3�xPZ ternary system.
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4. Conclusions

In conclusion, the (1�x)Pb((Lu1/2Nb1/2)1�yTiy)O3–
xPbZrO3 ternary system with compositions near MPB was
prepared using two-step synthetic process. The phase
structure, dielectric, piezoelectric, and ferroelectric proper-
ties were investigated systematically. The MPB region in the
phase diagram for the ternary system was delimited.
As compositions shift to the PLuN–PT side, the morpho-
tropic phase boundary region became broader. Meanwhile,
the dielectric behavior exhibited the relaxor-like character-
istics. The optimum properties were achieved at the MPB
composition 0.42PLuN–0.10PZ–0.48PT, with the piezoelec-
tric coefficients d33 of 367 pC/N, the Curie temperature TC

of 360 1C, the electromechanical coupling factor Kp of 68%
and the remnant polarizations Pr of 34.9 mC/cm

2, exhibiting
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potential usage for high-powder electromechanical transdu-
cers that can be operated in a large temperature range.
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