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bstract

Pb(In1/2Nb1/2)O3–(1 − x − y)Pb(Mg1/3Nb2/3)O3–xPbTiO3 (yPIN–(1 − x − y)PMN–xPT) polycrystalline ceramics with morphotropic phase bound-
ry (MPB) compositions were synthesized using columbite precursor method. X-ray diffraction results indicated that the MPB of PIN–PMN–PT
as located around PT = 0.33–0.36, confirmed by their respective dielectric, piezoelectric and electromechanical properties. The optimum prop-

rties were found for the MPB composition 0.36PIN–0.30PMN–0.34PT, with dielectric permittivity εr of 2970, piezoelectric coefficient d33 of
50 pC/N, planar electromechanical coupling kp of 49%, remanent polarization Pr of 31.6 �C/cm2 and TC of 245 ◦C. According to the results
f dielectric and pyroelectric measurements, the Curie temperature TC and rhombohedral to tetragonal phase transition temperature TR–T were
btained, and the “flat” MPB for PIN–PMN–PT was achieved, indicating that the strongly curved MPB in PMN–PT system was improved by

dding PIN component, offering the possibility to grow single crystals with high electromechanical properties and expanded temperature usage
ange (limited by TR–T).

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Relaxor-PbTiO3 (PT) based single crystals,
uch as Pb(Mg1/3Nb2/3)O3–PbTiO3 (PMN–PT) and
b(Zn1/3Nb2/3)O3–PbTiO3 (PZN–PT), were found to pos-
ess extra high electromechanical coupling factor (k33 > 0.9)
nd piezoelectric coefficient (d33 > 1500 pC/N) that far out
erform polycrystalline PZT-based ceramics (k33 ∼0.7 and
33 ∼400–600 pC/N), making them promising candidates for
edical ultrasonic imaging, sonar transducers, and solid-state

ctuators.1–3 Although relaxor-PT based single crystals have
xcellent piezoelectric and electromechanical properties, their

◦
elatively low Curie temperature (TC ∼130–170 C) becomes a
ritical limitation for applications, where the thermal stability
s required, in terms of dielectric and piezoelectric property
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ariations and depolarization as a result of post-fabrication
rocess in transducers.3 Their usage temperature ranges are
urther restricted by ferroelectric rhombohedral to ferroelectric
etragonal phase transition (TR–T ∼60–95 ◦C), occurring at
ignificantly lower temperatures due to the strongly curved
orphotropic phase boundary (MPB).3–5

A broader temperature operating range would allow for
reater device design flexibility and therefore a wider range
f potential applications. Thus, new piezoelectric single crystal
ompositions, which will be able to operate at higher tem-
erature than current state-of-the-art PMN–PT/PZN–PT single
rystals, are desirable.6 In order to find the possibility of sin-
le crystals for the next generation of transduction devices,
umerous studies are focused on exploring new high perfor-
ance ferroelectric systems with higher TC/TR–T over the past

ew years.7–10

Perovskite Pb(In1/2Nb1/2)O3 (PIN) is a typical relaxor fer-
◦
oelectric material with a TC of about 90 C. The solid

olution of the PIN–PT binary system exhibits a MPB near
7 mol% PT, where high piezoelectric and dielectric prop-
rties can be obtained. The Curie temperature of PIN–PT

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.08.025
mailto:caomaosheng@bit.edu.cn
mailto:soz1@psu.edu
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Fig. 1. Phase diagram of PIN–PMN–PT ternary system. Black dots are the
selected compositions in this work. Other data is from the published papers
(Red hollow squares: Hosona et al.11; Blue hollow triangles: Lin et al.15; Green
hollow circles: Pham-Thi, et al.16). (For interpretation of the references to color
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Fig. 2. XRD patterns of (a) 0.36PIN–(0.64 − x)PMN–xPT and (b)
0.46PIN−(0.54 − x)PMN–xPT. The space groups were determined to be
P
a

r

n this figure legend, the reader is referred to the web version of the article.)

ith MPB composition is about 320 ◦C, much higher than
hat of PMN–PT.11 Consequently, it is promising to improve
he TC/TR–T of PMN–PT system by adding PIN compo-
ent. Recently, the new relaxor-PT based ternary single
rystal system Pb(In1/2Nb1/2)O3–Pb(Mg1/3Nb2/3)O3–PbTiO3
PIN–PMN–PT) was reported to possess higher TC > 170 ◦C and
R–T > 120 ◦C, and comparable piezoelectric properties to the
inary crystal systems PMN–PT, indicating that PIN–PMN–PT
rystals are promising candidates for electromechanical devices
here high temperature usage and thermal stability are

equired.12–14 However, studies of PIN–PMN–PT system have

een focused on the PIN in the range of 0.23–0.35, with TR–T less
han 135 ◦C, TC/TR–T of PIN–PMN–PT are needed to be further
mproved to satisfy practical applications for higher temperature

t

P

Fig. 3. SEM micrographs of the fracture surface for 0.46PIN–(0.54 −
4 mm and R3c for tetragonal and rhombohedral phases, respectively,
ccording to the XRD patterns.

ange. Thus, it is necessary to investigate the PIN–PMN–PT

ernary system with higher PIN content level.

In this work, in order to obtain higher TC/TR–T in
IN–PMN–PT ternary system, PIN–PMN–PT ceramics with

x)PMN–xPT: (a) x = 0.33; (b) x = 0.34; (c) x = 0.35; (d) x = 0.36.
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Fig. 4. The piezoelectric and dielectric properties of
yPIN–(1 − x − y)PMN–xPT as a function of PT: (a) piezoelectric coef-
ficient d33; (b) planar electromechanical coupling kp and (c) dielectric
p
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ermittivity εr.

igh PIN content were synthesized using columbite precursor
ethod. Dielectric- and pyroelectric-temperature measurements
ere used to determine the TC/TR–T. Phase structure, dielec-

ric, piezoelectric and ferroelectric properties of PIN–PMN–PT
eramics were studied in detail.

. Experimental
The PIN–PMN–PT ternary ceramics with compositions
f yPb(In1/2Nb1/2)O3–(1 − x − y)Pb(Mg1/3Nb2/3)O3–xPbTiO3
yPIN–(1 − x − y)PMN–xPT, x = 0.28–0.37 and y = 0.36,
.46) were prepared using two-step columbite precursor

f
a
1
t

ig. 5. The ferroelectric hysteresis of (a) 0.36PIN–(0.64 − x)PMN–xPT; (b)
.46PIN–(0.54 − x)PMN–xPT.

ethod.11,15–17 The studied compositions are shown in Fig. 1.
aw materials of MgCO3 (99.9%, Alfa Aesar, Ward Hill, MA),
b2O5 (99.9%, Alfa Aesar) and In2O3 (99.9%, Alfa Aesar)
ere used to synthesize columbite precursors of MgNb2O6

nd InNbO4 at 1000 ◦C and 1100 ◦C, respectively. Pb3O4
99%, Alfa Aesar), TiO2 (99.9%, Ishihara, San Francisco,
A), MgNb2O6 and InNbO4 powders were batched stoi-
hiometrically according to the nominal compositions and
et-milling in alcohol for 24 h. The dried mixed powders
ere calcined at 800 ◦C for 4 h. The synthesized powders
ere subsequently vibratory milled in alcohol for 12 h. The
owders were granulated and pressed into pellets with 12 mm in
iameter. Following binder burnout at 550 ◦C, the pellets were
intered in a sealed crucible at 1220–1280 ◦C, where PbZrO3
as used as lead source to minimize PbO evaporation.
The density of the sintered samples was measured using the

rchimedes method. The phase and morphologies of the sintered
amples were determined using X-ray powder diffraction (XRD,
ADV and X2 diffractometers, Scintag, Cupertino, CA) and
canning electron microscope (SEM, Hitachi S-3500 N, Japan).
or electrical test, plane-parallel plates of sintered samples were
olished using 15 �m SiC powder. Silver paste was printed to
orm electrodes on both sides of the disc samples and then fired

t 700 ◦C for 10 min. Poling was carried out in silicon oil at
20 ◦C for 10 min with an electric field of 30 kV/cm. Dielec-
ric measurements were carried out on poled samples using a
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Fig. 6. (a) Remanent polarization Pr and (b) coercive field EC of
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Fig. 7. The temperature dependence of dielectric permittivity for (a)
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PIN–(1 − x − y)PMN–xPT as a function of PT.

ulti-frequency precision LCRF meter (HP 4184A, Hewlett
ackard, Palo Alto, CA). Piezoelectric coefficients were mea-
ured on disk samples using a Berlincourt d33 meter (ZJ-2,
nstitute of Acoustics Academia Sinica, Beijing, China).
olarization hysteresis and strain-electric field behavior were
etermined using a modified Sawyer–Tower circuit driven by
lock-in amplifier (Model SR830, Stanford Research System,
unnyvale, CA) at a frequency of 1 Hz. The planar electrome-
hanical coupling kp and mechanical quality factor Qm were
etermined from the resonance and antiresonance frequencies,
hich were measured using an Impedance/Gain-phase analyzer

HP 4194A, Hewlett-Packard, Palo Alto, CA), according to
EEE standards.18,19 The pyroelectric property was measured
y the static Byer–Roundy method20 and a picoammeter (HP
140B, Hewlett Packard, Palo Alto, CA) was used to measure
he pyroelectric current.

. Results and discussion

XRD patterns of the studied compositions for
PIN–(1 − x − y)PMN–xPT are shown in Fig. 2. All the
amples were found to be pure perovskite except the com-

ositions with 0.36PIN, where small peaks of pyrochlore
hase were indicated in Fig. 2(a). The typical tetragonal phase
ymmetry for perovskite at room temperature is characterized
y (2 0 0) peak splitting around 2θ = 45◦, which was used to

w
i
o
i

.36PIN–(0.64 − x)PMN–xPT and (b) 0.46PIN–(0.54 − x)PMN–xPT.

etermine the MPB compositions, separating rhombohedral
nd tetragonal phases.21,22 It was found that with increasing PT
ontent, the (2 0 0) peak gradually split, indicating the phase
ransition from rhombohedral phase to tetragonal phase. As

result, the compositions with PT content of 0.33, 0.34 and
.35 for 0.36PIN–(0.64 − x)PMN–xPT and 0.34, 0.35 and 0.36
or 0.46PIN–(0.54 − x)PMN–xPT belong to the MPB region
ccording to the XRD patterns.

SEM micrographs of the fracture surface for
.46PIN–(0.54 − x)PMN–xPT with different PT contents
re shown in Fig. 3. It was clearly observed that all samples
ere highly dense, with a mixture of transgranular and inter-
ranular characteristics.23 With increasing PT content, the grain
ize changed slightly, which was found to be on the order of
–5 �m.

The piezoelectric and dielectric properties of
PIN–(1 − x − y)PMN–xPT with different PT contents are
hown in Fig. 4. It was found that the piezoelectric coefficient
33, planar electromechanical coupling kp and dielectric per-
ittivity εr reached the maxima in the range of PT = 0.33–0.36,
hich is attributed to the enhanced polarizability for MPB

ompositions.
The ferroelectric hysteresis of yPIN–(1 − x − y)PMN–xPT

ith different PT contents is shown in Fig. 5. The correspond-

ng remanent polarization Pr and coercive field EC as a function
f PT are shown in Fig. 6. It was observed that with increas-
ng PT content from 0.28 to 0.36, Pr increased firstly, reaching



D. Wang et al. / Journal of the European Ceramic Society 32 (2012) 433–439 437

Table 1
Piezoelectric, dielectric and ferroelectric properties of 0.36PIN–(0.64 − x)PMN–xPT.

Composition (PIN–PMN–PT) Density (g/cm3) d33 (pC/N) kp (%) Qm εr tanδ (%) TC (◦C) TR–T (◦C) Pr (�C/cm2) EC (kV/cm)

36/36/28 8.2 180 32.3 260 1030 1 210 166 27.3 8.2
36/35/29 8.2 180 33.9 270 1040 0.9 215 163 27.5 8.4
36/34/30 8.2 220 38.5 240 1070 1 218 159 29.8 8.6
36/33/31 8.2 240 39.2 230 1260 0.9 225 163 29.2 8.8
36/32/32 8.2 310 42.1 200 1650 1 233 156 29.1 8.8
36/31/33 8.1 370 44.6 170 2120 1 239 158 29.6 9.3
36/30/34 8.1 450 49.0 130 2970 1.1 245 / 31.6 9.8
36/29/35 8.1 440 47.4 150 2990 1 251 / 30.4 11.2
36/28/36 8.0 410 45.1 150 3060 1 260 / 29.7 12.4
36/27/37 8.1 350 43.3 200 2630 0.7 266 / 27.7 14.8

d33, piezoelectric coefficient; kp, planar electromechanical coupling; Qm, mechanical quality factor; εr, dielectric permittivity; tanδ, dielectric loss; TC, Curie
temperature; TR–T, rhombohedral to tetragonal phase transition temperature; Pr, remanent polarization; EC, coercive field.

Table 2
Piezoelectric, dielectric and ferroelectric properties of 0.46PIN–(0.54 − x)PMN–xPT.

Composition (PIN–PMN–PT) Density (g/cm3) d33 (pC/N) kp (%) Qm εr tanδ (%) TC (◦C) TR–T (◦C) Pr (�C/cm2) EC (kV/cm)

46/26/28 8.2 160 26.5 240 1100 2.2 215 173 24.6 8.3
46/25/29 8.1 160 28.9 220 1000 2.2 229 174 25.6 7.8
46/24/30 8.1 190 34.1 210 1110 2.3 232 177 25.8 8.5
46/23/31 8.2 190 34.5 180 1050 2.1 242 174 25.9 8.5
46/22/32 8.3 200 34.8 180 1070 1.8 253 164 25.6 8.7
46/21/33 8.1 300 41.2 180 1470 1.8 260 158 27.7 11.2
46/20/34 8.2 420 46.2 120 2490 1.7 265 158 28.4 10.7
46/19/35 8.2 400 42.3 110 2840 1.5 274 / 27.8 11.3
46/18/36 8.1 330 36.6 130 2270 1.4 284 / 23.2 11.9
46/17/37 8.1 280 33.8 150 2030 1.2 291 / 20.8 11.3
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most cases, two dielectric anomalies can be observed, corre-
sponding to the rhombohedral to tetragonal phase transition
he maxima at PT = 0.34, above which, Pr decreased. Due to the
oexistence of ferroelectric rhombohedral and tetragonal phases
n the MPB compositions of yPIN–(1 − x − y)PMN–xPT, the
ptimum domain reorientation during poling can be achieved,
eading to the enhanced Pr for MPB composition. Coercive
eld E , however, was found to increase monotonously with
C

ncreasing PT content, as shown in Fig. 6(b), indicating that the

ig. 8. Rhombohedral to tetragonal phase transition temperature TR–T and Curie
emperature TC of PIN–PMN–PT as a function of PT (C, cubic phase; R, rhom-
ohedral phase; T, tetragonal phase).

t

F
*

omain switching becomes harder, attributed to the increase of
he tetragonal phase.

The temperature dependence of the dielectric permittiv-
ty for yPIN–(1 − x − y)PMN–xPT is shown in Fig. 7. In
emperature TR–T and Curie temperature TC, respectively.

ig. 9. The shape of MPB for the PIN–PMN–PT ternary system (*Choi et al.24;
*Alberta25).
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he values of TC can be easily determined by the dielectric
axima, as shown in Fig. 7, while the values of TR–T can be

onfirmed by the pyroelectric measurements.24 Consequently,
he TC/TR–T dependence as a function of PT was obtained and
iven in Fig. 8. It was clear that with increasing PT content,
C increased from 166 ◦C to 266 ◦C and 215 ◦C to 291 ◦C for
PIN–(1 − x − y)PMN–xPT with 0.36PIN and 0.46PIN, respec-
ively, while, TR–T changed slightly in a wide PT range. Of
articular interest is that high TR–T > 170 ◦C was achieved
or 0.46PIN–(0.54 − x)PMN–xPT, attractive for single crys-
al growth. Detailed piezoelectric, dielectric and ferroelectric
roperties for yPIN–(1 − x − y)PMN–xPT with 0.36PIN and
.46PIN are listed in Tables 1 and 2, respectively.

According to the data from dielectric and pyroelectric mea-
urements in this work, including reported results,24,25 the shape
f MPB for the PIN–PMN–PT ternary system was obtained,
s shown in Fig. 9. It is evident that with increasing PIN con-
ent, the TC/TR–T are improved greatly, due to the higher TC
f PIN (90 ◦C) than that of PMN (−10 ◦C).11,24 Of particu-
ar significance is that the strongly curved MPB in PMN–PT
ystem became almost “flat” in a broad range of PT content
0.28–0.34) for PIN–PMN–PT ternary system, due to the addi-
ion of PIN component, demonstrating that compositions with
mproved piezoelectric properties and broad temperature usage
ange are expected at MPB region, as shown in Figs. 8 and 9,26

ttractive for electromechanical applications with higher tem-
erature usage range.

. Conclusions

In conclusion, PIN–PMN–PT ternary ceramics with MPB
ompositions were prepared using two-step columbite precursor
ethod. Phase structure, dielectric, piezoelectric and ferroelec-

ric properties were investigated. The optimum properties were
ound for the MPB composition 0.36PIN–0.30PMN–0.34PT,
ith d33 of 450 pC/N, kp of 49%, Qm of 130, εr of 2970,

anδ of 1.1%, Pr of 31.6 �C/cm2, EC of 9.8 kV/cm and
C of 245 ◦C. According to the dielectric- and pyroelectric-

emperature measurements, the TC/TR–T were obtained as a
unction of PT, “flat” MPB in a broad PT range for the
ernary PIN–PMN–PT system was achieved. It is significant
hat high TR–T of 170–180 ◦C was achieved for PIN–PMN–PT
ernary system, which is promising to grow high performance
rystals with enhanced temperature usage range and thermal
tability.
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