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a  b  s  t  r  a  c  t

The  phase  transition  behavior  and  its  effect  on thermal  stability  of the  piezoelectric  properties  of  the
(1  −  x)[0.65PbMg1/3Nb2/3O3–0.35PbTiO3]–xBiZn1/2Ti1/2O3 ceramics  with  0  ≤ x ≤  0.06  were  investigated.
The  phase  transition  from  the  monoclinic  to  tetragonal  phase  was  determined  by  the  dielectric  con-
stant  and  elastic  constant  measurements.  The  temperature  independent  piezoelectric  response  with
−d31 = 188  pC/N  was  obtained  from  175  to  337  K  for the  composition  with  x =  0.02.  The  enhanced  thermal
eywords:
iezoelectric
ielectric
erroelectric
hase transition

stability  of piezoelectric  response  was  achieved  by  shifting  the  monoclinic–tetragonal  phase  transition
to  the lower  temperature.

© 2011 Elsevier B.V. All rights reserved.
hermal stability

. Introduction

Lead-based ferroelectric ceramics exhibit superior electrome-
hanical properties at the morphotropic phase boundary (MPB)
nd have been widely used as actuators, sensors and transducers
1–3]. PMN–PT ceramics near the MPB  show better piezoelectric
roperties than PZT [4].  These higher electromechanical proper-
ies originate from the enhanced extrinsic contribution not only
rom the lower Curie temperature (165 ◦C) but also from the
erroelectric–ferroelectric phase transition around 60–90 ◦C [5,6].
hese low temperature phase transitions cause strong temperature
ependence of the electromechanical properties, which limits their
pplications in wide temperature range [7].

Shifting the intermediate phase transformation to room tem-
erature greatly improves the electromechanical activity in BaTiO3
nd (K,Na)NbO3 piezoelectric ceramics, while the thermal sta-

ility of these ceramics has been sacrificed [8,9]. As known in
ielectrics, increasing the diffuseness of the phase transformation
ould improve the thermal stability of dielectric properties [1].

∗ Corresponding author. Tel.: +86 21 52412420; fax: +86 21 52413122.
∗∗ Corresponding author. Tel.: +852 34003345; fax: +852 23301544.
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Bismuth zinc titanate Bi(Zn1/2Ti1/2)O3 is a new lead free polar
compound with the largest tetragonality (c/a = 1.211), the largest
calculated point polar (150 �C/cm2) ever reported in any d0 B site
Bi and Pb based perovskites, and high Curie temperature more than
900 ◦C [10]. Some interesting results have been reported in solid
solutions of Bi(Zn1/2Ti1/2)O3 with other perovskites. The diffuse-
ness of the phase transformation were enhanced after introducing
Bi(Zn1/2Ti1/2)O3 into PbTiO3, BaTiO3 and K1/2Na1/2NbO3 ceram-
ics [11–13].  Especially, the intermediate phase transformation in
BaTiO3 and K1/2Na1/2NbO3 have been tuning down to the lower
temperature [12,13]. Although such notable and interesting effects
have been observed, there are no reports of the BZT solid solution
with high performance PMN–PT to our best knowledge.

High performance piezoelectric PMN–PT ceramics with MPB
composition have been prevented from applications in the wide
temperature range by their poor thermal stability of electrome-
chanical properties. The aim of this work is to improve the thermal
stability of piezoelectric response of PMN–PT ceramics by low-
ering and diffusing the intermediate ferroelectric–ferroelectric
phase transformation with Bi(Zn1/2Ti1/2)O3. Therefore, the

(1 − x)[0.65PbMg1/3Nb2/3O3–0.35PbTiO3]–xBiZn1/2Ti1/2O3 ceram-
ics were prepared. The influences of Bi(Zn1/2Ti1/2)O3 on the
crystal structure, phase transition behavior and electromechanical
properties have been systematically investigated.

dx.doi.org/10.1016/j.jallcom.2011.06.009
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:grli@mail.sic.ac.cn
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.  Experimental

The one-step solid reaction method was used to prepare composi-
ions  of (1 − x)[0.65PbMg1/3Nb2/3O3–0.35PbTiO3]–xBiZn1/2Ti1/2O3 (abbreviated as
.65PMN–0.35PT–xBZT) where x in the range from 0 to 0.06. Pb3O4 (99.9%), Nb2O5

99.9%), TiO2 (99.9%), 4(MgCO3)·Mg(OH)2·5H2O (99.5%), Bi2O3 (99%), and ZnO
99.5%) were used as raw materials. These materials were weighed according to the
esigned composition. The raw materials were mixed for 24 h in deionized water.
fter drying, the powder was twice calcined at 1123 K for 4 h. Second ball milling
as  employed to reduce the powder size. The final powder was  pressed into disks
ith the diameter of 12 mm and sintered in the temperature range of 1473–1523 K
ith the dwelling time of 0.5–2 h.

The density of the sample was measured by Archimedes method. The crys-
al structure was  examined with XRD powder diffraction (scan rate 4◦/min, step
.02◦ , D/max-2550VX, Rigaku Corporation, Tokyo, Japan). The sample with silver
lectrodes was poled in the silicone oil at 335 K under a directive electric field of

 kV/mm and then cooled down to room temperature under the electric filed. All
lectric measurements were conducted after aging at least for 48 h. The P–E hys-
eresis loops of samples were measured by a TF analyzer (Model 2000, aix ACCT
ystems, Germany) at 20 ◦C. The temperature dependences of dielectric and piezo-
lectric properties were performed using an HP4294A precise impedance analyzer
Agilent Technologies Inc., Palo Alto, CA), according to IEEE standards [14]. The res-
nant fr and antiresonant fa frequencies are measured with an precision impedance
nalyzer. The elastic compliance constant s11, the electromechanical coupling fac-
ors  k31, and the piezoelectric constant −d31 are calculated according to the following
quations provided in IEEE standards.

p =
(

fa − fr
0.395fr + 0.574(fa − fr )

)1/2

(1)

n  the case of 0.27 < �E < 0.42, the Poisson ratio can be calculated by equation

E = 5.332fr − 1.867fr,1
0.6054fr,1 − 0.1910fr

(2)

31 = kp

√
1 − �E

2
(3)

E
11 = �2

1

(� · d · fr )2 · (1 − �E2) · �
(4)

31 = −k31

√
εT

33 · sE
11 (5)

here fr is the resonance frequency, fa the anti-resonance frequency, fr,1 the
rst overtone frequency, �E the Poisson ratio, and � the density of the investi-
ated sample, d the diameter of sample, �1 the minimal root of the equation:
1  + �E)J(�) = �J0(�). The sample temperature was  controlled by a liquid nitrogen
ath cryostat (DN-1704, Oxford Instrument, UK), stabilized by a digital temperature
ontroller (ITC 601, Oxford Instrument, UK).

. Results and discussion

The crystal structure of the 0.65PMN–0.35PT–xBZT ceramics
efore poling was examined by XRD, as shown in Fig. 1a. All compo-
itions show pure perovskite phases with tetragonal structure. No
econdary phase could be found after the addition of BZT. As Bi3+

1.34 Å) is smaller than Pb (1.49 Å) while Zn (0.74 Å) are similar
ith Mg  (0.72 Å) [15]. The diffraction lines slightly shifts towards

he higher angle, as seen in Fig. 1b. A continuously broadening of
iffraction lines has been observed with x increasing from 0 to
.06. This broadening indicates the increase of internal strain from
ompositional disorder. The local tetragonal distortion randomly
istributes in ceramics, resulting in the broadened diffraction lines
16]. Theoretical ab initio calculation revealed that hybridization
f the Zn 4s, 4p and O 2p orbitals form the short covalent Zn–O
onds in BZT–PT [17]. These short bonds increase the off-center
isplacement of A-site and B-site ions in the perovskite structure
nd increase the tetragonal distortion. This result is consistent with
ur experimental XRD observation.

Fig. 2 shows the SEM results of the fracture of
.65PMN–0.35PT–xBZT ceramics. The grain sizes of
.65PMN–0.35PT ceramic range from 5 to 9 �m and small

mount of pores are observed. The clean grain boundary indi-
ates the intergranular fracture. After solidification between
.65PMN–0.35PT and BZT (x = 0.04, 0.06), the ceramics became
enser. It should be addressed that notable transgranular fracture
Fig. 1. The XRD patterns of 0.65PMN–0.35PT–xBZT ceramics with 2� in the range
from (a) 15◦ to 80◦ and (b) 43◦ to 47◦ .

has been induced. One possible reason is that the internal strain
caused by replacement of Bi for Pb decreases the strength of the
grain [18]. This result is supported by the XRD results.

Fig. 3 shows the variations of dielectric constant (εr) with com-
position and temperature at 1 kHz for poled 0.65PMN–0.35PT–xBZT
ceramics during heating from 77 to 500 K. To clearly demonstrate
the low temperature phase transition, the reciprocal of the dielec-
tric constant (1/εr) are also showed. For the pure 0.65PMN–0.35PT,
a sharp dielectric anomaly is observed at 442 K, corresponding to
cubic to tetragonal phase transition. Another dielectric anomaly at
332 K should be related to an electric field induced phase transi-
tion [5,6]. The increase of x increases the diffuseness and lowers
phase transformation temperatures of these phase transitions. The
increase of the diffuseness by doping is generally observed in
relaxor ferroelectrics and can be attributed to the compositional
and/or structural disorder in the ceramics or crystals [19]. The par-
tial substitution of Bi for Pb on the A site and Zn for Ti on B site
increase the local compositional disorder, enhancing the diffuse
character of the phase transition, which is similar to that in BZT
doped BaTiO3 [12]. The replacement of the smaller ion Bi for Pb

results in local tense stress, which could enhance the mobility of A
ion and decreases the phase transition temperature.

As demonstrated in the piezoelectric ceramics, the
ferroelectric–ferroelectric phase transition around the room



Z. Cao et al. / Journal of Alloys and Compounds 509 (2011) 8907– 8911 8909

T: (a) x

t
a
t
d
7
o
a
t
l
t
A
s
s
c

Fig. 2. SEM results of 0.65PMN–0.35PT–xBZ

emperature strongly affects the electromechanical properties
nd their temperature stability [20,21].  To monitor the low
emperature phase transition, the temperature and composition
ependences of elastic compliance constant are investigated from
7 to 337 K in Fig. 4. Around a phase transition, the softening
f the crystal lattice as the temperature changes will result in
n elastic peak [22,23]. The diffuse elastic peaks in Fig. 4 signify
he low temperature phase transition in the PMN–PT ceramics. A
ow temperature phase to the tetragonal phase transition caused
he low temperature dielectric anomaly in PMN–PT crystal [24].

lthough this low temperature phase transformation has been
uggested as the rhombohedral (R)–tetragonal (T) phase tran-
ition [25]. Noheda et al. [26] showed that the (1 − x)PMN–xPT
eramic with x = 0.35 would undergo monoclinic (M)  to tetrag-

Fig. 3. The relative dielectric constant and its reciprocal of 0.65PMN–0.35P
 = 0, (b) x = 0.02, (c) x = 0.04, and (d) x = 0.06.

onal (T) and tetragonal (T) to cubic (C) phase transition as the
temperature increases. Therefore, this low temperature phase
transition might correspond to the M–T  phase transition. As seen
from Figs. 4 and 3, the M–T  phase transition has been shifted
below room temperature with increasing BZT. But the diffuseness
of these elastic peaks makes it difficult to determine the exact
temperature of the phase transition. However, discrete kinks at
the low temperature, corresponding to the M–T  phase transition,
have been clearly observed from the temperature dependence of
dielectric constant (Fig. 3). These diffusive dielectric anomalies

effectively improve the low temperature dielectric constant and
decrease its temperature dependence. The temperatures of low
temperature phase transitions (TM–T) could be roughly identi-

T–xBZT ceramics as functions of temperature and BZT concentration.
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ig. 4. The temperature and composition dependence of elastic compliance con-
tant s11 of 0.65PMN–0.35PT–xBZT ceramics in the low temperature.

ed from those kinks of the reciprocal of dielectric constant in
ig. 3.

The phase transition temperature corresponding to that of the
aximum dielectric constant is abbreviated as Tm. Tm as obtained

rom temperature dependences of dielectric constant is reported
n Fig. 5. Tm nearly decreases linearly with the increase of x at the
ate of about 3.6 K/0.01 mol. However, the TM–T initially decreases
t the rate of about 64 K/0.01 mol  when x ≤ 0.02, then decreases
t the rate of about 10 K/0.01. The pseudo phase diagram of
.65PMN–0.35PT–xBZT ceramics after poling could be constructed
ased on the phase transition temperatures Tm and TM–T. The larger
ecrease in TM–T than that in Tm greatly extends the tetragonal
hase region. It should be stressed that 0.65PMN–0.35PT ceramic
as transformed to monoclinic phase after poling. Similar electric
eld induced phase transition has been reported [27].

Fig. 6 shows the P–E loops of the 0.65PMN–0.35PT–xBZT ceram-
cs with x = 0, 0.02, 0.04, and 0.06. All the ceramics exhibit a

ell-saturated P–E loop under an electric field of 10–25 kV/cm.
he pure 0.65PMN–0.35PT ceramic shows a square P–E loop with
arge remnant polarization Pr (26.14 �C/cm2) and low coercive
lectric field (6.17 kV/cm). After addition of BZT, the remnant polar-
zation Pr shows a slight change while the coercive electric field

onotonously increases. The microstructure observation (Fig. 2)
hows that the grain size of the 0.65PMN–0.35PT–xBZT ceramics

as a diameter in the range of 5–9 �m and does not distinctly
ecrease with the increase of BZT. This observation suggests that
he increase of the Ec is not due to the clamping effect of the small

ig. 5. The pseudo phase diagram of 0.65PMN–0.35PT–xBZT ceramics with
 ≤ x ≤ 0.06 after poling.
Fig. 6. The P–E loops of 0.65PMN–0.35PT–xBZT ceramics with 0 ≤ x ≤ 0.06.

grain [28]. As known, the domain wall motion is highly active near
MPB, which causes the lower coercive electric field [1].  Tempera-
ture induced phase transformation should play similar role in the
change of coercive electric field. As increasing of x, the low tem-
perature M–T  phase transformation sharply deviate from room
temperature, which obviously extends the stable region of tetrag-
onal phase as seen in Fig. 5.

Fig. 7 shows the temperature dependence of piezoelectric
constant −d31 in the range from 77 to 337 K. For the pure
0.65PMN–0.35PT ceramic, the piezoelectric constant −d31 is higher
than that of the compositions with the BZT addition in the tempera-
ture range III (277–337). However, it greatly decreases from 285 to
182 pC/N when the temperature decreases from 337 to 277 K. The
strong temperature dependence of piezoelectric constant limits its
applications in the wide temperature range. This high electrome-
chanical properties and strong temperature dependency should
originate from the ferroelectric monoclinic to tetragonal phase
transition around 332 K as shown in Fig. 3. Since the domain
wall motion is highly active near the phase transition. Similar
result has been reported in the lead free ceramics [29]. The pure
0.65PMN–0.35PT ceramic undergoes a monoclinic to tetragonal
(M–T) phase transition near room temperature, which results in a
low coercive electric field (6.17 kV/cm) and high domain wall activ-
ity. During decreasing temperature, the decrease of the domain wall
motion induces the strong temperature dependence of piezoelec-

tric response in temperature range II and III. At x = 0.02, the M–T
phase transition has been sharply shifted down to 196 K. The piezo-
electric response in temperature III decreases as departing from

Fig. 7. The temperature and composition dependence of piezoelectric coefficient
−d31 of 0.65PMN–0.35PT–xBZT ceramics.
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he M–T  phase transition, while the electromechanical properties
n range of II (175–277) increases by the M–T  phase transition and
ecome higher than that of pure 0.65PMN–0.35PT. A well-resolved
iezoelectric plateau with −d31 about 180 pC/N is observed from
75 to 337 K. With further increasing BZT, the deviations from the
–T  phase transitions in Fig. 7 increase the coercive electric field,
hich suppress the domain wall motion and decrease its tempera-

ure dependence. Therefore, the piezoelectric constant plateau still
ould be observed but its value decreases to 135 and 110 pC/N for
ompositions with x = 0.04 and 0.06, respectively. Further deviation
rom the low temperature M–T  phase transition, the piezoelectric
onstants of all compositions decrease below 170 K.

. Conclusions

0.65PMN–0.35PT–xBZT piezoelectric ceramics have been fabri-
ated by the solid state reaction method. A low temperature M–T
hase transition has been revealed by dielectric and elastic mea-
urements. The diffuseness of M–T  phase transition increases with
ncreasing BZT content. The temperatures of T–C phase transition
nd M–T  phase transition decrease with increasing BZT content.
hrough tuning down the M–T  phase transition to low temper-
ture, the thermal stability of piezoelectric properties could be
nhanced. The temperature independent piezoelectric response
ith −d31 = 188 pC/N (d33 = 450 pC/N) was obtained from 175 to

37 K for the composition with x = 0.02, which make it a promising
andidate for wide temperature application.
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