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Abstract

Pr2O3-doped Ba0.85Ca0.15Ti0.90Zr0.10O3 (BCTZ-xPr) ceramics were prepared by the conventional solid-state method. A tetragonal

phase is only observed in these ceramics, and the introduction of Pr2O3 decreases their sintering temperature without affecting negatively

the piezoelectric constant. Enhanced ferroelectric properties were obtained in these BCTZ-xPr ceramics. The ceramic with x¼0.06 wt%

exhibits a good electrical behavior of d33�460 pC/N, kp�47.6%, er�4638, and tan d�0.015 when sintered at a low temperature of

�1400 1C. As a result, the BCTZ-xPr ceramic is a promising candidate for lead-free piezoelectric ceramics.

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

Lead-free piezoelectric materials are promising as the
candidate materials for buzzers, transducers, and piezo-
electric transformers because of their high piezoelectric
properties and environmental friendliness [1–4]. Consider-
able attention has been given to K0.50Na0.50NbO3,
Bi0.5Na0.5TiO3, and BiFeO3 materials [1,2,5–16], but their
piezoelectric behavior is inferior to that of Pb(Zr,Ti)O3

(PZT) ceramics [17]. Recently, a high piezoelectric constant
(d33) has been well demonstrated in (Ba,Ca)(Ti,Zr)O3

(BCTZ) ceramics by constructing a tricritical point at
room temperature [3,18,19].

A high d33 value of BCTZ ceramics could be induced by
constructing a phase transition at/near room temperature
[3,19]. Enhanced piezoelectric properties could be attrib-
uted to the involvement of a tricritical point at/near room
temperature [3,18,19]. However, such a phase transition
results in a strong temperature dependence of piezoelectric
properties, which limits its practical application [3,18,19].
Some attempts have been conducted to improve the
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temperature stability of BCTZ ceramics by shifting the
phase boundary to below room temperature, but their
piezoelectric properties are still not ideal [20–22]. As a
result, the improvement of the temperature stability and
piezoelectric properties of BCTZ ceramics becomes a
tough issue for the practical application. Moreover, such
a high d33 value of BCTZ ceramics could be obtained only
by a high processing temperature of 41500 1C [3,19].
Some methods have been used to decrease the sintering
temperature of BCTZ ceramics [23,24], and unfortunately
their d33 value often drops dramatically to below 400 pC/N
[23,24].
Our objective of this work is to decrease the sintering

temperature of BCTZ ceramics without affecting nega-
tively the piezoelectric constant, and the Pr2O3 is used to
modify the BCTZ lead-free piezoelectric ceramics. The
effect of Pr2O3 content on the microstructure and piezo-
electric properties of BCTZ ceramics is also investigated,
and the underlying physical mechanisms are addressed.
2. Experimental procedure

(Ba0.85Ca0.15)(Ti0.90Zr0.10)O3�x wt% Pr2O3 (BCTZ-xPr)
(x=0, 0.02, 0.04, 0.06, 0.08, 0.10, 0.15, and 0.20) ceramics
rved.
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were prepared by the conventional solid-state method. In
this work, raw materials were BaCO3 (99.9%), CaCO3

(99%), TiO2 (98%), ZrO2 (99%), and Pr2O3 (99.99%),
proved by Sinopharm Chemical Reagent Co., Ltd. All raw
materials were weighed according to the formula of
(Ba0.85Ca0.15)(Ti0.90Zr0.10)O3�x wt% Pr2O3, and then these
powders were ball milled for 24 h with agate ball media and
alcohol. After calcination at 1200 1C for 2 h, calcined
powders were milled again for 12 h, and pressed into the
disks of �1.0 cm diameter and �1.0 mm thickness under
10 MPa using PVA as a binder. After burning off PVA,
these pellets were sintered at 1350–1400 1C for 3 h in air.
Silver paste was sintered on both sides of samples at
�700 1C for 10 min to form the electrodes for their
electrical measurements. These ceramics were poled in a
room-temperature silicon oil bath by applying the dc

electric fields of 4 kV/mm for 30 min. All measurement of
electrical properties was conducted after 24 h.

The phase structure of these ceramics was analyzed by
using X-ray diffraction (XRD, Rigaku, Japan). Scanning
electron microscopy (SEM) was employed to study the
surface morphology of these ceramics. The d33 value of
these ceramics was measured by using a piezo-d33 meter
(ZJ-3A, China). Their room-temperature dielectric proper-
ties and dielectric behavior as a function of measurement
temperatures was obtained by using an LCR meter (HP
4980, Agilent, U.S.A.). Ferroelectric properties of these
ceramics were characterized by using the Radiant precise
workstation (Radiant Technologies, Medina, NY).

3. Results and discussion

Fig. 1(a) shows the XRD patterns of Pr2O3-modified
BCTZ ceramics. These ceramics with xo0.08 wt% have a
pure structure, and secondary phases gradually form with
increasing Pr2O3 contents (xZ0.08 wt%). Moreover, all
ceramics have a tetragonal phase regardless of Pr2O3

contents. Therefore, the introduction of Pr2O3 cannot
change the crystal structure of BCTZ ceramics. The
position of diffraction peaks of Pr2O3-doped BCTZ cera-
mics with xr0.04 wt% shifts to a high angle because of
the Pr substitution for the (Ti, Zr) site, confirming the Pr
Fig. 1. (a) XRD patterns and (b) expanded XRD patterns of Pr2O3-

doped BCZT ceramics at x¼0–0.20 wt%.
partly enters into the lattice of BCTZ ceramics. However,
the XRD peak position almost keeps unchanged with
further increasing Pr2O3 contents from 0.06 to 0.20 wt%,
and some secondary phases are observed in these ceramics
with xZ0.08 wt%. To further confirm the phase structure
of Pr2O3-modified BCTZ ceramics, their Raman spectra
was measured in the region of 100–1000 cm�1, as shown in
Fig. 2. These modes consist of the longitudinal (LO) and
transverse (TO) components because of the long electro-
static force [25]. Raman modes are assigned to be A1(TO1),
A1(TO2), E(TO2), E(TO2), A1(TO3), and A1(LO3)/E(LO3).
The tetragonal structure of BaTiO3-based materials could
be confirmed by the E(TO2) phonon mode [26]. Therefore,
the micro-Raman scattering spectra further conforms the
formation of a tetragonal structure in these ceramics.
Fig. 3(a) and (b) shows the surface morphologies of

Pr2O3-modified BCTZ ceramics with x¼0 and 0.06 wt%.
The average grain size of Pr2O3-modified BCTZ ceramics
slightly increases with the introduction of Pr2O3 contents.
The Pr3þ substitution for (Ti, Zr)4þ leads to the genera-
tion of oxygen vacancies, and then these oxygen vacancies
can enhance the mass transfer and improve the grain
growth, finally resulting in the increase of the grain size.
Moreover, the undoped BCTZ ceramic has a lower density
than that of Pr2O3-modified BCTZ ceramics with x¼0.06
wt%, as shown in Fig. 3. As a result, the addition of Pr2O3

could effectively promote the densification of BCTZ
ceramics.
Fig. 4(a) and (b) show the temperature dependence of

the dielectric behavior of Pr2O3-modified BCTZ ceramics,
measured at 1–100 kHz. All ceramics only exhibit a
tetragonal-cubic phase transition (Tc) in the range of
measurement temperatures from 20 to 200 1C, and the
coexistence of two phases cannot be observed, confirming
the involvement of a tetragonal phase in these ceramics. It
is also observed from Fig. 4(a) and (b) that the Tc value of
these ceramics slightly decreases with the introduction of
Fig. 2. Raman spectrum of Pr2O3-doped BCZT ceramics with x¼0 and

0.06 wt%.



Fig. 4. Temperature-dependent dielectric properties of Pr2O3-modified BCTZ ceramics with (a) x¼0 and (b) x¼0.06 wt%.

Fig. 5. P–E loops of BCTZ ceramics with different Pr2O3 contents, where

the inserts are 2Pr and 2Ec values as a function of x and enlarged

P–E loops.

Fig. 3. SEM morphologies of Pr2O3-doped BCZT ceramics with (a) x¼0 and (b) 0.06 wt%.

C. Han et al. / Ceramics International 38 (2012) 6359–6363 6361
Pr2O3 because of the addition of Pr [27], and a lower
dielectric loss is demonstrated in Pr2O3-modified BCTZ
ceramics [27].

Fig. 5 shows the P–E loops of BCTZ ceramics with
different Pr2O3 contents, measured at 10 Hz and room
temperature. All ceramics exhibit a saturated P–E loop
regardless of Pr2O3 content. The insert of Fig. 5 plots the
2Pr and 2Ec values of BCTZ-xPr ceramic as a function of x.
The 2Pr value dramatically increases with increasing x

contents, almost keeps unchanged in the range of
0.02rxr0.15, and then decreases with further increasing
x contents because of the formation of some secondary
phases. However, the Ec gradually drops, reaches a minimum
value at x¼0.06, and then increases with further increasing x

contents because of more defects induced by excessive Pr2O3

contents. Moreover, enlarged P–E loops also confirm the
change of Ec values, as shown in the insert of Fig. 5. As a
result, the ceramic with x¼0.06 wt% has an optimum
ferroelectric behavior of 2Pr�22.1 mC/cm

2 and 2Ec�4.43
kV/cm. These results clearly indicate that Pr2O3-doped
BCTZ ceramics have an advantage for a low-voltage-operat-
ing ferroelectric memory material, and similar phenomenon
is also observed in Pr-doped SrBi2Ta2O9 ceramics [27].
Fig. 6(a) plots the dielectric constant (er) and dielectric

loss (tan d) of BCTZ ceramics with different Pr2O3

contents, measured at 1 kHz and room temperature. The
er value is almost a constant in the range of r0.15 wt%,
and then dramatically drops at x¼0.20 wt% because of
the formation of secondary phases, as shown in Fig. 1.
Moreover, Pr2O3-modified BCTZ ceramics have a low tan
d value of 0.014–0.020 regardless of Pr2O3 contents [27].
Fig 6(b) plots the d33 and kp values of BCTZ ceramics with
different Pr2O3 contents, measured at room temperature.
The d33 value gradually increases, reaches a maximum at
x¼0.06 wt%, and then drops with increasing x contents.



Fig. 6. (a) Dielectric behavior and (b) piezoelectric properties of BCTZ ceramics with different Pr2O3 contents.
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Similarity to the change of d33 value, the kp value also gets
a maximum at x¼0.06 wt%. As a result, the ceramic with
x¼0.06 wt% has an enhanced piezoelectric behavior of
d33�460 pC/N and kp�47.6% because of the introduction
of optimum Pr2O3 contents. In this work, the d33 value of
Pr2O3-modified BCTZ ceramicsis much higher than those
reported results of BCTZ ceramics [20–23].
4. Conclusions

Pr2O3-doped Ba0.85Ca0.15Ti0.90Zr0.10O3 (BCTZ-xPr)
ceramics were prepared by the conventional solid-state
method. These ceramics have a pure tetragonal phase in
the limited range of o0.08 wt%, and the sintering tem-
perature decreases to 1400 1C by the introduction of Pr2O3 to
BCTZ. An enhanced electrical behavior of d33�460 pC/N,
kp�47.6%, er�4638, and tan d�0.015 is observed in the
ceramic with x¼0.06 wt%. As a result, the BCTZ ceramic
with optimum Pr2O3 contents is a promising candidate for
lead-free piezoelectric ceramics.
Acknowledgements

Authors gratefully acknowledge the supports of the
National Science Foundation of China(NSFC Nos. 51102173,
50772068 and 50972001), the Fundamental Research Funds
for the Central Universities (2012SCU04A01), and the
introduction of talent start funds of Sichuan University
(2082204144033).
References

[1] Y. Saito, H. Takao, T. Tani, T. Nonoyama, K. Takatori, T. Homma,

T. Nagaya, M. Nakamura, Lead-free piezoceramic, Nature 432

(2004) 84–87.

[2] S.J. Zhang, R. Xia, T.R. Shrout, Modified (K0.5Na0.5)NbO3 based

lead-free piezoelectrics with broad temperature usage range, Applied

Physics Letters 91 (2007) 132913.

[3] W.F. Liu, X.B. Ren, Large piezoelectric effect in Pb-Free ceramics,

Physical Review Letters 103 (2009) 257602.
[4] D. Damjanovic, A morphotropic phase boundary system based on

polarization rotation and polarization extension, Applied Physics

Letters 97 (2010) 062906.

[5] J.G. Wu, D.Q. Xiao, Y.Y. Wang, W.J. Wu, B. Zhang, J. Li,

J.G. Zhu, CaTiO3-modified [(K0.5Na0.5)0.94Li0.06](Nb0.94Sb)O3 lead-free

piezoelectric ceramics with improved temperature stability, Scripta

Materialia 59 (2008) 750–752.

[6] Y. Guo, K. Kakimoto, H. Ohsato, Phase transitional behavior

and piezoelectric properties of (Na0.5K0.5)NbO3–LiNbO3 ceramics,

Applied Physics Letters 85 (2004) 4121–4123.

[7] R.Z. Zuo, X.S. Fang, C. Ye, Phase structures and electrical proper-

ties of new lead free (Na0.5K0.5)NbO3–(Bi0.5Na0.5)TiO3 ceramics,

Applied Physics Letters 90 (2007) 092904.

[8] H.L. Du, W.C. Zhou, F. Luo, D.M. Zhu, S.B. Qu, Z.B. Pei,

Perovskite lithium and bismuth modified potassium-sodium niobium

lead-free ceramics for high temperature applications, Applied Physics

Letters 91 (2007) 182909.
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