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bstract

ead-free (Ba0.85Ca0.15)(Ti1−xZrx)O3 (BCTZ) piezoelectric ceramics were fabricated by normal sintering in air atmosphere. BCTZ ceramics with
= 0.10 possess a coexistence of tetragonal and rhombohedral phases at ∼40 ◦C. The Curie temperature of BCTZ ceramics decreases with increasing

he Zr content. Piezoelectric properties of BCTZ ceramics are dependent on the poling conditions (i.e., the poling temperature and the poling electric
eld), and the underlying physical mechanism is illuminated by the phase angle. The BCTZ (x = 0.10) ceramic, which locates at the existence of two

◦ ◦
hases and is poled at E ∼ 4.0 kV/mm and Tp ∼ 40 C, exhibits an optimum electrical behavior at a room temperature of ∼20 C: d33 ∼ 423 pC/N,
p ∼ 51.2%, 2Pr ∼ 18.86 �C/cm2, 2Ec ∼ 0.47 kV/mm, εr ∼ 2892, and tan δ ∼ 1.53%.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Lead-free piezoelectric materials have been recently given
o much attention due to their high piezoelectric properties,
nvironmental friendliness, etc., promising as the candi-
ate materials for buzzers, transducers, and piezoelectric
ransformers.1–4 Among those, most interests have focused on
he relationship between phase structure and electrical behav-
or of K0.50Na0.50NbO3 and Bi0.5Na0.5TiO3-based piezoelectric
eramics.1–13 Ren et al.7 have recently reported that a high
iezoelectric constant (d33) superior to PZT materials is well
stablished for the ion-modified BaTiO3 ceramics by construct-
ng a tricritical point at room temperature. Damjanovic10 thought

hat the polarization rotation and polarization extension should
e responsible for the enhancement of their electrical properties.
herefore, it is worth further exploring the relationship between
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hase structure and electric behavior of BaTiO3-based ceramics
or practical applications.

Some attempts have been conducted to improve the d33 value
f lead-free piezoelectric ceramics, such as by the employment
f the template grain growth,1 the site engineering,5–7,13 the
ntroduction of sintering aids,14 and the construction of the
oexistence of two or more phases.5,6,13,15,16 Among those,
composition-induced phase transition is a very promising
ethod to achieving a higher piezoelectricity for lead-free piezo-

lectric ceramics,5,6,13,15 where the polarization direction at the
hase transition can be easily rotated with applied electric fields,
wing to the instability of the polarization state.17–19 The phase
oundary among three phases of BCTZ ceramics is not vertical
nd shows a strong temperature dependence.9 Therefore, it is
mportant to investigate the effect of the poling condition (i.e.,
oling temperature and poling electric field) on the piezoelectric
roperties of BCTZ ceramics, where there are few systematic
eports on it for BCTZ ceramics.
In this work, the (Ba0.85Ca0.15)(Ti1−xZrx)O3 (BCTZ) lead-
ree piezoelectric ceramics were fabricated by the conventional
eramic processing, whereas all ceramics were sintered in air

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.11.003
mailto:wujiagang0208@163.com
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tmosphere. The relationship between phase structure and elec-
rical properties of BCTZ ceramics is discussed, the effect of the
oling condition on the piezoelectric properties of BCTZ ceram-
cs is also investigated, and the underlying physical mechanisms
re addressed.

. Experimental procedure

(Ba0.85Ca0.15)(Ti1−xZrx)O3 (x = 0, 0.05, 0.075, 0.09, 0.10,
.11, 0.125, 0.15, and 0.20) ceramics were prepared by the
ormal sintering. BaCO3 (99.9%, Alfa Aesar), CaCO3 (99%,
lfa Aesar), TiO2 (99%, Alfa Aesar), and ZrO2 (99%, Alfa
esar) were used as starting raw materials. They were ball
illed for 24 h with agate ball media and alcohol. After cal-

ination at 1200 ◦C for 3 h, the calcined powders were milled
gain for 12 h, and pressed into the disks of ∼1.5 cm diameter
nd ∼1.0 mm thickness under 20 MPa using PVA as a binder.
fter burning off PVA, the pellets were sintered at 1500 ◦C for
h in air. Gold paste was sintered on both sides of samples
t ∼700 ◦C for 20 min to form the electrodes for their elec-
rical measurements. The ceramics are poled in a 20–90 ◦C
ilicon oil bath by applying the dc electric fields for 30 min.
ll measurement of electrical properties is conducted after
4 h.

The phases present in these ceramics were analyzed by using
-ray diffraction (Bruker D8 Advanced XRD, Bruker AXS

nc., Madison, WI, CuKa). The high temperature XRD and
aman spectroscopy were used to confirm the phase transi-

ion of these ceramics. Scanning electron microscopy (SEM)
Philips, XL30) was employed to study the surface morpholo-
ies of these ceramics. The piezoelectric constant d33 of these
eramics was measured using a piezo-d33 meter (ZJ-3A, China).
n impedance analyzer (Solartron Gain Phase Analyzer) was

mployed to characterize their dielectric properties. The dielec-
ric behavior as a function of temperature was obtained using

n LCR meter (HP 4980, Agilent, USA). Ferroelectric proper-
ies of these ceramics were studied by using the Radiant precise
orkstation (Radiant Technologies, Medina, NY).

a
A
t
b

Fig. 1. (a) XRD patterns and (b) enlarged XRD patterns in the 2θ
ramic Society 32 (2012) 891–898

. Results and discussion

Fig. 1(a) plots the XRD patterns of (Ba0.85Ca0.15)
Ti1−xZrx)O3 ceramics as a function of Zr content. All ceramics
re of a perovskite crystal structure, and the secondary phases
annot be observed in the range detected. To clearly analyze
he phase structure of all ceramics, the enlarged XRD patterns
n the range of 2θ from 45◦ to 46.5◦ for all ceramics were
hown in Fig. 1(b). The diffraction peak positions of these
eramics are shifted to a lower angle with the increase of Zr
ontent, because the ionic radius (0.087 nm) of Zr4+ is larger
han that (0.068 nm) of Ti4+. The (2 0 0) and (0 0 2) diffrac-
ion peaks of BCTZ ceramics gradually merge with increasing
he Zr content, confirming an involvement of a phase tran-
ition. The BCTZ ceramic at x = 0 is of a tetragonal phase,
here the {2 0 0}-reflections (at 45–46.5◦) associated with

etragonality show unique splitting.20,21 With increasing the
r content (x < 0.10), the symmetry of the ceramics was iden-

ified as rhombohedral phase.22 The interval between (2 0 0)
nd (0 0 2) reflections also gradually becomes smaller, indi-
ating the coexistence of tetragonal and rhombohedral phases.
he cubic phase appears and increases continuously with fur-

her increasing the Zr content (x ≥ 0.10),23 where their (2 0 0)
nd (0 0 2) diffraction peaks almost emerge together. There-
ore, the coexistence of tetragonal and rhombohedral phases
s formed for the BCTZ ceramic with x = 0.10 at near room
emperature.

The Raman spectra in the region of 200–1000 cm−1 at
oom temperature is characterized for further confirming the
hase evolution of BCTZ ceramics, as plotted in Fig. 2(a).
he modes split into the longitudinal (LO) and transverse

TO) components due to the long electrostatic force associ-
ted with the lattice ionicity induced by Ba21 ions in BCTZ,
nd have been represented for the (Ba,Ca)(Zr,Ti)O3 lattice.24

he Raman modes of BaTiO3-based materials are mainly

ssigned to be A1(TO1), A1(TO2), E(TO2), A1(TO3), and
1(LO3)/E(LO3). The E(TO2) phonon mode often confirms

he existence of the tetragonal crystalline structure in BaTiO3-
ased materials.25 In the present work, the peak intensities of

range of 45–46.5◦ of (Ba0.85Ca0.15)(Ti1−xZrx)O3 ceramics.
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Fig. 2. (a) Raman spectrum and (b) expanded Ram

he E(TO2) mode become weaker with an increase in Zr content,
hat is, the splitting of the A1(TO2) mode decreases, confirming
he involvement of a structural disorder and a structural phase
ransition from the tetragonal state induced by the Zr substitution
or the Ti site in (Ba0.85Ca0.15)(Ti1−xZrx)O3.26 Fig. 2(b) shows
he expanded Raman spectrum of (Ba0.85Ca0.15)(Ti1−xZrx)O3
eramics. There is an obvious difference in their Raman shifts
ith increasing the Zr content. The vibration in Raman patterns
as a broadening effect, indicating that the structure disor-
er results from the Zr substitution for the Ti site besides
he lattice distortion. The XRD patterns and Raman spec-
rum show that the abnormal phenomenon appears for the
eramic with x = 0.10, confirming the involvement of a phase
ransition in such a ceramic system. Similar phenomenon has
een also observed in the Na0.5Bi0.5TiO3–BaTiO3 ceramic

ystem.27 Therefore, the micro-Raman scattering spectra fur-
her conforms the existence of a phase transition in these
eramics.

m
a
r

ig. 3. Temperature dependence of XRD patterns for the (Ba0.85Ca0.15)(Ti1−xZrx)O3
ectrum of (Ba0.85Ca0.15)(Ti1−xZrx)O3 ceramics.

Fig. 3 shows the temperature dependence of phase struc-
ures for the (Ba0.85Ca0.15)(Ti1−xZrx)O3 ceramics with different
r contents, measured by the high temperature XRD. The
hase evolution is demonstrated for all BCTZ ceramics, and the
etragonal-cubic phase transition temperature of BCTZ ceram-
cs decreases with an increase in Zr content. Therefore, it can
e concluded that the phase structure of BCTZ ceramics trans-
orms from a tetragonal phase to a cubic phase with an increase
n measurement temperatures according to these characteristic
eaks, and the decrease in Curie temperature is attributed to an
ncrease in Zr content.28

Fig. 4(a)–(f) shows the surface morphologies of
Ba0.85Ca0.15)(Ti1−xZrx)O3 ceramics with x = 0, 0.05, 0.075,
.10, 0.15, and 0.20, respectively. With the increase of Zr
ontent, the (Ba0.85Ca0.15)(Ti1−xZrx)O3 ceramics become

uch denser, and their average grain size gradually increases,

s shown in Fig. 5. Huang et al.22 and Dixit et al.29 have
eported that the morphology of Ba(Zr,Ti)O3 materials is

ceramics: (a) x = 0, (b) x = 0.05, (c) x = 0.10, (d) x = 0.15, and (e) x = 0.20.
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Fig. 4. Surface morphologies of (Ba0.85Ca0.15)(Ti1−xZrx)O3 ceramics:

trongly dependent on the Zr content, and the Zr substitution
elps improve the grain growth of these materials. The content
f the cubic phase gradually increases with increasing the
r content,23 and thus the morphological evolution with Zr
ontents in present work may be attributed to the increase of a
ubic phase in these ceramics.29 In order to further characterize
he effect of Zr content on the density of all ceramics in this
ork, we measured their relative density, as shown in Fig. 5.
he relative density of the ceramics increases with increasing

he Zr content from x = 0–0.09, and then slightly increases with
urther increasing the Zr content for the ceramics with x > 0.09.
herefore, the introduction of Zr plays an important role in the

mprovement of the density of BaTiO3-based ceramics.
Fig. 6 plots the temperature dependence of the dielec-

ric behavior for the (Ba0.85Ca0.15)(Ti1−xZrx)O3 ceramics,
easured at 1, 10, 100, and 1000 kHz. The tetragonal-cubic

hase transition (TC) is observed in these ceramics, while

he coexistence of two phases cannot be clearly observed in
he temperature range involved except for the ceramic with
= 0.10. The TC value of BCTZ ceramics is shifted to a

ig. 5. Relative density and grain size of (Ba0.85Ca0.15)(Ti1−xZrx)O3 ceramics
s a function of Zr contents.
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0, (b) x = 0.05, (c) x = 0.075, (d) x = 0.10, (e) x = 0.15, and (f) x = 0.20.

ower temperature with increasing Zr content, which is well in
greement with the temperature dependence of XRD patterns in
ig. 3. The formation of the coexistence of two phases locating
t near room temperature usually benefits to the improvement
n the piezoelectric properties of BaTiO3-based ceramics.7 In
ddition, all ceramics possess a low dielectric loss in the present
ork, and the peaks of the dielectric constant vs. temperature
ecome much broader with increasing the Zr content.

Fig. 7(a) plots the TC value of BCTZ ceramics as a
unction of x. The TC values of BCTZ ceramics gradually
ecrease from ∼406 K to ∼339 K with the increase of Zr
ontent, due to the introduction of Zr.28 Fig. 7(b) shows
he temperature dependence of the dielectric constant of
CTZ ceramics at the measurement frequency of 1 kHz. The

Ba0.85Ca0.15)(Ti0.90Zr0.10)O3 ceramic locating at the existence
f two phases has a highest permittivity peak than those of
eramics with other compositions.7

Fig. 8(a) shows the dielectric properties of
Ba0.85Ca0.15)(Ti1−xZrx)O3 ceramics in the frequency range
f 101–106 Hz. The dielectric constant (εr) of all ceramics
lightly changes in the range of measurement frequencies, while
he dielectric loss (tan δ) of all ceramics exhibits obviously
ifferent. The increase in εr at high frequencies appears to be
n instrumental artifact associated with the LCR resonance.
ig. 8(b) plots the εr and tan δ values at 1 kHz as a function
f Zr content for (Ba0.85Ca0.15)(Ti1−xZrx)O3 ceramics. The
r values of BCTZ ceramics increase with increasing the Zr
ontent, while the tan δ values decrease quickly at x ≤ 0.10,
nd almost keep unchanged at x > 0.10. Fig. 8(c) shows the
–E loops of BCTZ ceramics with varying Zr contents. The

erroelectric properties strongly depend on the Zr content
n BCTZ ceramics. Fig. 8(d) plots the 2Pr and 2Ec values
s a function of Zr content in (Ba0.85Ca0.15)(Ti1−xZrx)O3
eramics. The remnant polarization (2P ) increases gradually,
r
eaches a maximum value at x = 0.10, and then decreases with
urther increasing the Zr content. This result confirms that
he BCTZ ceramics with the coexistence of two phases at
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Fig. 6. Temperature dependence of the dielectric behavior of (Ba0.85Ca0.15)(Ti1−xZr
x = 0.11, (g) x = 0.125, (h) x = 0.15, and (i) x = 0.20.

Fig. 7. (a) TC values of (Ba0.85Ca0.15)(Ti1−xZrx)O3 ceramics as a function of
Zr content. (b) Highest permittivity peak appears of (Ba0.85Ca0.15)(Ti1−xZrx)O3

ceramics as a function of Zr content.
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x)O3 ceramics: (a) x = 0, (b) x = 0.05, (c) x = 0.075, (d) x = 0.09, (e) x = 0.10, (f)

ear room temperature have a higher 2Pr value than those
f the ceramics with other compositions. However, their 2Ec
alues decrease with increasing the Zr content. The ceramic
ith x = 0.10 has a low coercive field of 2Ec ∼ 0.47 kV/mm,

ndicating that the ceramic is very “soft” with respect to
he electric field because the free energy profile of polar-
zation rotation is anisotropically flattened at this phase
oundary.7

Fig. 9(a) plots the electrical properties of BCTZ ceramics
s a function of Zr content. The maximum d33 and kp values
re located for the ceramic with x = 10%, which is induced by
he coexistence of two phases at near room temperature. This
mplies that the proximity of the phase transition temperature to
ear room temperature plays more important roles in enhancing
iezoelectric properties of BCTZ ceramics, while the Qm values
or all ceramics are in the range of 59–161. Subsequently, we
nvestigate the effect of the poling condition on the electrical
roperties of the BCTZ ceramic with x = 0.10. Fig. 9(b) shows
he piezoelectric properties of the BCTZ ceramic with x = 0.10
s a function of the poling temperature (Tp), where the d33 value
n this work is an average value by measuring at least five sam-
les. The ceramic is poled under the condition of the poling time
f 30 min and the poling electric field of 3 kV/mm at different

values. The T value has obviously influenced the piezoelec-
p p
ric properties of BCTZ ceramics in the present work. Better
iezoelectric properties have been demonstrated for the ceramic
ith x = 0.10 by using the Tp ∼ 20–60 ◦C, which is close to the
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Fig. 8. (a) Dielectric properties vs. frequencies, (b) εr and tan δ values at 1 kHz as a f
of Zr content of (Ba0.85Ca0.15)(Ti1−xZrx)O3 ceramics.

Fig. 9. (a) d33, kp, Qm vs. Zr content for the (Ba0.85Ca0.15)(Ti1−xZrx)O3 ceram-
ics, (b) d33, kp, Qm vs. poling temperature for the (Ba0.85Ca0.15)(Ti0.90Zr0.10)O3

ceramic, and (c) d33, kp, Qm vs. poling electric field for the
(Ba0.85Ca0.15)(Ti0.90Zr0.10)O3 ceramic.
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unction of Zr content, (c) P–E loops, and (d) 2Pr and 2Ec values as a function

hase transition temperature of two phases in such a ceramic in
ig. 6. This phenomenon should be because the volume frac-

ions of domains are much easier to be switched during poling
or the ceramic with the coexistence of two phases when the Tp
alue is close to MPB. Therefore, it can be concluded that the
ptimum Tp value of these ceramics enhances the piezoelectric
roperties of BCTZ ceramics in this work. Fig. 10(c) plots the
lectrical properties vs. poling electric fields (E) for the ceramic
ith x = 0.10, where the poling temperature is 40 ◦C. Its d33
alue dramatically increases at E < 2 kV/mm, and then almost
eeps unchanged with the further increasing E. Poor piezoelec-
ric properties of the ceramic poled at E < 2 kV/mm is due to the
ncompletely switching of domains in BCTZ ceramics.

Fig. 10(a) plots the phase angle (θ) and the d33 values vs. Zr
ontent of (Ba0.85Ca0.15)(Ti1−xZrx)O3 ceramics. The θ value of
he BCTZ ceramic with x = 0.05 is low (∼47.8◦), reaches a max-
mum (∼79.0◦) with increasing Zr content, and then decreases
ith further increasing Zr content (∼55.0◦), confirming that
more square-like resonance is demonstrated for the ceramic
ith x = 0.10. In the present work, the θ value is correlated to

he d33 value for these BCTZ ceramics with different Zr con-
ent, that is, a higher θ value is corresponding to a larger d33
alue. In this paper, the (Ba0.85Ca0.15)(Ti0.90Zr0.10)O3 ceramic
ith a highest θ value of ∼79◦ has a largest d33 value of
406 pC/N, where the sample is poled at E ∼ 3 kV/mm and

p ∼ 40 ◦C. Therefore, a higher d33 value is demonstrated for

he (Ba0.85Ca0.15)(Ti0.90Zr0.10)O3 ceramic with a higher θ value
ecause the (Ba0.85Ca0.15)(Ti0.90Zr0.10)O3 ceramic is located at
ear the coexistence of two phases. The insert in Fig. 10(a)
lots the frequency dependence of the impedance (Z) and phase
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Fig. 10. (a) θ and d33 vs. Zr content of BCTZ ceramics; (b) θ and d33 vs. poling temperature of (Ba0.85Ca0.15)(Ti0.90Zr0.10)O3 ceramics; (c) θ and d33 vs. poling
e e freq
c
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lectric fields of (Ba0.85Ca0.15)(Ti0.90Zr0.10)O3 ceramics. Where the inserts ar
eramics.

ngle (θ) of (Ba0.85Ca0.15)(Ti1−xZrx)O3 ceramics. This result
ell indicates the change of θ value with Zr composition.
ig. 10(b) plots the θ and d33 values vs. the poling temper-
ture of (Ba0.85Ca0.15)(Ti0.90Zr0.10)O3 ceramics. The θ value
ecreases with the increase of the poling temperature, and a
lightly highest θ value is observed at Tp = 40 ◦C, as confirmed

y the frequency dependence of the Z and θ in the insert of
ig. 10(b). Similar to the change of θ values, a largest d33
alue is also obtained at Tp = 40 ◦C. Therefore, the θ value

o
a
t

uency dependence of the impedance (Z) and θ of (Ba0.85Ca0.15)(Ti1−xZrx)O3

or the same material as a function of Tp can well evaluate
ts piezoelectric constant. Fig. 10(c) plots the θ and d33 val-
es vs. the poling electric field of (Ba0.85Ca0.15)(Ti0.90Zr0.10)O3
eramics. A better d33 value can be obtained for E > 2 kV/mm,
nd a lower E value (E < 2 kV/mm) degrades its piezoelectric
roperties of (Ba0.85Ca0.15)(Ti0.90Zr0.10)O3 ceramics because

f a low θ value induced by the incompletely poling state,
s shown in the insert of Fig. 10(c). Therefore, the effect of
he poling condition on the piezoelectric constant of BCTZ



8 an Ce

c
w

4

i
a
c
t
X
d
p
m
c
p
2
s
p

A

t
(
(
N

R

1
1
1

1
1
1
1

1
1
1
2
2

2

2

2
2
2

2

2
2

3

3
32. Park HY, Seo IT, Choi MK, Nahm S, Lee HG, Kang HW, et al. J Appl Phys

2008;104:034103.
98 J. Wu et al. / Journal of the Europe

eramics is well evaluated by the θ value in the present
ork.30–33

. Conclusions

(Ba0.95Ca0.05)(Ti1−xZrx)O3 lead-free piezoelectric ceram-
cs were fabricated by the solid-state reaction method,
nd sintered at 1500 ◦C for 2 h in air atmosphere. The
oexistence of tetragonal and rhombohedral phases is iden-
ified for the BCTZ ceramic at x ∼ 0.10, confirmed by the
RD patterns, the Raman spectroscopy, and the temperature
ependence of the dielectric behavior. Enhanced electrical
roperties are demonstrated for the BCTZ ceramics by opti-
izing the composition and the poling condition. The BCTZ

eramic near this phase transition has excellent electrical
roperties: d33 ∼ 423 pC/N, kp ∼ 51.2%, 2Pr ∼ 18.86 �C/cm2,
Ec ∼ 0.47 kV/mm, εr ∼ 2892, and tan δ ∼ 1.53%. The present
tudy demonstrates that (Ba,Ca)(Ti,Zr)O3 ceramics are a
romising candidate for the lead-free piezoelectric ceramics.
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