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ABSTRACT

The need for lead-free piezoceramics has caused a renewal of interest in BaTiO
3
-based systems. Recently, it was found that ceramics in the

(Ba,Ca)(Zr,Ti)O
3
 system have properties comparable to those of Pb(Zr,Ti)O

3
. However, these ceramics require rather high sintering temperatures of

1450-1550
ο

C. In this work, the effect of TiO
2
 and CuO addition on the sintering behavior, microstructure, dielectric and piezoelectric properties of

(Ba
0.85

Ca
0.15

)(Zr
0.1

Ti
0.9

)O
3
 (BCTZ) ceramics will be discussed. BCTZ ceramics were prepared by the mixed oxide route and 1 mol % of TiO

2
 or CuO

was added. Undoped and doped ceramics were sintered at 1350°C for 1-5 h. CuO was found to be a very effective sintering aid, with samples

sintered for 1 h at 1350
ο

C having a bulk density of 95% theoretical density; however the piezoelectric properties were greatly reduced, probably due

to the small grain size.

Key words : Lead-free Piezoceramics, BaTiO
3
, Sintering, Dielectric Properties, Piezoelectric Properties

1. Introduction

aTiO
3
 was used for acoustic and ultrasonic generation

and detection but its low Curie point of ~ 120oC meant

that it was quickly superseded by Pb(Zr,Ti)O
3 

(PZT).1) In

recent years, the need for lead-free replacements for PZT

has caused a renewal of interest in BaTiO
3
-based ceramics.

Recently, Liu and Ren found that ceramics in the (Ba,

Ca)(Zr,Ti)O
3
 system have piezoelectric properties compara-

ble to those of Pb(Zr,Ti)O
3
, although the Curie point is even

lower than that of BaTiO
3
.2) The high piezoelectric pro-

perties were obtained from compositions close to a triple

point between rhombohedral, tetragonal and cubic phases.

Unfortunately, these ceramics require rather high sintering

temperatures of 1450-1550oC.3,4) Lowering the sintering

temperature would not only reduce production costs, but

also raise the possibility of preparing thick film or

multilayer co-fired actuators. As of yet, little work has been

done on the addition of sintering aids to this system. Chen

et al. found that addition of CuO could lower the sintering

temperature to 1400oC while retaining good piezoelectric

properties.5) In the present work, the effect of TiO
2
 and CuO

addition on the sintering behavior, microstructure, dielectric

and piezoelectric properties of (Ba
0.85

Ca
0.15

)(Zr
0.1

Ti
0.9

)O
3
(BCTZ)

ceramics will be discussed.

2. Experimental Procedure

Powders of composition (Ba
0.85

Ca
0.15

)(Zr
0.1

Ti
0.9

)O
3
 were pre-

pared using the mixed oxide method. Appropriate amounts of

BaCO
3 
(99.8%, Alfa Aesar), CaCO

3
 (99.5%, Alfa Aesar), ZrO

2

(99.5%, Alfa Aesar) and TiO
2
(99.8%, Alfa Aesar) were mixed

by ball milling for 24 h in ethanol using a polypropylene jar

and ZrO
2
 milling media. After ball-milling, the ethanol was

evaporated off, the powder crushed in an agate mortar and

pestle and sieved to pass a 180 µm sieve. Powders were

calcined in air in a closed high purity alumina crucible.

Calcination temperatures of 1250oC, 1350oC and 1450oC

were used. Calcination time was 5 or 10 h. Heating and

cooling rates were 5oC.min−1. Calcined powders were

examined using X-ray diffraction(XRD, X’Pert PRO, PAN

alytical, Almelo, the Netherlands). Additions of 1 mol % of

TiO
2
 or CuO (99.7%, Alfa Aesar) were made to the powder

that had been calcined at 1450oC for 10 h and the doped

powders were ball-milled, crushed and sieved as before. An

undoped powder was also ball-milled.

To prepare samples for sintering, 0.5 g of powder was

pressed by hand in a 10 mm diameter steel die. The samples

were then cold isostatically pressed at 1500 kg/cm2 (147 MPa).

Samples were placed on a bed of BaZrO
3
 powder in a double

alumina crucible with lids and sintered at 1350oC for peri-

ods of 1-5 h. Heating and cooling rates were 5oC.min−1. Sam-

ple density was measured by the bulk method(sample

weights and dimensions). The structure of samples sintered

for 5 h was examined using powder XRD. A scan range of

10-80 degrees 2θ, a step size of 0.013o and a scan speed of

3.5o.min−1 was used. Samples sintered for 5 h were sectioned

B
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vertically using a low speed diamond wheel saw, polished to

a 1 mm finished and thermally etched at 1250oC for 1 h.

Samples were Pt coated and the microstructure examined

by scanning electron microscopy(SEM, JEOL JSM-7500F,

Tokyo, Japan).

For measurement of Polarization – Electric Field hysteresis

loops, silver paste was applied and fired onto both sides of the

samples. P-E loops were measured at room temperature using

a Sawyer Tower circuit(RT66B combined with 4KV HVI,

Radiant Technologies Inc. USA). For measurement of dielec-

tric and piezoelectric properties, Au electrodes were sputtered

on both sides of the samples. The samples were poled in sili-

cone oil at 25oC under a dc field of 3 kV/mm. The dielectric

and piezoelectric properties were measured using an imped-

ance analyzer(Agilent 4294A Precision Impedance Analyzer,

USA). d
33

 was measured by a d
33

 meter(APC YE2730A d
33

Meter, APC International Ltd., USA).

3. Results

X-ray diffraction traces of the calcined powders are shown

in Fig. 1. All of the patterns can be indexed using JCPDS

card # 01-086-1570 for rhombohedral BaTiO
3
, space group

R3m. The powder calcined at 1250oC for 5 h contains sev-

eral secondary phases. Peaks belonging to monoclinic ZrO
2

(JCPDS card # 882390), cubic ZrO
2
(JCPDS card # 98-010-

5553) and Ti
2
O

3
(JCPDS card # 894746) are present.

Repeated ball milling and calcination at 1250oC was not

effective in removing secondary phases. Increasing the cal-

cination temperature and time leads to a reduction in the

amount of secondary phases. However, even after calcina-

tion at 1450oC for 10 h, a small amount of cubic ZrO
2
, not

easily visible in Fig. 1, remained. Accordingly the powder

calcined at 1450oC for 10 h was used for subsequent experi-

ments. Previous workers have also noted the difficulty in

preparing single-phase BCTZ powders by the mixed-oxide

method.4)

The bulk density of BCTZ samples sintered at 1350oC for

1-5 h is shown in Fig. 2. For the theoretical density, the cal-

culated density of 5.687 g/cm3 for the tetragonal phase was

used.4) The density of the undoped samples sintered for 1 h

is very low, only 62% theoretical density. Increasing the sin-

tering time causes a small increase in density to 66% theo-

retical density. For the samples doped with 1 mol% TiO
2
,

the density after 1 h of sintering is the same as for the

undoped sample. Further sintering leads to an increase in

density to 75% theoretical density. Addition of 1 mol% of

CuO leads to a dramatic increase in density to 95% theoret-

ical density after only 1 h of sintering. Further sintering

leads to a decrease in density.

XRD traces of the samples sintered at 1350oC for 5 h are

shown in Fig. 3(a). A magnified view of the region between

55-80o 2θ is shown in Fig. 3(b). No secondary phases are vis-

ible in any of the samples. The undoped sample consists of a

rhombohedral phase which can be indexed using JCPDS

card # 01-086-1570 for rhombohedral BaTiO
3
. Split or broad

peaks due to the rhombohedral peak splitting are visible at

66o and 75o. Addition of 1 mol% TiO
2
 appears to cause a

reduction in the rhombohedral peak splitting at 66o. The

1 mol % CuO doped sample can be indexed using JCPDS

card # 89-2475 for cubic BaTiO
3
. The satellite peaks to the

right of the main peaks are due to Kα
2
 splitting. Unit cell

parameters were calculated by the least-squares method6)

using the computer program MDI Jade 6.5 (Materials Data

Inc., California, USA) and are given in Table 1. Addition of

TiO
2
 causes a reduction in the rhombohedral distortion and

addition of CuO causes the structure to change to cubic.

Fig. 4(a) and (b) shows SEM micrographs of undoped and

1 mol % TiO
2
 doped samples sintered at 1350oC for 5 h. The

undoped sample has equiaxed rounded grains about 0.5-2 µm

in diameter. Considerable porosity is visible. The sample

Fig. 1. X-ray diffraction traces of calcined (Ba
0.85

Ca
0.15

)(Zr
0.1

Ti
0.9

)O
3
 powders.

Fig. 2. Bulk density of (Ba
0.85

Ca
0.15

)(Zr
0.1

Ti
0.9

)O
3
 ceramics sin-

tered at 1350oC.

Table 1. Unit Cell Parameters of (Ba
0.85

Ca
0.15

)(Zr
0.1

Ti
0.9

)O
3
 Cera-

mics Sintered at 1350oC for 5 h

Sample a (Å) β ( o )

Undoped 4.00356 (0.000245) 89.8638 (0.0064)

1 mol% TiO
2
 doped 3.99893 (0.000254) 89.9238 (0.0055)

1 mol% CuO doped 4.0061 (0.000139) 90
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doped with 1 mol% TiO
2
 has smaller grains and smaller

pores. Fig. 4(c)-(e) shows micrographs of the 1 mol% CuO

doped samples sintered at 1350oC for 1, 3 and 5 h. The

1 mol% CuO doped samples have very little porosity. The

sample sintered for 1 h has grains 1-2 µm in diameter. The

grain size has increased to 2-3 µm in diameter for the sample

sintered for 3 h, with further sintering causing no further

grain growth. The grain shape becomes progressively more

cubic as sintering time increases(Fig. 4(e)). Backscattered

electron imaging shows that the CuO doped sample sintered

for 5 h is single phase(Fig. 4(f)).

Due to their low density, the electrical properties of the

undoped and 1 mol% TiO
2 
doped samples were not measured.

The P-E hysteresis loops for the 1 mol% CuO doped BCTZ

ceramic sintered at 1350oC for 1 h are shown in Fig. 5. The

legend indicates the maximum electric field for each loop.

The loops are narrow and have very shallow slopes, with

low values of P
m
, P

r
 and E

c
. The slope and value of P

m
 for the

loop with a maximum electric field of 2500 V/mm are much

higher than that of the other loops. The specimen broke into

pieces at electric field of 3000 V/mm.  All of the loops have a

pinched appearance; this is more clearly seen in Fig. 5(b),

where the 2500 V/mm curve has been removed.

The variation of relative permittivity and loss tangent

with temperature for the 1 mol% CuO doped BCTZ ceramic

sintered at 1350oC for 1 h is shown in Fig. 6. The black

arrows show the direction of increasing measurement

frequency in the range 0.1-10 kHz. The sample shows a

broad peak in relative permittivity with a maximum at 53oC

(Fig. 6(a)). There is no change in the peak temperature with

measurement frequency. The value of relative permittivity

decreases slightly in the frequency range 0.1-10 kHz and

then increases again. The sample had almost identical

values of ε
r
 at 1 kHz and 100 kHz. The sample shows a

broad peak in loss tangent at 40oC, again with no dispersion

(Fig. 6(b)). The variation of loss tangent with frequency is

identical to that of ε
r
. Dielectric, ferroelectric and  piezo-

electric properties of the sample are given in Table 2. Also

shown are the values of Chen et al. for a BCTZ sample

doped with 1 mol% CuO and sintered at 1400oC for 2 h.

Fig. 3. (a) X-ray diffraction traces of (Ba
0.85

Ca
0.15

)(Zr
0.1

Ti
0.9

)O
3

ceramics sintered at 1350oC for 5 h. (b) Magnified
view of the region between 55-80o 2θ.

Fig. 4. SEM micrographs of: (a) undoped; (b) 1 mol % TiO
2
 doped (Ba

0.85
Ca

0.15
)(Zr

0.1
Ti

0.9
)O

3
 ceramics sintered at 1350oC for 1 h and

1 mol% CuO doped (Ba
0.85

Ca
0.15

)(Zr
0.1

Ti
0.9

)O
3
 ceramics sintered at 1350oC for: (c) 1 h, (d) 3 h, and (e) 5 h. Fig. 4(f) is a

backscattered electron image of the sample in Fig. 4(e).
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4. Discussion

The undoped BCTZ samples showed very poor densifica-

tion, as expected at the relatively low sintering temperature

of 1350oC. According to the BaO-TiO
2
 phase diagram, the

solid solubility of TiO
2
 in BaTiO

3
 is very limited at the sin-

tering temperature.7,8) The excess titanium reacts with

BaTiO
3 

to form a liquid phase at temperatures > 1332oC,

which may promote sintering. However, substitution of Ca

and Zr into BaTiO
3
 may increase the solidus temperature,

preventing formation of a liquid phase.9,10) Hence the effect

of TiO
2
 addition on the densification behavior is limited. If

TiO
2
 forms a limited solid solution with BCTZ, then A-site

and oxygen vacancies will be required to maintain site and

charge balance. These vacancies will increase bulk diffusion

rates, which could account for the increased density.11)

CuO melts at 1326oC and forms low melting point eutec-

tics with BaO,12) TiO
2
,13) and ZrO

2
.14) CuO-based melts are

known to be highly wetting of BaZrO
3
 ceramics.15,16) There-

fore, it is expected that the CuO will react with BCTZ to

form a liquid phase which then wets the particle surfaces

and promotes sintering by either contact flattening or pore

filling.11) It was previously found that CuO addition could

lower the sintering temperature of BCTZ to 1400oC5); the

present work shows that the sintering temperature can be

lowered further to 1350oC while still maintaining high den-

sity.

If TiO
2
 forms a limited solid solution with BCTZ, then A-

site and oxygen vacancies will be required to maintain site

and charge balance. This could cause the decrease in the

unit cell parameter and the rhombohedral distortion seen in

the XRD results(Fig. 3(b) and Table 1). For a coordination

number of 6, Cu2+ has an ionic radius of 0.073 nm. Ti4+ and

Zr4+ have ionic radii of 0.061 and 0.072 nm respectively.17)

Fig. 5. (a) P-E hysteresis loops of for 1 mol% CuO doped
(Ba

0.85
Ca

0.15
)(Zr

0.1
Ti

0.9
)O

3
 ceramic sintered at 1350oC

for 1 h. (b) hysteresis loops in electric field range
500-2000 V/mm.

Fig. 6. Variation of (a) relative permittivity and (b) loss tangent
with temperature for 1 mol% CuO doped (Ba

0.85
Ca

0.15
)

(Zr
0.1

Ti
0.9

)O
3
 ceramic sintered at 1350oC for 1 h.

Table 2. Piezoelectric Properties of 1 mol% CuO Doped (Ba
0.85

Ca
0.15

)(Zr
0.1

Ti
0.9

)O
3
 Ceramic Sintered at 1350oC for 1 h

 ε
r
 at 1 kHz 

and 25oC
tan δ at 1 kHz 

and 25oC T max ε
r

P
m
 (µC/cm2) P

r
 (µC/cm2) E

C
 (V/mm) d

33
 (pC/N) k

t
k
p

ref.

4450 0.007 53oC 9.88 0.64 111 72 0.112 0.113 This work

~2850 ~0.008 ~88oC ~15 6 ~230 350 - ~0.4 5
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Therefore Cu2+ is likely to substitute for  Ti4+ or  Zr4+ ions in

the perovskite lattice. This could cause the slight increase in

the unit cell parameter and the change in phase from rhom-

bohedral to cubic, as seen in the XRD results in Fig. 3 and

Table 1.

The ε
r
 vs. T curve of the CuO doped BCTZ sample shows a

single broad peak with a temperature of maximum permit-

tivity of 53oC (Fig. 6). No peak corresponding to a rhombo-

hedral - tetragonal phase change is present, which agrees

well with the XRD results (Fig. 3). In the work of Chen et

al., CuO doping appears to change the phase from tetrago-

nal to rhombohedral or cubic, reduces the temperature of

maximum permittivity and broadens the ε
r
 vs. T peak.5) Hao

et al. found that samples with small grain size exhibited

more relaxor-like behviour, with broad ε
r
 vs. T peaks.18)

Similar to the work of Hao et al., our CuO doped BCTZ sam-

ple with a small grain size of ~1-2 µm shows a broad ε
r
 vs. T

peak; however there is little dispersion with measurement

frequency in our sample. The narrow P-E hysteresis loops

indicate that the sample is a relaxor.19) The pinching of the

P-E hysteresis loops is likely caused by the interaction of a

non-polar phase at temperatures close to the temperature of

maximum permittivity.20) The hysteresis loop at 2500 V/mm

is less pinched and exhibits abruptly higher polarization,

which may be interpreted as reversal of the spontaneous

polarization of the material.1) The mechanical fracture at

the higher field of 3000 V/mm also supports the large elec-

trostriction or reverse piezoelectric effect with increased

polarization. The dielectric and ferroelectric properties of

the sample are somewhat inconsistent. The narrow, pinched

P-E loops, the small values of P
r
 and E

c
, and the broad ε

r
 vs.

T peak suggest relaxor behavior, but the ε
r
 vs. T peak shows

no dispersion with measuring frequency. The reason for this

behavior is not yet clear. The relaxor-like behavior of our

sample is likely due to a combination of small grain size and

the effect of CuO doping.5, 18) Although the XRD results show

a cubic unit cell, the existence of a narrow P-E loop indicates

that the unit cell is pseudo-cubic.

In the present work, the piezoelectric properties of the

CuO doped BCTZ samples were found to be poor. The poor

properties may be due to the small grain size of ~1-2 µm

(Fig. 4(c)). Grain boundaries pin domain walls, making it

harder to pole the ceramics. A large fraction of the piezoelec-

tric response comes from domain wall contributions i.e.

motion of domain walls.21) The contribution of domain wall

motion to piezoelectric properties is reduced in fine-grained

ceramics, reducing their piezoelectric properties.22,23) Hao et

al. recently studied the effect of grain size on the electrical

properties of BCTZ ceramics and found a marked decrease

in piezoelectric properties as the grain size decreased below

10 µm.18) The CuO doped samples of Chen et al. also had a

grain size between 5-10 µm, even when sintered at 1350oC.5)

The smaller grain size in the present work is probably due to

the larger content of liquid phase sintering aid, 1 mol % CuO

as opposed to 0.5 mol % CuO in the work of Chen et al.. The

increased volume of liquid phase at the solid/liquid inter-

faces increases diffusion distances between grains, reducing

grain growth rates.24) As a consequence, the samples of

Chen et al. had superior piezoelectric properties to the sam-

ples in the present work.

5. Conclusion

The effect of 1 mol % TiO
2
 or CuO addition on the sintering

behavior, microstructure and electrical properties of (Ba
0.85

Ca
0.15

)(Zr
0.1

Ti
0.9

)O
3
 lead-free piezoelectric ceramics has been

studied. Addition of TiO
2
 caused only a small improvement

in the density of samples sintered at 1350oC. Addition of 1 mol %

CuO greatly improved densification, with samples reaching

95% theoretical density after sintering for 1 h at 1350oC.

TiO
2
 addition caused a decrease in the rhombohedral distor-

tion of the unit cell, whereas addition of CuO caused the

structure of (Ba
0.85

Ca
0.15

)(Zr
0.1

Ti
0.9

)O
3
 to change from rhom-

bohedral to pseudo-cubic. All of the sintered samples have

grain sizes 1-3 µm. The combination of CuO doping and

small grain size caused the material to show relaxor-like

behavior, with a broad ε
r
 vs. T peak and narrow, pinched P-

E hysteresis loops. The piezoelectric properties of the CuO

doped samples were poor, probably due to the small grain

size.
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