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Abstract

(Bag 95Cag 0s)(TipssZro.12)O3 (BCTZ) ceramics have been produced in a protective atmosphere of industrial N, gas for potential piezoelectric
applications. For comparison, the ceramics were also sintered at 1200-1400 °C in air. The results revealed that the reducing atmosphere of
p0O, =5 x 10? Pa had no substantial effect on the phase structure or the microstructure of the BCTZ ceramics. The XRD patterns suggested a
tetragonal to pseudocubic phase transition at sintering temperatures above 1300 °C in both atmospheres. The nitrogen-sintered BCTZ samples had
higher dielectric constants &, but lower electromechanical coupling coefficients k, than the air-sintered samples. The piezoelectric constant d33 for
the BCTZ ceramics was not significantly influenced by the reducing atmosphere of pO, =5 x 10? Pa. The correlation of dielectric and piezoelectric
properties of the BCTZ ceramics with the sintering temperature was explained based on a competing mechanism between phase structure and

microstructure.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Co-firing of perovskite materials with base metal electrodes
(BMEs5) is of interest as it can reduce the production costs
of many devices. The two devices which benefit in particu-
lar are multilayer ceramic capacitors (MLCCs)! and multilayer
ceramic actuators.? These devices, however, must be sintered in
a reducing atmosphere to prevent oxidation of the electrodes.
The (Ca,Zr) CO-dOped (Bao.gscao‘os)(Tio_ggzr0.12)03 (BCTZ)
ceramics are usually used to produce the high-permittivity
dielectrics of Y5V serials.> The BCTZ ceramics have been co-
fired with Ni electrodes in reducing atmospheres to produce
BME MLCCs for some time.*>

Piezoelectric materials that can be co-fired with BMEs
to produce multilayer ceramic actuators are expected to
reduce production costs. Although the perovskite Pb(Zr,Ti)O3
(PZT) has been reported to co-fire with base metal Cu
under a controlled sintering atmosphere within a special
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oxygen partial pressure window,%’ Pb-containing PZT is a
pollutant, and the process is technically complicated. Lead-
free piezoceramics have been the focus of much interest
since Saito et al.® made a breakthrough in the textured
(Na,K)NbO3 ceramics with Li, Ta, and Sb as co-dopants.
So far, the development of lead-free piezoceramics has con-
centrated on (Na,K)NbOj3, (Bi,Na)TiO3 and BaTiO3 systems.
Jiang et al.” prepared the NagsKosNbO3-LiSbO3;-BiFeOs3
lead-free ceramic which exhibited good electrical properties
and high densities using a conventional sintering technique.
Zuo et al.'9 obtained a piezoelectric constant d33 as high
as 400pC/N by maintaining a fixed amount of Sb dopant
in (Na,K)NbO3. Zhang et al.!! reported a Bi-compensated
(Bip5Nag 5)TiO3—(Big5Kg5)TiO3 (BNT-BKT) system which
showed high piezoelectric and dielectric properties. Besides
being a high-permittivity dielectric material, BaTiO3 is also
known as a lead-free piezoelectric material.'>!3 The maximum
piezoelectric constant dz3 reported for BaTiO3 ceramics fab-
ricated by conventional sintering is 190 pC/N.!? Takahashi et
al.'213 reported a piezoelectric constant d33 as high as 350 pC/N
for BaTiOs ceramics obtained by microwave sintering. Fur-
thermore, Shao et al.'* reported a ds3 of 419 pC/N which
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was obtained from a conventional solid-state reaction path-
way.

Nevertheless, these undoped BaTiO3 cannot be directly co-
fired with base metals. BaTiO3 becomes a semiconductor when
sintered in a reducing atmosphere.'> This can be effectively sup-
pressed with the addition of dopants. The doping ions enter the
A-sites (Ba-sites) or B-sites (Ti-sites) of the perovskite lattice
and form acceptor- or donor-type point defects, which strongly
trap any oxygen vacancies and conduction electrons. Zhang et
al.'0 realized the Ca-doping of B-sites of BaTiOj3 by controlling
the atomic ratio of A- to B-sites. Hansen et al.!” investigated the
dielectric properties of acceptor-doped (Ba,Ca)(Ti,Zr)O3 ceram-
ics sintered in a reducing atmosphere. Albertsen et al.'® further
studied a complex acceptor—donor doping system in (Ca,Mn)
co-doped BaTiO3 ceramics and showed that this can effectively
trap oxygen vacancies and conduction electrons at the same time.
There are also some reports on the isovalent doping of BaTiO3
ceramics that are sintered in reducing atmospheres. Cheng and
Shen'® used Ca ions to substitute Ba ions at the A-site of BaTiO3.
Nanakorn et al.?” studied the dielectric and ferroelectric proper-
ties of B-site Zr-doped BaTiO3 ceramics. It is believed that the
difference in ionic radius between dopant and cation compresses
the crystal structure and prevents the formation of oxygen vacan-
cies during the sintering in a reducing atmosphere.?!

The above-mentioned doped BaTiO3 ceramics which can
be sintered in reducing atmospheres with base metals exhibit
excellent dielectric properties. However, little attention has been
paid to the piezoelectric properties of BCTZ ceramics. These
ceramics have only been used in dielectric capacitors so far. The
present paper deals with (Bag 95Caq 5)(Tig g8Zro.12)O3 ceram-
ics that were produced in a protective Ny atmosphere and in
air. The objective is to address the effect of the atmosphere
during sintering and the sintering temperature on phase struc-
ture, microstructure, dielectric and piezoelectric properties of
the (Ca,Zr) co-doped BaTiO3 ceramics.

2. Experimental procedure

Conventional solid-state reaction techniques were used to
prepare the BCTZ ceramics in this study. Analytical-grade
BaCOs (99.9%, Xilong Chemical Reagent, China), CaCO3
(99.9%, Xilong Chemical Reagent, China), TiOy (99.9%,
Xilong Chemical Reagent, China), and ZrO; (99.9%, Xilong
Chemical Reagent, China) powders were used as raw materials.
The powders were mixed to give the nominal composition of
(Bag.05Cag 05)(Tig 83Zr0.12)03°> and ground by ball milling for
4 h with the addition of alcohol. After drying, the mixture pow-
ders were calcined at 1200 °C for 6h in air. The synthesized
BCTZ powders were mixed with a polyvinyl alcohol (PVA)
binder solution and then die-pressed at 200 MPa, resulting in
disk samples with dimensions of @ 10 mm x | mm. After burn-
ing out the binder at 700 °C for 30 min, the samples were sintered
at a temperature from 1200 to 1400 °C for 2 h in air or in indus-
trial N» gas (oxygen content: 0.5%). For the case of nitrogen
gas sintering the chamber pressure was maintained at close
to atmospheric pressure, giving an oxygen partial pressure of
pO2=5 x 10 Pa.

The crystalline structure of the sintered samples was ana-
lyzed using X-ray diffraction (XRD) with Cu Ka radiation
(A =1.5416 A) filtered through Ni foil (Rigaku, RAD-B system,
Tokyo, Japan). The microstructure was observed using a scan-
ning electron microscope (SEM, JSM-6460, Japan). The grain
size was obtained by the linear intercept method. The bulk den-
sity was measured by the Archimedes method. Silver electrodes
were fired at 520 °C for 30 min onto both surfaces of the sin-
tered disk samples for electrical measurements. The samples
were poled under dc fields of 2-3kV/mm at room tempera-
ture for 30 min in a silicone oil bath. The dielectric properties
were measured from —20 to 180 °C, using an Agilent preci-
sion impedance analyzer (4294A, Hewlett-Packard, USA). The
room temperature dielectric constant was measured using an
automatic component analyzer (TH2828S, Tonghui Electron-
ics, China). The piezoelectric constant was measured 24 h after
poling using a quasistatic piezoelectric ds3 testing meter (ZJ-3A,
Institute of Acoustics, Beijing, China).

3. Results and discussion
3.1. Phase structure and microstructure

Fig. 1 shows the XRD patterns of the BCTZ ceramics sin-
tered in industrial N, gas at different temperatures. The XRD
patterns of air-sintered BCTZ samples were similar to those
sintered in N; and are not shown here. This result reflects a neg-
ligible effect of the reducing atmosphere of pO> =5 x 10? Pa on
the solid solubility limit of dopants in this study. As shown in
Fig. 1, the samples showed patterns typical of BaTiO3 (PDF
cards #79-2265 and #31-0174 for tetragonal and pseudocubic
phase, respectively). It has been reported that X7R-formulated
BaTiOj3 ceramics can be produced without structural deteriora-
tion under oxygen partial pressures as low as 1076 to 10~! Pa.??
Since the pO; of 5 x 102 Pa used in this study was much higher
than the above values, the N, atmosphere has been shown to
have no effect on the phase structure of BCTZ ceramics. How-
ever, a small amount of a second phase, which was identified
as Ba3Ca;TipO9 (PDF card #42-0535), was observed for the
sample sintered at 1200 °C. The appearance of BazCa;TipxOg
is due to the solid solubility of Ca®* in the Ba-site of BaTiO3
being small at the relatively low temperature of 1200 °C.23 The
Ba3Ca;TipOg gradually disappeared from the samples above
1200 °C, due to the increased solid solubility of the Ca>* in the
Ba-site with increasing sintering temperature. The maximum
solubility of [Ca2+(Ba)] in BaTiOs3 is reportedly as high as 20%
at 1300 °C,3 whereas the Ca2* concentration was only 5% in this
study. As a result, the BCTZ ceramics sintered above 1300 °C
possessed a purely perovskite structure. Since Zr** in the Ti-site
is an absolute solid solution,”’ no second phase containing Zr
was observed. These results suggest that Ca’* and Zr** have
been successfully incorporated into BaTiO3 lattices to form a
homogeneous solid solution.

The enlargement of the XRD spectra from 26 of 30° to 33°
in Fig. 1 shows that the tetragonal phase is characterized by a
(10 1)/(110) peak splitting at about 31.5° for the two samples
sintered at 1200 and 1300 °C. When the BCTZ ceramics were
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Fig. 1. X-ray diffraction patterns of the BCTZ ceramics sintered in industrial No
gas at different temperatures: (a) 1200 °C, (b) 1300 °C, (c) 1320°C, (d) 1350 °C,
and (e) 1400°C.

sintered above 1320 °C, the phase structure transformed from
tetragonal to pseudocubic. The pseudocubic phase is made up
of both the orthogonal and tetragonal phases,>* and is caused
by the distortion of crystal lattice induced by Ca2* (r=0.99 A)
occupying Ba?* sites (1.34 A) and Zr** (r=0.79 A) occupy-
ing Ti** (0.68 A) sites. With increasing sintering temperature,
the pseudocubic peak near 31.5° tends toward lower diffrac-
tion angles. This suggests that the occupancy of the dopants
in (Ba,Ca)(Ti,Zr)O3 was dependent on sintering temperature.
The observed phase transformation for the samples sintered
from 1300 to 1320 °C is similar to widely reported polymor-
phic phase transition (PPT) or morphotropic phase boundary
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Fig. 2. Dependence of the lattice parameters and space distance of the BCTZ
ceramics sintered in industrial N, gas on sintering temperature.

(MPB) behavior.>>~%7 This point is supported by the change in
the lattice parameters and space distance of BCTZ with sintering
temperature.

Fig. 2 shows the dependences of the lattice parameters and
space distance of the BCTZ sintered in N, with sintering temper-
ature, based on the corresponding data for the diffraction peaks
near 260 =31.5°. The lattice parameters and space distance of the
BCTZ samples sintered in air were similar to those sintered in
N> and are not shown here. As shown in Fig. 2, the lattice param-
eter c first increased with increasing sintering temperature from
1200 to 1300 °C, then decreased abruptly at 1320 °C, before
continuing to increase from 1320 to 1400 °C. The variation of
space distance djo1 was similar to that of lattice parameter c.
The changes in the lattice parameters and space distance are
consistent with shifts in the observed diffraction peaks at the
sintering temperature of 1320 °C. It suggests that the tetragonal
and pseudocubic phases coexist in the BCTZ samples sintered
at around 1320 °C. This kind of dual-phase coexistence is due to
the distortion of crystal lattice?* that is dependent on sintering
temperature. As the ionic radius of Zr** (0.79 A) is larger than
that of Ti** (0.68 A), the substitution of Zr** for Ti**, at con-
centrations as high as 12% for Zr*t in this study, could lead to
expansion of the BaTiOj3 crystals and hence change the lattice
parameters. Raising the sintering temperature could promote
such substitution and increase the distortion of the BCTZ crys-
tals. Accordingly, the phase transformation of BCTZ resulting
from sintering temperature in this study is entirely different from
PPT- or MPB-like behavior that is usually due to compositional
modification.

Fig. 3 shows the sample density of the BCTZ ceramics
sintered in industrial N, gas and in air at different tempera-
tures. The theoretical density of BCTZ was calculated to be
5.8899 g/cm® according to PDF card #31-0174. The sample
densities showed negligible differences between nitrogen- and
air-sintered BCTZ ceramics. It suggests that the reducing atmo-
sphere of pO, = 5 x 10% Pa does not affect the increase in density
of the BCTZ ceramics. As shown in Fig. 3, the measured den-
sity increased with increasing sintering temperature. The relative
density of the ceramics was just 83.5% of the theoretical density
when sintered at 1200 °C, whereas it reached 96.0% at 1400 °C.
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Fig. 3. Measured density and relative density of the BCTZ ceramics sintered in
industrial N gas and in air at different temperatures.

That the BCTZ ceramics became more dense should be con-
nected to additional Ca®* entering Ba-site and Zr** entering
Ti-site.?® Raising the sintering temperature promotes the diffu-
sion of Ca®* and Ti** and causes the BCTZ ceramics to become
more dense.

Fig. 4 shows SEM micrographs of the BCTZ ceramics sin-
tered in industrial N> gas and in air at different temperatures.
The microstructure of the samples sintered in both atmospheres
became more dense and the grain size tended to increase with
increasing sintering temperature. The grain size of the nitrogen-
sintered BCTZ ceramics at 1200 °C was about ~3.5 um, and
increased to ~5 pum at 1350°C. At 1400 °C the grains were
~7 pm in size. This is in agreement with the trends in the den-
sity shown in Fig. 3. The SEM observations further suggest
that increasing the sintering temperature is an effective way to
form a dense microstructure with large grains. The microstruc-
ture of BCTZ ceramics sintered in both atmospheres showed
no substantial variations. The microstructure observations are
in agreement with the results of Mn-doped SrTiO3; ceramics
which are also sintered in N and in air.2’

3.2. Dielectric and piezoelectric properties

Fig. 5 shows the frequency dependence of the dielectric con-
stant for the BCTZ ceramics sintered in industrial N» gas and in
air on the sintering temperature. The dielectric constants of the
BCTZ ceramics were lower than those of the undoped BaTiO3
ceramics.>? Victor et al.3! also reported that Ca-doped BaTiO3
ceramics showed lower dielectric constants than BaTiO3 ceram-
ics. By comparison, the BCTZ ceramics sintered in N had
higher dielectric constants than the samples sintered in air. The
effect of the sintering atmosphere on dielectric constant will be
discussed later.

As shown in Fig. 5, the dielectric constant ¢, for all the
samples decreased with increasing measuring frequency from
0.1kHzto 1 MHz. This is associated with some relaxation polar-
ization mechanisms at high frequencies. The decrease in &, takes

place when the jumping frequency of the electric charge carri-
ers in the sample cannot follow the alternation of the applied
electric fields beyond a certain critical frequency.*> The results
indicate that at low frequencies and temperatures, &, has a major
contribution from dipoles.??

The &, values of the BCTZ ceramics sintered in both atmo-
spheres first increased with increasing sintering temperature and
attained a peak value at 1350 °C, and then decreased at 1400 °C
to be as low as at 1200 °C. The maximum dielectric constant
is usually observed near PPT or MPB in perovskite structured
dielectrics.2>%7 As shown in Figs. 1 and 2, the coexistence of
two phases, similar to PPT or MPB behavior, was observed in
the BCTZ sample sintered at 1320 °C. Therefore, there should
be other mechanisms responsible for the above inconsistency.
It has been reported that dielectric constant will decrease with
increasing porosity in a dielectric ceramic.>*3> Although the
BCTZ ceramics sintered at 1320 °C exhibited a PPT-like struc-
ture, it also had a relatively porous microstructure, as shown in
Fig. 4c. On the other hand, although the BCTZ ceramics sintered
at 1400 °C had a dense microstructure, the crystalline structure
was far from the PPT-like structure. There should be a competing
mechanism between the crystalline structure and the microstruc-
ture that is responsible for the correlation of dielectric constant
with sintering temperature in this study.

Fig. 6 shows the piezoelectric constant d33 and the planar
electromechanical coupling coefficient k, as functions of the
sintering temperature for the ceramics. The d33 values of the
BCTZ ceramics sintered in both atmospheres were almost the
same; however, the samples sintered in air showed higher &,
values than the samples sintered in N». The BCTZ ceramics
sintered in N> attained a d33 of 200 pC/N and a k;, of 17%.

As shown in Fig. 6, the d33 and kp values of the sam-
ples sintered in Ny and in air all peaked at 1350°C. It is
generally accepted that the maximum piezoelectric constant is
attained at a PPT- or MPB-site, especially in the Pb(Zr,Ti)O3
and (K,Na)NbO3 systems.zs’27 On the other hand, it is also
reported that the piezoelectric constant is proportional to the
grain size>*3¢ and inversely proportional to the porosity of the
ceramics.>>37 As with the dielectric constant, the maximum d33
and k;, values of the BCTZ ceramics are related to the competing
mechanisms of the crystalline structure and the microstructure.
If the BCTZ ceramics sintered at 1320 °C could be made as dense
as those at 1350 °C, they would have the highest piezoelectric
properties. The piezoelectric properties of the BCTZ ceramics
could be enhanced with a compromise and by further optimizing
the doping content of Ca>* and Zr** in the BCTZ ceramics. This
will be the subject of a future study. Fig. 7 shows the temper-
ature dependence of the dielectric constant measured at 1 kHz
for BCTZ ceramics sintered at 1350 °C in industrial N, gas and
in air. The BCTZ ceramics exhibited abrupt changes in rela-
tive permittivity, which is normal for ferroelectric behavior.?*
The transition temperature 7'y from orthorhombic to pseudocu-
bic structure occurred at ~20 °C, and the T, from pseudocubic to
cubic structure occurred at ~85 °C for both samples. McCauley
et al.! has suggested that the temperature Ty, corresponding to
the maximum dielectric constant ¢; shifts to higher temperatures
when BaTiO3-based dielectrics are sintered in an atmosphere
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Fig. 4. SEM micrographs of the BCTZ ceramics sintered in industrial N, gas (a—e) and in air (f—j) at different temperatures: (a and f) 1200 °C, (b and g) 1300 °C, (c
and h) 1320°C, (d and i) 1350 °C, and (e and j) 1400 °C.
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with low oxygen partial pressure, and attributed these changes
in Ty, to the number of oxygen vacancies produced. The sin-
tering atmosphere did not cause appreciable changes in the
transition temperature of the BCTZ ceramics in this study.
This implies that the number of oxygen vacancies is small
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Fig. 7. Temperature dependence of the dielectric constant measured at 1 kHz
for the BCTZ ceramics sintered at 1350 °C in industrial N, gas and in air.

when BCTZ ceramics were sintered in the Np atmosphere of
p02=5 x 102 Pa.

Compared with undoped BaTiO3 ceramics sintered in air,
the T of the BCTZ ceramics sintered in air showed no change,
while the 7. shifted from 125 °C to the lower temperature of
85 °C. The shift in the phase transition temperature observed
is consistent with the results reported for Ca-doped BaTiO3
ceramics,’! and should be closely related to Ca’* occupying
the Ba2* site in the BCTZ ceramics.'® Although the incorpo-
ration of Ca2* and Zr** into Ba- and Ti-sites, respectively, of
BaTiO3 has decreased the T, value, the BCTZ ceramics could
still be used over an acceptable temperature range.

30

3.3. Effects of sintering atmosphere on BCTZ ceramics

Fig. 8 shows an Ellingham diagram of the metal oxides of
interest to this study. The data were collected from literature.®
The oxygen partial pressures for the two atmospheres of air and
industrial N gas are indicated in the diagram. During sintering,
the oxygen partial pressure of the atmosphere was not adjusted
and stayed constant at the various sintering temperatures. As
shown in Fig. 8, the oxygen partial pressures for both air and
N> were higher than the pO, which corresponds to the deoxi-
dation of TiO3, and much higher than that of BaO. Therefore,
the (Bag.95Cag.05)(Tig.88Zro.12)O3 ceramics sintered in N, main-
tained their perovskite structure. It should be noted that the pO,
of 5 x 102 Pa for the N, atmosphere is also high enough to cause
the oxidation of the base metals such as Ni. Although the sin-
tering atmosphere of N did not affect the phase structure of
the BCTZ, the oxygen partial pressure would not be compatible
with co-firing with Ni. In order to co-fire BCTZ ceramics with
base metal electrodes, the oxygen partial pressure of the sinter-
ing atmosphere should be reduced to prevent the oxidation of
the base metals.

Generally speaking, sintering atmospheres with a low oxygen
partial pressure will introduce ionized oxygen vacancies and
conduction electrons into perovskite dielectrics according to the
following defect chemical reaction:
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Fig. 8. Phase stability plot of the metal oxides of interest, as a function of
temperature and oxygen partial pressure.3®
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The conduction electrons so produced will give rise to high
electronic conductivity in the dielectric material, leading to
lower insulation resistance. In this study, the oxygen vacancies
and conduction electrons could hence be introduced into the
BCTZ ceramics when sintered under the protective atmosphere
of N». However, during the poling processing it was found that
there was no appreciable leakage current observed in the BCTZ
samples sintered in both atmospheres with the dc electric fields
which were applied. This can be explained as follows. The defect
chemical reaction of Zr** substitution for Ti** can be described
as

Zi*t — Zrk + 205 2)

Since the ionic radius of Zr** is larger than that of Ti**, the
isovalent substitution of Zr for Ti will compact the Ti—O unit
cells and prevent oxygen atoms from escaping the perovskite
crystals.?! The Zr** doping in this study of 12% is capable of
making the BaTiO3 non-reducible in the atmosphere used here.
The conductivity caused by electron hopping between Ti** and
Ti3* in BaTiO3 can also be suppressed with the substitution of
Ti by Zr.?!

The dielectric properties of the BCTZ ceramics were affected
by the sintering atmosphere used in this study. As shown in
Fig. 5, the dielectric constants of samples sintered in N, were
higher than those sintered in air. This is similar to Mn-doped
SrTi03.2% The increase in the dielectric constant of the sam-
ples sintered in N could be connected to electron relaxation
polarization. Although Zr substitution has greatly depressed the
production of conduction electrons in (Ba,Ca)(Ti,Zr)O3 under
low oxygen partial pressures, a small amount of weakly bonded
electrons could still be produced when the samples were sintered
in No. The weakly bonded electrons can move a short distance
and tend to be oriented with the electric fields applied, and thus
contribute to an increase in the dielectric constant.

4. Conclusions

The (Bao,95Ca0.05)(Tioigng0_12)03 (BCTZ) ceramics, with a
single perovskite phase, were successfully produced by protec-
tive sintering in industrial N, gas above 1300 °C. The reducing
atmosphere of pO,=5x 10>Pa had a negligible effect on
the phase structure and microstructure of the BCTZ ceram-
ics. PPT-like behavior was observed for the BCTZ ceramics
sintered at around 1320°C in both N, and air atmospheres.
The grain size and microstructure of the BCTZ ceramics were
increased with increasing sintering temperature from 1200 to
1400 °C. The samples sintered in Ny exhibited higher dielec-
tric constants than the samples sintered in air. The reducing
atmosphere of pO, =5 x 102 Pa had no effect on the piezoelec-
tric properties of the BCTZ ceramics. Enhanced piezoelectric
properties with peaked values of 200 pC/N for d33 and 17% for
kp were obtained for the BCTZ ceramics sintered in N, gas
at 1350°C. The piezoelectric properties of the BCTZ ceram-
ics may be further optimized as a function of both phase
structure and microstructure for their piezoelectric applica-
tions.
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