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Abstract

This study investigated how extra Ba®" and two-step sintering affect the crystal structure, microstructure, and dielectric properties of (Ba, Ca)(Ti, Zr)Os
(BCTZ). XRD results indicate that no secondary phase formed in any of the BCTZ samples after sintering. Raman spectra reveal that Ca>* jons were
pushed from the Ba-site to the Ti-site when extra Ba>* was added after sintering. The Curie temperatures of all BCTZ samples decreased due to the smaller
tetragonality caused by the addition of extra Ba>*. SEM micrographs revealed that two-step sintering decreased the grain size from 5.0 pm to 0.5 pm
compared with normal sintering. Furthermore, samples with fine-grain microstructures exhibited flat curves for the temperature coefficient of capacitance.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

As a ferroelectric perovskite ceramic, barium titanate (BaTiOs;)
exhibits a high permittivity at room temperature, making it
suitable for applications in multi-layer ceramic capacitors
(MLCCs). However, the permittivity of pure BaTiO; ceramics
changes dramatically with temperature, particularly near the phase
transition temperatures (—90 °C, 0 °C, and 125 °C), especially the
Curie temperature (7.~ 125 °C). Unstable changes in permittivity
at the phase transition temperature cause damage in electric
devices. Many studies have cited internal stress as the main factor
affecting the temperature coefficient of the capacitance curve,
caused by either a core—shell structure or a fine-grain micro-
structure. Previous studies have demonstrated that a stable
temperature coefficient of capacitance (TCC) can be obtained
by increasing 7, with the addition of rare earth oxides to reduce
the dramatic changes in permittivity at 7,. [1-5]. The increase in
T, is attributed to the changes in internal stress caused by the
substitution of rare earth elements in the shell region of a BaTiO3
surface, referred to as a ‘“core-shell” structure. Otherwise,
reducing the grain size to a “non-core shell” structure increases
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the internal stress and decreases the tetragonality, subsequently
decreasing the spontaneous polarization. The TCC curve can be
broadened by decreasing the spontaneous polarization. Addition-
ally, BaTiO3 can be modified by many dopants e.g., CaCOs,
7ZrO,, MgO, MnO, Bi,0;, and Nb,Os, to obtain a high dielectric
constant and a broadened TCC curve [6-9].

The Curie temperature is also related to the tolerance factor
(t), which is indicated by the degree of lattice distortion. A #,
close to 1 refers to a nearly cubic structure. Previous studies
have found a general trend towards higher transition tempera-
tures with a decreasing tolerance factor in ferroelectric
perovskites [10]. Evidently, solid solutions of BiScOj;
(t=0.907), BilnO; (#,=0.884), and BiYbOj3 (#=0.857) with
PbTiO3 (#=1.019) exhibit morphotropic phase boundaries
(MPBs) with T, values that are significantly higher than those
of PZT (T.=386 °C) and PbTiO; (T.=490 °C). The T, value
increases for various end members of MPB solid solutions
with PbTiO3, decreasing the tolerance factor (#,<1). Therefore,
the choice of low-tolerance-factor components such as CaZrOj;
could shift the T, value to a higher temperature [11-14].

In this study, Ca®* and Zr** are chosen as the dopants for
BaTiO;. Previous studies have investigated the position and
function of Ca®* and Zr** in BaTiO; [15-17]. Zr** (0.72 A)
tends to substitute the Ti-site (0.64 A) of BaTiO; due to its
ionic radius, which decreases the T, value and increases the
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orthorhombic phase transition temperature to a tetragonal one
(Ty—y)- Increasing T,_, raises the dielectric constant of BaTiO3
at room temperature. The ionic radius of Ca®* (1.06 A) is
intermediate to those of the Ba-site (1.43 A) and Ti-site
(0.64 A). In BaTiO;, Ca’" tends to substitute the Ba-site,
which is also attributed to its ionic radius. The 7, value
increases slightly when Ca*" is substituted for the Ba-site. The
T, value decreases dramatically when Ca®* is substituted for
the Ti-site. Moreover, adding extra Ba>" to BaTiO5 moves Ca>"
from the Ba-site to the Ti-site and decreases the dielectric
constant at the 7, value. Incorporating Ba®" in the Ba-site shifts
the primary Ca*" to the Ti-site, which significantly alters both
the unit cell volume and the 7, value. Hennings et al. found that
excess Ba>t moves Ca®" from the Ba-site to the Ti-site [18].
Two extra Ba>" are incorporated in the Ba-site for every Ca”" in
the Ti-site. Therefore, for each Ca®* in the Ti-site, an oxygen
vacancy is formed. In BaTiOs;, the Ca-acceptors are compen-
sated by doubly ionized oxygen vacancies. The composition of
BCTZ containing Ca”" on the Ba-site and the Ti-site and
oxygen vacancy is as follows:

(Ba;_,Ca)(Tij—y_,Zr,Cap)05_,Vy

The experiment in this study is divided into two parts. In the
first part, Ca®* and Zr** are chosen as the dopants in BaTiO5 to
produce a (Bag 9sCag os5)(Tip.97Z10,03)O3 solid solution as the host.
In the second part, Ca** is moved from the Ba-site to the Ti-site
by adding Ba* to produce a (Bag0s+,Cao05—a)(Tio.97Zr0,03Caq)
O3,, solid solution. Dense ceramics with fine grains were
obtained using a two-step sintering method. This study mainly
focuses on investigating the effects of extra Ba>™ and two-step
sintering on the crystal structure, microstructure, and dielectric
properties of BCTZ.

2. Experimental procedure

The experimental procedure was divided into two parts: the
preparation of the BCTZ powder and the preparation of the
BCTZ powder with the addition of extra BaCOs. In the first
part, BCTZ ceramics were prepared via a solid-state reaction
using high-purity commercial (>99.9%) BaCO;, TiO,,
CaCO3, and ZrO, powders. The raw materials were dried,
weighed, and ball-milled with distilled water and, subse-
quently, dried and calcined at various temperatures.

In the second part, single-phase BCTZ powder was chosen
as the starting material. Two BCTZ powders with extra 4 and
6 mol% BaCO5; were also prepared via a solid-state reaction
method and were designated as BCTZ+4 and BCTZ+6,
respectively. The calcined powders were milled and pressed
into disks with a diameter of 8 mm and a thickness of 3 mm.
The sintering shrinkage rates of the samples were determined
by a dilatometer (DIL; Netzsch, 402C). The samples were
heated to 1450 °C at a heating rate of 10 °C/min without
dwelling. Based on the DIL results, the disks were sintered
under normal and two-step sintering conditions. Fig. 1 shows
the sintering profile for two-step sintering. The temperatures
for the first step (7'1) ranged from 1250 °C to 1300 °C, while
the temperatures for the second step (72) ranged from 1150 °C
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Fig. 1. Temperature program schedule for two-step sintering.

to 1200 °C. The heating rate from room temperature to 71 was
10 °C/min. The cooling rate from 71 to 72 was 30 °C/min. The
dwelling time for the second step (#2) ranged from 8 h to 15 h.
After sintering, the apparent densities of the samples were
measured using the Archimedes method. Phase identification
was then performed using an X-ray diffractometer (XRD;
Siemens, D5000) and a Raman spectrometer (Microscopes
Raman Spectrometer, Renishaw). Next, the cell parameters of
all samples were determined based on the XRD results using
cell parameter software [19]. The microstructures were
observed via high-resolution scanning electronic microscopy
(HR-SEM, Hitachi, SU8000). Additionally, the average grain
size was evaluated from the SEM micrographs using Lucia
measurement software (Laboratory Imaging, version 4.71).
Each sample examined in this study contained at least 200
grains. For the dielectric measurements, an Ag-Pb paste was
deposited on a plane parallel to the polished clean surfaces of
ceramics, followed by heat treatment in air at 800 °C for 2 h.
Furthermore, the temperature dependence of the capacitance of
the samples from —55 °C to 150 °C was measured with an
impedance analyzer LCR meter (HP 4284A) at 1 kHz.

3. Results and discussion

Figs. 2 and 3 show the XRD patterns of BCTZ, BCTZ+4,
and BCTZ+-6 ceramics prepared via normal sintering and two-
step sintering, respectively. The experimental results indicate
that no secondary phases were found in any of the samples
after sintering. Additionally, all samples exhibited a tetragonal
phase, as evidenced by the splitting of the (103) and (301)
diffraction peaks into a broad peak. The degree of splitting in
the (103) and (301) diffraction peaks of the BCTZ ceramics
prepared by normal sintering was slightly different from those
prepared via two-step sintering. The difference in the degree of
splitting between the two sintering methods was attributed to
the increase in crystallinity. The samples prepared by normal
sintering exhibited higher grain sizes, which also increased
their crystallinity. Therefore, the BCTZ ceramics prepared by
normal sintering might have a higher crystallinity than that
prepared by two-step sintering.
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Fig. 2. XRD patterns of (a) BCTZ, (b) BCTZ+4, and (c) BCTZ+6 sintered at
1300 °C/4 h.
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Fig. 3. XRD patterns of (a) BCTZ, (b) BCTZ+4 sintered at 1250 °C/1 min—
1200 °C/8 h, and (c) BCTZ+6 sintered at 1300 °C/1 min—1200 °C/8 h.

With the incorporation of additional Ba®*, the XRD patterns
of BCTZ+4 and BCTZ+6 both shifted to a low 26 values
compared with BCTZ. Shifts in the XRD patterns were also
observed in the samples prepared by normal sintering and two-
step sintering. This shift in the XRD patterns was attributed to
the substitution of Ca®* from the Ba-site to the Ti-site.
As mentioned earlier, the ionic radius of Ca** (1.06 A) is
between those of the Ba-site (1.43 A) and Ti-site (0.64 A).
When Ca>* was forced into the Ti-site, the unit cell expanded
and the d-spacing increased. Therefore, the XRD patterns of
BCTZ+4 and BCTZ+6 shifted to a low 26 value. Table 1 lists
the cell parameters and tetragonality of the samples prepared
by normal sintering and two-step sintering. The experimental
results indicate that when incorporating additional Ba*", the
a-axis increased, the c-axis decreased, and the tetragonality
decreased. The decrease in tetragonality may be due to the
substitution of Ca>* in both the Ba-site and the Ti-site as well
as the substitution of Zr*" in the Ti-site in BaTiOs.

Figs. 4 and 5 show the Raman spectra of BCTZ, BCTZ+4,
and BCTZA4-6 prepared by normal sintering and two-step sinter-
ing. Optical phonon modes at 306 cm™' [B1, E (TOs+LO,)],
516 cm™" [E (TO), A; (TO)], and 712 cm™" [E (LO,), A; (LO5)]

Table 1

Cell parameters and tetragonality of BCTZ, BCTZ+4, and BCTZ+6 with
normal sintering and two-step sintering methods. The number in the parenth-
esis respresent the erro of the cell parameters.

BCTZ BCTZ+4 BCTZ+6
Cell parameters and tetragonality after normal sintering
a-axis (A) 4.0125(8) 4.0219(7) 4.0081(8)
c-axis (A) 4.0419(9) 4.0416(9) 4.0232(9)
Tetragonality 1.0073 1.0049 1.0038
Cell parameters and tetragonality after two-step sintering
a-axis (A) 3.9982(4) 4.0050(9) 4.0121(9)
c-axis (A) 4.0301(5) 4.0211(8) 4.0193(8)
Tetragonality 1.0079 1.0040 1.0018
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Fig. 4. Raman spectra of (a) BCTZ, (b) BCTZ+4, and (c) BCTZ+6 sintered at
1300 °C/4 h.
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Fig. 5. Raman spectra of (a) BCTZ, (b) BCTZ+4 sintered at 1250 °C/1 min—
1200 °C/8 h, and (c) BCTZ+6 sintered at 1300 °C/1 min—1200 °C/8 h.

were found in single tetragonal BaTiO; crystals. According to
Figs. 4 and 5, all Raman peaks were assigned to those of the
tetragonal P4mm symmetry [20]. Almost the same Raman bands
were observed in the BCTZ, BCTZ+4, and BCTZ+6 ceramics
after sintering, explaining why the crystalline phases of all BCTZ
samples were tetragonal. The Raman spectra reveal that the peak
intensities at 300 cm™ and 717 cm™' both decreased when
additional Ba** was incorporated, which may be caused by the
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reduced tetragonality when Ca”* was substituted in the Ti-site.
Moreover, the Raman peak at 830 cm™! was observed in BCTZ
+4 and BCTZ+6 prepared via two different sintering methods.
This higher-frequency Raman peak was also observed in Ba
(Tig.085Cag 00sNb.01)O5 ceramics, which were fabricated by co-
incorporating cations (Ca and Nb) at the Ti-sites of BaTiO5 [21].
Based on previous studies, this Raman peak indicates the
formation of Car; defects, which are attributed to the transforma-
tion of Ca®* from the Ba-site to the Ti-site when additional Ba®*
is incorporated. This phenomenon also explains the shift in the
XRD patterns of BCTZ+4 and BCTZ4-6, as shown in Figs. 2 and
3. Therefore, in addition to determining the crystalline phase, the
Raman spectra confirm that Ca®* can be forced into the Ti-site
when additional Ba®" is incorporated via the two different
sintering methods.

Fig. 6 shows the sintering shrinkage curves for BCTZ,
BCTZ+4, and BCTZ+6. Increasing the Ba®* concentration
shifted the shrinkage curves to a higher temperature, indicating
that BCTZ with extra Ba*" required a higher densification
temperature or a longer dwelling time than BCTZ. Table 2
summarizes the average grain sizes and relative densities for
different normal sintering temperatures. For all of the samples,
the average grain size and relative density both increased with
increasing sintering temperature. This table also revealed grain
growth inhibition in the BCTZ+4 and BCTZ+6 samples. This
phenomenon suggests that the first few percentages of Ca**
added could be dissolved into the BaTiO; matrix to replace
Ba®" and Ti**. Moreover, Ca*™ may be found at the grain
boundary region and may suppress grain growth only when the
amount of Ca®* added exceeds the solubility of the BaTiO;.

Table 3 lists the average grain sizes and relative densities
under various two-step sintering conditions. The dwelling time

— BCTZ
- - - BCTZ+4
- BCTZ+6

204 F+——7—
0 200 400 600 800 1000 1200 1400 1600

Temperature (°C)

Fig. 6. Sintering shrinkage curves of BCTZ, BCTZ+4, and BCTZ+6.

Table 2
Average grain size and relative density with various normal sintering
temperatures.

BCTZ BCTZ+4 BCTZ+6
1250 °C/4 h 5.52 pm (92.1%) 4.23 ym (91.7%) 2.25 pm (93.0%)
1300 °C/4 h 7.21 pm (95.3)% 5.31 pm (93.1%) 5.42 pm (94.3%)
1350 °C/4 h 10.42 pm (97.2%) 9.71 pm (94.2%) 6.71 pm (96.6%)

(8h to 15h) at 72 did not significantly affect the relative
densities of all samples; however, the relative densities
increased with increasing 72. Moreover, the average grain
size was still less than 0.5 pm under various two-step sintering
conditions. Fig. 7(a) to (f) show the SEM micrographs of
BCTZ, BCTZ+4, and BCTZ+6 sintered under different
sintering methods. The average grain size of the sample under
normal sintering (i.e., approximately 3 pm to 10 pm) was
greater than that prepared by two-step sintering (i.e., less than
0.5 pm). Two-step sintering successfully inhibited grain
growth during the final stage of the sintering process. A fine-
grain microstructure can thus be obtained using two-step
sintering with average grain sizes below 0.5 pm in all samples.

Fig. 8(a) and (b) show the temperature dependence of the
capacitance (TCC) and dielectric constants of BCTZ, BCTZ
+4, and BCTZ4-6 ceramics prepared by normal sintering. The
TCC peaks correspond to the phase transition temperature of
each sample, as shown in Fig. 8(a). Two phase transition
temperatures can be found in the BCTZ ceramics: T, (approxi-
mately 125 °C) and the phase transition from orthorhombic to
tetragonal (i.e., 7T, which is approximately 30 °C).
In contrast to pure BaTiO;, the T, value of BCTZ prepared
by normal sintering did not change significantly. However, the
T, value of BCTZ prepared by normal sintering increased
from 0 °C to 30 °C. The increase in T,_; was attributed to the
substitution of Zr** in the Ti-site [15]. As extra Ba®* was
added, the 7, value of BCTZ+4 decreased slightly from
125 °C to 110 °C, as shown in Fig. 8(a) and (b). The decrease
in 7, was due to the substitution of Ca>" in the Ti-site when
extra Ba®* was added. Additionally, increasing the amount of
extra Ba®* to 6 mol% moved more Ca®* from the Ba-site to
the Ti-site. Moreover, the Ca®* concentration in the Ti-site
increased, which decreased the T. value of BCTZ+6 from
110 °C to 75 °C. A broad peak was observed in the BCTZ+6
sample, as shown in Fig. 8(a) and (b). The broad TCC peak
was caused by the combination of T, and T,_, when Ca>* was
substituted in both the Ba-site and the Ti-site. The high
dielectric constant of BCTZ+6 prepared by normal sintering
was also due to the combination of 7, and 7,_, when Ca>* was
substituted in both the Ba-site and the Ti-site. Fig. 8(c) shows
the temperature dependence of the tand of BCTZ, BCTZ+4,
and BCTZ+6 prepared by normal sintering. The experimental
results indicate that the dielectric loss increased as extra Ba**
was added. The curve of the temperature dependence of tand
warped upwards when the temperature exceeded 100 °C,
which, based on a previous study, was attributed to the
migration of oxygen vacancies when Ca®" is substituted in
the Ti-site [22].

Fig. 9(a) and (b) show the temperature dependence of the
capacitances and the dielectric constants of BCTZ, BCTZ+4,
and BCTZ+6 ceramics prepared by two-step sintering. Two
phase transition temperatures can be observed for the BCTZ
and BCTZ+4 ceramics: T, (approximately 125 °C) and T,_;
(approximately 35 °C). Shifts in the T,_, value of the BCTZ
and BCTZ+4 ceramics were also attributed to the substitution
of Zr** in the Ti-site. As extra Ba>* was added, the 7. value of
BCTZ+4 decreased slightly from 125 °C to 115 °C, as shown
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Table 3

Average grain size and relative density with various two-step sintering conditions. (71=1250 °C and 72=1150-1200 °C).

BCTZ

BCTZ+4 BCTZ+6

1250 °C/1 min—1150 °C/8 h
1250 °C/1 min—1150 °C/15 h
1250 °C/1 min—1200 °C/8 h

0.21 pm (90.2%)
0.24 pm (91.0%)
0.25 pm (96.2%)

0.31 pm (94.2%)
0.32 pm (94.7%)
0.49 um (98.5%)

0.24 pm (85.9%)
0.25 um (87.5%)
0.30 um (91.4%)

" 1s.ekVv %30.0K

Fig. 7. SEM micrographs of BCTZ, BCTZ+4, and BCTZ+6 sinter bulks (a) BCTZ, (b) BCTZ+4 sintered at 1250 °C/1 min—1200 °C/8 h, (c) BCTZ+6 sintered at
1300 °C/1 min—1200 °C/8 h, (d) BCTZ, (e) BCTZ+4, and (f) BCTZ+6 sintered at 1300 °C/4 h.

in Fig. 9(a) and (b). The decrease in 7, was also attributed to
the substitution of Ca®" in the Ti-site when extra Ba®* was
added. The TCC curve of the BCTZ+6 ceramics shows a
flattened peak, and the phase transition temperature was
difficult to determine. As mentioned earlier, when extra Ba**
was added, more Ca** was pushed from the Ba-site to the
Ti-site, subsequently decreasing T,.. The broad TCC curve of
the BCTZ46 ceramic was caused by the combination of 7,. and
T,_. when Ca’** was substituted in both the Ba-site and the
Ti-site and when Zr** was substituted in the Ti-site. Moreover,
the flattening of the TCC curve of the BCTZ+6 ceramic may
be attributed to increased internal stress with decreasing grain
sizes (approximately 0.3 pm). Therefore, the stable tempera-
ture dependence of the capacitance with the dielectric peak was
inhibited at 7, over a wide temperature range due to the
increase in internal stress. Comparing the temperature

dependences of the dielectric constants revealed that the
BCTZ+6 ceramic prepared via two-step sintering had a low
dielectric constant. As mentioned earlier, the fine-grain micro-
structure can be obtained using two-step sintering. Moreover,
the substitution of Ca®* in the Ti-site decreases its tetragon-
ality. The decrease in grain size and tetragonality further
decreased the spontaneous polarization and permittivity.
Therefore, BCTZ+6 prepared by two-step sintering exhibited
a lower permittivity than that prepared by normal sintering.
Fig. 9(c) shows the temperature dependence of the tand of
BCTZ, BCTZ+4, and BCTZ+6 prepared by two-step sinter-
ing. The tand of BCTZ+6 prepared via two-step sintering was
lower than that prepared via normal sintering (Fig. 8(c)),
possibly owing to the difference in grain sizes because the
samples were prepared by different sintering methods. Based
on the average grain size in Tables 2 and 3, the BCTZ+6
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Fig. 8. (a) Temperature dependence of capacitance curves, (b) temperature

dependence of dielectric constant curves, and (c) the tand at 25 °C of BCTZ,
BCTZ+4 and BCTZ+6 sintered at 1300 °C/4 h.

prepared via normal sintering had a larger grain size than that
prepared by two-step sintering. Therefore, the tand of BCTZ
+6 prepared via normal sintering was higher than that prepared
by two-step sintering.
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Fig. 9. (a) Temperature dependence of the capacitance curves, (b) temperature
dependence of the dielectric constant curves, and (c) tand at 25 °C of BCTZ
and BCTZ+4 sintered at 1250 °C/1 min—1200 °C/8 h and BCTZ+6 sintered at
1300 °C/1 min—-1200 °C/8 h.

4. Conclusions

The XRD results demonstrate that all BCTZ samples
comprise a single phase. The Raman spectra defined the
crystalline phase and confirmed that Ca®* can be forced into
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the Ti-site by adding extra Ba>*. The TCC curves reveal that
the T, value of all BCTZ samples shifted to lower temperatures
when extra Ba>* was added. The SEM micrographs indicate
that all of the BCTZ samples prepared by two-step sintering
(1250 °C/1 min—1200 °C/8 h and 1300 °C/1 min—1200 °C/8 h)
had a fine grain microstructure (grain size < 0.5 pm) and a
high density (i.e., relative density >95%) Moreover, the
capacitance curves of the BCTZ samples with a fine grain
microstructure had a flattened temperature coefficient. Impor-
tantly, in addition to determining the effects of additional Ba**
on BCTZ, this study demonstrated that flattened TCC curves
can be achieved when two-step sintering was performed.
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