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Abstract

In this study, 0.65(K0.5Bi0.5)TiO3–0.35BaTiO3 (KBT–BT3) ceramics were synthesized using two different methods: a conventional calcination
process (CC-process) and a two-step calcination process that combined hydrothermal and CC processes (HT–CC-process). The effects of the
differently synthesizing processes on the physical and dielectric properties of the KBT–BT3 ceramics were recorded and analyzed. Two
secondary phases, BaBi4Ti4O15 and K4Ti3O8, were observed in the XRD patterns of the CC-process KBT–BT3 ceramics. The formations of
BaBi4Ti4O15 and K4Ti3O8 compounds made the CC-process KBT–BT3 ceramics having poor dielectric properties. When the HT–CC-process
was used and the KBT–BT3 ceramics were sintered at 1050–1100 1C, the secondary phases were not observed and only the (K0.5Bi0.5, Ba)TiO3

phase was observed in the XRD patterns. As same sintering temperature was used, the dielectric constants of the HT–CC-process KBT–BT3
ceramics were higher than those of the CC-process KBT–BT3 ceramics. Electromechanical coupling factors, such as the planar coupling factor
(kp), thickness coupling factor (kt), and longitudinal coupling factor (k33), were also used to explain the effect of the different synthesizing
processes on the properties of the KBT–BT3 ceramics.
Crown Copyright & 2013 Published by Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Perovskite-structured lead zirconate titanate (PZT)-based
ceramics have been widely used in actuators, sensors, resona-
tors, transducers, and transformers because of their excellent
piezoelectric and electrical properties [1,2]. However, during
the fabrication process of PZT-based ceramics the PbO has a
problem of high volatility, and PbO will contaminate the
environment and damage the human health. With the global
rise in environmental consciousness, lead-free materials, such
as Bi-based [3–5] and alkaline niobate compounds [6,7], have
e front matter Crown Copyright & 2013 Published by Elsevier Ltd
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attracted much attention and are investigated to replace the
PZT-based piezoelectric materials.
K0.5Bi0.5TiO3 (KBT) ceramic is a typical Pb-free ferroelectric

material. KBT has a perovskite structure and a relatively high
Curie temperature (Tc=380–385 1C), and it can be developed
for the applications of filters, resonators, and micro-electro-
mechanical systems (MEMS) [8]. But it is difficult to fabricate
KBT ceramics with high density using a traditional solid-state
reaction method because Bi2O3 is highly volatile during the
fabrication process. Vaporization of Bi2O3 leads to the forma-
tion of secondary or unknown phases [9], and the dielectric
property of KBT-based ceramics will be degenerated [10].
Recently, hydrothermal synthesis was clearly identified as an

important technology for synthesizing materials, predominantly in
the fields of hydrometallurgy and single crystal growth [11].
However, only few reports have been published on KBT-based
ceramics fabricated using hydrothermal synthesis. In this study,
and Techna Group S.r.l. All rights reserved.
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0.65 K0.5Bi0.5TiO3–0.35BaTiO3 (KBT–BT3) was used as the
main composition. At first, KBT–BT3 ceramics were synthesized
by a traditional solid-state reaction method. In order to obtain the
high-densified ceramics and inhibit the formation of secondary or
unknown phases, a method combining the hydrothermal and
solid-state reaction processes was developed. We would propose
an explanation for why the calcination process had an important
influence on the crystallization, morphology, and dielectric
properties of the KBT–BT3 ceramics. The piezoelectric proper-
ties, such as the planar coupling factor (kp), thickness coupling
factor (kt), and longitudinal coupling factor (k33), were also
used to explain how the different synthesis processeses would
influence the properties of the KBT–BT3 ceramics.

2. Experimental

2.1. Conventional calcination process (CC-process)

Reagent-grade K2CO3, Bi2O3, BaTiO3, and TiO2 with purity
higher than 99.5% were used as the raw materials to form
the required composition, according to the formula of 0.65
(Bi0.5K0.5TiO3)–0.35(BaTiO3). After being ball-milled in an
agate mortar with deionized water for 2 h, the mixed powders
were dried, ground, and calcined at 850 1C for 2 h.

2.2. Two-step process: combining the hydrothermal
and CC processes (HT–CC-process)

For the HT–CC-process, the raw materials were also used
to form the formula of 0.65(Bi0.5K0.5TiO3)–0.35(BaTiO3), and
then the KBT–BT3 powder was put into a 100 mL Teflon-
lined autoclave with a filling factor of approximately 80 vol%.
The autoclave was heated in a furnace at 200 1C for 2 h.
Following the hydrothermal process, the autoclave was cooled
at room temperature, and then the powder was dried, ground,
and calcined at 850 1C for 2 h.

2.3. Ceramic preparation and measurements

The CC-process and HT–CC-process KBT–BT3 powders were
ground and uniaxially pressed into pellets of 1 mm thickness and
11.5 mm diameter using a steel die. The pellets were sintered at
1050–1125 1C for 2 h, then their crystallization structures were
recorded using X-ray diffraction (XRD) patterns and grazing
incidence angle X-ray diffraction (GIAXRD) patterns, and micro-
graphs were observed using field-emission scanning electron
microscope (FESEM). To measure the electrical properties, silver
paste was painted on both sides of the KBT–BT3 ceramics to form
electrodes, the painted ceramics were then fired at 700 1C for
15 min. The dielectric properties were measured using an HP 4294
impedance analyzer. After that, the KBT–BT3 ceramics were
placed into a temperature-programmable testing chamber. The
measured temperature range was changed from 30 1C to 500 1C,
and the temperature-dependent dielectric characteristics (εr−T)
were obtained. The piezoelectric properties were also measured
after pooling the KBT–BT3 ceramics under a 3 kV/mm dc field at
150 oC in silicon oil for 30 min. The KBT–BT3 ceramics were
measured at room temperature and the measured frequency was
changed from 10 KHz to 1 MHz to find the resonance frequency
(fr) and the anti-resonance frequency (fa). The values of planar
coupling factor (kp), thickness (kt) coupling factor, and longitudinal
coupling factor (k33) were calculated using the resonance and anti-
resonance method.

3. Results and discussion

Fig. 1 shows the XRD patterns of the CC-process and HT–
CC-process KBT–BT3 ceramics as a function of sintering
temperature, it clearly revealed that the differently synthesizing
processes created different results. As the sintering temperature
of the CC-process and HT–CC-process KBT–BT3 ceramics was
increased from 1050 oC to 1125 oC, no shift in the 2θ values of
the mainly crystalline (101) peak was observed. This result
suggests that BaTiO3 and K0.5Bi0.5TiO3 were formed a homo-
geneous solid solution in 0.65(K0.5Bi0.5)TiO3–0.35BaTiO3

composition. In addition, as 1050oC was used as sintering
temperature and the 2θ value between 44o and 48o was
compared, the KBT–BT3 ceramics obtained from both methods
presented a cubic structure; As the sintering temperature was
increased from 1075 1C to 1100 1C, the crystalline structure
showed that the KBT–BT3 ceramics were transformed into
the tetragonal phase. However, as the sintering temperature
was increased, the secondary BaBi4Ti4O15 phase was observed
in the 1075 1C-, 1100 1C-, and 1125 oC-sintered CC-process
KBT–BT3 ceramics, and its diffraction intensity increased with
raising sintering temperature. The secondary K4Ti3O8 phase was
also observed in the 1100 1C- and 1125 1C-sintered CC-process
KBT–BT3 ceramics. The ideal reaction equation for the KBT–
BT3 ceramics is:

0:175K2CO3 þ 0:175Bi2O3 þ 0:65BaCO3

þ TiO2-ðK0:5Bi0:5; BaÞTiO3 þ CO2↑ ð1Þ
The BaBi4Ti4O15 phase may be caused by residual Bi2O3, TiO2,
and BaCO3, as in the following equation:

Bi2O3 þ BaCO3 þ TiO2-BaBi4Ti4O15 þ CO2↑ ð2Þ
As reported by Zhu et al. [8], the appearance of the

secondary K4Ti3O8 phase is due to the evaporation of bismuth.
For that, the following reaction occurs and the K4Ti3O8 phase
will be revealed in the 1100 oC- and 1125 oC-sintered CC-
process KBT–BT3 ceramics:

K0:5Bi0:5TiO3-K4Ti3O8 þ Bi2O3↑ ð3Þ
Conversely, the KBT–BT3 ceramics that treated using the

HT–CC-process had fewer secondary phases than those that
treated using the CC-process. Sintered at 1050–1100 oC, only
the (K0.5Bi0.5, Ba)TiO3 phase was observed in the XRD
patterns of the HT–CC-process ceramics. As the sintering
temperature was raised to 1125 oC, the BaBi4Ti4O15 phase was
also observable in the XRD patterns of the HT–CC-process
ceramics. These results demonstrate that the HT–CC-process
can inhibit the secondary phases formed during the sintering
process. In the past literatures, the differently secondary phases
were formed in the KBT ceramics as different synthesized



Fig. 1. XRD patterns of the (a) CC-process and (b) HT–CC-process KBT–BT3 ceramics.
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processes were used. For example, the K4Ti3O8 phase was
formed in the sol–gel-hydrothermal synthesis method [12], the
K2Ti6O13 phase was formed in the hot-pressing method [13],
and K2Ti6O13 and K2Ti4O9 were formed in the solid-state
method [14]. These results again suggest that for KBT–BT3
ceramics, the HT–CC-process is a better synthesis method than
the CC-process and the processes in the past literatures.

The main diffraction peaks of BaBi4Ti4O15 ceramics exist-
ing in the range of 20–601 are (0,0,10), (1,0,9), and (1,1,6) for
2θ values at around 21.41, 30.2o, and 34.41 respectively, and
the mainly diffraction peaks for K4Ti3O8 ceramics are (0,0,10)
and (1,1,6) for 2θ values at around 30.81 and 32.71, respec-
tively [15]. In the past, the grazing incidence angle X-ray
diffraction (GIAXRD) patterns were the proper and powerful
method used to identify the crystalline structures of the
nanoparticles and thin films [16]. For that, the GIAXRD was
used and analyzed for 2θ values in the ranges of 20–241 and
28–351 to confirm the existence of secondary phases in the
CC-process and HT–CC-process KBT–BT3 ceramic. From the
results shown in Fig. 2, the BaBi4Ti4O15 and K4Ti3O8 phases
were really observed in the 1075–1125 1C-sintered CC-process
KBT–BT3 ceramics, and their diffraction intensities increased
with increasing sintering temperature. For the HT–CC-process
KBT–BT3 samples, only the secondary BaBi4Ti4O15 phase
was observed in the 1125 oC-sintered ceramics.

Fig. 3 shows SEM micrographs of the CC-process and
HT–CC-process KBT–BT3 ceramics. The micrographs of the
1075 1C-sintered CC-process and HT–CC-process KBT–BT3
ceramics (Fig. 3(a) and (d)) show a porous structure and grain
growth was not apparently observed. This result indicates that
1075 1C is not high enough for KBT–BT3 ceramics to form a
dense structure and improve grain growth. As the sintering
temperature was increased to 1100 oC and 1125 oC, the grain
growths were apparently improved and no pores were observed
(Fig. 3(b), (c), (e), and (f)). The average grain sizes of the 1075–
1125 1C sintered CC-process and HT–CC-process KBT–BT3
ceramics were in the ranges of 0.4–1.2 μm and 0.3–0.94 μm,
respectively. Although the average grain sizes of the HT–CC-
process KBT–BT3 ceramics were smaller than those of the CC-
process ones, both methods yielded very similar results in the
surface morphologies. This indicates that the HT–-CC-process has
no apparent effect to improve the grain growth mechanism of the
KBT–BT3 ceramics.
Fig. 4 compares the temperature-dependent relative dielec-

tric constant (εr-T) curves of the CC-process and HT–CC-
process KBT–BT3 ceramics as a function of sintering tem-
perature. As the measured temperature increased, the εr values
gradually increased to a maximum value at Curie temperature
and then decreased, a transition from the ferroelectric phase to
the paraelectric phase is the reason. The Curie temperatures
(Tc, the temperature revealing the maximum dielectric con-
stant) of the CC-process and HT–CC-process KBT–BT3
ceramics were also observed in Fig. 4. The Tc values of the
CC-process KBT–BT3 ceramics were 340 1C, 310 1C, 300 1C,
and 320 1C as the sintering temperatures were 1050 1C,
1075 1C, 1100 1C, and 1125 1C, respectively. From the XRD



Fig. 2. GIAXRD patterns of the CC-process and HT–CC-process KBT–BT3 ceramics.

Fig. 3. Surface morphologies of the KBT–BT3 ceramics: (a), (b), and (c) CC-process; (c), (d), and (e) HT–CC-process.

P.-S. Cheng et al. / Ceramics International 40 (2014) 629–635632
analysis in Fig. 1(a), the reason for the large Tc variation in the
CC-process KBT–BT3 ceramics is attributed to coexistence of
the secondary phases of BaBi4Ti4O5, which has a Tc value
of 425–430 1C [17,18]. In comparison, the Tc values of the
HT–CC-process KBT–BT3 ceramics virtually remained at
280–290 1C as the sintering temperature increased from
1050 1C to 1100 1C. As sintered at 1125 1C, the Tc value of
the HT–CC-process KBT–BT3 ceramics was increased to
340 1C. Based on the XRD analysis shown in Fig. 1 and the
GIAXRD analysis in Fig. 2, the formation of BaBi4Ti4O5

phase in the XRD patterns of the 1125 1C-sintered HT–CC-
process KBT–BT3 ceramics is the reason to cause this result.



Fig. 4. Comparison of the εr−T curves of the CC-process and HT–CC-process KBT–BT3 ceramics.

Fig. 5. Comparison of the εmax and tan δ values of the CC-process and HT–
CC-process KBT–BT3 ceramics.
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The maximum dielectric constants (εmax, revealed at Curie
temperature) and loss tangents (tan δ, revealed at εmax peak) of
the CC-process and HT–CC-process KBT–BT3 ceramics are
measured at 1 MHz and the results are shown in Fig. 5 as a
function of sintering temperature. When 1050 oC was used as
sintering temperature, the εmax values of the CC-process and
HT–CC-process KBT–BT3 ceramics were 2790 and 3208;
As the sintering temperature was raised to 1100 oC, the εmax

values were 4202 and 5946, respectively. Fig. 5 also shows
that as the same sintering temperature was used, the εmax

values of the CC-process KBT–BT3 ceramics were all lower
than those of the HT–CC-process ones. These results demon-
strate that the HT–CC-process method effectively improve the
dielectric constants of the KBT–BT3 ceramics. As sintering
temperature was raised, the tan δ values initially decreased,
and 1100 oC-sintered CC-process and HT–CC-process KBT–
BT3 ceramics had the lowest tan δ values. Those stated results
conclude that 1100 1C is the optimum sintering temperature in
this literature, because the CC-process and the HT–CC-process
KBT–BT3 ceramics sintered at this temperature have higher
dielectric constants and the lowest tan δ values.

Many factors can influence dielectric characteristics of
ceramics, including (1) grain growth, (2) doping concentration,
(3) pore ratio, and (4) materials having a phase with low
dielectric constant. In this study, the dominant factors are (1),
(3), and (4). The SEM micrographs in Fig. 3 indicate that as the
sintering temperature was raised, the elimination of pores and
improvement in grain growth caused the increase in εmax values,
while the improvement in tan δ values was also due to the same
reasons. However, Fig. 5 shows that as the same sintering
temperature was used, the tan δ values of the CC-process KBT–
BT3 ceramics were all larger than those of the HT–CC-process
ceramics. Generally, secondary phases existing in a ceramic will
degenerate a ceramic's dielectric constant because of their lower
dielectric constants. For example, BaBi4Ti4O15 ceramic mea-
sured at 1 MHz has a lower dielectric constant of 2500–3000
[16]. The reasons are based on the XRD and GIAXRD patterns
compared in Figs. 1 and 2 that the secondary BaBi4Ti4O15

phase is formed in the CC-process KBT–BT3 ceramics. As
Figs. 1 and 2 show, even when the sintering temperature
is raised to 1125 1C, less of the secondary phase exists in the
HT–CC-process KBT–BT3 ceramics. These results also prove
that the HT–CC-process not only can inhibit the formation of
secondary phases but also can synthesize KBT–BT3 ceramics
with superior dielectric properties.
Fig. 6 shows the frequency dependencies on the impedance

|Z|(Ω) of the CC-process and HT–CC-process KBT–BT3
ceramics. The variation ranges in the impedance of the CC-
process and HT–CC-process KBT–BT3 ceramics gradually
increased with the raising of sintering temperature. Fig. 3
really shows that as sintering temperature increased from
1050 oC to 1100 oC, the pores apparently decreased and no
pores were observed in the 1100 oC-sintered KBT–BT3
ceramics. Fig. 3 also shows that the increase of sintering
temperature had no apparent effect on grain growth because
the grain sizes slightly increased as sintering temperature
increased from 1075 oC to 1100 oC. However, the decrease
in pores and the increase in grain size are two reasons to cause
the increase of structural density. On the basis of these results,
the optimum sintering temperature for both methods should be
higher than 1075 oC.
The piezoelectric planar (kp) and thickness (kt) coupling

factors can be calculated by the following equation [19]:

1

k2
¼ a� f r

f a−f r
þ b ð4Þ



Fig. 6. Frequency dependence on the impedances of the 1050–1125 1C sintered CC-process and HT–CC-process KBT–BT3 ceramics.

Fig. 7. kp, kt, and k33 of the CC-process and HT–CC-process KBT–BT3
ceramics.

P.-S. Cheng et al. / Ceramics International 40 (2014) 629–635634
where fr is the resonance frequency and fa is the anti-resonance
frequency. The planar (kp) factor can be estimated by using
a¼0.395 and b¼0.574 for, and the thickness (kt) factor can be
estimated by using a¼0.405 and b¼0.810. The longitudinal
coupling factor, k33, can be estimated from the piezoelectric
planar and thickness coupling factors [20]:

k233 ¼ k2p þ k2t −k
2
pk

2
t ð5Þ

Variations in the kp, kt, and k33 values for the CC-process and
HT–CC-process KBT–BT3 ceramics are shown in Fig. 7 as a
function of sintering temperature. The kp, kt, and k33 values of the
CC-process KBT–BT3 ceramics decreased as the sintering
temperature raised. In contrast, the kp, kt, and k33 values of the
HT–CC-process KBT–BT3 ceramics first increased as sintering
temperature increased, and they reached the maximum values
of 23.34%, 22.92%, and 32.22% at 1100 1C. This significant
enhancement in the piezoelectric properties of the HT–CC-
process KBT–BT3 ceramics is due to two factors: (1) the
optimum sintering temperature for grain growth at 1100 1C
increased the ceramics' density, lowered the tan δ values, and
enhanced the poling results; (2) comparing the results from the
XRD patterns in Fig.1 and 2 only the (K0.5Bi0.5, Ba)TiO3 phase
was formed. Also, the decrease in pores and the increase in grain
size are the reasons to enhance the piezoelectric properties. If we
consider the XRD pattern and GIAXRD patterns of the 1125 1C-
sintered HT–CC-process KBT–BT3 ceramics, the secondary
BaBi4Ti4O15 phase is considered as the theorem to cause
the decreases in kp, kt, and k33 values of the 1125 1C-sintered
CC-process KBT–BT3 ceramics.
4. Conclusions

In this study, 0.65K0.5Bi0.5TiO3–0.35BaTiO3 (KBT–BT3)
ceramics synthesized using different calcination methods were
thoroughly investigated. As the CC- and HT–CC-calcination
processes were used, 1075 1C was not high enough for KBT–
BT3 ceramics to form a dense structure and improve grain
growth; As 1100 1C and 1125 1C were used as sintering
temperatures, the grain growths were apparently improved
and no pores were observed. The poor dielectric and piezo-
electric properties of the CC-process KBT–BT3 ceramics were
due to the appearance of secondary phases, such as BaBi4-
Ti4O15 and K4Ti3O8. The average grain sizes of the HT–CC-
process KBT–BT3 ceramics were smaller than those of the
CC-process ceramics, both methods yielded very similar
results in the surface morphologies. As the same sintering
temperature was used, the HT–CC-process KBT–BT3 cera-
mics had more superior dielectric and piezoelectric properties
because only the (K0.5Bi0.5, Ba)TiO3 phase was formed.
Analysis of the piezoelectric properties showed that the kp,
kt, and k33 values of the CC-process KBT–BT3 ceramics were
lower than those of the HT–CC-process ceramics due to the
coexistence of the secondary BaBi4Ti4O15 and K4Ti3O8 phases.
The optimal kp (23.34%), kt (22.92%), and k33 (32.22%) values
were obtained in the 1100 1C-sintered HT–CC-process KBT–BT3
ceramics. On the basis of the above results, we consider the
HT–CC process a potential method for synthesizing the KBT–BT3
ceramics.
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