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Abstract

Electro-caloric effect (ECE) was investigated in BaTiO5 (BT)-based solid solution ceramics, Ba(Zr,Ti)O5 (BZT), Ba(Sn,Ti)O,
(BST) and (Ba,Ca)(Zr,Ti)O; (BCZT) with the composition near an invariant critical point (ICP). The samples were fabricated
by the solid-state reaction method and the ECE was obtained by an indirect measurement. The 12BZ-88BT, 9BS-91BT,
and 32BCT-68BZT samples showed the best polarization—electric field (P-E) hysteresis characteristics at room temperature
and displayed dielectric peaks at 46, 58, and 66 °C, which are the Curie temperatures. With increasing temperature, the P-E
loops changed from typical ferroelectric square shapes to paraelectric slanted shapes in the BT-based solid solution ceram-
ics. The adiabatic temperature change due to the ECE (ATgg) showed the maximum values of 0.46 °C at 80 °C, 0.5 °C
at 65 °C, and 0.47 °C at 75 °C, respectively, in the 12BZ-88BT, 9BS-91BT, and 32BCT-68BZT samples. The BT-based
solid solution ceramics showed smaller maximum A7, but broader AT:g peaks at nearer room temperature than the BT
ceramic. The enhancement of the ECE due to the multi-phase coexistence was not observed in BT-based solid solutions with

the compositions near an invariant critical point (ICP) at which several phases coexist.
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1 Introduction

The environmental-friendly solid-state cooling devices
using caloric materials, which generate (or dissipate) heat
by applying (or removing) electric, magnetic or mechanical
fields, are expected to replace the current cooling devices
which use cyclical compression and expansion of the harm-
ful vapors [1-6]. Electro-caloric effect (ECE) is a change in
the temperature of a dielectric material upon the application
or withdrawal of an electric field under adiabatic conditions
[4-6]. ECE has been observed in many ferroelectric, antifer-
roelectric, and relaxor materials after a discovery in Rochelle
Salt in 1930 but did not attract an attention due to a small
temperature change up to recently [6]. In 2006, Mischenko
et al. reported a giant ECE with an adiabatic temperature
change of about 12 K in antiferroelectric PbZr 4sTi; (505
thin films by applying a high electric field of 780 kV/cm
[7]. This report inspired a research on the ECE again. In
recent years, the ECE in Pb-based bulk ceramics have been
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reported because the cooling performance in thin film mate-
rials is limited due to a small mass [8—15]. Due to a global
regulation on the toxic materials, the lead-free electrocaloric
materials are being investigated [16-30].

BaTiO; (BT) is a typical lead-free ferroelectric mate-
rial with a first-order phase transition and has been widely
applied for many electronic devices such as multilayer
capacitors, piezoelectric devices, and temperature sensors
[31]. The large ECE was reported in BT single crystals and
ceramics [16—19]. Electrocaloric materials for solid-state
cooling devices are required to show large ECE in a broad
temperature range at near room temperature (RT) [20].
However, the BT single crystals and ceramics displayed
the largest ECE at about 130 °C which is higher than room
temperature and showed large ECE in narrow temperature
range [16-19]. Recently, an adiabatic temperature change
due to ECE (ATgcp) of 4.5 K over a wide temperature range
of 30 K at near RT was obtained in Ba(Zr,Ti)O; (BZT) solid
solution ceramics with the composition near an invariant
critical point (ICP) at which all the four phases (cubic,
tetragonal, orthorhombic, and rhombohedral phase) coexist
[20]. The large ATy was explained to ascribe to the large
entropy change near ICP due to multi-phase coexistence
[20]. However, smaller ECEs (AT <0.5 K) were observed
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in other BT-based solid solution ceramics such as Ba(Sn,Ti)
O; (BST) and (Ba,Ca)(Zr,T1)O5 (BCZT) with the composi-
tion near ICP [21, 22]. Different measurement methods for
ECE were applied in these reports; a direct measurement
using a heat flex sensor in BZT, a direct measurement using
modified differential scanning calorimetry in BCZT, and
an indirect measurement based on thermodynamic calcula-
tion using Maxwell equation in BCZT and BST [20-22].
And the conditions for the fabrication process were not the
same in the BT-based ceramics [20-22]. Different measure-
ment methods or different fabrication processes might be
the reason for this large difference in ECE of the BT-based
solid solution ceramics. Or the ECE may depend largely on
the chemical composition in BT-based solid solutions. The
assumption that the large ECE is induced in the composi-
tions near ICP by the large dipolar entropy change due to
multi-phase coexistence is not clearly confirmed yet, even
though the high piezoelectric activities have been reported
in BT-based solid solutions with compositions near ICP
[32-34].

In this work, ECEs were compared in BT-based solid
solution ceramics, BZT, BST, and BCZT with the composi-
tion near ICP. The BT-based solid solution ceramics were
fabricated by the same solid-state reaction method. The
ECEs were obtained in the BT-based solid solutions by an
indirect measurement and compared to confirm the assump-
tion that the large ECE is generated in the BT-based solid
solution with the compositions near ICP by the large dipolar
entropy change due to multi-phase coexistence.

2 Experimental

BT-based solid solution ceramics, Ba(Ti, ,Zr,)O5 (xBZ),
Ba(Ti;_,Sn,)O; (xBS), (1-x)Ba(Zr,Ti, 3)O5-x(Ba, ,Ca 3)
TiO; (xBCT), were prepared by a conventional solid oxide
reaction method using BaCO; (99%, Sigma-Aldrich), CaCO,
(99%, High Purity Chemicals), TiO, (99.9%, High Purity
Chemicals), ZrO, (99%, Sigma-Aldrich), and SnO, ( 99%,
Sigma-Aldrich) as raw materials. The compositions near
ICP, which are x=0.12, 0.15, 0.18 in xBZ, x=0.09, 0.11,
0.138 in xBS, and x=0.27, 0.32, 0.37 in xBCT, were inves-
tigated in this work.

The raw materials were ball-milled for 24 h in a plastic
bottle with ethanol and zirconia balls, and the mixed slurry
was dried at 180 °C on a hot plate. The dried powders were
calcined at 1250~ 1350 °C for 2 h. After calcination, the
powders were attrition-milled at 350 rpm for 3 h, ball-milled
again for 24 h, and dried on a hot plate. The dried powders
were granulated by sieving and pressed under 100 MPa in
a disk-shaped mold. The compact samples were sintered at
1325-1500 °C for 2 h. The densities of the sintered sam-
ples were determined using the Archimedes method. The

crystal structures were examined by X-ray diffraction (XRD,
SHIMADZU, Japan). Microstructures were observed with
optical microscope (Olympus BX60M, Japan) and scanning
electron microscope (SEC, SNE-4500E). For the electric
measurements, silver paste was printed on both surfaces of
the samples and fired at 800 °C for 10 min. The changes in
dielectric properties with temperature were measured in a
box furnace at frequencies of 1-1000 kHz using an imped-
ance analyzer (4294A, Agilent). The ferroelectric polariza-
tion—electric field (P-E) hysteresis loops were measured at
temperatures ranging from RT to 160 °C in silicon oil using
a ferroelectric tester (RT66A, Radiant Co., Ltd.) and a high-
voltage amplifier (Trek, 609E-6-L-CE, USA). An adiabatic
temperature change due to ECE (ATgcg) was calculated
indirectly using the following thermodynamic Eq. (1) and
Maxwell’s relation, respectively [5, 6]:

£,
T [oP
ATy = — (-) dE,
” / e (57), ()

(5), = (57)

oE/r  \oT /¥’ @
where p and C are the density and heat capacity, respec-
tively. The heat capacity of a BaTiO; ceramic, which was
reported in the literature, was used in the calculation [35].
The polarizations (P) were determined from the upper

branches (£ > 0) of the P-E hysteresis loops measured with
a maximum electric field of 2 kV/mm.

3 Results and discussion

Figure 1 shows the changes in the densities of the BT-based
solid solution ceramics with increasing the sintering tem-
perature from 1325 to 1500 °C. The densities of BZT and
BCZT samples increase abruptly when the sintering temper-
ature increases from 1325 to 1350 °C, and then little change
when the sintering temperature further increases from 1350
to 1475 °C. The BST ceramics also show nearly constant
densities at the sintering temperatures ranging from 1375
to 1450 °C. Based on the densities and ferroelectric proper-
ties, the optimum sintering temperatures are determined to
be 1450 °C in BZT and BCZT samples and 1425 °C in BST
samples. The following experimental data were collected
from the BT-based ceramics sintered at the optimum tem-
peratures. X-ray diffraction patterns of the sintered samples
are shown in Fig. 2. All BT-based solid solution ceramics
show pseudo-cubic perovskite structures with no impurity
phase. It suggests that the lattice distortion from the cubic
structure was very small because the compositions of the
samples are near ICP.
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Figure 3 shows the P—E hysteresis loops of the samples
measured at RT. All samples show well-saturated P-E loops.
The best P-E hysteresis characteristic with large remanent
and saturation polarizations and a small coercive field is
observed at 12BZ in BZT and at 9BS in BST samples. The
remanent polarizations and the coercive fields of 12BZ and
9BS ceramics are 9.16 pC/cm?, 0.98 kV/mm and 8.12 pC/
cm?, 0.78 kV/mm, respectively. The BCZT samples show
slightly slanted P-E loops with smaller remanent polariza-
tions than 12BZ and 9BS ceramics as shown in Fig. 3. The

32BCT sample shows the largest remanent polarization and
the smallest coercive field in BCZT ceramics, which are
5.63 pC/cm? and 1.08 kV/mm, respectively. Temperature-
dependent dielectric properties and ECEs were measured in
samples with the largest polarization at room temperature,
which were 12BZ, 9BS and 32BCT samples.

Figure 4 shows the changes of the dielectric constants
with increasing temperature in BT-based solid solution
ceramics. The temperature-dependent dielectric con-
stant of the BaTiO; ceramic is also displayed in Fig. 4.
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Fig. 1 Changes in the densities of the BT-based solid solution ceramics with increasing the sintering temperature
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Fig.3 P-E hysteresis loops of BT-based solid solution ceramics measured at room temperature
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Fig.4 Temperature-dependent dielectric constants in BT-based solid solution ceramics (Inner graphs are reciprocal dielectric constants)

The dielectric constant of the BaTiO; ceramic increases
abruptly at 142 °C, which is the Curie temperature (T(), in
a heating cycle and shows a peak value at 126 °C in a cool-
ing cycle. Thermal hysteresis of the transition temperature
is about 16 °C. The temperature for the dielectric peak
shifts to RT by making solid solutions; the dielectric peaks
of BZ, BS, and BCT solid solutions are observed at 46,
58, and 66 °C in a heating cycle, respectively. The dielec-
tric constant increases more gently from RT to 7 and the
thermal hysteresis is reduced in the BT-based solid solu-
tions than in the BT. The inner graphs show the changes
in the reciprocal dielectric constant with the temperature.
The BT shows the typical dielectric behavior of the ferro-
electric material with the first-order phase transition. The
discontinuous drop of the reciprocal dielectric constant at
T which was observed in the BT sample is not shown in
the BT-based solid solutions. It indicates that the phase
transitions are close to the second order. But the changes
in the reciprocal dielectric constants are non-linear in tem-
peratures above 7. It suggests that the phase transitions
are more diffuse than the typical second-order transition
from a ferroelectric to a paraelectric phase. Further detail

study is required to understand the phase transition behav-
ior in each BT-based solid solution ceramics clearly.
Figure 5 shows the changes of the P-E hysteresis loops
with the increase of the temperature. With increasing tem-
perature, the P—E loops change gradually from typical ferro-
electric square shapes to paraelectric slanted shapes and the
maximum and the remanent polarizations decrease continu-
ously. The changes in the polarizations at various fields are
displayed in Fig. 6. The polarizations at each electric field
were determined from the P—E loops measured at various
temperatures as shown in Fig. 5. The remanent polariza-
tion, the polarization at zero field, decreases quickly when
the temperature increases from RT to around T.. However,
the polarization under the electric field decreased gradually
from RT to 120 °C which is far above T(.. It suggests that the
phase transition is more ambiguous under the electric field.
The adiabatic temperature change due to the ECE
(ATgcg) was obtained in the BT-based solid solutions by
an indirect method using Eq. (1). Figure 7 shows that the
magnitude of ATy increases and the temperature for the
maximum ATgcg (ATgcE, max) Shifts to a high temperature
with the increase in the applied electric field. The 12BZ,
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Fig.5 Changes in P-E hysteresis loops of BT-based solid solution ceramics with increasing temperature
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Fig.6 Changes in polarizations of BT-based solid solutions at various electric fields with increasing temperature
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Fig.7 Changes in the ATy of BT-based solid solutions at various electric fields with increasing temperature

9BS and 32BCT samples show the ATgcg o, of 0.46 °C
at 80 °C, 0.5 °C at 65 °C, and 0.47 °C at 75 °C, respec-
tively. Recently, the BT ceramic was reported to show the
ATgcg, max ©f 1.3 °C at 128 °C when an electric field of
2 kV/mm was applied [19]. However, the temperature range
to show a large ATgg Was very narrow in the BT ceramic
[19]. The BT-based solid solution ceramics show smaller
ATgCcE, max than the BT ceramic, but display broader ATgcg

@ Springer

peak at nearer RT which results from the diffuse phase tran-
sition near RT, as shown in Fig. 4. Figure 7 shows that three
different BT-based solid solutions, 12BZ, 9BS and 32BCT,
have similar ATgcg ,,x When the same electric field (2 kV/
mm) is applied. The ATy obtained at various electric fields
can be compared by the EC strength which is defined by
|ATECE, max /IAEI [16]. The EC strengths of the BT-based
solid solutions are displayed in Table 1. The ATgcg, maxs
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Table 1 Compa.rison Of_ ECE Composition T ATgcg AE | ATgcp/AE | Method References

in BT-based solid solution

ceramics °0) °C) (kV/cm) (°Cecm/kV)
BT 126 1.35 20 0.068 Indirect [19]
12BZ-88BT 50 0.46 20 0.024 Indirect This work
20BZ-80BT 69 4.50 150 0.03 Direct [20]
32BCT-68BZT 50 0.47 20 0.023 Indirect This work
32BCT-68BZT 76 0.32 20 0.016 Indirect [22]
32BCT-68BZT 64 0.33 20 0.017 Direct [22]
09BS-91BT 48 0.5 20 0.025 Indirect This work
12BS-88BT 45 0.46 20 0.023 Indirect [21]
35ST-65BT 23 0.42 20 0.021 Indirect [36]
35ST-65BT 20 3.08 130 0.024 Indirect [37]

the peak temperature, and the applied electric field are also
included in Table 1. The BZT, BST, and BCZT samples
in this work had similar EC strengths, 0.023 ~0.025 Kcm/
kV. The reported BZT ceramic with the high ATgcg ,, OF
4.5 K shows a EC strength of 0.031 Kcm/kV which is a little
higher than those of BZT and other BT-based solid solutions
in this work. This result indicates that the very high ATqg
reported in the BZT ceramic is not a unique characteristic
of the BZT composition but was caused by the high applied
electric field. The ECE of the 0.35SrTiO;-0.65BaTiO;
(35ST-65BT) ceramic which is one of the BT-based solid
solutions with the composition far away from the ICP is
included in Table 1. The EC strength of the 35ST-65BT
ceramic has been reported to be 0.021~0.023 Kem/kV
which is almost same to those of BT-based solid solutions
with the compositions near ICP in this work. It suggests that
the composition near ICP is not advantageous to obtain high
ECE in the BT-based solid solutions and the multi-phase
coexistence does not lead to larger dipolar entropy change.

A very high electric field of 14.5 kV/mm was able to be
applied to the BZT ceramics because the samples had very
large breakdown strengths probably by the addition of one
wt% glass [20]. The very high AT of 3.08 K was also
obtained by applying a very high electric field of 13 kV/mm
in a fully dense 35ST-65BT ceramic which was prepared
by spark plasma sintering [37]. The applied electric fields
in most reports on the ECE for BT and BT-based solid solu-
tions were 1 ~2 kV/mm because the P—E hysteresis loops
of the BT and BT-based solid solution ceramics were well
saturated at the maximum electric field of 1 ~2 kV/mm. The
ECE is expected to be saturated at very high electric field
because the increase of the dipolar entropy due to the align-
ment of electric dipoles would be saturated. The reports on
the BZT and ST-BT ceramics indicate that the critical elec-
tric field is higher than 13 ~ 14.5 kV/mm in BT-based solid
solution ceramics. Therefore, the fabrication of the dense
ceramic with a very large breakdown strength is required

for obtaining the large ECE in the BT and BT-based solid
solutions.

4 Conclusion

X-ray diffraction patterns of BT-based solid solution ceram-
ics with the composition near an invariant critical point (ICP)
showed pseudo-cubic perovskite structures at room tempera-
ture (RT). The best P-E hysteresis characteristic with the
large remanent and saturation polarizations and the small
coercive field was observed in 88BT-12BZ, 91BT-9BS, and
32BCT-68BZT samples. The Curie temperatures (7) of
88BT-12BZ, 91BT-9BS, and 32BCT-68BZT solid solu-
tions were 46 °C, 58 °C, and 66 °C, respectively. The phase
transitions of the BT-based solid solutions were diffuse and
close to the second order. With increasing temperature, the
P-E loops changed from typical ferroelectric square-shapes
to paraelectric slanted shapes. The remanent polarization
decreased quickly when the temperature increased from
RT to around T, while the polarization under the electric
field decreased gradually from RT to 120 °C which is far
above T.. The adiabatic temperature change due to the
ECE (ATgcg) was obtained in the BT-based solid solutions
by an indirect method. The 88BT-12BZ, 91BT-9BS, and
32BCT-68BZT samples showed the maximum ATgqg of
0.46 °C at 80 °C, 0.5 °C at 65 °C, and 0.47 °C at 75 °C,
respectively. The BT-based solid solution ceramics showed
smaller maximum ATyg, but broader ATy peak at nearer
RT than the BT ceramic. Three different BT-based solid
solutions, 88BT—12BZ, 91BT-9BS, and 32BCT-68BZT,
had similar EC strengths (IATgcg, xl/IAED) of 0.023 ~0.025
Kcem/kV. The very high ECEs reported in some BT-based
solid solutions were not caused by larger dipolar entropy
change of the composition near ICP due to the multi-phase
coexistence but resulted from the high applied electric field
in samples with very large breakdown strengths.
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