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Abstract

(1-x)BaTiO3z-X(Bis2s5Lao75) TizO12; (1-X)BT-XxBLT ceramics with x = 0-0.20 wt.% were
prepared by a solid-state reaction method. The BaTiOs (BT) and (Bis2sLaos)TisO12
(BLT) powders were, respectively, calcined at 1100°C and 750°C for 4 h. The (1-x)BT-
XBLT samples were sintered between 1250°C and 1350°C. The structure exhibited a
transformation from tetragonal to orthorhombic with increasing in BLT contents. The
average grain size increased with increasing BLT contents. The maximum density and
relative density about 6.19 + 0.07 g/cm?and 99.3% were obtained for the composition of
0.95BT-0.05BLT. The Curie temperature (Tc) continuously decreased with increase in
BLT contents. The dielectric constant showed a broad peak and pronounced dependence
on frequency, which implied an existence of the relaxor behavior. The hysteresis
parameters such as saturation polarization (Ps~18.06 uC/cm?), remanent polarization
(P~12.64 uC/cm?) and coercive field (Ec~11.09 kV/cm) can be improved when BLT
content is increased to 0.05 wt.%.

1. Introduction

Barium titanate (BaTiOs: BT) lead-free
ferroelectric is a typical ferroelectric material with
a perovskite-type structure (ABO3). It has been used
in many applications such as multilayer ceramic
capacitors, dielectric ceramic capacitors, thermistors,
MEMS, FeRAM etc., because of high a permittivity
up to 7000 and piezoelectric constant up to 788
pC/N in textured ceramics [1-3]. BT exhibits a good
host matrix and various properties like the electrical
resistance, dielectric constant and transition
temperatures such as can be effectively controlled
by doping with proper impurity ions [4-6]. For
example, BT-modified with BiFeOs ceramics
exhibited large dielectric properties with giant-
dielectric-like behavior (dielectric constant ~19000
and loss tangent ~1.4) [7]. Ren et al. and Si et al.
[8,9] studied BT ceramic with doped Bi(TiosMgos)Os
at 0.2 wt.% can improve the dielectric constant and
loss tangent, which is reported to possess lower
temperature variation in capacitance in high
temperature regions. Patel et al. [10] reported that
the polycrystalline of Bai-xLax[Tio.s(FeosNbos)o.5]-
«403 [BT-LFN] exhibited dielectric constant ~3200
at room temperature and ~10000 at 350°C with
increased La content at 6 mol%. Moreover, many

researchers improved the dielectric properties and
tunability by doping rare earth elements such as
Ba(Ti1—«Ybayw3)O3[4], BT doped Biand Yb [11] and
BT doped Er and Yb [12]. Most of the studies on
BT by doping of elements show details only in
improvement of dielectric properties and loss
tangent but there are few reports on the ferroelectric
properties of BT-modified.

Among the range of ferroelectric materials,
bismuth layer-structure of bismuth lanthanum
titanate (BiszsLaorsTisO12:BLT) has simultaneously
exhibited ferroelectric, piezoelectric and photoelectric
properties [13,14]. It exhibits a higher performance
for FRAM devices than PbZri«TixOs (PZT)
perovskite and SrBi;Ta;Og (SBT) Bi-layered
structures [15] because of its high Curie temperature
(675°C) and excellent fatigue endurance [16]. Recently,
BLT ceramics have exhibited highly anisotropic
ferroelectric, piezoelectric and dielectric properties.
Grain-orientated BLT ceramics have broad
dielectric constants and loss tangent peaks. This
suggests that textured BLT ceramics has relaxor-
like behavior. Moreover, BLT has been studied to
improve the ferroelectric properties of thin films
and multilayered films also [17,18]. BLT thin film
fabricated by a pulsed laser deposition method
exhibited a fatigue-free characteristic and a large
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remnant polarization [17]. When BLT multilayered
films were combined with the superior ferroelectric
properties of PZT, this can enhance ferroelectric
properties [18]. However, PZT contains a toxic
element (Pb) which harms the environment [19-23].
Therefore, mixing two excellent materials with the
different structure (BT: ABO3z and BLT: bismuth-
layer structure) has been attempted to improve
ferroelectric properties on (1-x)BT-xBLT ceramics
and replace PZT. Therefore, the influence of BLT
contents on phase structure, microstructure,
dielectric and ferroelectric properties of (1-x)BT-
XBLT ceramics prepared by solid-state reaction
method is the aim of the study.

2. Experimental

(1-X)BaTi03-X(Bi3_25Lao,75)Ti3012; (l-X)BT—
XBLT ceramics with x = 0-0.20 wt.% were
prepared by a solid-state reaction method. Bi»O3
(99.5%), BaCO3 (98.0%), TiO (99.5%) and La,O3
(99.9%) were chosen as the starting raw materials.
These raw materials were weighed according to
the stoichiometric formula and ball milled again
for 24 h. The mixed powders were subsequently
dried and separately calcined at 1100°C/4h. for BT
and 750°C/4h. for BLT. The BT and BLT calcined
powders were then weighted and blended
according to the formulas of (1-x)BT-xBLT. The
calcined powders were pressed into discs of 10 mm
in diameter and 1-2 mm in thickness. The green
pellets were sintered from 1100°C to 1400°C for 4
h in air at heating/cooling rate of 5°C/min.

Phase structure of the powders and ceramics
were identified using X-ray diffraction (XRD,
Philip PW 3040/60 X’Pert Pro). The grain
morphology of the samples was observed by
means of scanning electron microscopy (SEM,
Leol4555VP). The theoretical density for each
composition was calculated using the law of
mixing and the densities of BaTiOs and
(Bis.2sLao.75) TisO12 pure phases, which were 6.07
g/cm? (ICSD no. 05-0626) and 7.67 g/cm?® (ICSD
no. 15-0091, respectively. For electrical
characterization, samples were polished and
painted with silver paste on the surfaces. Dielectric
constant and loss of the ceramics for a wide variety
of frequencies in the temperature range of 30°C to
250°C were measured using an LCR meter
(Agilent 4284A). The polarization-electric field
(P-E) hysteresis loops was measured using the
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ferroelectric test system which connected to a high
voltage amplifier (Model 20/20C, Trek).

3. Result and discussion

The XRD pattern of (1-x)BT-xBLT mixed
powders at differences BLT contents are shown in
Figure 1 (a). The XRD peaks of pure BT powders
match with that reported for BaTiO3 with tetragonal
structure (ICSD no. 05-0626) and correspond with
a previous work [1]. When increasing in BLT
contents, the XRD peaks including (117) (0012)
(020) (028) (220) (1115) and (317), which are the
main pattern of Bizzslao7sTizO12 with orthorhombic
phase (ICSD no. 15-0091), are observed at 26 range
of 30° - 58° [24]. The intensity of these peaks
increased with an increase of BLT contents. This
can be attributed to the mixed powers coexisting
phases between tetragonal and orthorhombic phase
with an increase of BLT contents. The XRD
patterns of (1-x)BT-xBLT ceramics at differences
BLT contents are shown in Figure 1 (b). All the
sintered samples show a pure phase, indicating that
Bi** and La®*" ions are incorporated into the
perovskite structure. For the pure BT, the phase
structure shows the double peaks of (002)r and
(200)t at 26 around 45° - 48°. When the BLT
contents increase, the (002)r and (200)r peak
combines and becomes a single (0016)o peak. This
indicates a co-existence of tetragonal and
orthorhombic phases in the composition with
addition of BLT contents. It also indicates that the
rise in BLT contents results in the increase of the
orthorhombic and the decrease of the tetragonal
phases. Moreover, the intensity ratios of
(200)1/(002)r peaks gradually decrease with
increasing BLT contents, indicating the presence of
slight lattice distortions.

Figure 2 illustrates the SEM images of (1-x)BT-
XBLT ceramics at different BLT contents. The pure
BT sample presents irregular morphology shape
and small porous microstructure form (Figure 2(a)).
The grains exhibit rod-like grain growth and the
porosity decreases with an increasing amount of
BLT contents (x = 0.05) as seen in Figure 2(b).
When there was an increase in BLT content (x =
0.10), the grain shape changes from the rod-like to
a more spherical-like grain and pore size increases.
The increased in porosity at the high concentration
of BLT content may be due to the volatile alkali
metal [25]. The cross-section microstructures of the
sintered ceramics are displayed in Figures 2(d)-(f).
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The pure BT sample exhibits mixed types of
fracture sinter-granular and intra-granular. When
BLT contents increases, the sintered ceramic
exhibits nearly fully intra-granularfracture (Figure
2(e) and (Figure 2(f)). This is attributed to the
addition of BLT contents which makes the grain
boundary of ceramic harder. The measured bulk
density and relative density of (1-x)BT-xBLT
ceramics at different BLT contents is shown in
Figure 3. Generally, the density of pure BT is 6.07
g/cm?® and BLT is 7.67 g/cm® (ICSD no. 05-0626
and no. 15-0091). In this study, the bulk density and
relative density are between 5.85 + 0.12 g/cm3 to

6.19+0.02 g/cm?®and 96.3% to 99.3%, respectively.
For pure BT, the bulk density and relative density
are 5.85 +0.12 g/cm®and 96.3%. With increasing in
BLT contents, the bulk density and relative density
values increase and show the maximum value of
6.16 + 0.02 g/cm?and 99.3% of relative density at a
composition of 0.05 wt.%. For BLT content > 0.05
wt.%, the bulk density and relative density decrease.
The decrease in bulk density and relative density
may be attributed to the porous microstructure
which is revealed by SEM result in Figures 2(c) and
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Figure 1. XRD patterns of the (1-x)BT-xBLT (a) calcined powders and (b) sintered ceramics at differences x(BLT) contents.

Figure 2. Surface morphologies of (1-x)BT-xBLT
ceramics: (a) X(BLT) =0, (b) x(BLT) = 0.05 and (c)
X(BLT) = 0.10 and fracture surface micrographs: (d)
X(BLT) =0, (e) x(BLT) =0.05 and (f) x(BLT) = 0.10.
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Figure 3. Bulk density and relative density of (1-
X)BT-XBLT ceramics at difference x(BLT) contents.
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Figure 4 shows the temperature dependence of the
dielectric constant (&) and loss tangent (tano) of (1-
X)BT-xBLT ceramic with various BLT contents as
functions of temperature and different frequencies
between 1 kHz and 1 MHz. All the samples showed that
the dielectric properties changes significantly with
temperature. For pure BT ceramics, the maximum
values of the dielectric constant are obtained as
expected at the Curie temperature (T¢) at 134°C, which
shows the maximum value of 10250 (Figure 4 (a)).
Upon increasing the temperature above the Curie
temperature, & decreases to its value at the room
temperature. By increasing BLT contents, & and T
decreases from 10250 to 3787 and 134°C to 44°C,
respectively (listed in Table 1). The T shifts may be
related to the change of a grain size with BLT doping
concentration, (see in Table 1) [26]. The loss tangent
also decreases and then increases by a small value with
doping of BLT contents. Moreover, all of ceramics
exhibited broad peaks and an obvious frequency
dependence. With increasing frequency, T moves to
higher temperature regions. The board & peak (at Tc)
and the character of the temperature dependence of &
(at Tc) show a typical relaxor characteristic. The
diffuseness exponent (3) of ceramics increased from
1.15 to 1.57 with an increase in BLT contents (see in
Table 1), indicating that the (1-x)BT-xBLT solid
solutions show diffuse phase transition behaviour.
These results may imply a presence of the relaxor
feature.

The ferroelectric properties of (1-xX)BT-xBLT
ceramics are characterized by the P-E hysteresis loops
showed in Figure. 5. For pure the BT samples, the
hysteresis loop is not well saturated (Ps=22.1 uC/cm?,
Py = 8.6 uC/cm? and E.=5.6 kV/cm) (see Figure 5(a)).
The ferroelectric properties are similar with the result of
Deshpande et al. [1] who have reported the Ps= 13.0
uC/en?, Pr= 7.0 uC/en? and Ec = 4.0 kV/cm. Sharma
et al. [27] have reported that the Ps=19.2 uC/cm?, P;=
11.1 uC/em? and Ec= 8.0 kV/cm) for the sol-gel derived
BT ceramics. By increasing in BLT contents up to 0.05
wt.%, the P-E hysteresis loops become more saturated
with the Ps slightly decreasing from 22.1 puC/cm? to
18.06 uC/em? while Py tending to increase from 8.6
uC/em? to 12.64 pC/ecm? AtBLT =0.05wt.% and BLT
= 0.07 wt%, these samples exhibit unsaturated
ferroelectric loops and the existence of the large leakage
current with applied electric field [28]. This is related
with the higher level of porosity and loss tangent which
can be confirmed by the results of SEM and dielectric
measurement, respectively. At BLT > 0.10 wt.%, the
sample exhibits a slim P-E hysteresis loop, which is
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consistent with a relaxor behaviour on introducing BLT
contents. The value of Ps and P; are 9.76 uC/cm? and
3.96 uC/cm? for BLT =0.15 wt.% and 6.93 uC/cm? and
0.73 pC/eny? for BLT = 0.20 wt.% (listed in Table 1).
Anincreasing Psand P, with BLT =0.05wt.% and BLT
= 0.07 wt.% may be attributed to the increase of grain
size, low porosity and the site occupancy of ions. An
increase in grain size affects electrical properties
because ferroelectric domains are easy to stabilize; this
was found in many systems such as BT-LFN [10], BT
and PLZT ceramics [29] and BLT [30]. Another factor
may be contributed to the La®* and Ba?* ions occupied
A-sites favoring the formation of donor imperfections
in (1-x)BT-XBLT ceramics. However, these ions may
also occupy the B-sites for higher composition of BLT
contents which represent acceptors. V; and Vy_ ;0
may form dipoles according to Coulomb's law of
attraction [15]. Therefore, these compositions present
the high values of Ps and P,. A decreasing Ps and P at
BLT > 0.07 wt.% with larger grains is because of the
higher degree of the porous microstructure and the
lower concentration of grain boundaries.

4. Conclusions

(1-x)BaTi03-x(Bi3,25Lao,75)Ti3012; (l-X)BT-XBLT
ceramics with x = 0-0.20 wt% were successfully
prepared by a solid-state reaction method. The BLT
contents affects phase formation, microstructure and
electrical properties of (1-xX)BT-xBLT ceramics. The
sintered ceramics show a pure phase, indicating that
Bi?* and La* ions are incorporated into the perovskite
structure. The cross-section microstructures show both
mixed sinter-granular and intra-granular fracture
surfaces for pure BT and change to nearly fully intra-
granularfracture for the sample with added BLT
contents. The bulk density and relative density increase
first and then drop with the increasing of BLT contents.
& and T decrease from 10250 to 3787 and 134°C to
44°C, respectively, with an increase in BLT contents.
The ceramic samples exhibit board & peaks and the
temperature dependence; & shows a typical relaxor
characteristic. The P-E hysteresis loop becomes more
saturated with increasing in BLT contents. At the high
concentration of BLT content, the ceramics showed the
existence of the large leakage current with the applied
electric field due to the higher degree of porosity and
dielectric loss. The maximum value of density, relative
density, Psand P, are 6.19 + 0.07 g/cm?, 99.3%, ~18.06
uClem? and ~12.64 pClem?, respectively, in the
composition 0.95BT - 0.05BL.T.
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Figure 4. Dielectric properties of (1-x)BT-xBLT ceramics at differences frequency: (a) X(BLT) =0, (b) x(BLT) =0.03, (c)
X(BLT) =0.05, (d) x(BLT) = 0.07, (e) X(BLT) =0.10 and (f) differences of x(BLT) contents.

Table 1. Average grain size, bulk density, relative density, & tand, 7 Tc, Pr, Ps and E¢ of (1-xX)BT-xBLT ceramics at
difference of x(BLT) contents.

Compositions Average Bulk Relative & tané 14 Te Pr Ps Ec
grain size density density (°C)  (uClem?) (uClcm?) (kV/cm)
(nm) (glem?®) (%)

x(BLT)=0 0.74+023 585+0.12 96.3 10250 0.10 115 134 8.60 22.14 5.68
x(BLT) = 0.03 216+216 597+010 975 5065 0.02 132 128 9.63 17.85 8.26
XBLT)=005 313147 619+007  99.3 4367 002 148 114 1264 1806  11.09
x(BLT) = 0.07 421+064 6.02+0.07 97.0 4477 0.03 153 110 18.40 18.90 12.68
x(BLT) =0.10 527+161 598+0.01 95.9 3787 003 157 44 10.79 17.27 9.80
x(BLT) = 0.15 560+0.92 597+0.03 94.6 - - - - 3.96 9.76 11.24
X(BLT) = 0.20 7.71+181 590+0.10 92.3 - - - - 0.73 6.93 0.68

J. Met. Mater. Miner. 28(1). 2018



114

THONGMEE, N., et al.

(a) x(BLT)=0 *1 (b) x(BLT)=0.03
0 15
o & 10
" E s
= =
Lé L ! 0
= 0 =
10
-20. 15
20
0 20 H 0 a 0 20 0 20
E (kV/iem) E (kV/cm)
207 (¢) x(BLT)=0.05 (d) x(BLT)=0.07
15 20
o =
§ "
g, N
B -10 B 8
a5 20
20
D a0 b n o N ) W I
E (kV/em) E (kV/em)
31 (e) x(BLT)=0.10 104 () x(BLT)=0.15
154
— 1 -
B s g
b} S
o 3]
2 4 2
[ L
ED)
s
20
-40 -20 o 0 40 -40 -0 o 20 0
E (kV/em) E (kV/cm)

Figure 5. Ferroelectric properties of (1-X)BT-xBLT
ceramics recorded at room temperature: (@) x(BLT) =0,
(b) x(BLT) = 0.03, (c) x(BLT) = 0.05, (d) x(BLT) =
0.07, (e) x(BLT) = 0.10 and (f) x(BLT) = 0.15.
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