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A Bi,Tiz0,, template was added to the (1 — x)[Bigs5(Nag 4Ko.1)TiO3]-xBi4.
Ti3042 ceramics (BNKT; where x = 0, 0.1, 0.15, 0.20, 0.25, and 0.30) and lead-
free ceramics were produced by tape casting to improve their dielectric and
ferroelectric properties. X-ray diffraction patterns and Raman scattering
spectra showed a pure perovskite phase in the all-ceramic samples. In addi-
tion, the surface morphology of BNKT ceramics was identified by
microstructure images. The experimental results demonstrated that the tex-
tured BNKT ceramics exhibited improved electrical properties and achieved
expected values at x = 0.15: the highest density p of 6.19 g/cm® (relative
density of 98% of the theoretical), dielectric constant ¢, of 6680, high rem-
nant polarization (P,) of 16 uC/cm?, low coercive field (E,) of 25 kV/cm, ¢, =
1323, tand = 0.045, Lotgering factors (f) of 0.73, and energy-storage density of
0.12 J/cm? at 46.3 kV/cm.
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INTRODUCTION

In the recent past, lead-free piezoelectric ceramic
materials have led to the discovery of numerous
advanced ceramics with good physical properties,
and have been extensively investigated for func-
tional device applications.’ Hence, it has become an
important topic, and various lead-free piezoelectric
ceramics strategies have been explored for replacing
the widely-used lead-based ceramics because of
their good environmentally friendly properties dur-
ing the preparation process.? In addition, the struc-
ture of the pure Bips(Nag_ K. )os5TiO3 (BNKT)
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ceramics can be modified, and their properties can
also be imé)roved by doping®* or by a fabrication
process.>®® Furthermore, Bi;Ti;01, at a content of
7 wt% resulted in a large signal piezoelectric
coefficient d3; and strain hysteresis, #, of 600 pm/V
and 36%, respectively, in Bigs5(Nag g2Ko.18)0.5Ti03
ceramics. However, the conventional solid-state
reaction method leads to random grain orientation;
thus, their electrical properties are lower than
single-crystal ceramic materials. Especially, the
textured ceramics could be made at a low cost
compared to their single-crystal equivalent, and
anisotropic features similar to a single crystal can
be obtained. Recently, enhancements in the dielec-
tric, piezoelectric, and ferroelectric properties of
textured ceramics have been reported in textured
BNKT,*® BNKT-BT,>” and BCZT'"!' ceramics,
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where different templates were used. In this work,
textured (1 — x)[Bi0,5(Na0.4K041)Ti03]-xBi4Ti3012
ceramics were fabricated by a tape-casting method
with pure-phase Bi Ti3O,5 templates, and the opti-
mal contents of Bi TizO;, templates to form a
textured BNKT lead-free ceramic with improved
dielectric and ferroelectric properties were
determined.

EXPERIMENTAL

Lead-free (1 — x)[Bi0,5(Na0.4KOA1)Ti03]-xBi4Ti3012
(BNKT-BiT; with x = 0, 0.05, 0.10, 0.15, 0.20, and
0.25) ceramics were successfully synthesized by
using a reactive templated grain growth method.
Bi;O3, TiOy, NayCOj3, and KyCO3 powders (with
purities > 99.5%) were used as raw materials.

First, BisTi3015 (BiT) templates were synthesized
through a molten salt method using Na,CO3 and
K5COj3; TiO, nanoparticles were obtained by an
ultrasound-assisted method using TiO, commercial
particles and sulfuric acid.'*'® The as-prepared
Bi TizO15 templates were composed of plate-like
morphologies of lengths 5-20 ym and widths 0.5—
1 ym (Fig. 1a). X-ray diffraction (XRD) analysis
revealed the orthorhombic perovskite structure of
the Bi Ti3O,o templates and no other impurities
were seen at the temperature of 1050°C (Fig. 1b),
similar to those reported in the literature for the
Bi4Ti3012 Crystal.M

Secondly, the raw materials of BiyO3z, NayCOs,
K5CO3, and TiOy were weighed according to their
chemical formulas and then ball-milled for 24 h in
anhydrous ethanol with zirconia balls. This sludge
was calcined at 850°C for 2 h after drying at 100°C
to synthesize BNKT compounds. Powder mixtures
containing the matrix particles and BisTi30;5 tem-
plates were mixed with a binder and were tape-cast
to form sheets in which the Bi Ti3O.5 templates
were aligned with their plate face parallel to the
sheet surface. The amount of the Bi TizO;2 tem-
plates was 0 =+ 0.25 mol, as indicated in the
abbreviation of the samples, e.g., BNKT-xBiT).
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As the final step, the sheets were then cut,
stacked, and pressed in order to form green com-
pacts (Fig. 2). To remove the organic binders in the
green compacts, which affect the quality of the
ceramic after sintering, the samples were heat-
treated at 550°C for 2 h (Fig. 3), similar to our
previous report.” At the end of the process of
fabrication for the BNKT ceramics by the template
grain growth method, the textured microstructure
was achieved.

The phase structure of the prepared samples was
measured by XRD (Rigaku RINT 2000), and the
degree of orientation of the ceramics was calculated
using the XRD data.’® Field-emission scanning
electron microscopy (Nova NanoSEM) was
employed to examine the morphologies of the as-
prepared ceramics.'® Before electrical measure-
ments, the density of the samples was measured
by the Archimedes method. Furthermore, the sam-
ples were polished to achieve 0.2 mm thickness and
then coated with silver electrodes. The ferroelectric
hysteresis loops were measured by the Sawyer—
Tower method. Finally, the temperature depen-
dence of the dielectric constant and dielectric loss
was determined using a RLC meter (HIOKI 3532)
with automatic programming.

RESULTS AND DISCUSSION

Table I lists the densification factors of the
ceramics at different contents of BisTi30,5, which
were determined using an equation described pre-
viously.'® The densification factor increases with an
increase in the content of the BisTiz0,5 templates
and achieves the greatest value of DF 0.96 at a BiT
content of 0.15 mol, and then increases. The varia-
tion in the densification factor of the BNKT-BiT
ceramics during sintering can be explained by defect
chemistry and the creation of oxygen vacancies. As
is well known, Na*, K*, and Bi°" volatilize during
the sintering process. The volatilization of the ions
produces oxygen vacancies in the ceramics accord-
ing to the Kroger—Vink equation, as follows'”:
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Fig. 1. Characteristics of Bi,Ti3O4o template: (a) microstructure; (b) crystal structure.
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Fig. 2. The process of fabrication for (1 — x)BNKT-xBiT ceramics by the template grain growth method.
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Fig. 3. Diagram of the sintering process.

2K% + 0% — 2Ky + V¥ + K50 (1)
2Naj, + Of — 2Nay, + V¥ + Na;0  (2)
2Bi%; + 0% — 2Biy, + 3VY + Biy03 (3)

whereby the presence of oxygen vacancies in mate-
rials is advantageous for mass transport during
sintering in ceramics. The density of the ceramic
samples increases with an increase in the content of
the BisTi30.2 platelets, and reaches the highest
value of 6.19 g/cm? (relative density of 98% of the
theoretical value at x = 0.15), and then it decreases
significantly beyond this point. Table I also
expresses the dielectric constant (¢,) and the dielec-
tric loss (tand) of BNKT ceramics measured at room
temperature at 1 kHz for different contents of the
BisTi3015. The ¢, value increases rapidly with an
increase in the content of the Bi Ti3;O;5 templates,
whereas the tand value decreases rapidly when the

amount of Bi,Tiz05 templates is less than 0.15 mol.
The following optimized values were obtained at
x = 0.15: ¢ = 1323 and tand = 0.045. This can be
explained by the texturing characteristics of the
ceramics, where the orientation of the plate-like
grains is similar to that obtained by the tape-casting
method.'® Ullah et al.'® suggested that the improve-
ment in the dielectric constant can be ascribed to
the high density, larger grain size, and improve-
ment in crystalline quality.

As shown in Fig. 4, in order to study the orien-
tation of the (1 — x)[Bigs (Nag4Kg1)TiO3]-xBiy.
Tiz015 ceramics, experiments were conducted to
characterize the evolutions of grain microstructures
and textures at different contents of BisTizOqs
platelets. The grain sizes of random BNKT com-
pounds sintered at 1150°C for 2 h were found to be
about 1 ym (Fig. 4a). In the case of the (1 — x)[Big 5
(Nag 4Ky 1)TiO3]-xBisTisO2 ceramics, plate-like
BNKT ceramics were formed by the reaction of the
Bi4Ti3012 platelets with N32003, KgCO3, and T102
during the sintering process.?’ In other words, the
Bi Ti300-added ceramics were composed of two
types of BNKT grains with different shapes, such as
rectangular and plate-like grains.?° This is the
reason that the average grain size of BNKT-BIT
ceramics was about ten times larger than those of
random BNKT ceramics (Fig. 4b—f). A large amount
of equiaxed grains with small sizes were present in
the samples containing 0.05 mol and 0.1 mol of the
Bi Ti3015 templates, as shown in Fig. 4b and c.
However, a small amount of the Bi TizO;s tem-
plates was not sufficient to guide the ceramic
particles. It is evident from Fig. 4d—f that the BNKT
ceramics with the Bi Ti3O;9 additive (0.1 <x)
showed that the size, shape, and uniformity of the
ceramic grains are obviously manifested with the
increasing concentrations of the templates, and that
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Table I. Density, densification, Lotgering factor, dielectric constant, and dielectric loss of (1 — x) BNKT-xBiT

ceramics
Density Theoretical Relative Densification Lotgering

Samples (g/em®) density density (%) factor factor (%) F tanéd
BNKT-0.00BiT 5.60 6.01 93.3 0.84 19 986 0.078
BNKT-0.05BiT 5.79 6.11 94.7 0.88 51 1117 0.058
BNKT-0.10BiT 6.08 6.21 97.9 0.95 65 1291 0.046
BNKT-0.15BiT 6.19 6.31 98.0 0.96 73 1323 0.045
BNKT-0.20BiT 6.03 6.42 94.0 0.87 54 1244 0.048
BNKT-0.25BiT 5.94 6.52 91.1 0.81 31 1194 0.053

Fig. 4. Fracture surface microstructures of the (1 — x)BNKT-xBiT ceramics: (a) x = 0.0; (b) x = 0.05; (c) x = 0.10; (d) x = 0.15; (e) x = 0.20; (f)

x =0.25.

the grains grow apparently with orientation, as
demonstrated in Fig. 4d-f. Moreover, it is also
observed that the large ceramic grains with the
same orientation as that of the templates grow at
the expense of other smaller matrix grains. Wu
et al.?! suggested that the existence of the surface of
each film and due to the effect of surface tension, the
templates should have their major surface aligned
parallel to the casting plane, which is beneficial for
the texture development. Bi Ti3O;5 improves the
uniformity of the grain size of the ceramics because
Bi Ti30,o effectively decreases the sintering tem-
perature and controls the volatilization of the K and
Na elements.?? As discussed, the textured BNKT-
BiT ceramics produce brick-layer-like quadrangular
grains, which align parallel to the tape-casting
direction. While studying textured 0.88Nag5Big 5.
Ti03-0.08K, 5Big 5Ti03-0.04BaTiO3 ceramics, Dong
et al.” suggest that the development of the BNKT

phase formed around the oriented Bi TizO parti-
cles. Large particle formation mechanisms in the
textured BNKT ceramics may be considered to be
solid-state spreading, which results in the growth of
the large temylate grains at the cost of the small-
grain matrix.*®> This can be explained by the fact
that, in the template grain growth method, the
templated grains are grown by using the Ostwald
ripening process of two-phase mixtures,?* which
depends on the difference in the grain size between
the template and the matrix. The larger templated
grains are energetically more stable as compared to
the smaller matrix grains. The small matrix grains
tend to dissolve and diffuse into the surface of the
large templated grains, leading to a continuous
growth.?® The third grains were formed between the
Bi, Ti30,5 templates and Bigs (Nag 4Kp 1)TiO3 par-
ticles, and grooves were observed between the Big 5
(Nag 4Ky .1)TiO3 particles and the third grains. In
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summary, the mechanism of the formation of the
large grains is not neck growth® but sohd -stage
spreading, similar to other BNKT ceramics.?

In order to determine the structure and the
degree of orientation of textured BNKT-BIT ceram-
ics, x-ray diffraction was measured in the 20 range
of 20°-65°, as shown in Fig. 5. The study reveals a
pure perovskite phase for all the ceramic samples
and thus confirms the dissolution of the Bi Ti3Oq5
templates into the lattice structure of the BNKT in
order to form a homogeneous solid solution. How-
ever, when the content of the Bis TizO0;2 templates
exceeds 0.25 mol, an excess BisTi3O;2 phase
appears. This can be explained by the solubility
hmlt Of Bi4Ti3012 in (1 — .X')[Blo5 (Na0,4K0_1)TiO3]—
xBi4Ti30;o ceramics. The visible (100) and (100)
non-split peaks at the 20 of around 22° and 46°,
respectively, proved that a pseudocubic symmetry
appears over the entirety of the studied samples.
According to many published works on the structure
of the randomly axed BNKT ceramics,>?® the peak
intensity of the (110) reflection at 20 =~ 32 45° is the
greatest. Compared with the randomly axed BNKT
ceramics, samples fabricated by the template grain
growth method presented significantly enhanced
(100) and (200) diffraction peaks with an increase in
the content of the Bi Ti30;5 templates.

The texture fraction, calculated from the Lotger-
ing factor'® (f, Eq. 4) is listed as a function of
Bi, Ti3045 templates in Table I.

P P,
f=7—5 @
1(001) 1(001)
where P = %Ihkl o =§I<hkl) whereas Y I1(00])

and > I(hkl) are the sums of the intensities of the
(00!) and (hkl) reflections, respectively, and P, is the
value of P for a random powder sample used in the
study. In the x range from 0.0 to 0.25, the Lotgering
factors (f) exhibited values of 0.19, 0.51, 0.65, 0.73,
0.54, and 0.31 for the BNKT-BiT ceramics, respec-
tively (Table I). Moreover, the Lotgering factor of
the textured BNKT prepared with 0.15 mol of

§ _ VB|4T|3012

= T o~ 8 -

1Q - € S
v T 030wt%
s L A . 0.25wt.%
g | | . 0.20 wt.%
21 l A 1L 0.15wt.%
. L L 0.10 wt.%
A | N A 00Wt%

20 30 40 50 60 70
2 Theta (Degree)

Fig. 5. X-ray diffraction of the (1 — x)BNKT-xBiT ceramics was
measured in the 20 range of 20°—65°.

Bi,Ti30,, templates was 73%, which is much higher
compared to that of the non- textured BNKT (0%), as
shown in Table I. Jing et al.?® reported that
Bips(Na;_,K,)o5TiOs with an orientation factor
increased from 2.73% to 26.41% when the template
concentration increased from 10% to 40%. An
orientation degree of 60% for BigsNag 35K 1Lig o5.
TiO5 ceramics was obtained at 1085°C after 12 h.*°
According to Cha et al.,?! the Lotgering factor of the
textured Big5(Nags5Ky5)05TiO3 prepared with
12 mol of the Biy sNay5Ti4O;5 template was about
65%. The f value of 0.94Bi, 5Na0 5T103-0.06BaTiO3
ceramics can reach up to 70%.%2 However, when the
content of Bi Ti3O.o templates is higher than
0.25 mol, the Bi, Ti30,5, phase appeared, which
resulted in the partial return of the orientation
and a decrease in the degree of orientation.

The crystal structure of BKNT ceramics with
different Bi Ti3O;o contents can be analyzed by
changes in the phonon behavior of the Raman
spectra identified as changes in the frequency or
intensity of the peaks. Figure 6 shows the Raman
spectroscopy from 80 cm ' to 1000 cm ' deconvo-
luted using a Gaussian—Lorentzian function. As can
be seen in Fig. 6, the four main regions can be
detected the hlgh frequency region (> 700 cm -1,
between 400—700 cm ', between 200-400 cm ™', and
below 200 cm !

The first band region, i.e., the peak centered
between 96 cm ! and 102 cm ™%, can be assigned to
in the A; (TO) mode, which is assomated with the A-
site vibrations, and Bi-O, Na-O, and K-O bonds,**
and is found to be sensitive to phase changes in the
crystal structure of the perovskite.®® With an
increase in the contents of the BisTi30;5 templates,
the A-site mode tends to reduce in the wavenumber,
as shown in Fig. 7a. Thus, it can explain that the
Bi Ti305 templates get dissolved into the BNKT
lattice and hence affect the vibrations of the A-site
perovskite, and may also induce a phase transition.”
In contrast, Bi-O vibrations are expected at lower
Wavenumbers because the mass of Bi is higher as
compared to the other cations.>® However, with an
increase in the contents of the Bi TizOqo templates
the A-site mode tends to increase the full width at
half-maximum (FWHM), as shown in Fig. 7b. It has
been suggested that the Bi®** ion (Rp; ~ 1.17 A) has
a smaller ionic radius as it enters the A site of the
perovskite unit cell in order to replace the Na™ and
K* ions (Ryn, ~ 1.39 A) and the K* (Rg ~ 1.64 A)
ions, Wthh induces changes in the lattice struc-
ture.?? The second region is located in the range of
200-400 cm ™! and can stem from the vibration of
the Ti-O bond, and the region located around
266 cm ! is associated with the tetragonal phase
in the perovskite structure.?*3%

Meanwhile, the bands located in a frequency
range of 450-650 cm ! are associated with the TiO6
octahedron vibration mode, and are dominated by
vibrations that mainly involve oxygen displace-
ments. They become increasingly distinct with an
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Fig. 7. Results of the position of Raman vibrational modes (a) and FWHM (b).

increase in the x content. Hence, this result demon-
strates a particular phonon behavior in structural
evolution.?” Moreover, both the modes of the TiOg
octahedra and the Bi-O bond demonstrate an
increase in the wavenumber with an increase in
the contents of the Bi Ti3O;5 templates (Fig. 7a).
The FWHM of the Bi-O bond and TiOg octahedra
modes decreases when the value of x changes from 0
to 0.15, while, with a further increase in Bi Ti3015
content, the width of the modes increases (Fig. 7b).
The broadband observed in the fourth region could

originate from the A; (LO) and E (LO) overlapping
bands. Moreover, the presence of broader peaks is
associated with the presence of oxygen vacancies.?®
In this mode, the wavenumber first increases and
reaches the highest value at Bis Ti30;5 content of
0.15, and then decreases, while the FWHM of this
mode follows the opposite direction. The FWHM of
the A; + E mode decreases when the value of x
changes from 0 to 0.15. However, the FWHM of the
A; + E mode increases when x increases beyond
0.15 (Fig. 7b). Furthermore, the changes in the
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wavenumber of the vibrational modes, width, and
Raman peak distances are always associated with
structural changes. This is consistent with many
published works,?>® and the above-mentioned XRD
analysis results.

In order to explore the diffusion phase transition
characteristics of the textured BNKT and random
BNKT ceramics, the temperature-dependence of
their dielectric constant (¢,) and the dielectric loss
(tand) were measured at 1 kHz from room temper-
ature to 370°C (Fig. 8). There appear three dielec-
tric anomalies in the curves, denoted T4, T, and T,
corresponding to increasing temperature. Recent
studies on the basis of BNKT ceramics reported that
the depolarization temperature (T3) corresponds to
the temperature of the first tano peak. According to
Lu et al.,*® the temperature T4 corresponds to the
ferroelectric-relaxor transition. It has been sug-
gested that Ty should be lower than the tempera-
ture range of energy-storage applications to obtain a
large energy density. The textured ceramic exhib-
ited T4 and T, temperatures, which are lower than
those of the random ceramics. As for the T,
anomaly, since it is a relaxation behavior, this
may broaden the temperature stability range of
energy storage.®® The third peak at higher temper-
atures corresponds to the ferroelectric—paraelectric
phase transition temperature (the T, Curie tem-
perature). Both the ceramics were found to be
relatively broad, Wthh indicates a diffuse phase
transition at T 8 As described in Fig. 8, the
presence of Bi4T13012 in the oriented ceramics
exhibited a higher value of T, as compared to that
for non-textured ceramics. This difference is due to
the phase transformation temperatures between
non-textured BNKT ceramics (T, ~ 261°C) and
Bi,Ti3015 ceramics (T, ~ 675°C),*° so the dielectric
constant peak of the textured BNKT ceramics
increases and becomes sharp (lower y value). Here,
y is the degree of diffuseness and C is the Curie-like
constant. The value of y ranges from 1 (normal

values of the maximum dielectric constant (e,ay) of
the textured BNKT and random BNKT ceramics at
T, were 6680 and 5298, respectively.

Figure 9 displays the P-E hysteresis loops of
random and textured BNKT-BiT ceramics with
0.15 mol BiT templates. The textured samples
exhibited a high remnant polarization (P, = 16 uC/
ecm?® and a low coercive field (E. = 25 kV/em)
(Fig. 9a) compared to those of the random samples
P,=13.1 ,uC/cm E. =298 kV/em) (Fig. 9b).
Improvements in the degree of orientation of BNKT
ceramics were thought to be the causes for the
improvement of the ferroelectric properties of the
ceramics because the E, of the textured ceramics is
usually lower than that of the non-textured ceram-
ics.2 The energy storage density (W;) was
obtained by us1ng the umpolar P-E hysteresis
loops, as shown in Eq. 5.3

Pryax

Wy= | EdP (5)

P,

and the energy loss density Wy is obtained by
integrating the area between the charge and dis-
charge curves, as shown in Fig. 9a and b. The
energy storage efﬁciency (1) of the nonlinear dielec-
tric materlals is usually calculated according to
Eq. 6.2

Wy

—_ 6
Wi+ W, (®)

17:

The comparison energy-storage behaviors of the
textured BNKT-BiT and random ceramics are
shown in Fig. 9. As illustrated in Fig. 9a and b,
the ferroelectric state maintains a high remnant
polarization, P,, which results in a low reversible
energy storage density. The textured BNKT-BiT
ceramlc exhibited higher energy density W, (0.12 J/
cm®) and energy loss density Wy (0.61 J/cm?®) than

ferroelectric) to 2 (ideal relaxor ferroelectric).*' The those of the random ones (W; =0.08 J/cm
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Fig. 8. Temperature-dependence of ¢, and tand of the (a) textured BNKT and (b) random BNKT ceramics.
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Wy = 0.58 J/em®) at 46.3 kV/em (Fig. 9b and c). This
clearly indicates that the energy storage efficiency
() in the textured BNKT is higher than that of
random ceramics (0.17 and 0.11, respectively).
Briefly, the texture displays a significant effect on
the dielectric and ferroelectric properties: the highly
textured ceramics exhibited &y, values higher by
25.9% and P, values higher by 22.1% as compared to
those of the non-textured ceramics, which can be
explained by the large grain size, high density of the
samples, and high crystal orientation.

CONCLUSIONS

Lead-free (]_ — x)[Bi0_5(Nao_4K0.1)Ti03]-xBi4Ti3012
ceramics were successfully synthesized by using a
reactive templated grain growth method for improv-
ing their preferred degree of orientation, dielectric,
and ferroelectric properties. In this way, a high-
degree orientation of 73% was obtained in the
textured BNKT ceramics using 0.15 mol Bi Ti3Oq5
templates with the following optimal properties: a
dielectric constant &, of 6680, a high remnant
polarization P, of 16 uC/cm?, a low coercive field E,
of 25 kV/em, ¢, = 1323 and tand = 0.045, and an
energy-storage density of 0.12 J/cm?® at 46.3 kV/cm.
According to the obtained results, the 0.85[Big 5
(Nag 4K(.1)Ti03]-0.15Bi4Ti3015 ceramics will be
promising candidates for various applications.
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