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1 | INTRODUCTION

Over the decades, lead-based piezoelectric ceramics have
played a crucial role in many vast applications for instance
actuators, transducers, capacitors, ultrasonic motors,
and sonars in the global electronic device industry.!”
Lead-based binary or ternary piezoceramic systems such
as Pb(Zr,Ti)O; (PZT), Pb(Mg;/sNb,/3)0;-PbTiO; (PMN-
PT), Pb(Zn,;;Nby,/3)05-Pb(ZryTiyy )O3 (PZN-PZT), and
Pb(In;/,Nb, ,)-Pb(Mg; sNb,3)0;-PbTiO; (PIN-PMN-PT)
have been widely investigated for a long time due to their
superior electrical and electromechanical properties.’*~°

Mustafa Yunus Kaya’
Ebru Mensur?®

| Ezgi Yalcin® ©® |

<001> oriented textured (Nag 5Bi 5Ti)05-0.25SrTiO3; (NBT-0.25ST) system was
fabricated using 10 mol% plate-like NBT template particles to enhance the elec-
trical properties. Random and textured samples were prepared by a tape-casting
method. Lotgering factor for textured sample was calculated as 88%. Dielectric
values of the samples were comparable, and this means texturing using NBT
samples of this orientation did not change the dielectric constant. The maximum
unipolar strain values of random and textured NBT-0.25ST systems were found
to be as ~0.09% and ~0.59%, respectively. This current study emphasizes the sig-
nificant difference in maximum unipolar strain values between the random and
textured versions of the NBT-0.25ST system, indicating the superiority of the tex-
tured material in terms of responsiveness to the electric field. The FOM under
high electric fields of textured and random NBT-0.25ST was found to increase

almost 45-fold compared with random case.

lead-free, orientation, texture, ultra-high strain

However, lead-based ceramics threaten human and
environmental health, and increasing environmen-
tal concerns have become crucial in the development
of comparable lead-free piezoelectric materials since
2003, as their use has been restricted by regulations.'%!!
Among the most promising environmentally friendly
alternative lead-free materials, (Nag;Bips)TiO; (NBT)
based perovskites exhibit high remnant polarization
(P,~38 kV/cm), low dielectric loss (tan &), and high Curie
temperature (T-~320°C). Meanwhile, a high coercive field
(E.~63kV/cm) of unmodified NBT hinders the poling pro-
cess at a low electric field and the large leakage current is
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also a disadvantage in poling.'>'* Besides these disadvan-
tages, NBT ceramics can exhibit interesting piezoelectric
properties such as ultra-high strain, electrostrictive effect,
or enhanced energy storage performance based on dif-
ferent phase transitions mechanisms in solid solution
compositions enabled by the addition of BaTiO; (BT),
SrTiO; (ST), or NaNbO; (NN) compounds.*~1® Ultra-high
strain can be associated with a reversible phase transition
from the nonpolar relaxor state (ergodic relaxor) to the
polar state with the long-range ferroelectric arrangement
by an induced-electric field that was verified with the
studies on NBT-based systems.'”'® Induced ultra-high
strain via electric field application is a critical parameter in
driving advanced technological systems such as ultrasonic
motors in actuator applications.'”

While NBT forms a solid solution with ST, the 6s orbital
in the Bi** position is replaced by the non-ferroelectric
Sr?* ion, weakening the lone pair activity. Thus, phase
transformations vary significantly depending on the Sr**
amount.'” In the (1-x)NBT-xSrTiO; (denoted as NBT-ST)
system near the morphotropic phase boundary (MPB)
of x = 0.25, there are high P,,,, and low P, values in
the antiferroelectric-like double hysteresis curve. Thus,
they are widely investigated for lead-free energy storage
materials and for actuator applications.”>?! Moreover, the
properties of NBT systems in many studies can be regu-
lated by using different preparation methods such as (1)
addition of liquid phase sintering aid, (2) donor or accep-
tor doping to the A/B site in ABO; perovskite structure,
(3) hot pressing (HP), (4) spark plasma sintering, and (5)
templated grain growth (TGG) for texture formation.?*~%%
Among these methods, texture formation based on nucle-
ation and growth of textured grains on an oriented ani-
sometric template particle is one of the most prevalent
methods for modifying the piezoelectric properties and
strain response. The basis of TGG is the orientation of tem-
plate particles with a needle or plate-like morphology by
shear force in the tape casting direction by a doctor blade.”®
BT, NN, ST, and NBT plate-like template particles have
been used to develop the texture orientation of NBT-based
systems.’®?%-3Y However, the crystal structure compatibil-
ity, the template particle ratio, and the aspect ratio between
the matrix and the template particle used in the texture for-
mation also significantly affect the degree of orientation
and the direct electrical and strain response.”® 0.72NBT-
0.28ST system was produced with the TGG method by Bai
et al.? using 10% wt ST anisometric template particles, and
the strain level was measured as 0.39% at 70 kV/cm, and
the converse piezoelectric coefficient (d3;) as 557 pm/V.

The energy storage performance of pure and doped
solid solutions of the NBT-0.25ST ceramics in bulk form
has been investigated.”'*!3> However, there are no further
studies on the contribution of texturing to the strain

behavior of the NBT-0.25ST. In this study, the effect of
texturing on the electrical properties of NBT-0.25ST with
NBT template particles on the electrical properties was
investigated in detail for the first time in the literature.

2 | MATERIALS AND METHODS

The 0.75(Nag 5Big5)TiO5-0.255rTiO; (NBT-0.25ST) pow-
ders were synthesized via a conventional solid-state reac-
tion technique. The starting raw powders were chosen as
Bi,0; (Alfa Aesar, 99%), Na,COj; (Sigma Aldrich), TiO,
(Degussa, P25), and SrCOj; (Sigma Aldrich >98%). Powders
were ball-milled for 24 h in using zirconia balls as milling
media and ethanol as milling medium and dried at 80°C.
Then powders were calcined at 950°C for 4 h and then the
ball-milling process was repeated for 24 h to break up the
agglomerates.

In this study, texturing was provided in a NBT-0.25ST
matrix system using 10 mol % NBT template particles.
The details of the synthesis of <001> oriented plate-like
NBT templates using a combination of molten salt synthe-
sis and topochemical microcrystal conversation methods
were given in previous works.?*** Both random and tex-
tured NBT-0.25ST slurries were prepared by using an
organic binder solution and methyl ethyl ketone/ethanol
mixture as a solvent, and then slurries were ball-milled for
24 h. NBT template particles were added and the slurry
was mixed on a magnetic stirrer. The slurries were tape
casted using a doctor blade at 10 cm/s casting rate. Ran-
dom and textured NBT-0.25ST green tapes were stacked
and laminated in a 15 mm diameter disk at 80 MPa. After
removing the organic binder from the green compact by
heating at 600°C with a 2°C/min heating rate, all ceramics
were sintered at 1230-1260°C for 8 h in an air atmo-
sphere in a double crucible arrangement to prevent Bi
and alkali constituents volatilization. In this study, ran-
dom and textured samples were named Random-1260 and
Textured-1260, respectively. The schematic representation
of textured NBT-0.25ST ceramics is given in Figure 1.

The <001> orientation degree of textured ceramics was
calculated from the XRD pattern by Lotgering’s method

from Equations (1) and (2)**:
Pr— Py
fony = 55 P @
[T001)+ 1002
(001)++(002)
PT,R = ’ (2)
2 Lok

where Pt and Py are defined as the ratio of the intensities
of all (00]) peaks to the total intensities of all XRD peaks
for textured and randomly oriented ceramics.

The crystalline phases were detected using an X-
ray diffractometer (XRD, Bruker D8 Advance, Bruker
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FIGURE 1

AXS GmbH) with CuK, radiation, 26 = 20°~70°. The
microstructural properties and elemental mapping analy-
sis were investigated with a scanning electron microscope
(SEM, Philips X130 FEI Co.) with energy-dispersive X-ray
spectrometry (EDS) on the fractured and polished surfaces
of samples which were thermally etched at a temperature
of 50°C below sintering temperature. The density of sin-
tered ceramics was measured by the Archimedes’ method.
The ceramic pellets were polished and the silver paste elec-
trode was screen-printed on both sides of the samples.
Silver (Ag) electrode was fired at 600°C for 30 min for
characterization of electrical properties. The temperature-
dependence of dielectric constant (K) and loss tangent (tan
d) were taken using an inductance—capacitance-resistance
(LCR) meter (Hioki 3532-50) at various frequencies (1-
100 kHz) in between 25-500°C. The field-induced polar-
ization and strain behavior of the ceramics were measured
under 40 kV/cm electric field using a Precision LC ferro-
electric tester (Radiant Technologies, Inc.) and MTI 2000
photonics sensor (MTI Instrument Inc.), respectively.

3 | RESULTS AND DISCUSSION

3.1 | Structural properties

The comparison of XRD patterns of random and tex-
tured NBT-0.25ST ceramics is represented in Figure 2A.
As shown in Figure 2A, all ceramics were crystallized
in a perovskite structure without any secondary phase.
When compared, the (100) and (200) peaks of textured
ceramics become stronger with increasing texture forma-
tion, while the other (hkl) peaks drastically decreased.
Although the Lotgering factor was f= 0.72 in NBT-0.25ST
textured ceramics sintered at 1230°C for 8 h, it reached
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h (001
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L _ | [019]
/7 1100]

NBT Template

e

The schematic illustration of experimental stages of textured NBT-0.25ST ceramics.
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FIGURE 2 Normalized XRD patterns of random and textured

NBT-0.25ST ceramics (A) full profile 26 between 20° and 70° and
(B) detailed profile of (111) peak between 39.5°—40.5° and (C)
detailed profile of (200) peak between 46°—47°.
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FIGURE 3

(D)

Intensity

Distance (pm)

SEM micrographs of (A) plate-like NBT template, (B) polished surface, (C) cross-section surface of textured NBT-0.25ST

ceramics, and (D) line EDS scan across two NBT templates in NBT-0.25ST matrix region.

0.88 in NBT-0.25ST textured ceramics sintered at 1260°C
for 8 h. Obviously, it appears that increasing sintering tem-
perature directly affects the texture formation kinetics.*
XRD analysis results of (111) and (200) planes are given in
Figure 2B,C. Replacement of Sr** ion to sodium or bismuth
sites distorts the perovskite cell by changing interplanar
spacing of planes due to slight ionic radius differences
which also creates strain in the (Na, sBij s)TiO; lattice.*
Although they have similar crystal symmetries, the differ-
ence between the lattice parameters of the NBT templates
and the NBT-ST matrix may cause distortion, and there-
fore lattice strain is generated with the growth of NBT-ST
grain on the NBT templates during the TGG process. Thus,
peak shifting occurs. Since no evidence of peak separa-
tions belonging to tetragonal or rhombohedral symmetries
is observed, it is understood that both random and textured
samples have a pseudocubic structure.?’

The SEM micrograph of NBT template particles with
plate-like morphology that were used in the study is given
in Figure 3A. The aspect ratio (edge length to thickness) of
NBT template particles is ~8 um which is deemed suitable
for texture formation with TGG. In Figure 3B, the surface
microstructure of the polished and thermally etched
textured NBT-0.25ST ceramics sintered at 1260°C for 8 h is
given. Figure 3C, which is a backscattered electron image,
also exhibits the microstructure of polished cross-section
of textured NBT-0.25ST ceramics. The template grain
growth can be explained by Oswald ripening due to
the energy difference between template particles as the
nucleation seed and the matrix grains.*® To understand

the interaction between NBT-0.25ST matrix/NBT tem-
plate/matrix interface in more detail, two NBT templates
and NBT-0.25ST textured grains were chosen and scanned.
EDS line analysis is shown in Figure 3D. It is clear from
the intensity variation of scan lines at the template-grain
interface that Sr’* ions are completely confined in the
NBT-0.25ST matrix region. This indicates that the NBT
template is stable without dissolving in the matrix.*

Figure 4 shows the SEM-EDS elemental distribution
mapping analysis taken from the polished and thermally
etched surfaces of textured NBT-0.25ST ceramics. This
analysis focused on the interaction between textured grain
and NBT template particles. These results show that the
NBT template remains stable in the matrix and when the
Sr, Na, Ti, and Bi distributions are examined; it indicates
that there is no Sr template diffusion from the matrix
in the template, and the template stays stable at high
temperatures.

3.2 | Electrical properties

The comparison of temperature-dependent variation at
dielectric constant (K) and loss tangent (tan &) at various
frequencies (1-100 kHz) for both random and textured
NBT-0.25ST ceramics are presented in Figure 5A,B,
respectively. Most NBT-based ceramic compositions have
dielectric anomalies depending on temperature. Two
anomalies were observed for both samples as expected:
the first broadening peak belongs to anomaly at lower
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FIGURE 4 SEM micrograph and EDS mapping of textured NBT-0.25ST ceramics.

temperature (Tr.g)>’ and the second one is the maximum TABLE 1 The comparison of electrical and electromechanical

dielectric constant temperature (Ty,). The first peak indi-  properties of random and textured NBT-0.25ST ceramics.
cates strong frequency dependence and thermally driven NBT-0.25ST-R NBT-0.25ST-T NBT-
transformation of a mixture of rhombohedral and tetrag- Properties (this study)  (thisstudy) 0.28ST-T*
onal polar nanoregions (PNRs). The second peak is due to Template - NBT (10 mol%) ST (10 wt.%)
the phase transformation sequence of PNRs observed in Lotgering factor - 0.88 0.82
relaxor ferroelectrics at high temperatures.’ Tp.g can be Relative density 93% 96%
associated with the thermal activation of PNRs resulting K (100 kHz 1517 1527 -
from the relaxation behavior of dielectric materials in a @RT)
limited temperature range below the Burns temperature K. (100kHz) 4041 4182 _
(Tg).*** NBT templates were used for texturing in this tan8(100kHz  0.06 0.06 _
study, and they do not act as additional material such as ST @RT)
or BT templates as used in another study in the literature. T, (°C) 292 301 _
Thus, Tr.r and Ty, temperatures of random and textured Dnipolar st 0109 0.59 0.39
NBT-0.25ST ceramics were not shifted.*! %)

While the value of maximum dielectric constant (K,,) * _
at 100 kHz of random ceramic was measured as 4041 at T, ?gfo ii;/(clznn;/V) H o
Knax of textured ceramic was found to be as 4182 as given Max. dZ, (pm/V) 222 1488 557
in Table 1 with the other electrical measurement results. (@40 kV/cm)
As given in Table 1, dielectric properties did not change P, (uC/em?) 238 30.0 -
drastically by texturing the ceramic with NBT templates. (@40 kV/cm)

Figure 6A shows the comparison of field-induced P, (uC/cm?) 2.82 6.60 _
hysteresis loops for both random and textured ceramics (@40 kV/cm)
measured at room temperature under 40 kV/cm and at E. (kV/cm) 4.60 9.86 -
1 Hz. As shown in Figure 6A, all ceramics exhibit double- H (%) 35 47 -
like hysteresis behavior with a low remnant polarization (@40 kV/cm)
(P,) value, and it was observed that this hysteresis pinches Qs (m*/C?) 0.025 0.059 _

from the midsection. It is known that the ST ratio has a
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FIGURE 5 Temperature dependence of dielectric constant (K)
and dielectric loss (tan ) as a function of frequency for (A) random
and (B) textured NBT-0.25T ceramics.

very critical role in the hysteresis behavior of (1-x)NBT-xST
systems. NBT-0.25ST has a normal ferroelectric hysteresis
loop at an ST ratio of x = 0.10, while double hysteresis
behavior was observed with an increasing ST ratio.?! The P,
and maximum polarization (Py,,y) values increased with
<001> textured orientation. P, and P, values of random
and textured ceramics increased from 2.8 and 23.8 uC/cm?
to 6.6 and 30.0 uC/cm?, respectively. It was observed
that the coercive field (E.) value of textured NBT-0.25ST
ceramics is higher than random samples. Figure 6B shows
the current density vs. electric field curves of ceramics at
40 kV/cm electric field. Two sharp peaks (E;) indicate the
domain switching that is observed in normal ferroelectrics.

Nevertheless, in relaxor-based materials, additional
two peaks, denoted as E,, are observed near E; peaks,
and in this case, two-step polarization can be associated
with domain switching.**** As the electric field was
increased, a forward switching from nonpolar relaxor to
normal ferroelectric phase occurred at E; and a backward

n Ceramic Society
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FIGURE 6 The comparison of (A) P-E hysteresis, (B) [-V
loops of random and textured NBT-0.25ST, and (C)
temperature-dependent hysteresis loops of textured ceramic.

switching occurred at E,. In Figure 6B, E; and E, are
indicated for textured ceramics, while ER; and Eg, are
expressed for randomly oriented ceramics.
Temperature-dependent P-E loops of textured NBT-
0.25ST ceramics in the range from 90°C to 10°C in the
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cooling regime are given in Figure 6C. There was not
any change in the characteristic of the hysteresis loops of
textured ceramic by increasing temperature. P-E loops
became slimmer which means less loss and the values
of E., P;, and P, decreased by increasing temperature.
Increasing temperature activates the locked domain walls
and then easy domain motion occurs. The fatigue behav-
ior of ceramics is very important for device applications.
Defect formation with dopant contribution and texture
orientation are effective solutions for regulating the
fatigue behavior of ceramics.** Leng et al.*® determined
that the textured 2 mol% MnO, and 0.25 wt% CuO-doped
0.24PIN—0.42PMN—0.34PT system had a higher fatigue
resistance behavior compared with the counterpart doped
random sample.

After dielectric and ferroelectric measurements, the
room temperature field-induced strain behavior of random
and textured NBT-0.25ST ceramics were measured using a
triangular waveform at 1 Hz and the results were given in
Figure 7A. Both ceramics exhibited a tulip-shaped curve
with zero negative strain (spe,) that is characteristic of
the field-induced phase change materials which results
in decreased ferroelectric character while evaluation of
ergodic state.*” The most remarkable result of the current
study is that while the bipolar maximum strain (Sy,x)
value is measured as 0.13% for random ceramic, the s,
value is found to be as 0.51% for textured one. Both samples
exhibited relaxor behavior as seen in Figure 5. Relaxor
ferroelectrics have PNRs that exhibit local polarization
regions. These PNRs are disordered and interact with each
other. When the external electric field was applied, PNRs
contributed to the overall strain and electromechanical
properties of the relaxor ferroelectric material. Besides
this, as seen in Figure 6, texturing the NBT-0.25ST relaxor
ferroelectric material involves aligning the crystallo-
graphic axes in a preferred direction. Texturing enhances
the strain response along the preferred orientation for
relaxor NBT-0.25ST.

In NBT-based piezoelectrics, the 180° domains normally
can lead to high-strain behavior which does not switch
normally with the electric field.*” The ultra-high strain
occurring in NBT-based systems can be attributed to its
co-existence with non-ergodic and ergodic phases.**

Electrostriction is typically an electromechanical effect
that could occur in all dielectric materials and is expressed
as following (Equation 3):

s = Q33P?%, ©)

where s, Q33, and P are strain, electrostrictive coefficients,
and polarization, respectively.'®#48 Figure 7B also gives
s-P? plots with relating square of polarization and unipo-
lar strain loops of both NBT-0.25ST ceramics. The Qs3

0.6 .—— Random-1260

(A) =— Textured-1260
0.5 | b

-50 -40 30 20 -10
-0.1-

Electric Field (kV/cm)
(B)

20 30 40 50

0.6

~ —s— Random-1260
—e— Textured-1260

0 260 4(I)0 660 800 1000
P2 (unC?%/cm?

—— Random-1260
—— Textured-1260

0 10 20 30 40 50

Electric Field (kV/cm)

FIGURE 7 The comparison of (A) bipolar strain as a function
of an electric field, (B) strain as a function of P?, and (C) unipolar
strain for of random and textured NBT-0.25ST ceramics.

values of random and textured NBT-0.25ST ceramics are
calculated as 0.025 and 0.059 m*/C2, respectively. The
unipolar strains also display an important role in the
real performance of the practical actuator applications.'”
The unipolar strain curves of both random and textured
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ceramics are given in Figure 7C. The maximum unipo-
lar strain values of random and textured NBT-0.25ST
systems are found to be as ~0.09% and ~0.59%, respec-
tively. These results are comparable with the bipolar strain
levels.

One of the mechanisms for the large strain of the
textured ceramic may be a combination of a volume
change during a field-induced phase transition.*’ The elec-
tric field-induced structural phase transformation was the
microstructural origins for the large strain. Another mech-
anism for the large strain response of the textured NBT-
0.25ST ceramic can be the increasing grain orientation.>
As a result, the large macroscopic strain can arise from
the combination of the electric field-induced phase tran-
sition and grain orientation.”’ The high field converse
piezoelectric charge coefficients (d3;)values of random and
textured NBT-0.25ST ceramics at 40 kV/cm electric field
are found to be as 222 and 1488 pm/V, respectively. The
hysteresis H% (As/spax) Values of all ceramics were cal-
culated from the unipolar s-E hysteresis loops and given
in Table 1.

Figure of merit (FOM) depends on the piezoelectric
charge and voltage coefficients, that is, d§3xg33, where the
piezoelectric voltage coefficient, gs3, is in turn directly pro-
portional to d3, and inversely proportional to the dielectric
constant K. While FOM of random sample was calculated
to be ~3670 X 10~ m?/N, FOM of the textured one was
calculated as 163 680 x 107" m?/N under high field. It
is obvious result that FOM of the random sample was
increased ~45-fold with texture. The FOM under low elec-
tric fields of textured NBT-0.25 ST was found to increase
almost sixfold compared with the random sample.

4 | CONCLUSION

In summary, <001> oriented NBT-0.25ST textured ceram-
ics were fabricated with 88% texture orientation using the
TGG method. The textured NBT-0.25ST ceramic exhibits
45 times larger strain values compared with the random
one, and this behavior can be attributed to both electric
field-induced phase transition and grain orientation. These
mechanisms contribute to the material’s ability to undergo
significant strain under the influence of an electric field.
This implies that the alignment or orientation of the indi-
vidual grains in the material plays a role in generating a
significant macroscopic strain when subjected to an elec-
tric field. In summary, this improvement in the FOM can
be attributed to the previously mentioned mechanisms,
such as the electric field-induced phase transition and
grain orientation, which enhance the material’s response
to electric fields and, consequently, its performance.
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