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Abstract: Electrostrictive materials based on (Nag 5Bip 5)TiO3 are promising lead-free candidates for
high-precision actuation applications, yet their properties require further improvement. This study
aims to enhance the electromechanical properties of a predominantly electrostrictive composition,
0.685(Nag 5Big 5)TiO3-0.065BaTiO3-0.255rTiO3, by using templated grain growth. Textured ceramics
were prepared with 1~9 wt% NaNbOj templates. A high Lotgering factor of 95% was achieved
with 3 wt% templates and sintering at 1200 °C for 12 h. Polarization and strain hysteresis loops
confirmed the ergodic nature of the system at room temperature, with unipolar strain significantly
improving from 0.09% for untextured ceramics to 0.23% post-texturing. A maximum normalized
strain, Smax/Emax (d33*), of 581 pm/V was achieved at an electric field of 4 kV/mm for textured
ceramics. Textured ceramics also showed enhanced performance over untextured ceramics at lower
electric fields. The electrostrictive coefficient Q33 increased from 0.017 m*C~2 for untextured ce-
ramics to 0.043 m*C~2 for textured ceramics, accompanied by reduced strain hysteresis, making
the textured 0.685(Nag 5Big 5) TiO3-0.065BaTiO3-0.255rTiO3 composition suitable for high-precision
actuation applications. Dielectric properties measured between —193 °C and 550 °C distinguished the
depolarization, Curie-Weiss and Burns temperatures, and activation energies for polar nanoregion
transitions and dc conduction. Dispersive dielectric constants were found to observe the “two” law
exhibiting a temperature dependence double the value of the Curie-Weiss constant, with shifts of
about 10 °C per frequency decade where the non-dispersive THz limit was identified.

Keywords: (Nag5Bip5)TiOs; electrostrictive materials; templated grain growth; relaxor; inverse
piezoelectric properties; dielectric properties

1. Introduction

Piezoelectric materials, capable of converting mechanical energy into electrical energy
and vice versa, play a crucial role in various applications such as sensors, actuators, and
energy storage devices [1,2]. Lead zirconate titanate (PZT) is particularly notable for its
favorable properties, including a robust piezoelectric effect and high Curie temperature [3],
making it widely applicable [4,5]. However, the environmental and health risks associated
with the high lead content (up to 60 wt%) in PZT-based devices necessitate the exploration
of lead-free alternatives or the enhancement of existing materials to compete with PZT.

Bi-based perovskites are attractive alternatives to PZT because Bi** exhibits a similar
electronic configuration to Pb2* [1]. Among them, (Nag5Big5)TiO3 (NBT) stands out
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for its promising ferroelectric properties [1,6]. Pure NBT exhibits relaxor ferroelectric
behavior with a rhombohedral (R3c space group) or possibly monoclinic structure (Cc space
group) [7,8]. Phase transitions from rhombohedral to tetragonal (P4bm) and from tetragonal
to cubic (Pm3m) occur at approximately 255 °C and 540 °C, respectively [7]. Although
NBT has a large remanent polarization of 38 uC/cm?, its large coercive field of 73 kV/cm
and high conductivity complicate the polling process [1,9]. Several solid solutions of NBT
have been developed to address these limitations [1,6,10]. Initially, the depolarization
temperature of NBT around 200 °C was thought to be a limiting factor, as ferroelectric order
is disrupted at this temperature [1,11,12]. However, later studies found significant strains
around this temperature due to a reversible electric field-induced relaxor to ferroelectric
phase transition, also known as incipient ferroelectricity [4,13,14]. Giant strains have been
recorded in such systems, but a large strain hysteresis is also present [4,11,13-17].

Electrostriction, a property present in all dielectric materials [18], is particularly large in
relaxor ferroelectrics, especially at the boundary between non-ergodic and ergodic phases
(sometimes referred to in the literature as ferroelectric and antiferroelectric phases) [19-21].
However, at this boundary, strain hysteresis is still high. Strain hysteresis can be fur-
ther reduced when the ergodic phase dominates [21,22]. This results in hysteresis-free
electrostrain generated from a nearly pure electrostrictive effect, which is attractive for
high-precision positioning devices [21-23]. Although the electrostrictive effect is relatively
small compared to both electric field-induced phase transitions and the inverse piezoelectric
effect that yield higher strains, electrostriction offers several advantages. These include the
absence of remanent strain, which provides fatigue resistance, and temperature stability,
allowing for usage over a wide temperature range. Additionally, electrostriction does not re-
quire poling and exhibits low hysteresis, resulting in precise displacement accuracy [22,23].
NBT-based systems are particularly attractive as the electrostrictive effect can be easily
achieved through simple compositional modifications [19,21,22,24]. Therefore, enhancing
electrostrictive strain in NBT-based systems can be highly beneficial for high-precision
positioning in actuators. Although they are now receiving more attention, the amount
of work on electrostrictive NBT compositions is limited compared to ferroelectric and
incipient ferroelectric NBT-based materials.

Among NBT-based solid solutions, (Nag 5Big5)TiO3-BaTiO3 (NBT-BT) is extensively
studied [25-29]. However, at the MPB, the depolarization temperature (T4), where large
strains are observed due to electric field-induced phase transitions, is higher than room tem-
perature [1,6,30]. The depolarization temperature can be depressed to room temperature
by adding a third component such as (Kg5Nag 5)NbOj3 or SrTiO3 [31-33]. The ternary elec-
trostrictive composition 0.685(Nag 5Big 5)TiO3-0.065 BaTiO3-0.25 SrTiO3 (0.685NBT-0.065BT-
0.255T) is selected for the present study. Wang et al. showed that the ergodic state dominates
at room temperature for this composition, due to a decrease in depolarization temperature
to below room temperature by the introduction of SrTiO3 (ST) [31,32]. At the same time, the
value of the direct piezoelectric charge constant d33 decreases considerably, and the strain is
mostly caused by electrostriction [32]. Therefore, the electrostrictive effect is predominant
in this specific composition. As mentioned above, the electric field-induced strains in
electrostrictive compositions are lower than those of conventional or incipient ferroelectric
materials. The objective of the present study is to further enhance the electrostrain in this
composition to simultaneously realize both low hysteresis and large electrostrictive effects.

Microstructure engineering offers a pathway to enhance the properties of polycrys-
talline ceramics to match those of single crystals. Although single crystals always show
superior properties compared to their polycrystalline counterparts due to their strong
anisotropy [18,34], they are more expensive to prepare than polycrystalline ceramics and
usually take a long time to grow. Texturing is a promising method for achieving the desired
microstructure and properties in polycrystalline ceramics [35-37]. Textured ceramics show
improved properties by aligning the grains in a particular orientation. This is achieved
via the preparation of anisotropic templates with specific crystallographic properties, such
as plate-like template particles. These templates are mixed with matrix powder, binder,
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and other organic additives to form a slurry, which is then tape-cast. The alignment of
template particles in the cast tape, facilitated by the shear force of the doctor blade, is
crucial for the subsequent grain orientation process [38]. After casting, the tapes are cut,
stacked, pressed, and sintered. During sintering, matrix grains grow on the template
particles, aligning themselves in the same crystallographic direction. Typically, template
particles are micron-sized with a high aspect ratio, surpassing the size of matrix powder
particles. The contrast in surface energy between matrix and template particles generates a
driving force for the template grain growth process. The fabrication of NBT-based textured
ceramics usually follows the templated grain growth (TGG) process [39,40]. TGG involves
calcining raw materials to produce matrix powder, which is then mixed with template
particles, tape-cast, and sintered. NaNbOs3 templates (NN templates) are commonly used
in TGG of NBT-based systems [35,36]. A high degree of texture of >90% and high strain
has been previously achieved in NN template textured NBT-based systems [41], showing
that NaNbOj; templates are effective for the fabrication of textured ceramics.

Limited studies have been carried out on the texturing of electrostrictive NBT-based
compositions. In the case of 0.97[Bi; /»(Nag 78K .22)1,/2]TiO3-0.03BiAlO3, the room temper-
ature electrostrictive coefficient for textured ceramics increases to 0.043 m*C~% which is
two times greater than in the untextured samples [42]. In the present study, we aim to
enhance the electrostrictive properties of 0.685NBT-0.065BT-0.255T ceramics [32] with high
strain and reduced strain hysteresis by the fabrication of textured ceramics to improve
their performance and applicability in high-precision actuation devices. We use plate-like
NaNbQOj3 templates with a perovskite structure, synthesized by molten-salt synthesis, to
produce textured 0.685NBT-0.065BT-0.25ST ceramics.

2. Materials and Methods
2.1. Powder Preparation

Powder of the composition 0.685(Nag 5Big 5)TiO3-0.065BaTiO3-0.255rTiO3 (0.685NBT-
0.065BT-0.255T) is prepared by using the mixed oxide process. Stoichiometric amounts of
raw materials NapCOj3 (Acros Organics, Geel, Belgium, 99.5%), Bi,O3 (Alfa Aesar, Ward
Hill, MA, USA, 99.9%), SrCOj3 (Aldrich, St. Louis, MO, USA, 99.9%), BaCOs3 (Alfa Aesar,
99.8%) and TiO; (Alfa Aesar, 99.8%) are dried at 250 °C for 5 h to remove any moisture,
weighed, and ball milled in a planetary ball mill at 500 rpm for a total milling time of 3 h in
high purity ethanol (99.9%) with a ZrO; liner and milling media. The mill was operated for
thirty-six 5 min cycles, with a 1 min pause between each cycle to allow the slurry to cool.
After milling, most of the ethanol is evaporated from the slurry using a hotplate/magnetic
stirrer. The remaining ethanol is evaporated by placing the slurry in an oven at 70 °C
overnight. The dried mixture is ground in an agate mortar and pestle, sieved through a
180 um sieving mesh, placed in a high-purity alumina crucible with a lid, and calcined
at 850 °C for 3 h. The calcined powder is ball-milled for 24 h in a standard ball mill in
high-purity ethanol (99.9%) with a polypropylene bottle and ZrO, milling media, followed
by grinding and sieving to remove agglomerates.

2.2. NaNbO3 Template Preparation

To prepare plate-shaped single crystalline NaNbO3 templates (NN template), a double
molten salt synthesis method is utilized [43,44]. Initially, stoichiometric amounts of NapCOs3
(Acros Organics, 99.5%), Bi;O3 (Alfa Aesar, 99.9%), and Nb,Os (Daejung, Siheung, Republic
of Korea, 99.9%) for the preparation of Biy sNas 5Nb501g3 (BNN5) are dried at 250 °C for 5 h
and ball-milled in a standard ball mill for 12 h in high-purity (99.9%) ethanol with ZrO,
milling media. Subsequently, NaCl salt (Sigma-Aldrich, 99.5%) is added at a weight ratio
of (oxides + carbonate) to salt of 1:1.5, and the mixture is further ball-milled for 12 h. Most
of the ethanol is evaporated using a hotplate/magnetic stirrer. The remaining ethanol is
evaporated by placing the slurry in an oven at 70 °C overnight. The dried mixture is then
ground using an agate mortar and pestle and heat-treated in an alumina crucible with a
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°C for 5 h and ball-milled in a standard ball mill for 12 h in high-purity (99.9%) ethanol
with ZrO: milling media. Subsequently, NaCl salt (Sigma-Aldrich, 99.5%) is added at a
weight ratio of (oxides + carbonate) to salt of 1:1.5, and the mixture is further ball-milled
for 12 h. Most of the ethanol is evaporated using a hotplate/magnetic stirrer. The remain-
ing ethanol is evaporated by placing the slurry in an oven at 70 °C overnight. The érleé
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2.4. Characterization

Phase purity and structure of the calcined powder and as-sintered bulk ceramics were
examined using X-ray diffraction (XRD, X'Pert PRO, PANalytical, Almelo, The Netherlands)
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in Bragg—Brentano geometry using CuK« radiation with a scan range of 20-80°26, a step
size of 0.026° and a scan speed of 3°/min. The phase purity and morphology of the BNN5
precursor and NN templates are analyzed by XRD and scanning electron microscopy (SEM,
5-4700, Hitachi, Tokyo, Japan). Samples for SEM are Pt-coated. The degree of texture of
as-sintered bulk ceramics is calculated using the Lotgering factor formula [46]. For mi-
crostructure analysis, bulk ceramic samples are cross-sectioned using a low-speed diamond
wheel saw, polished to a 1 um finish using diamond paste, and thermally etched for 1 h
at 1100 °C. Samples are Pt-coated and examined by SEM. Electron probe microanalysis
(EPMA, JEOL JXA-8530F PLUS, Tokyo, Japan) was carried out on a cross-sectional surface
of a textured sample that was sintered for 12 h. The sample is polished to a 1 um finish
using diamond paste but not thermally etched. Wavelength-dispersive spectroscopy (WDS)
analysis was carried out using an accelerating voltage of 15 kV. NaAlSi;Og, BisGe3O12,
KNbOs3, BaTiO3 and SrTiO3; were used as standards. The sample was carbon-coated.

To measure dielectric properties, the upper and lower surfaces of the samples are paral-
lel polished with grade #2000 and #4000 SiC papers. Silver paste electrodes (16032 PELCO,
Ted Pella, Redding, CA, USA) are applied on both surfaces. Samples are loaded in a heat-
ing/cooling stage (THMS600, Linkam, Tadworth, UK). Measurements are carried out from
—193 °C to 50 °C in flowing N to reduce humidity in the stage. Impedance is measured
using an impedance analyzer (HP4284A, Agilent, Santa Clara, CA, USA) from 10° Hz to
10" Hz (=25.1 Hz) for a total of 47 pts at a 0.1 interval in logarithmic frequencies with
heating and cooling rates of 1 °C/min. To prepare samples for measurement of ferroelec-
tric and inverse piezoelectric properties, the top and bottom surfaces of the samples are
polished with grade #2000 SiC and #4000 SiC papers. Silver electrodes (DS-PF-7472, Daejoo,
Siheung, Republic of Korea) are applied on the top and bottom surfaces. Polarization (P)
and strain (S) hysteresis vs electric field is measured in a commercial apparatus, aixPES
(aixACCT system GmbH, Aachen, Germany) at 1 Hz under electric fields up to 4 kV/mm.
Each sample was measured three times, with three cycles in each measurement.

3. Results and Discussion
3.1. Powder Preparation
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and an unknown phase are also identified. Figure 3b shows an SEM micrograph of the NN
templates prepared using the BNNb5 precursor. It can be observed that the NN templates
retained the plate-like morphology of the precursor BNN5 templates. Moreover, a high
aspect ratio of templates is achieved, which is necessary for mechanical alignment under
shear force during tape-casting [47]. The NN templates are not as uniform and smooth as
the BNN5 templates due to the topochemical reaction and washing steps. The following
reactions occur during the two-step molten salt synthesis of NN templates [44]:

5 Bi203 +7 Na2C03 +10 Nb205 —4 Big.5 Najs Nb5018 + T 7 CO, (1)
Crystals 2024, 14, x FOR PEER REVIEW 7 of 26
4 Bi; 5Naz 5Nb5O01g F 3 Na,CO3 — 20 NalNbO3 ¥ 5 Bi; O3 + T3 CO3 (2)
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finooy = (Paooy — Po)/(1 — Po) (3)

where Pgoo) is the ratio of the sum of the intensities of all (h00) reflections to the sum of the
intensities of all (/ikl) reflections for the textured sample. Po is the ratio of the sum of the
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tured specimens (12 h sintering time) exhibits a highly dense structure with randomly
oriented grains and a non-uniform grain size distribution. Small matrix grains ~2 um in
diameter coexist with larger abnormal grains up to ~10 pm in diameter (Figure 5a,b). In
the textured sample (3 wt% NN templates, 12 h sintering time), most template particles
are aligned in the casting direction, indicating successful processing. The templates ap-
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for all the NN template textured specimens. The intensity of (h00) peaks increased, show-
ing an improved orientation in the (h00) crystallographic planes. A maximum Lotgering
factor of 95% is achieved for 3 wt% NN template content (Figure 4b), which is higher than
that achieved in other NBT-based systems [35-37,39,52-55] and equivalent to that of the
samples prepared by Ahn et al., but with a lower template amount [42]. Non-(100) peaks
almost disappeared except for (110), exhibiting strong orientation in the preferred direction.
In the sample with 9 wt% NN templates, the 200 and 100 peaks have a shoulder on the
low-angle side. NBT-BT ceramic samples have been found to contain a surface layer of
~20 mm thickness with a different structure (tetragonal or rhombohedral) to the bulk phase,
which may be the cause of these shoulders [56,57].

Figure 4b shows the trends in Lotgering factor f;0p) and relative density (RD) with
increasing template content. The theoretical density was calculated to be 5.728 g/cm?,
based on unit cell parameters obtained from XRD of a sintered pellet. Increasing the
template amount enhances texturing since a larger number of template particles consume
smaller grains. However, 00 does not continue to increase with higher amounts of
templates because the accumulation of templates hinders oriented grain growth and causes
impingement of templates. The Lotgering factor for the sample with 9 wt% NN template
content drops to 78.6%. This is due to the shoulders on the 200 and 100 peaks [56,57]. If
we consider the shoulders to be (00!/) peaks of a tetragonal phase and add their intensity
to the intensity of the (#00) peaks, then the Lotgering factor increases to 93.3%. This is
close to the value of the Lotgering factor obtained (92.4%) if the shoulders are ignored. The
penetration depth of X-rays into the surface of NBT-BT was estimated to be between 4.5
and 11 mm [56], so the obtained XRD pattern is sensitive to the condition of the surface.
Relative density is highest for the randomly oriented sample. For the textured samples,
density values continuously decrease as the number of pores increases in the sintered
sample due to the anisotropy of the grains, and composition changes with the introduction
of the templates (the density of orthorhombic and cubic NaNbOj3 is calculated in JCPDS
patterns 00-033-1270 and 01-075-2102 to be 4.57 g/cm?). Nevertheless, RD remained higher
than 90% for all specimens.

Figure 4c shows the XRD patterns of 3 wt% NN template textured ceramics for
various sintering times and the magnified view of the 200 reflections. There is no peak
splitting except for the Ko, peaks. Samples were sintered for 5 h, 10 h, 12 h, and 20 h
to determine the optimal time for achieving the highest grain orientation and relative
density. All samples show pure perovskite structure. It was observed that the degree of
texture initially increased with increasing sintering time but then slightly decreased after
prolonged sintering for 20 h (Figure 4d). A sintering time of 12 h was found to be effective
in inducing optimal grain orientation and density in the 3 wt% NN template textured
samples. The relative density followed a similar trend. The decrease in relative density at
20 h could be related to the volatility of elements like Na at higher sintering temperatures
for extended times [58]. A relatively lower density due to shorter sintering times can lead
to uneven wetting of anisometric particles or pinning of domain walls by pores, resulting in
low texture formation [59]. Nevertheless, similar to the previous results with varying NN
template content, the relative density remained above 90%, which could be a contributing
factor to the high Lotgering factor in the sintered samples.

3.4. Microstructure

The observed microstructure of untextured and textured samples in Figure 5 aligns
with the texturing and density trends described above. The microstructure of the untextured
specimens (12 h sintering time) exhibits a highly dense structure with randomly oriented
grains and a non-uniform grain size distribution. Small matrix grains ~2 pm in diameter
coexist with larger abnormal grains up to ~10 um in diameter (Figure 5a,b). In the textured
sample (3 wt% NN templates, 12 h sintering time), most template particles are aligned in
the casting direction, indicating successful processing. The templates appear as rectangular-
shaped depressions in the grains. This could be an effect of thermal etching, as the templates
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are also visible in the polished and un-etched sample but without depression (Figure 6b).
Large grains 10~20 pum in size have grown on the templates and are aligned in the casting
direction (Figure 5c,d). Epitaxial grain growth occurred around the template particles due
to the low surface energy of the single crystalline templates and the high surface energy
of the surrounding matrix grains. Maurya et al. [60] explained through TEM and PFM
analysis that texturing occurs due to differences in surface energy and chemical energy
between stable template seeds and metastable liquid phases formed by low melting point
elements like Na and Bi. Template grain growth aims to induce abnormal grain rowth
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resulting in larger grain sizes after texturing.

Figure 5. SEM micrographs of cross-sections of: (a,b) polished and thermally etched non-textured
(12 h sintering time) samples; (c,d) textured (3 wt % NaNbOs templates 12 h sintering time) samples.

Figure 6a shows the EPMA elemental distribution in the 3 wt% NN template textured
sample. All the elements except for Nb and Na are evenly distributed in the matrix outside
the template regions. Na, Nb, and O are enriched inside the templates, and there are no
apparent traces of Nb outside the template regions. There might be a small amount of
diffusion of Nb from the templates to the 0.685NBT-0.065BT-0.255T grains, as can be seen
in the EPMA analysis. Overall, the results exhibit that the NN templates are quite stable
in the O 685NBT 0.065BT-0.25ST matrix. Figure 6b shows an SEM secondary electron mi-
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Figure 6a shows the EPMA elemental distribution in the 3 wt% NN template textured
sample. All the elements except for Nb and Na are evenly distributed in the matrix outside
the template regions. Na, Nb, and O are enriched inside the templates, and there are no
apparent traces of Nb outside the template regions. There might be a small amount of
diffusion of Nb from the templates to the 0.685NBT-0.065BT-0.255T grains, as can be seen
in the EPMA analysis. Overall, the results exhibit that the NN templates are quite stable
in the 0.685NBT-0.065BT-0.25ST matrix. Figure 6b shows an SEM secondary electron mi-
crograph of a polished 3 wt% NN template textured sample without thermal etching. The
NaNbO:s templates are visible inside some of the 0.685NBT-0.065BT-0.25ST grains.

Ei u%s 8. (3) EBMA elemental mapping of textured sample: (B) SEM microsraph withaut thermal

ng of the fexfured sampls:
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Figure 6a shows the EPMA elemental distribution in the 3 wt% NN template textured
sample. All the elements except for Nb and Na are evenly distributed in the matrix outside
the template regions. Na, Nb, and O are enriched inside the templates, and there are no
apparent traces of Nb outside the template regions. There might be a small amount of
diffusion of Nb from the templates to the 0.685NBT-0.065BT-0.255T grains, as can be seen in
the EPMA analysis. Overall, the results exhibit that the NN templates are quite stable in the
0.685NBT-0.065BT-0.25ST matrix. Figure 6b shows an SEM secondary electron micrograph
of a polished 3 wt% NN template textured sample without thermal etching. The NaNbOs
templates are visible inside some of the 0.685NBT-0.065BT-0.25ST grains.

3.5. EPMA Analysis

Table 2 presents the EPMA analysis of non-textured and 3 wt% NN template textured
samples sintered at 1200 °C for 12 h. The number of moles of each element is normalized
to 1 mole of B-site atoms, assuming that Nb and Al enter the perovskite B-site. The results
indicate a slightly Bi-rich composition with a deficiency in Na for the non-textured sample
and a slight deficiency in both Na and Bi for the textured sample. A slight deficiency is
observed for Ba and Sr content in both samples. A minor deficiency in the total A-site cation
amount is observed for both samples. The Bi and Na deficiency arises in NBT-based systems
from their evaporation at high sintering temperatures [61,62]. While non-stoichiometry in
NBT-based systems does not drastically affect the crystal structure [63], it can influence
microstructure, as well as ferroelectric, dielectric, and electrostrictive properties [62-65].

Table 2. EPMA analysis of untextured and textured 0.685(Nag5Bigs5)TiO3-0.065BaTiOs-
0.255rTiO3 samples.

Untextured 0.685NBT-0.065BT-0.25ST Textured 0.685NBT-0.065BT-0.25ST
Element Nominal Mean Star'ldefrd Nominal Mean Stalea.rd
Deviation Deviation

Na 0.3425 0.294 +0.007 0.3425 0.311 +0.049

Bi 0.3425 0.352 +0.009 0.3425 0.340 +0.032

Ti 1 0.999 +0.001 1 0.983 +0.008

Sr 0.25 0.242 +0.007 0.25 0.239 +0.009

Nb - not measured - - 0.018 40.005

Ba 0.065 0.064 +0.003 0.065 0.063 +0.006

Al - 0.001 +0.001 - 0.001 +0.001

The compositions of both samples align closely with the range proposed by Zhang et al.
i.e., (Nag5_3xBig5+x)TiO3, where charge imbalance is mitigated [64]. If the charge is bal-
anced and Na loss is fully compensated by Bi excess, no oxygen vacancies should occur.
In the non-textured NBT-BT-ST sample, Bi exceeds the nominal value by x = 0.0095. Thus,
according to the proposed composition range, our composition (excluding Aluminum)
should be (Nag 3278Big 3519Ba0.0622510.2393) TiO3. However, the actual compositions observed
in EPMA analysis are even more Na-deficient, indicating significant Na loss during sin-
tering. In the textured sample, Nb is found in the matrix, indicating a minor diffusion of
template elements into the matrix. Aluminum is also detected in both samples, albeit in
very small amounts, likely due to contamination from the alumina crucible. Furthermore,
it is not evenly distributed in the samples, as it is found at only a few analysis points.

3.6. Polarization and Strain vs. Electric Field Hysteresis Loops

For polarization and strain vs. electric field measurements, one untextured and three
3 wt% NN template textured samples were measured. The first textured sample (called
sample T1) suffered an electrical breakdown during bipolar polarization and strain vs.
electric field measurements, so two identical replacement textured samples (called sample
T2) were also measured. The XRD patterns of the two textured samples indicate that they
have differences in structure. The XRD pattern of sample T1 (Figure 7a) has a pseudocubic
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structure as previously described. The XRD pattern of sample T2 shows low-angle shoul-
ders on the 200 and 100 reflections (Figure 7b). The shoulders are more pronounced than
the low-angle shoulders seen in the 9 wt% NN template textured sample (Figure 4a). If the
shoulders are treated as tetragonal (00/) peaks and their intensity is included with the (100)
peaks, the Lotgering factor is 94.9%, similar to that of the sample shown in Figure 4. If the
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loops for untextured and 3 wt% NN textured samples at an electric field of 4 kV/mm.
Both samples exhibit slim polarization hysteresis loops characteristic of relaxor behavior
(Figure 9a). The polarization hysteresis loop of the textured sample shows a slightly pinched
characteristic due to a decrease in remanent polarization (P;). P; and coercive field (E.) are
1.88 uC/cm? and 0.34 kV/mm for the textured sample and 3.11 uC/cm? and 0.49 kV/mm
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for the non-textured sample. This pinched characteristic is due to uniform crystallographic
alignment [53]. It may also result from the growth of polar nano-regions (PNRs) or ionic
defects, likely due to the diffusion of some elements from the template regions to the matrix
during high-temperature sintering, which enhances relaxor behavior, thereby exhibiting a
higher electrostrictive effect post-texturing [40,76,77]. The current density loops (Figure 9b)
align with the polarization hysteresis loops, showing similar behavior for both untextured
and textured samples. The current density loops lack the significant peaks which are
usually observed in typical ferroelectric and electric field-induced relaxor-ferroelectric
transition responses, indicating no relaxor-ferroelectric phase transition [30]; instead, the
broad loop suggests a dominant non-polar phase [64]. Usually, peaks 1 and 4 (p1 and p4)
correspond to ferroelectric domain switching, and peaks 2 and 3 (p2 and p3) correspond to
the electric field-induced relaxor-ferroelectric phase transition [69]. When an ergodic state
is pervasive, as in the current composition, a high electric field is needed to transform PNRs
to a long-range FE state [78]. Therefore, there are no sharp peaks in the current density
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transition [30]; instead, the broad loop suggests a dominant non-polar phase [64]. Usually,
peaks 1 and 4 (p1 and p4) correspond to ferroelectric domain switching, and peaks 2 and
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direction [86]. Hysteresis decreases noticeably after texturing. Hysteretic behavior also
translates into the shape of the S-P? curves (Figure 9d). The deviation in the S-P? curve
from linearity indicates that the electrostrictive effect is predominant but that the strain is
not purely electrostrictive [32]. The deviation from linearity is larger in the non-textured
sample and greatly reduced in the textured sample. This demonstrates the effectiveness
of the texturing process in bringing samples of the same composition into a nearly pure
electrostrictive state without drastic compositional changes, achieved by merely inducing
Crystals 2024, 14, x FOR PEER REVIE¥hisotropy in the system. The electrostrictive coefficient Qs3 is calculated from thiefiftéd
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The maximum unipolar strain for the textured sample is 0.23% (sample T2) compared
to 0.09% for the untextured sample. Unipolar strain increased by a factor of 2.56 after
texturing. Hysteresis for both non-textured and textured samples is measured using the
formula H = AS/Spax, where AS is measured at Epax/2 and Spax is measured at Epay,
respectively [97]. The corresponding hysteresis decreased from 44% to 16% after textur-
ing (sample T2). Both high electrostrain and significantly low hysteresis demonstrate the
effectiveness of the textured 0.685NBT-0.065BT-0.255T system with NN templates. Since
low driving field, low hysteresis, and large strains are desirable for actuator applications,
Smax/Emax is calculated from unipolar strains at electric fields of 3, 3.5, and 4 k/mm for
both textured and untextured samples in Figure 10d—f. Textured ceramics exhibit higher
electric field-induced strain performance than randomly oriented samples at all electric
fields. This implies that the textured sample requires a relatively lower electric field to
induce large strain. The textured 0.685NBT-0.065BT-0.255T samples in the present work also
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peaks at Ts and the peak at Tm becoming 1ndlst1ngulshable The frequency-independent or
weakly dependent broad peak at Tm and the frequency-dependent ‘shoulder’ at Ts indicate
relaxor behavior in NBT-type compositions [69,100,101]. It has been proposed that Tm is
related to the thermal evolution of relaxation time or correlation length distribution of
tetragonal PNRs that emerged from the rhombohedral phase and that the peak does not
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height and casting speed) may help to reduce variation in the degree of texturing between
different samples. The textured samples are also more prone to electrical breakdown than
the untextured samples, probably due to the larger grain size and lower density. Further
work needs to be carried out to improve reproducibility of the sample properties.

3.7. Dielectric Properties

Temperature-dependent AC responses were measured on cooling from 550 °C~—193 °C
for untextured (Figure 11) and 3 wt% NN template textured (Figure 12) samples. The data
at selected frequencies of Log(f/Hz) = 5 to 1.5 with an interval of 0.5 are shown. (Higher
frequencies of 5.5 and 6.0 are strongly affected by the stray effects and thus are not shown).
Relative permittivity values are shown in Figures 11a and 12a in linear and logarithmic
scale. The dispersive behavior around room temperature shows that the samples contain
polar nanoregions (PNRs) [33,100] as discussed above.

Table 3. Parameters for temperature-dependent permittivity, inverse permittivity, loss tangents, and
conductivity. Asterisks indicate the low-temperature region.

Parameter Tq Ts-m Ty Tg A B/B * Ty5/Tys5* To/T, * c/IC* D E,
Unit °C °C °C °C oc-!t oc-! °C °C °C InQlem™1K) eV
0.00652
— 1 260.7 437 .0032 . 71. 10. 1 1.2
Untextured 35 50 60 3 0.00326 (=2A) 98.65 50 0.86 8 6
0.02363 —34.36 —53.62 7.70
0.00790
—-32 135 239.6 452 0.00395 92.96 67.17 10.32 7.7 1.23
Textured (=24A)
0.02560 —29.73 —48.04 7.32

The relative permittivity plots of NBT-based materials typically show frequency-
dependent or dispersive shoulders at lower temperatures (marked Ts) and a frequency-
independent maximum (marked Tp,) [31,32,69,100], but with a high level of component
addition (such as ST addition in NBT-BT-ST), the value of relative permittivity at Tr, de-
creases relative to Ts, as is the case here [22,69,74,92], resulting in the frequency-dependent
peaks at Ts and the peak at Ty, becoming indistinguishable. The frequency-independent or
weakly dependent broad peak at Ty, and the frequency-dependent ‘shoulder” at T indicate
relaxor behavior in NBT-type compositions [69,100,101]. It has been proposed that Ty, is
related to the thermal evolution of relaxation time or correlation length distribution of
tetragonal PNRs that emerged from the rhombohedral phase and that the peak does not cor-
respond to any phase transition [101]. Ts is also related to the thermal evolution of discrete
PNRs, and no phase transition occurs here [101]. The thermal evolution of an initially exist-
ing mixture of R3c rhombohedral and P4bm tetragonal PNRs results in T [22,69,74,90,101].
The rhombohedral PNRs transition to tetragonal PNRs in the temperature range between
the two maxima.

As both Ts and Ty, are poorly defined, Ts.;m is chosen as the boundary between the
regions of dispersive and non-dispersive behavior around 150 °C and 135 °C for the un-
textured and textured samples, respectively. Textured samples exhibit substantially lower
permittivities around Ts.;,, and near room temperature, as also reported previously [41],
which is also qualitatively consistent with the behavior of the P-E hysteresis loops in
Figure 9. In Figure 9a, from the slope at low field, the dielectric constants for untextured
and textured samples are estimated as 7230 and 5960, respectively, which are indicated
as star symbols in Figures 11a and 12a. From the dispersive behavior around room tem-
perature, the dielectric constants estimated from the P-E loops may be considered to be
low-frequency, DC limit values. Although the frequency dispersion (or dependence) ap-
pears to be decreased at low temperatures in linear scale [Figures 11a and 12a], they are
comparable, as shown in the logarithmic scale plots in Figures 11b and 12b, lower. In fact,
well-structured frequency dispersion can be seen in the reciprocal permittivity plots, 1/¢,
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as recently introduced for KNN-based samples [102,103], shown in Figures 11b and 12b.
For the dispersive behavior below Ts 1, the reciprocal permittivity at different frequencies
is in parallel, regularly shifted by the logarithmic frequencies as
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As both Ts and Tmare poorly defined, Tsmis chosen as the boundary between the
regions of dispersive and non-dispersive behavior around 150 °C and 135 °C for the un-
textured and textured samples, respectively. Textured samples exhibit substantially lower
permittivities around Tsm and near room temperature, as also reported previously [41],
which is also qualitatively consistent with the behavior of the P-E hysteresis loops in Fig-
ure 9. In Figure 9a, from the slope at low field, the dielectric constants for untextured and
textured samples are estimated as 7230 and 5960, respectively, which are indicated as star
svmbols in Ficures 11a and 12a. From the dispersive behavior around room temberature.
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temperature range from —40 to 30 °C, shown in the lower graphs of Figures 11b and 12b,
B are estimated as 0.00652 °C~! and 0.00790 °C~!, Ty as 98.7 and 93.0 °C, and C, the shift
with logarithmic frequency, as 10.9 and 10.3 °C for untextured and textured samples. The
temperature dependence is shown to be double that for the Curie-Weiss behavior,

1/¢ = A(T — Ty) (7)

i.e.,, B = 2A where A are estimated as 0.00326 °C~! and 0.00395 °C~1, Ty as 260.7 and
239.6 °C, reminiscent of the “two” law known for the 1st and 2nd order ferro-paraelectric
transitions [104,105]. To the authors” knowledge, this temperature dependence as such
has not been reported for relaxor-like materials. The plots for the higher and lower fre-
quencies can be simulated from the constants in Table 3, as indicated by dashed lines
in Figures 11b and 12b, lower. It is interesting to note that for frequencies above 1 THz
(1012 Hz), the plots appear above Ts.n, in the non-dispersive region. These frequencies are
relevant for Raman spectra of the vibrational phonon modes responsible for the phase
transitions for NBT in the wavenumber region 100~600 cm~! [34], corresponding to fre-
quencies between 3 and 18 THz. If the plot meets the plot for the Curie-Weiss behavior at
Ty for the non-relaxor ferroelectrics, the corresponding frequency should be above 10" Hz,
in the frequency range of gamma rays. The dielectric constants estimated from the P-E
loops, marked by the star symbols, are now more probably located as a lower frequency
response. Dielectric peaks that increase by more than one order of magnitude were previ-
ously observed at low frequencies, such as from 0.01 Hz to 100 Hz, in relaxor materials [106].
The temperature-frequency dependence of the relaxor-like behavior observed in this work
requires investigations by theoretical physicists.

So far, only the real part of complex permittivity has been discussed. A standard
presentation of the temperature dependence of the dielectric properties is to present the
loss tangent, tan J, as shown in Figures 11c and 12c. It is presented in the logarithmic scale
to show significant variations in temperatures. In the magnified view in the linear scale
in the lower graphs, tan ¢ plots reveal a frequency-independent peak at —35 and —32 °C,
corresponding to the depolarization temperature T4 [95]. For poled samples, it appears as
a vertical step in the dielectric constant curve and as a peak in the dielectric loss curve at
all frequencies [12,13,19,32,101,107]. Since the depolarization temperature T4 is well below
room temperature [32] the composition is in an ergodic state at room temperature for both
textured and untextured samples.

The effect is more clearly shown at lower frequencies, but as the noise becomes large,
the data at 10° Hz is emphasized to explain the behavior. The depolarization temperature
roughly corresponds to the transition between different temperature dependences, B* and B
but the 1/¢’ plots cannot explain the transition or the peak localized at Tq. The temperature
and frequency dependence are difficult to understand as tané = %,, the ratio of ¢’ over ¢/,
even with the 1/¢’ presentation in Figures 11b and 12b. The imaginary dielectric constant,
shown in Figures 11d and 12d, can explain the tan J plots. &’ shows frequency-dependent
peaks T but rapidly and strongly decreases by more than one order of magnitude by Ty_p,.
The peaks are better distinguished in plots of ¢” than in ¢’. Arrhenius plots of frequency
and loss peak temperature give activation energies of 2.3 and 1.9 eV for untextured and
textured samples, respectively.

Inf =D — Es/kpTs (8)

The frequency and temperature dependence above T, in tan § comes essentially from
¢". In contrast, well below Ty, €’ does not show any frequency dispersion. The frequency
dispersion in tan J is essentially that of 1/¢’. A small dispersion starting below T4 explains
the more discernible peaks at Ty in tan § with the baseline compensated by 1/¢.

It is also interesting to note that the Curie-Weiss temperature Ty, and the Burns
temperature, Tp, estimated from the deviation in the Curie-Weiss behavior as 437 and
452 °C, for untextured and textured samples in Figures 11b and 12b mark the transitions in
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¢’ more predominantly than in ¢’. Above T, the material is completely paraelectric. As
emphasized recently [34,103,108,109], Arrhenius conductivity appears in the paraelectric
phase. Here, above Tj, the strong temperature and the frequency dependence as e” « 1/ f
at low frequencies, corresponds to the dc conductivity, ;. since

o = (2rf)e" ©)

The Arrhenius plots of ¢’(f)T in Figures 11e and 12e show the activation energies of
1.26 and 1.23 eV,
Inog.T = E — Ey./kgT (10)

which is likely to represent hole conduction.

4. Conclusions

This study investigated the texturing effect on the predominantly electrostrictive com-
position 0.685(Nag 5Big 5)TiO3-0.065BaTiO3-0.255rTiO3, aiming to enhance its electrostric-
tive properties. Samples with a high degree of orientation (Lotgering factor of 95%) were
prepared by templated grain growth using 3 wt% of NaNbOj; templates. Textured and
untextured compositions showed dielectric property behavior typical of (Nag5Big5)TiO3-
based relaxor materials. Both textured and untextured compositions displayed an ergodic
relaxor phase with slim polarization hysteresis loops. After texturing, unipolar strain
increased from 0.09% for untextured ceramics to 0.23% for textured ceramics, an increase of
a factor of 2.56. A high normalized strain of 581 pm/V at an electric field of 4 kV/mm was
achieved for the textured sample, with significant improvements in Smax/Emax at electric
fields between 3 and 4 kV/mm compared to the untextured sample. This study shows
that the same composition exhibited significantly improved electromechanical properties
after texturing. A large electrostrictive coefficient, Qs3, of 0.043 m*C~2 was achieved for
the textured ceramic at a relatively low electric field of 4 kV/mm, accompanied by a sub-
stantial decrease in strain hysteresis from 44% in untextured samples to 16% in the textured
sample. These results demonstrate that grain orientation plays a crucial role in enhancing
electrostrictive and electromechanical properties, making textured ceramics suitable for
application in actuation devices. Dielectric measurements over a wide temperature range
from —193 to 550 °C confirmed the ergodic state at room temperature with dispersive
dielectric constants below ca. 150/130 °C for untextured/textured samples. The “two” law,
double the Curie-Weiss constant, was found in the temperature dependence of inverse
dielectric constants, which shifts by ca. 10 °C per decade and thus suggests the limiting
THz Raman interaction and explains the dielectric constant values estimated from the
P-E hysteresis loops. Dielectric loss is only a little dispersive at low temperatures and
indicates the depolarization temperature around —35/—32 °C. The loss peak dispersion in-
dicates the activated transitions of polar nanoregions with activation energies of 2.3/1.9 eV.
Above the Burns temperature at 437/452 °C, dc loss with activation energies ~1.26/1.23 eV
is evidenced.
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