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Industrial application of lead-free piezoelectric ceramics is pre-
vented by intrinsic thermal instability. Herein, we propose a method
to achieve outstanding thermal stability of converse piezoelectric
constant (d;;) in lead-free potassium sodium niobate (KNN)-based
ceramics by inducing a synergistic interaction between the grain
size and polar configuration. Based on computational methods
using phase-field simulations and first-principles calculations, the
relationship between the grain size and polar configuration is
demonstrated, and the possibility of achieving improved thermal
stability in fine grains is suggested. A set of KNN systems is
presented with meticulous dopant control near the chemical com-
position at which the grain size changes abnormally. Comparing the
two representative samples with coarse and fine grains, significant
enhancement in the thermal stability of 5, is exhibited up to 300 °C
in the fine grains. The origin of the thermal superiority in fine-
grained ceramics is identified through an extensive study from a
microstructural perspective. The thermal stability is realized in a
device by successfully demonstrating the temperature dependence
of piezoelectricity. It is notable that this is the first time that lead-
free piezoelectric ceramics are able to achieve exceptionally stable
piezoelectricity up to 300 °C, which actualizes their applicability as
piezoelectric devices with high thermal stability.
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New concepts

Due to environmental concerns, lead-free piezoelectric oxides have been
widely investigated for replacing conventional Pb-based oxides.
Unfortunately, their application has been limited by the intrinsic
thermal degradation of piezoelectric properties. We provide a new
approach to enhance the thermal stability of piezoelectricity in lead-free
Ko.5Na, sNbO;(KNN)-based oxides. Through computational prediction,
improving temperature stability by
microstructural control of polycrystalline KNN; the short-range ordered
ferroelectricity is sustainable up to high temperatures in fine grains,

we obtained a clue as to

thereby increasing thermal stability with the synergistic effect of polar
pinning by more grain boundaries together. Compared to coarse-grained
KNN with typical long-range ordered ferroelectricity, ferroelectric
ordering is largely prohibited in fine-grained KNN, and we finally
realize thermally-stable KNN oxides with exceptional sustainability at
high temperatures up to 300 °C. This is the first time that lead-free
piezoelectric ceramics achieve the extraordinary thermal stability of
piezoelectricity at high temperatures, up to 300 °C, with negligible loss
and fluctuation. This highly-enhanced thermal stability is especially
prominent in harsh environments, and we actually applied our fine-
grained KNN ceramics to sense the safety of nuclear reactors. We believe
our study will contribute significantly to designing high temperature
lead-free piezoelectric materials.

Introduction

Piezoelectric ceramics, such as sensors, actuators, and trans-
ducers, are widely utilized in industry to convert mechanical
energy to electrical energy and vice versa." While lead zirconate
titanate (PZT), a representative piezoelectric material, has
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sufficiently fulfilled its role, its use will be restricted in the near
future due to the toxicity, impact on human health, and
environmental issues associated with lead. Therefore, lead-free
piezoelectric substitutes have been suggested, including potassium
sodium niobate (KNN), bismuth sodium titanate (BNT), barium
titanate (BT), and barium calcium zirconium titanate (BCZT).>™°
KNN is known for its relatively higher piezoelectric constant (dy)
and Curie temperature (7.) compared to other lead-free ceramics;
however, it still cannot completely replace lead-based ceramics with
better performance. A polymorphic/morphotropic phase boundary
(PPB/MPB) was introduced to improve the piezoelectric perfor-
mance of KNN."" ™ The phase boundaries can stabilize multiphase
coexistence, enabling easy polarization rotation and low domain
wall energy, thereby improving piezoelectricity. However, this
boundary engineering has limitations in terms of thermal stability.
This is because the structural changes in the boundary region
are sensitive to slight temperature deviations. This rapid phase
transition with temperature-dependent fluctuations in piezoelectric
characteristics can lead to undesirable temperature sensitivity.'*
The thermal instability prevents industrial applications, which
prioritize constant performance without loss or fluctuation at
high temperatures. To solve this thermal weakness, a broad and
successive phase boundary, that is, diffused with merged dielectric
peaks with respect to temperature, was constructed over a wide
temperature range via composition optimization.”® The designed
KNN systems were reported with improved thermal stability of
converse piezoelectric constant, d}; (Smax/Emax), for example, vary-
ing ~5% to 100 °C,"® ~5% to 150 °C,"” and ~19% to 170 °C."® The
excellent piezoelectric performance and improved thermal stability
were enabled by the suppression of abrupt structural transitions
and the reduction of temperature sensitivity with a broad phase
boundary.

Another prevalent method for maintaining large piezoelec-
tric properties in a wide temperature range is inducing relaxor
ferroelectric behavior with diffused dielectric permittivity,
which is favorable for high-temperature applications.'"**°
However, the effect of relaxor behavior on the thermal stability
of the piezoelectric property, ds;, still needs to be further
investigated. Previous studies have shown that relaxor behavior
is generally accomplished via multi-element doping with various
ionic radii and valence states, resulting in (i) the mixing of polar
and nonpolar phases or (ii) random electric fields with nano-
sized polar domains (polar nanoregions, PNRs).>** In polycrys-
talline ceramics, the relaxor ferroelectric behavior is also closely
correlated with the grain size.”® Many studies have reported that
relaxor ferroelectric behavior is preferred with decreasing grain
size, which is analogous with the fact that domain size is
proportional to the (grain size)* in ferroelectric ceramics. The
origin of this trend is complex. Some researchers have suggested
that this tendency is caused by the weakening of long-range
polar interactions due to the unreleased internal stresses in fine
grains.”” Others have assumed that dopants acting as grain
growth inhibitors simultaneously hinder the long-range domain
configuration in fine grains.”® Yet others have reported that a
large ratio of grain boundaries with low permittivity can be
attributed to relaxor behavior in fine grains.>
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In this work, we studied the effect of grain size on polar
configuration and thermal stability at the nanoscale through
phase-field simulations and first-principles calculations. Based
on computational prediction, we synthesized a set of KNN-based
ceramics via meticulous segmentation of the BiScO; (BS) doping
concentration near the chemical composition where abnormal
grain growth exists.*® Through a comprehensive evaluation of
the microstructure, phase distribution, electrical properties, and
thermal stability of piezoelectricity, two representative samples
with coarse and fine grains were selected. The origin of the
thermal stability of piezoelectricity was elucidated by atomic-
scale analysis using (scanning) transmission electron micro-
scopy ((S)TEM). Then, cantilever-type bending actuators were
fabricated using coarse-/fine-grained KNN-based ceramics and
tested at temperatures up to 150 °C. This is the first study to
achieve lead-free piezoelectric ceramics with an outstanding
thermal stability of d3; up to 300 °C and to realize its applicability
as an actual piezoelectric device with high thermal stability.

Results and discussion

Computational approaches to design thermally stable lead-free
KNN ceramics

We first performed phase-field simulations to model the relation-
ship between the grain size and polar domain configurations in a
macroscopic view, as shown in Fig. 1a and b. The size of the
simulation was taken as 100 nm x 100 nm for reference. The area
was segmented into 6 and 50 grains for coarse and fine grains,
respectively. In the case of the coarse grains (Fig. 1a), stripe-
shaped domains exist with a typical width of approximately
20 nm. As the grain size decreases, the grain boundary effect
increases, which enhances the perturbation of the polarization
inside the limited grain range and smaller domains are formed in
the fine grains (Fig. 1b). We note that most polarization orders are
segmented into short ones, forming swirling multidirectional
nanodomains in the fine grains. As a result of different domain
configurations, the strain distribution also varies. Fig. 1c and d
show total strain maps along x for the coarse and fine grains,
respectively. The total strain in coarse-KNN represents good
matching with the polar domain structures showing stripe-
shaped separation. In contrast, distinctive strain separation is
suppressed in fine-KNN, forming multidirectional nanodomain
structures. Referring to Fig. 1e and f, the elastic strain maps along
x indicate the coarse and fine grains, respectively. The final elastic
strains in coarse-KNN are small due to the favorable domain
configuration. However, the elastic strains in fine-KNN, both for
the normal and shear strains, are relatively large due to the
swirling-like domain structures with non-uniform low symmetry
phases. Internal strain is hardly released in fine grains because
the strain in the polycrystalline form can be relaxed during grain
growth; and thus the long-range ordering can be hindered in the
fine grains, resulting in short-range ordered ferroelectricity.””**
This short range ordering is closely related to the lattice vibration;
and thus the inhomogeneous structure and/or composition
can exhibit a higher temperature stability with strong phonon
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Fig. 1 Phase-field calculations showing grain size dependence of ferroelectric domain size for (a) the coarse grains and (b) the fine grains. The arrows
indicate the polarization directions. The coarse grains prefer stripe domains, and the fine grains prefer nanodomains. The colored regions highlight
domains in one grain of each case. The insets show enlarged polarization configuration of the coarse- and fine-KNN, respectively. (c and d) Total strain
maps and (e and f) elastic strain maps along x (e,) for the coarse grains and the fine grains, respectively. (g) Energy versus configuration within a grain (left)

and at grain boundary (right).

scattering and phonon broadening.**** Therefore, the short range
ordering by a residual strain in fine grains can lead to higher
thermal stability.

Using first-principles calculations, we also investigated the
effect of grain size on the domain configurations and thermal
stability at an atomic-scale. For simplicity, we considered the

2658 | Mater. Horiz., 2023, 10, 2656-2666

polar tetragonal phase of pure KNN without dopants. We
evaluated the domain wall (DW) energy (ypw) for the 180°
domain wall within a single grain. It turns out that ypy is only
moderate (9.77 mJ m~ ) and the value is an order of magnitude
smaller than that of PbTiO;.** This implies that the energy cost
to form domain walls in KNN is insignificant, facilitating

This journal is © The Royal Society of Chemistry 2023
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multidomain formation within a grain (Fig. 1g). In contrast,
in the case of the grain boundary of KNN, certain polar
configurations such as head-to-tail polarization configurations
is strongly preferred. The neutral head-to-tail polarization con-
figurations are energetically favorable, whereas other polariza-
tion configurations such as head-to-head polarizations are
found to be unstable (Fig. 1g). This preference indicates the
capability of grain boundaries to pin the polarization directions
after a poling process, compensating for the thermal effects
that tend to randomize the polarization direction in a system.
Because the grain boundary effects become important as the
grain size decreases, it can be expected that the fine grains
guarantee a higher thermal stability of piezoelectricity com-
pared to the large grains.

Ferroelectric-relaxor ferroelectric transition accompanying
abnormal grain growth

Based on the above calculation results, we decided to make a
set of KNN ceramics by meticulously subdividing the doping
concentration near the chemical composition inducing an
abrupt change in grain size. We synthesized KNN compounds
doped with bismuth-based perovskites Big s(Lip7Nag2Ko.1)o.5
ZrO; (BNKLZ) and BiScO; (BS), that is, (0.97 — x)KNN-
0.03BNKLZ-xBS (x = 0.0075-0.015) (for more details see the
“Experimental” section and Fig. S11, ESI{). This KNN system
has been proven to involve abnormal grain growth near x = 0.01
with a morphotropic phase boundary (MPB) where rhombohe-
dral and tetragonal phases coexist.>® As an infinitesimal BS was
added, the grain size abnormally decreased at a certain point
(Fig. S2, ESIt). Within the deliberately controlled BS doped KNN
set, we selected two representative samples with an average grain
size of ~52 pum (at x = 0.01, referred as “coarse”) and ~0.3 um
(x=0.01375, referred as “fine”) shown in Fig. 2a. It should be noted
that the grain size unprecedentedly decreased with a relatively small
change in chemical composition.

Measurement of the electrical properties revealed evident
differences between the coarse- and fine-grained KNN cera-
mics. For long-range ordered ferroelectric (conventional ferro-
electric) materials, the sharp dielectric peak maximum appears
at T, regardless of the frequency as shown in Fig. 2b. In
contrast, the shortrange ordered ferroelectric (relaxor ferro-
electric) materials show a broad dielectric peak maximum with
frequency dependence because the local domains with the
short-range ordering have different domain motions during
the phase transition, as shown in the fine grained KNN in
Fig. 2b.*® In a coarse grained KNN, the ferroelectric domains
with long-range ordering aligns along with the external electric
field; and the domains are rotated through the negative electro-
strain and then realigned in the opposite direction of the
external electric field. This phenomenon is accompanied with
a clear butterfly-shaped bipolar strain-electric field (S-E) curve
in Fig. 2c; but the large electro-strain can appear in a unipolar
mode as shown in Fig. 2d.*” In a fine grained KNN, the short-
range ordered polar phases are aligned along the external field
without the significant negative electro-strain, which gives rise
to the flat butterfly shape in the bipolar S-E curve in Fig. 2c and

This journal is © The Royal Society of Chemistry 2023
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accordingly the weaker electro-strain is measured in the uni-
polar S-E curve in Fig. 2d.*® Likewise, these two ceramics can
show distinct physical characteristics by the different grain
growth behavior despite the negligible chemical difference.

The most intriguing phenomenon occurred at high tem-
peratures. Fig. 2e shows the normalized d3; values for coarse
and fine grains as a function of temperature. From the unipolar
S-E curve (Fig. 2d), the dj; value at room temperature was
5 ~ 516 pmV ' and ~263 pm V" for the coarse-
and fine-sized grains, respectively (Fig. S4d, ESIt). For the coarse
grains, the normalized dj; starts to lose its value immediately
above room temperature and steadily deteriorates to ~55% loss
until 300 °C. Interestingly, for the fine grains, the normalized d3;
remains stable, with ~6% loss up to 300 °C. This shows an
incomparably enhanced thermal stability in terms of the tem-
perature range or loss compared to the recently studied KNN
piezoelectric ceramics (Fig. 2f)."°"®%°** In Fig. 2e a well-retained
polar state against thermal energy indicates that the polarization
is pinned harder in the fine grains than in coarse grains. More
precisely, in Fig. S2 and S4e (ESIY), the average grain size rapidly
decreased to less than 1 um at x = 0.0125, even with a few
abnormally large grains, but the thermal stability did not improve
accordingly. In fact, where the thermal stability greatly enhanced,
x = 0.01375, exactly corresponds to where all grains became
homogeneously fine without any large grains. Thus, it also
corresponds to where the perimeter significantly increases. These
results strongly suggest that a significant increase in proportion of
grain boundaries, rather than a decrease in grain size itself, is a
major contributor to the enhancement of the thermal stability of
piezoelectricity. These results also concur with our prediction
based on phase-field theory and first-principles calculations, as
shown in Fig. 1. Therefore, we experimentally confirmed that the
fine grains can sustain pinned polarization to high temperatures
due to the grain boundary effect.

estimated as

Phase analysis and atomic scale imaging unveiling the origin of
thermal stability

To further elucidate the origin of the high thermal stability of
piezoelectricity in fine grains, we investigated several possible
factors. As stated in the introduction, relaxor-like behavior can
arise from (i) the mixing of polar and nonpolar phases or (ii) the
presence of PNRs. To determine whether the improved thermal
stability of the fine grains is due to (i) a mixture of polar/nonpolar
phases, we carried out selected area electron diffraction (SAED)
analysis using TEM. Fig. S5-S7 (ESIf) verify that there was no
polar/nonpolar phase difference between the coarse- and fine-
sized grains. In addition, we analyzed the phase distribution
changes from room temperature to 400 °C using in situ heating
X-ray diffraction (XRD) (Fig. S9 and Table S1, ESIt). Both samples
showed similar tendencies, in which the rhombohedral phase
decreased and the tetragonal phase relatively increased as the
temperature increased to T, (over 300 °C), so it was inferred that
the phase distribution according to temperature is not a factor
that significantly affects the difference in thermal stability of the
coarse- and fine-grained KNN samples.

Mater. Horiz., 2023, 10, 2656-2666 | 2659
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Fig. 2 Morphology and electrical/mechanical properties of KNN-BNKLZ-xBS with coarse grains (x = 0.01) and fine grains (x = 0.01375), respectively.
(a) FE-SEM image: the scale in the inset is 1 pm. (b) Temperature dependence of dielectric permittivity at frequency values of 1, 10, and 100 kHz. (c) Bipolar
S—E curves at 10 Hz and (d) unipolar S—E curves at 10 Hz (e) normalized d;;. The results indicate that relaxor ferroelectric characteristics are strengthened
with highly improved temperature stability at the point where the grain size is abnormally reduced. (f) The loss and temperature range of d;; in this work

compared with those in previously reported KNN studies.

Therefore, it should be clarified that the thermal stability of
fine grains originates from the (ii) existence of PNRs. However,
directly demonstrating the existence of PNRs is a complex task
because PNRs are only a few nanometers in size and consist of
ionic displacements only on the order of picometers. Hence, we
adopted an advanced electron microscopy, spherical aberration-
corrected STEM, which is a powerful characterization tool pro-
viding localized atomic scale information with high temporal/
spatial resolution to visualize PNRs.** In the low-magnification
images (Fig. 3a and b), coarse grains clearly depict stripe-shaped
ferroelectric domain structures, while fine grains do not show
such domain structures, as expected from Fig. 1a and b. Fig. 3¢

2660 | Mater. Horiz., 2023, 10, 2656-2666

and d show inversed annular bright-field (ABF)-STEM atomic
images along the (100) projection for the coarse and fine grains,
respectively. Fig. 3e and f show the polarization maps of the
same region as depicted in Fig. 3c and d, respectively. In Fig. 3e,
the polarizations in the coarse grains are aligned along one
direction in the long-range with relatively high polarization,
which is consistent with conventional ferroelectric models. The
inset shows the shift of A-site ions (K, Na) to the left, resulting in
ionic polarization to the left in the unit cells. In contrast, atoms
in fine grains are polarized in a short-range, forming polar
clusters (colored red) within the relatively neutral matrix (colored
blue), thereby generating PNRs (Fig. 3f). The size of the PNR is

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Atomic-scale analysis on A-site ion (K, Na) displacement. (a and b) Low magnified images of coarse grain with ferroelectric domains and fine
grains, respectively. The two images are in the same magnification. (c and d) Inversed ABF-STEM image along (100) projection of (a) and (b), respectively.
(e and f) Polarization map of the same area in (c) and (d), respectively. The insets show off-centered A-site ions in each area. In the inversed ABF-STEM
image, the brightest and the second brightest spots represent B-site ions (Nb) and A-site ions, respectively. In the polarization map, arrows indicate the
polarization direction. The darker the arrows, the stronger the polarization. Polarization magnitude is shown as a color bar.

found to be approximately 2-3 nm. The upper inset of Fig. 3f
shows the upward displacement of A-site ions in the PNR,
whereas the lower inset shows no apparent displacement of
A-site ions in the nonpolar matrix. This atomic-scale analysis
directly reveals that the fine grains are composed of nanosized
polar domains (short-range ordering), unlike the coarse grains
with long-range ordering.

In relation to the presence of PNRs, studies analyzing the
thermal stability of piezoelectricity in the KNN system have
recently been reported. In a Na, Sb doped KNN-based system, a
strong dependence between the content of nanosized domains
and ds; was observed. The in situ heating PFM measurements
revealed that d3; decreased rapidly owing to the sudden dis-
appearance of nanodomains over ~80 °C, while d3; was well
maintained at ~80 °C, where nanodomains were rather well
sustained.” In the (Bi, Na)ysZrO; doped KNN system, the
enhanced piezoelectric strain retention with ~20% loss at
180 °C was attained by forming PNRs. This suggests that the
tradeoff from long-range ordered domains into PNRs relieved
the thermal sensitivity.’® In the CaZrO; doped KNN system, the
temperature range of d3; with fluctuation £10% advanced from
110 °C to 200 °C by converting sub-micron long-range ordered
domains to PNRs."”” The above studies confirmed that the
existence of PNRs is crucial for ensuring the thermal stability
of piezoelectricity. Referring to related studies, it can be extra-
polated that the excellent thermal stability of fine-grained KNN
originates from the presence of PNRs. Furthermore, from our
calculations and experimental results, the grain boundaries,

This journal is © The Royal Society of Chemistry 2023

as well as the presence of PNRs, contributed to preserving the
polar state at high temperatures (~300 °C) with little loss
(~6%) by pinning polarization in PNRs. Thus, we can conclude
that the PNRs and grain boundaries interact in a synergistic
manner owing to the abrupt decrease in grain size, achieving
superior thermal stability.

Device application reproducing thermal stability

Next, the applicability of fine-grained KNN ceramics as cantilever-
type bending actuators was investigated at high temperatures.
Because the operational performance of the actuator (deflection of
the cantilever (pm) per applied voltage (V)) is closely related to the

% (pm V') of the piezoelectric ceramics, analysis of the
temperature-dependent performance of actuators is an effective
way to demonstrate that the thermal stability of &3; has been
imparted into devices. A schematic diagram of the manufactured
cantilever-type actuators and the experimental setup are shown in
Fig. 4a and Fig. S10a (ESIf). The actuators are composed of
piezoelectric ceramics and a titanium elastic shim. The
rectangle-shaped and electrode containing KNN ceramics were
bonded with a high-temperature resistance adhesive. One end of
the cantilever-structured bender was clamped with an electrically
insulating rig. Three types of piezoelectric ceramics were used:
coarse-grained KNN, fine-grained KNN, and commercial PZT, as a
reference to compare their actuating performance over a wide
temperature range. Upon applying a voltage, the piezoelectric
ceramic layer in the actuator gets strained and the cantilever
bends. The amplitude and direction of this deflection were

Mater. Horiz., 2023,10, 2656-2666 | 2661
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(a) Schematics of the geometry of the cantilever-type bending actuator (up) and the interferometric vibrometer mechanism. (b) Photographs of

the actual fabricated actuator samples and the setup (without a chamber). (c—e) Normalized amplitude of deflection motion during heating from room
temperature to 150 °C for PZT, coarse-grain KNN, and fine-grained KNN, respectively.

detected using a laser interferometer illuminated toward the
mirror at the edge of the cantilever. The setup was installed in a
heating chamber for in situ heating evaluation. The actual fabrica-
tion and experimental setup are shown in Fig. 4b and Fig. S10b
(ESTH).

We applied an external voltage of 70 V;,_, with a frequency of
100 Hz heating from room temperature to 150 °C and evaluated
the amplitude of the deflecting motion. Fig. 4c—e describe the
amplitude of the deflecting displacement. The PZT-based
device was most sensitive to thermal degradation and rapidly
degraded above 75 °C (Fig. 4c). The actuator comprising coarse-
grained KNN held out a higher temperature than the PZT, but
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its performance also gradually declined (Fig. 4d). In contrast, the
device composed of fine-grained KNN revealed superior thermal
stability of the operational performance (Fig. 4e), which is
directly related to the thermally stable piezoelectricity shown
in Fig. 2e. The application results faithfully reflect the thermal
stability of d3; up to 150 °C, the highest temperature up to which
reliable evaluation was possible without any thermal damage on
the adhesive layer, electrode, and wire. Since the actuating
performance is consistent with the thermal stability of d;; up
to 150 °C, it is believed that the stability will be well-reproduced
up to 300 °C without any significant deviation, if only the
problem of deterioration of the device at high temperatures is

This journal is © The Royal Society of Chemistry 2023
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solved. Due to the extraordinary thermal stability and its repro-
ducibility, fine-KNN is a promising candidate for applications in
thermally-harsh environments. We are currently utilizing our
fine-grained KNN ceramics to sense the safety of a nuclear
reactor, which confirms the industrial applicability. Also, there
are further potential applications in dynamic electronic devices
including ferroelectric memristors or solid-state synapses requir-
ing continuous resistors.**™°

Experimental
Phase-field calculations

The areas of the simulation were taken as 100 nm x 100 nm
and segmented into 6 and 50 grains and for coarse and fine
grains, respectively. The polarization vector P was selected as
the order parameter, and the domain structure was predicted
by solving the time-dependent Ginzburg-Landau equations as
follows:

8P;(1’, l) . OF

- (i
ot OP;(r, 1)

=1,2) (1)

where ¢ is the time, r is the spatial position vector, L is the
kinetic coefficient, and F is the total energy including bulk
energy density fgu, gradient energy density fgraq, €lastic energy
density fr1as, and electrostatic energy density fziec, which can be
expressed as

F= J de = J fBulk “'fGrad +fi£las +fiilech (2)
JV V

Bulk energy density fpu can be expanded as:

Soaiic = 0a(Pr® + P?) + s (Py* + PyY) + 04,P*Po% + 0444 (P2° + P2°)

+ o315(P 2P, + Py*P,?) (3)

where o4, 091, 042, 0111 and o449, are the Landau expansion
coefficients. In the phase-field model, the domain wall energy
also contributes to the total energy and can be described as a
function of the polarization gradients. For simplicity, the
gradient energy density fgr.q can be expressed as

1
JGraa = iGll (P12 + P2) + GaPy 1 Pas

| 2 1 2
+ §G44 (P12 + Pa)) +§GQ4 (Pip— Pa)) (4)
where Gy;, G13, G44 and G/, are the gradient energy coefficients,
and P;; = 0P;/0x;.

The elastic energy density fg1as can be written as

1
SEns = € (e5 — &) (exs — &) (5)

where Cyy; is the elastic constant, ¢; is the total strain, and az-,-O
represents the eigen strain. The elastic strain can be written as
by - 8,’1'0.

The electrostatic energy density fge. contains the energy of
the static electric field and the potential energy of spontaneous

This journal is © The Royal Society of Chemistry 2023
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polarization in this static electric field; it can be written as
' 1
JElec = _ESOBrEfEi — EiP; (6)

where ¢, is the permittivity of vacuum, &, is the relative
permittivity of the material, E is the intensity of the electric
field stimulated by spontaneous polarization.

To calculate the elastic energy and electric energy, two other
equations, the mechanical equilibrium equation and electro-
static equilibrium equation, should be solved as follows:

0 (OF
87/<584/> =0 @

o (-5) L

In the numerical calculation, the mesh grid size Ax was
approximately equal to 1 nm. The displacement and electric
potential were only fixed at the area boundaries, and the
polarization was set as zero on the grain boundaries.

For simplicity, we used the material parameters of PbTiO;
found in the literature:*" o; = 3.8(T — 479) x 10° C">m” N, oy =
—73x10°C*m°®N, 04, =7.5 x 10 C* m°® N, 01371 = 2.6 x 10°
C°m'N,01,=6.1x10°C °m'°N, Q;; =0.089 C > m*, Q;, =
—0.026 C">m*, Q44 =0.03375 C 2 m*, C;; =1.746 x 10 Nm 2,
Cip =7.937 x 10" Nm™2, C4y = 1.111 x 10** Nm ™2 and ¢, = 66.

To solve these equations, the backward Euler method was
used for the discrete time domain, and the nonlinear finite
element method was used for the discrete spatial domains. A
detailed description of the finite element method can be found
in the literature.”® The nonlinear finite element method was
performed using FreeFEM++.>® Detail information regarding
FreeFEM++ is available at https://freefem.org/. A polycrystalline
geometric model was generated using Neper.”*

Density functional theory calculations (first-principles
calculations)

DFT calculations were performed using the Vienna Ab initio
Simulation Package (VASP) code with projector-augmented
wave (PAW) pseudopotentials.”> Perdew-Burke-Ernzerhof
(PBE) functional was used for the exchange-correlation energy,
and the plane-wave cutoff was set to 500 eV.>® We generated a
periodic unit cell of tetragonal K, sNays;NbO; with eight for-
mula units. To consider the effects of the random distribution
of K and Na positions in real materials, we generated a special
quasirandom structure using the mesqs code.”” This periodic
unit cell was then used to generate the 180° DW (32 formula
units) and X3(112) GB (96 formula units) structures. We used
the algorithm suggested by Cheng et al to build a grain
boundary structure within a periodic boundary condition.>®
For Brillouin zone sampling, we used 1 x 2 x 2 for the DW
structure and I-only k-point grids for the GB structure. All
atomic coordinates were relaxed until the forces acting on each
atom were less than 0.05 eV A™*. The grain boundary energy
(yge) of KNN was calculated to be 905.04 m] m~2, which is
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comparable to the grain boundary energies found in PbTiO;
from previous calculations.”

Synthesis

Piezoceramic samples with (1 — x — y)KNN-xBNKLZ-yBS com-
positions (x = 0.03, y = 0.0075-0.015) were prepared using the
conventional solid-state powder method. The starting powders
were K,CO; (>99.0%, 150 upm, Sigma-Aldrich), Na,CO;
(=99.5%, 10 pm, Sigma-Aldrich), Li,CO; (99.997%, 20 pm,
Sigma-Aldrich), Nb,Os (99.9%, 2 pm, Sigma-Aldrich), Bi,O;
(99.9%, 10 um, Sigma-Aldrich), ZrO, (99.0%, 5 pm, Sigma-
Aldrich), and Sc,0;3 (>99.9%, 10 pm, Sigma-Aldrich). The hygro-
scopic powders Na,CO; and K,CO; were fully dried at 120 °C for
more than 24 h to remove the absorbed moisture before weighing.
The weighed powders were ball-milled in ethanol for 24 h, calcined
at 850 °C for 6 h, and pressed into disks of 10 mm diameter using
polyvinyl alcohol (PVA) as a binder. All the samples were sintered at
1120 °C for 6 h after burning off the PVA at 650 °C in a conventional
furnace at a heating rate of 4 °C min ', Finally, the sintered
ceramics were ground to a thickness of 1 mm.

Characterization

The crystal structures of the sintered ceramics were examined
using XRD (D/Max-2500; Rigaku, Tokyo, Japan) with Cu Ko
radiation at 40 kV and 30 mA. Rietveld refinement of the XRD
patterns was performed using Rigaku’s PDXL software using
the Whole Pattern Powder Fitting (WPPF) method, connected to
the Inorganic Crystal Structure Database (ICSD; FIZ Karlsruhe,
Germany). The initial models used for refinement were two
KNbOj; crystal structures, that is, rhombohedral (R3m; JCPDS
01-071-0947; ICSD code 9534) and tetragonal (P4mm; JCPDS 01-
071-0948; ICSD code 9535); their crystal structure parameters
were acquired from the ICSD. The grain structure was investi-
gated via SEM (JSM 6300; JEOL, Tokyo, Japan). Grain size
measurements using automatic image analysis software
(Matrox imaging library 10) were conducted for ~1100 grains
taken from each sample.

For electrical measurements, silver paste was coated onto
the two main surfaces of the ceramics, after which they were
fired at 650 °C for 10 min. The prepared samples were then
poled in silicon oil at room temperature. The piezoelectric
coefficient (ds;) was measured using a piezo-ds;; meter (Z]J-6B,
IACAS, Beijing, China). The dielectric properties were measured
over a temperature range of 25-400 °C using an impedance
analyzer (SI 1260; Solartron; Farnborough, England) with an
HTSH-110 sample holder system and an HTF-1100 furnace
(temperature accuracy: £0.3 °C; Bio-Logic, France). Polarization
versus electric field (P-E) hysteresis loops, field-dependent
piezoelectric coefficient ds3(E) loops, and electric-field-
induced unipolar strain curves were measured using a com-
mercial aixPES setup with a Piezo-Sample Holder HT (aixACCT
Systems GmbH, Germany) and optical interferometry (a com-
mercial single-beam laser interferometer, aixACCT Systems).
Using the unipolar strain curves, d;; was determined from the
ratio of the maximum strain to the peak electric field.
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(Scanning) transmission electron microscopy

TEM samples were prepared by mechanical flat polishing to a
thickness of <10 pm and Ar+ ion beam milling (PIPS II, Gatan).
Ion beam milling started at 3.5 keV and 8°, and subsequently
lowered to 0.1 keV and 1°. Diffraction patterns in the TEM
experimental flows were simulated using Java Electron Micro-
scopy Software (JEMS, Stadelmann, EPFL). Bright-field and
dark-field imaging, including diffraction patterns, were con-
ducted using an acceleration voltage of 200 keV with a field-
emission TEM (JEM-2100F, JEOL) at the Materials Imaging &
Analysis Center of POSTECH, Republic of Korea.

ABF-STEM images were acquired using a STEM (JEM-
ARM200F, JEOL) at 200 keV equipped with 5th order probe
corrector (ASCOR, CEOS GmbH) at the Materials Imaging &
Analysis Center of POSTECH, Republic of Korea. The probe size
was ~0.8 A for atomic-scale images. The convergence semi-
angle was fixed at 28 mrad for ABF-STEM imaging. The inner
and outer angles of the detectors were 10 mrad and 20 mrad for
ABF, respectively, with a camera length of 10 cm. A-site ions
(K, Na) have light atomic numbers; therefore, the incident
electron beam scatters at low scattering angles. To image the
light ions, we collected scattered electrons at relatively small
angles. The raw ABF images were processed by stacking 10 slices
using SmartAlign and band-pass diffraction filtering to cancel
the background noise (SmartAlign and Filters Pro, HREM
Research Inc., Japan).

The polarization was calculated in unit cells by the displace-
ment length of off-centered A-site atoms (K, Na) with respect to
the centrosymmetric positions of the B-site atoms (Nb). The
centrosymmetric positions of each unit cell were calculated
using the four neighboring B-site atomic columns in the ABF-
STEM image. From the obtained centrosymmetric position, the
positive-charge position in a unit cell was defined by the A-site
atomic columns. The atomic polarization was calculated using
the following equation:

1. <
P= T/(()AZA + 3()020) (9)

where Z;, ;, and V are the effective charge, displacement length
of atom i, and unit-cell volume, respectively. All the atomic
position calculations and polarization vector plots were per-
formed using custom scripts in MATLAB (MathWorks, USA).

Application

The Ag-electrode PZT and KNN samples were initially machined
with dimensions of 10 x 20 x 0.5 mm® before poling and
assembling the elastic Ti plate (dimensions of 35 X 15 X
0.3 mm?®) for the bending actuator. The samples were then
poled. The piezoelectric properties (ds3) of the poled samples
(PZT, 0.01BS, and 0.01375BS) were as follows: 734, 270, and
140 pC N respectively. Subsequently, PZT and KNN were
attached to the elastic Ti plate using high-temperature epoxy
(Steel Reinforced Epoxy, J-B Weld, USA). Before clamping the
laminated beam of piezoelectric ceramics and Ti plate for
bending actuation, we connected the upper part (PZT or KNN)
and the bottom part (Ti plate) with silver wires as a connection

This journal is © The Royal Society of Chemistry 2023
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for applying AC electricity, which triggered the inverse piezo-
electric effect. The laminated bending actuator was clamped with
a Bakelite clamp and a metallic fixture. The clamped bending
actuator was placed in a thermally insulated temperature-
controllable chamber. A laser interferometric vibrometer (SP-S,
SIOS Mefstechnik GmbH, Germany) was used for accurate piezo-
electric bending actuation measurements under an AC electric
field, with an accuracy of up to 5 pm. A thermometer probe was
attached to the actuator clamping rig to measure the actuator
temperature during testing. Under a constant driving AC voltage
of 70 Vs at 100 Hz applied by a function generator (WF1946, NF
Corporation, Japan) and a high-speed bipolar amplifier (HSA4025,
NF Corporation, Japan), the bending deflection of the actuator
was measured by increasing the temperature from room tempera-
ture to 150 °C. The full measurement setup is shown in Fig. S10a
and b (ESIt).

Conclusions

We unveiled a method to achieve outstanding thermal stability
of piezoelectricity in lead-free materials by inducing a synergis-
tic interaction between the grain size effect and polar configu-
ration. Based on computational methods using phase-field
simulations and first-principles calculations, improved thermal
stability of polarization is possible because of the large effect of
grain boundaries in fine grains. A set of KNN systems were
presented with meticulous dopant control near the chemical
composition at which abnormal grain growth occurs. Consis-
tent with the computational prediction, we verified two repre-
sentative samples with coarse and fine grains, exhibiting
significant enhancement in the thermal stability of piezoelec-
tricity up to 300 °C in the fine grains. The origin of the thermal
superiority in fine-grained ceramics was identified through an
extensive study from a microstructural perspective. The ther-
mal stability was realized in the form of a cantilever-type
actuator successfully demonstrating temperature-independent
piezoelectricity in fine-grained KNN. It is notable that this is the
first time that lead-free piezoelectric ceramics have been able to
achieve exceptionally stable piezoelectricity up to 300 °C, which
actualizes their applicability as piezoelectric devices with high
thermal stability.
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