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Piezoelectric materials, which can convert energy between electrical and mechanical forms, are widely
used in modern industry. (K,Na)NbOsz-based ceramics have attracted extensive attention due to their
excellent performance characteristics among the lead-free materials. Piezoelectric properties are closely
related to ferroelectric domain structures including the domain morphology and domain wall motion.
However, time dependence of ferroelectric domains in (K,Na)NbOsz-based ceramics has barely been
studied. Here, we synthesized Li-doped KNN ceramics. The morphologies and crystallographic

parameters of the domain structures were characterized. Two ferroelectric domains, the 60°/120° and
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Accepted 27th May 2021 180° domains, were identified in the ceramic. Surprisingly, the domain structure changed naturally as
time passed, and most of the change occurred in the 180° domain wall, while the 60°/120° domains

DOI 10.1035/d1ra03304b remained nearly unchanged. Our results are different from those of previous studies, which showed that
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1. Introduction

Piezoelectric materials, which convert energy between electrical
and mechanical forms, are widely used in modern technologies
such as electronics, sensors, drivers, and resonators.' Lead-based
piezoelectric ceramics comprise the main commercial market due
to their high Curie temperatures (7) and piezoelectric coefficients
(ds3).*® However, the toxicity of the lead commonly used in
piezoelectric devices is a serious threat to the environment. There
is a trend toward the use of environmentally friendly lead-free
piezoelectric ceramics. Therefore, (K,Na)NbO;-based materials
(KNN materials) have attracted extensive attention due to their
good overall performance characteristics, including their high
piezoelectric constants and Curie temperatures. Some properties
of (K,Na)NbO; compounds can even match those of PZTs.*
Many studies have been performed to improve the piezoelectric
properties and T values of these materials.”** Chemical doping is
one of the most common and effective methods of improving KNN
performance. Li, Ta, Sb, and other elements are often used to
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the non-180° domain wall was more prone to movement than the 180° domain wall.

improve the piezoelectric constants in order to adjust the orthog-
onal-tetragonal phase transition (7,-T;) from 200 °C to room
temperature.'®™* For example, Lin et al."* doped Li and Ta to raise
the ds; values of KNN compounds from 93 pC N~ " to 208 pC N %,
Saito et al.** improved the d;; of KNN to 416 pC N~ ' using a Li-Ta-
Sb multi-doping strategy. The literature shows that Li elemental
doping can improve the T¢ values of KNN ceramics, but the T¢
values of KNN ceramics are typically reduced when the other
elements are involved. For example, the T can increase to more
than 500 °C when the Li content is approximately 10 mol%.®
Fundamentally, all of these properties, including the piezo-
electric properties and temperature stability, are closely related to
the ferroelectric domain structures of the KNN ceramics, including
domain morphologies, domain switching, and domain wall
motion."'*"” Cho et al*® studied the domain structures and
morphologies of Li-doped KNN ceramics using Piezoelectric Force
Microscopy (PFM). Zhang et al® investigated the domain
morphologies of pure KNN ceramics using scanning electron
microscopy (SEM) and performed a detailed analysis of their
domain sizes and crystallographic characteristics. Their results
show that there are two types of domain structures present in the
grains: one that consists of 90°, 60°, and 120° domain boundaries
and another that consists of 180°, 90°, and 120° domain bound-
aries. Bah et al.* revealed hierarchical domain structures in KNN
ceramics via transmission electron microscopy (TEM). They
analyzed the anti-phase domain boundary (APB) and revealed that
the APB results from small mismatches between interfacial
structures. In recent years, in situ studies have allowed important
progress to been made in understanding of KNN ceramic domain
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structures. For example, Liu et al.** found that laminar domains in
Mn-doped KNN ceramics can transform into twinned domains as
the temperature decreases. The laminar domains can grow in size
when the applied electric field decreases. Wu et al** found that
KNN ceramic temperature stability can be enhanced by adjusting
the phase boundaries. In addition, Tan et al.*® used in situ electric
field experiments to reveal that domain walls play an important
role in KNN ceramic piezoelectric stability.

Furthermore, the time-dependent behaviors of the ferroelectric
domains in KNN ceramics can have substantial influence on their
aging and fatigue properties. This cannot be ignored in applications.
However, although the various ferroelectric properties and structures
have been investigated, the time dependence of ferroelectric domains
in KNN materials has barely been studied. In this study, we synthe-
sized Li-doped KNN ceramics. The morphologies and crystallographic
characteristics of the domain structures were characterized via TEM
and changes in the domain structure with time were analyzed. The
results might help researchers to understand the aging behavior of
KNN ceramics and guide materials design for applications.

2. Materials and methods

The (Ko.45Nag.55)0.06L10.04NDO3 (KNLN) ceramics were prepared
via the traditional solid reaction method.>**” K,CO; (99.0%),
Na,COj3 (99.8%), Li,CO; (98.0%), and Nb,Os5 (99.5%) were used
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as raw materials and weighed according to the chemical ratio.
The raw mixed powder was put into the nylon tank for mixing
with ethanol as ball milling medium. The raw powder was
mixed by ball milling for 4 hours and then dried in 65 °C for 8
hours. The mixed powder was then pre-sintered in an alumina
crucible at 850 °C for 4 h for reaction. The synthesized KNLN
powder was subsequently obtained via ball grinding. The ob-
tained KNLN powder was granulated by adding binder (PVA)
and a pressure of 200 MPa was used to prepare the cylindrical
green body. The ceramic green body was calcined at approxi-
mately 1000 °C for 4 h in a crucible filled with the KNLN powder
to avoid volatilization of the alkali metal elements. An X-ray
diffractometer (XRD, A = 0.1542 nm, D/Max-2550V, Rigaku,
Japan) was used to analyze the sample structure.?®*° The grain
morphologies were characterized via scanning electron
microscope/SEM (FEI Magellan 400, Oregon, USA). Trans-
mission electron microscope/TEM (JEOL JEM-2100F) with
a working voltage of 200 kV was used to reveal the ceramic
microstructures. The TEM sample was prepared via mechanical
thinning followed by Ar" milling.

3. Results and discussion

Fig. 1(a) shows the XRD pattern of the as-sintered KNLN
ceramic. The pattern shows that the as-sintered ceramic has
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(a) XRD pattern of the as-sintered KNLN ceramic and the inset shows the refinement data; (b) temperature-dependent permittivity of the

KNLN ceramic at various frequencies; (c) and (d) SEM images of the ceramic showing grain morphologies; the inset of (c) is a schematic diagram

of a grain with a typical perovskite cubic shape; (e) TEM photographs of

a KNLN grain; the left-bottom inset of (e) shows the selected electron

diffraction patterns in the [001] direction, while the top-right inset of (e) is a magnified image of a pore in the grain.
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a single phase. The XRD refinement was carried out shown as
the inset of Fig. 1(a).*** The result indicates this ceramic has a typical
perovskite structure (orthorhombic) with point group of Ammz2, and
the lattice parameters are (a, b, ¢) = (3.94 A, 5.65A, 5.68 1&). This is in
good agreement with the previous literatures.>'***

Fig. 1(b) shows the temperature dependence of the dielectric
constant at 10 kHz, 100 kHz, and 1000 kHz, respectively. It is
obvious that two phase-transition peaks can be found. The first
broad peak located at approximately 130 °C is related to the
polymorphic phase transition from orthorhombic to tetragonal
(To-1)- The second sharp peak, which is the ferroelectric-para-
electric phase transition temperature (7¢) of the KNLN ceramic,
is located at approximately 452 °C. From these results, it is clear
that the prepared ceramic is pure and has no second phase.

Fig. 1(c) and (d) show SEM micrographs of ceramic grains
with typical perovskite-cubic shapes and an average size of
approximately 10 pm. Fig. 1(e) shows a TEM image of a KNLN
grain. The left-bottom inset of Fig. 1(e) is the selected electron
diffraction pattern, which shows that the flat surface seen in
Fig. 1(e) is the {001} surface of a single crystal. It is worth noting
that the KNLN ceramic has an orthorhombic structure, but the
grains grow in a perovskite-cubic shape with surfaces of {100},
{010}, and {001} [inset of Fig. 1(c)].

There are some pores wrapped inside the grain [Fig. 1(e)].
The top-right inset of Fig. 1(e) is a magnified image of a pore.
The pores in this area occasionally fail to penetrate the grain,
with a layer of samples on its upper or lower side. We can see
that the pores in the grain have six contact surfaces with smooth
edges and corners, all of which are {100} surfaces. The parallel
lines seen in the pore area might be the domain structure. The
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grains and pores can form regular polyhedral shapes, thus
indicating that liquid-phase mass transfer occurs during grain
growth.*® These phenomena can be explained by a grain-growth
liquid-phase mass transfer process that occurs faster than pore
elimination, thus producing pores wrapped inside grains.
Furthermore, the uniformity of the liquid-phase mass transfer
process causes the pores in the grains to have regular shapes.
The liquid phase present during grain growth of KNLN ceramics
might form due to the alkali metal oxide, which has a relatively
low melting point and forms a liquid phase during sintering.

Fig. 2(a) shows a TEM image of a triangular grain with a grain
size of approximately 8 um and straight grain boundaries. The
grain boundaries are marked by yellow lines. Abundant patterns
related to the ferroelectric domains are seen inside the grain.
Fig. 2(b) and (c) show selected-area electron diffraction (SAED)
patterns projected along the [111] and [112] zone axes, respec-
tively. From these images and patterns, we can see that there is
a single grain and the patterns in the grain are from the ferro-
electric domain structure rather than from overlapping grains.
Fig. 2(d) and (e) show the spatial orientations of various domain
walls and trace lines. Fig. 2(f) shows the non-180° domain
structure models in the triangular grain with indexing of the
domain walls and trace lines.

In orthorhombic symmetry, the orientation of spontaneous
polarization is along the (110) direction. Consequently, the
permissible boundaries are {100} planes for 90° domains; {110}
or {hkk} planes for 60° and 120° domains; and arbitrary for 180°
domains. Specifically, the Miller indices of the {hkk} walls are
irrational and depend on spontaneous strain tensor coeffi-
cients.***” The trace lines of non-180° domain boundaries can

Fig. 2
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(@) TEM image of a triangular grain with straight grain boundaries. The grain boundaries are marked by yellow lines; (b) and (c) the

corresponding selected-area electron diffraction (SAED) patterns projected along the [111] and [112] zone axes, respectively; (d)-(f) the non-180°
domain structure model in the triangular grain; (d) and (e) the spatial orientations of different domain walls and trace lines; (f) indexing of the

domain walls and trace lines.
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be approximated based on SAED patterns along the [111] and
[112] zone axes. The observed [121] and [211] vectors indicate
that the grain surface is close to the [111] plane. This matches
well with the triangular morphology. Correspondingly, the
domain boundaries are located on {110} [Fig. 2(d) and (e)]. The
domain boundaries with (110)-oriented trace lines are edge-on
with the view direction between the [111] and [112] zone axes,
where the (11/) and (1kI) planes are satisfied by intersecting with
the grain surface.

Fig. 3(a)-(d) present high-resolution TEM images of the
grain. Based on the results from Fig. 2 and 3, we can determine
that there are two ferroelectric domains in this KNLN grain. All
of the waving boundaries in Fig. 3(a)-(d) can be 180° domains;
some of them are marked by a yellow oval. The non-180°
domain boundaries observed in Fig. 3 are 60°/120° domains
and are highlighted by parallel lines. The 60°/120° domain walls
are straight and exhibit two morphologies. One has a laminar
structure with a width of approximately 35 nm, while the other
has width of approximately 300 nm. The grain boundaries are
marked by straight, red lines in Fig. 3(a) and are clearly different
from the domain walls.

In order to investigate domain structure evolution in the
triangular grain, we fixed the observation area and applied
a time interval of 15 d. The domain structures in the triangular
grain exhibit significant differences every 15 d when observed at
the same location under consistent conditions. No driving force
such as an electric field or temperature change is present.
Careful analysis of the domain morphologies shows that
domain structure evolution occurs mainly via 180° domain wall
changes, but the 60° domains remain nearly unchanged. As
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time passes, the waving 180° domain wall shrinks and the 180°
domain wall area decreases.

Fig. 3(e) and (f) propose a simple model that seeks to explain
this change in the 180° domain walls. Since formation of the
180° domain is related to the depolarization energy,** it is
likely that this phenomenon is caused by a change in the bound
state or distribution of space charge.**** As shown in Fig. 3(e)
and (f), electric charges with the same sign accumulate at both
sides of the 180° domain walls. This might lead the wall area to
exhibit relatively high energy and be unstable. As time passes,
the 180° domain walls decrease the unstable area and lower the
energy by shrinking rather than remaining unchanged. This
process is observed as the 180° domain wall moving from
Fig. 3(e) and (f). These results reveal that the 180° domain
structure in KNLN ferroelectric ceramics evolves naturally even
without electrical poling.

The domain structure of a ferroelectric ceramic is generally
disordered before electrical poling and there is no net sponta-
neous polarization. After poling, the electric dipole is arranged
along the direction of the electric field. When the electric field is
removed, the electric dipole needs high energy to maintain the
saturated polarization state, so it spontaneously reorients
towards the disordered state.**** This process is known as aging
behavior.** Previous studies have shown that the change in the
180° domain does not produce strain during reorientation,
while changes in non-180° domains produce strain that leads to
changes in performance.*** Therefore, it is widely believed that
the aging phenomenon is caused only by flipping of non-180°
domains.****¢ However, our experiments show that the 180°
domain in KNLN ceramics changes with time, and that this
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180°

Fig. 3 Evolution of the domain structure in a triangular grain over time. (a)—(d) TEM images are taken along similar orientations at time intervals of
15 d. The slight rotation between different images is caused by TEM holder sample positions that differ slightly between experiments. The grain
boundaries are marked by straight, red lines in (a). The 60°/120° and 180° domains are indicated in (b) by parallel, white lines and yellow ovals,
respectively. (e) and (f) A proposed model of the domain walls shows the domain structure (e) before and (f) after aging.
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might influence aging behavior. This result can help
researchers to understand aging behavior in KNN ceramics and
guide future materials applications.

In this study, we prepared Li-doped KNN ceramics and the
morphologies of the ferroelectric domain structures were
characterized. Two ferroelectric domains, the 60°/120° and 180°
domains, were identified in this ceramic. The domain structure
would change as time passed. Most of the change occurred in
the 180° domain wall, while the 60°/120° domains remained
nearly unchanged. These results are different from those of
previous studies, which showed that the non-180° domain wall
was more prone to movement than the 180° domain wall. This
result can help to promote understanding of KNN ceramic
aging behavior and guide future material applications.
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