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Symbols and Abbreviations

Symbols

C Capacitance

d Distance between inner electrodes of multilayer ceramics

dss Piezoelectric coefficient measured along the poling direction

dis Normalized strain, Sya./Evax

d35(0) Stress dependence of d3;

E, Thermal activation energy of electrical conductivity

Epias Internal bias field, (E¢ — |Ec|)/2

E; Coercive field

E; Negative coercive field

ES Positive coercive field

Erax Maximum applied electric field

Epol Poling field in bipolar P—E hysteresis loop of relaxor materials

Ef Crossing field at zero strain of bipolar S—E hysteresis loop

€loss Polarization energy loss

€ Permittivity

& Permittivity of the vacuum

& Relative permittivity

Ng Domain backswitching, 1 —S,./S;

Ly, Linear extrapolation from zero point of stress—polarization hysteresis
loop

Ly, Linear extrapolation from maximum field of stress—polarization
hysteresis loop

Ly, Tangent line at . of stress—polarization hysteresis loop

Ly, Linear extrapolation from zero point of stress—strain hysteresis loop

Ly, Linear extrapolation from maximum field of stress—strain hysteresis loop

Ly, Tangent line at o, of stress—strain hysteresis loop

Ly, Linear extrapolation from zero point of unipolar S—E hysteresis loop

Ly, Linear extrapolation from maximum field of unipolar S—E hysteresis loop

Ly, Tangent line at X of unipolar S—E hysteresis loop

n Number of layers of multilayer ceramics

Pp Defect dipole



r,relax

g

Ty

Tic

SBN,a—axis

SBN,c—axis

Polarization at maximum electric field

Spontaneous polarization

Remanent polarization at zero electric field

Negative remanent polarization

Positive remanent polarization

Relaxed state of remanent polarization B~

CPE index

Intersection between tangent line at n, and linear extrapolation from
zero point of stress—polarization hysteresis loop

Intersection between tangent line at n, and linear extrapolation from
maximum field of stress—polarization hysteresis loop

Inflection point of stress—polarization hysteresis loop

Dimension along a-axis related to oxygen ion conduction bottleneck in
perovskite ceramics

Dimension along c-axis related to oxygen ion conduction bottleneck in
perovskite ceramics

Ideal remanent strain

Maximum strain

Peak-to-peak strain in bipolar S—E hysteresis loop

Remanent strain

Electrical conductivity

Stress

Intersection between tangent line at g, and linear extrapolation from
zero point of stress—strain hysteresis loop

Intersection between tangent line at g, and linear extrapolation from
maximum field of stress—strain hysteresis loop

Coercive stress, the inflection point of stress—strain hysteresis loop
Stress where field-induced maximum strain peak of d3;(o)

Curie temperature

CPE constant

Polymorphic phase transition temperature

Relaxation frequency

Intersection between tangent line at X, and linear extrapolation from
zero point of unipolar S—E hysteresis loop

Intersection between tangent line at X, and linear extrapolation from

maximum field of unipolar S—E hysteresis loop
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Xc

ZCPE

Inflection point of unipolar S—E hysteresis loop

Complex impedance

Abbreviations

BNT

BT
BCZT
CAGR
CPE
DWs
El-Ceram
GBs
ICP-OES
LNKN
LNKN6-a

NKN
ML
MLCC
MPB
P-E
pc
PFM
PPT
PUND
PZT
RoHS
S-E
SEM-EDS

STEM
XRD

Bismuth sodium titanate, Bi12Na12TiO3

Barium titanate, BaTiO3

Barium calcium zirconium titanate, (Ba,Ca)(Zr,Ti)Os
Compounded annual growth rate

Constant phase element

Domain walls

Electrode-ceramics

Grain boundaries

Inductively coupled plasma optical emission spectrometer
Li-modified sodium potassium niobate, (Li,Na,K)NbO3
Lig.osNaog.52Ko0.42NbO3 containing 0.65 mol% Li2CO3, 1.3 mol% SiO», 0.2
mol% MnCOs, and 0.5 mol% SrZrO3

Sodium potassium niobate, (Na,K)NbO3

Multilayer

Multilayer ceramic capacitors

Morphotropic phase boundary

Polarization—electric field

Pseudocubic

Piezoresponse force microscopy

Polymorphic phase transition

Positive-up-negative-down

Lead zirconate titanate, Pb(Zr1.yTiy)O3

Restriction on hazardous substances

Strain—electric field

Scanning electron microscope with an energy-dispersive X-ray
spectrometer

Scanning transmission electron microscope

X-ray diffraction



1. Introduction

Electroceramics are functional ceramics that are employed in a wide range of
applications. In particular, piezoceramics are fundamental components of the
industry. In 2019, the global market for piezoceramic devices was estimated at
$25.1 billion and is expected to expand at a compounded annual growth rate
(CAGR) of 6.2% over the next five years (Fig. 1.1). In 2019, lead-free
piezoelectric ceramics, which is the main topic of this thesis, represented a
minimal market share (an estimated value of $172 million). However, their sales
are predicted to rise with a CAGR of 20.8% by 2024, ultimately reaching global

revenues of $443 million (Fig. 1.2).

Market Size [$ trillions]

2019 2020 2021 2022 2023 2024
Year

Figure 1.1: Global market for piezoelectric devices and lead-free
piezoceramics. The estimated market sizes and CAGR of piezoelectric devices
and lead-free piezoceramics are denoted by red and blue, respectively. The

values were obtained from reference [1].
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Optoelectronics
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Figure 1.2: Estimated global market share breakdown for lead-free
piezoceramics by application from 2019 to 2024. The values were obtained

from reference [1].

One common requirement for all applications is reliability. Component
reliability is particularly important in applications where actuators are difficult or
impossible to exchange, such as space probes or trailing edge flaps on large wind
turbines, and in applications where a long lifetime is required, such as fuel injector
nozzles, thread guides in textile manufacturing, and biomedical devices that are
implanted within the body. Some applications expose the piezoceramics to large
mechanical stresses at high electric fields and temperatures with a long lifetime
requirement. Despite the attractive electromechanical properties observed in
several lead-free ferroelectrics, their mechanical reliability and macroscopic

mechanical properties have been less investigated. Although there are



systematic experimental and analytical investigations of the fracture of classical
ferroelectrics, such as PZT and BT [2]-[9], the phenomena that cause large
unipolar strains and piezoelectric responses in newly developed lead-free
piezoceramics are considerably different. Consequently, understanding the
ferroelastic domain response is essential.

Further, degradation of the electric-field-induced strain and polarization
during prolonged use in the unipolar driving mode is typically regarded as the
domain pinning effect caused by charge agglomerations. However, as several
factors, such as the domain effect and mechanical failure, simultaneously affect
cyclic fatigue, the specific cause cannot be readily identified. Hence, we
considered impedance spectroscopy as a powerful tool to investigate the causes
of fatigue. Impedance spectroscopy is used to characterize the electrical
properties of microstructures, such as grains, grain boundaries (GBs), and
electrode—ceramic interfaces.

The structure and concept of this thesis are shown in Fig. 1.3. The
principles of perovskite ferroelectrics are first explained, and the examples of
piezoelectric applications under harsh environments are then listed. Chapters IV—
VI are the main chapters. The alkali volatilization effect on the large-field
ferroelectric and ferroelastic properties of (Li,Na,K)NbOs-based bulk ceramics
are summarized in Chapter [|V. Consequently, the stress-dependent
electromechanical properties and cyclic fatigue behaviors of (Li,Na,K)NbOs-
based multilayer (ML) piezoceramics are described in Chapters V and VI,

respectively. The summary and the conclusion are listed in the last chapter.
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2. Theoretical background

2.1 Fundamentals of ferroelectric ceramics

2.1.1 Crystal structure

Ferroelectric materials are ubiquitous in electric and electromechanical
components. The largest industrial use of ferroelectric materials is in BaTiOs-
based ML ceramic capacitors (MLCCs), as shown in Fig. 2.1. The capacitance
(C) of MLCCs is based on the formula for a plate capacitor enhanced with the

number of layers:
C= n-A

where ¢ is the permittivity, A is the electrode surface area, n is the number of

layers, and d is the distance between the electrodes.

Dielectric ceramic

<
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electrodes 00(%
<
o
Term
Ing| electmd

Figure 2.1: Schematic structure of a multilayer ceramic capacitor (MLCC) [10].
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BaTiOs ferroelectric ceramics exhibit high permittivity due to their
relatively closely spaced phase transitions, which enables high relative
permittivity over a broad temperature range. Figure. 2.2 depicts the temperature-
dependent permittivity of BaTiOs single crystals. BaTiOs has a perovskite
structure, and the crystal phase changes over the temperature range. Each of
these temperature-dependent phase transitions is referred to as a polymorphic
phase transition (PPT) [11], rather than a morphotropic phase transition (MPB),
which is composition dependent [12]. The cubic, tetragonal, orthorhombic, and
rhombohedral phases are stable at > 130 °C, 0 °C to 130 °C, —90 °C to 0°C, and

< -90 °C, respectively.

/C/ 0 /ﬁ
- T = e

/ [+ :1 9o . s 1+ % || e
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10000 — : .
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Figure 2.2: Temperature-dependent permittivity of the BaTiOs single crystal and
corresponding crystal structures [13]. The spontaneous polarization Ps is

denoted by green arrows.
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The defining characteristic of ferroelectric materials is the existence of
spontaneous dipoles (Ps) within their crystal structures, whose direction can be
reoriented by the application of an electric field (Fig. 2.3). In other words, all
materials belonging to a polar point group are potentially ferroelectric, but
ferroelectric materials must demonstrate polarization reversal.

One of the most significant characteristics of ferroelectric ceramics is their
ability to exhibit single crystal-like behavior, even when fabricated as
polycrystalline ceramics, which can reorient the direction of P;. The use of
ferroelectric ceramics as piezoceramics depends on the ability to break full
isotropic symmetry by applying a poling field and thus relies on the extrinsic
effects (domain wall motion) in ferroelectrics. Intrinsic piezoelectricity is initially
linear under a small field, so applying +5 V in one direction will produce equal and
opposite strain to applying -5 V in the same direction [14]. Sintered
polycrystalline ceramics all collectively cancel out their neighbors, and the net
strain is zero macroscopic piezoelectric response. For this reason, quartz
piezoelectrics, such as those used for timekeeping in watches, must be single
crystals. Accordingly, in order for polycrystalline ferroelectric materials to be used
as piezoceramics, the macroscopic random symmetry of the grains must be
broken. The macroscopic symmetry of a polycrystalline ceramic sample is
typically broken by applying a large electric field. The applied field aligns the
crystallographic dipoles; the poling treatment is assisted by the field-induced

alignment of Ps.
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2.1.2 Domain structure

The previous section describes the importance of the poling treatment for
piezoceramics. However, the morphology of piezoceramics requires elucidation.
Figure 2.4 depicts the typical domain structure of the ferroelectric (Na,K)NbOs-

based ceramic sample.

~# WAV
I\\mm\m"

Figure 2.4: Representative ferroelectric domain structure of (Na,K)NbOs-based

piezoceramics. The PFM amplitude of the mirror-polished surface is shown.

Polarization reversal is the defining characteristic of ferroic materials, and
the hysteric response is often represented as a plot of polarization vs. electric
field, as shown in Fig. 2.5(a). The corresponding domain illustration is
summarized in Fig. 2.5(b). Diagrams (I) to (V) depict how the domain structure
responds to the applied field in a single grain at different stages on the hysteresis
loop. The corresponding S—E hysteresis loop is shown in Fig. 2.5(c). These P-E

and S-E hysteresis loops were characterized with two bipolar pulses (Fig. 2.5(d)).
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2.2 Piezoceramics under harsh environments

The miniaturization of electronic devices and performance improvements are
required to satisfy the increasingly stringent performance requirements. Long-
term stability under harsh conditions, including elevated temperatures, strong
electric fields, and compressive stress, is of paramount importance to ensure

reliable drive operation.

2.2.1 Piezoelectric coupling

Figure 2.6 depicts a Heckmann diagram, which describes the relationship
between external fields and order parameters. Both ferroelectric and ferroelastic
materials have periodic domain structures; therefore, these ferroic materials
exhibit ferroelectricity and ferroelasticity. Additionally, ferroic materials exhibit
stress-induced-polarization and electric-field-induced strain (Fig. 2.7); these

responses are called direct and converse piezoelectric effect, respectively.

Stress Electric field

o .2 . E

_STNR A J&( 2 G0t

O, Sy " i ¢!
SChy € GV oot
- " C&s 408"
/%lp (‘)'\8/
Ferroelasticit) ‘ 4 Ferroelectricity
| Strain Polarization
S P

Figure 2.6: Part of a Heckmann diagram showing the relationship between the

mechanical and electrical properties of ferroic materials [15].
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Figure 2.7: Schematic illustration of ferroelectric and ferroelastic domain

transformation.
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2.2.2 Large-signal properties under uniaxial

compressive stress

Bipolar P-E and S-E hysteresis loops of piezoceramics exhibit a constant
decrease in Py,, and Sy, respectively, owing to domain clamping under the
uniaxial compressive stress (Fig. 2.8). Conversely, unipolar P-E and S-E
hysteresis loops exhibit an enhancement at a specific stress level; =50 MPa in
this case. This enhancement originated from the balance of the orientation of non-
180° domain structures toward the in-plane and out-of-plane directions by
uniaxial compressive stress and the unipolar electric field, respectively.
Electrically poled piezoceramics exhibit out-of-plane oriented domain structures
before stress application. Up to a certain stress level, in-plane-oriented domains
caused by a constant uniaxial compressive stress can reorient toward the out-of-
plane direction due to the large electric-field application; this resulted in an

apparent enhancement at -50 MPa.
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Figure 2.8: Stress-dependent large-signal responses of as-poled Pb(Zr,Ti)Os

piezoceramics. All samples were electrically poled prior to the measurements.

(a) Bipolar P-E and (b) S—E hysteresis loops exhibited a constant decrease in

Pyax and Spyq., respectively. Conversely, (c) unipolar P-E and (d) S-E

hysteresis loops exhibited an enhancement at -50 MPa (Reprinted with

permission from [16]. Copyright 2001 © AIP Publishing.)
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2.3 Fatigue processes

2.3.1 Classification of fatigue processes

Regardless of the lead content, piezoceramic fatigue under harsh conditions is
an important consideration for future commercial use. Mobile charged defects
stabilize a given domain configuration, thereby generating an internal bias field
that counteracts the polarization reversal when an electric field is applied. Several
recent studies have focused on fatigue mechanisms in piezoelectric ceramics
[17],[18]. Carl and Hardtl identified three mechanisms, i.e., the volume, domain,
and GB effects, based on their length scales (Fig. 2.9) [19]. The volume effect is
associated with defect dipoles, which mainly form between B-site acceptor ions
and neighboring oxygen vacancies (Fig. 2.10) [20],[21]. The domain effect is due
to the accumulation of charged defects near domain walls (DWs), which hinders
the transformation of domains (Fig. 2.11-2.13) [22]. The GB effect is related to the
diffusion of ions, vacancies, or electrons to GBs. The GB effect includes the
transformation of space charge associated with charge accumulation at the GBs
and mechanical failures observed at the GBs near the electrodes during bipolar

actuation (Fig. 2.14) [23].
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(a) Volume effect

(b) Domain effect

(c) Grain boundary effect

Figure 2.9: Classification of the different domain stabilization mechanisms

based on their length scales and irreversible microstructural changes (based

on the classification proposed by Genenko et al. [17].)

(a) “Soft” PZT
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0.12 4
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‘ :Pp

(99,
o
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)

Annealing

Figure 2.10: Volume effect of the hard PZT ceramics. (a) Unipolar S-E

hysteresis loops of soft and hard PZT ceramics. (Reprinted with permission

from [12]. Copyright 2007 © Springer Nature.) (b) Mechanism of the defect

dipole Pp inthe hard PZT ceramic sample [24].
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Figure 2.11: Unipolar fatigue of soft PZT ceramics. (a, b) Unipolar P-E and S-E
hysteresis loops. (c, d) Bipolar P-E and S-E hysteresis loops. (Reprinted with

permission from [25]. Copyright 2007 © John Wiley and Sons.)
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Figure 2.12: Schematic diagrams of the cross-section of the PZT ceramics

showing the time-dependent domain switching process for different fatigued

states [206].
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(a)

Grain
boundary

Inter-grainer
local field: &

(b)

Cyclic unipolar
field application

Figure 2.13: Schematic lllustrations of charge carrier agglomeration in the

vicinity of the GBs during unipolar fatigue process [27].

Figure 2.14: Fracture surfaces of (a) unfatigued and (b, c) fatigued PZT

ceramics after 3 x 10° cycles of bipolar actuation. (Reprinted with permission

from [23]. Copyright 2007 © John Wiley and Sons.)
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2.4 Lead-free alkali niobate piezoceramics

Although PZT and other lead-based ferroelectric piezoceramics exhibit the most
feasibility for electromechanical applications, the European Union Restriction on
Hazardous Substances (RoHS) directives have restricted the use of certain
hazardous substances, thus prompting investigations into materials with reduced

lead and lead-free piezoceramics.

2.4.1 Crystal phase of Li-modified (Na,K)NbO3

Lead-free piezoceramics have been extensively investigated over the past
decades because of their environmental sustainability [28]—[30]. During this
period, a series of lead-free piezoceramics, based on 0.94(Biw2Nai2)TiOs-
0.06BaTiOs (BNT-6BT) [31]-[33], (BaixCax)(ZryTizy)Os (BCZT) [34]-[36], and
(Na,K)NbOs [37]-[39] solid solutions have been discovered. Among these,
(Na,K)NbOs ferroelectrics exhibit a high Curie temperature T, and excellent
piezoelectric properties ds; [38]. Thus, (Na,K)NbOs is considered as a
promising candidate for substituting lead-based piezoceramics for certain
applications. To date, most research has focused on understanding the structural
origin of the piezoelectric properties in (Na,K)NbOs. Unlike Pb(Zr,Ti)Os (PZT) and
BNT-6BT, which have a morphotropic phase boundary (MPB) composition,
(Na,K)NbOs-based materials have a PPT at elevated temperatures between the
orthorhombic (Amm?2) and tetragonal (P4mm) phase, as shown in Figure 2.15. At
this temperature, the piezoelectric properties are enhanced because of the

coexistence of two phases [40]. By shifting the PPT to lower temperatures via

24



doping, this enhancement could be achieved at room temperature [38].
Furthermore, recent studies have also attempted to additionally shift the low
temperature rhombohedral phase to room temperature levels with different co-
dopants [41]-[43]. As a result, a rhombohedral to tetragonal phase transition
temperature was achieved at room temperature with enhanced
electromechanical properties and increased thermal stability [43],[44]. Similarly,
enhanced piezoelectric properties can be achieved at room temperature by using
Li as a dopant. Figure 2.16 depicts the phase diagram Lix(Nao.sKo.5)1.xNbO3
ceramics. The crystal structure of Lix(NaosKos)1xNbOs (LNKN) is initially
orthorhombic (Amm?2) for x < 0.05 [45], while a coexistence of monoclinic (Pm)
and tetragonal (P4mm) phases appears for 0.05 < x < 0.07, as determined by
Raman spectroscopy [45] and X-ray diffraction (XRD) [46]-[48]. It is believed that
this phase coexistence is closely related to the enhancement of piezoelectric

properties.
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Figure 2.15: Phase diagram of (Na,K)NbOs, showing oxygen tilting
(superscript) and cation displacements (subscripts) for each phase. Dashed
lines represent changes in the tilt system. (Reprinted with permission from [40].

Copyright 2009 © AIP Publishing.)
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Figure 2.16: Phase diagram of Lix(Nao.5Ko.5)1-xNbO3 solid solution for0 < x <
0.1, based on dielectric permittivity, piezoelectric response, and Raman

spectroscopy measurements of ceramic samples (0.02 < x), revealing the
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presence monoclinic phase (P), which maintains a vertical boundary with the
rhombohedral phase. A triple point where the T, P, and O phases meet is

approximately at x = 0.07. (Reprinted with permission from [45]. Copyright 2007

© AIP Publishing.)

2.4.2 Alkali volatilization

Meanwhile, most LNKN piezoceramics are synthesized within a narrow
processing window based on the sintering temperature and dwelling time. A
slightly higher temperature or prolonged dwelling time during the sintering step
can easily cause significant volatilization of the alkali metal elements and
abnormal grain growth, which results in inferior piezoelectric properties [49]-[52].
For example, the piezoelectric d;; constant of LNKN piezoceramics sintered at
1060 °C exhibited the highest value (314 pC/N), while that LNKN piezoceramics
sintered at 1080 °C was only 220 pC/N [49]. Therefore, sintering studies have
been conducted to determine the critical sintering temperatures and dwelling
times. Wang et al. reported that although high temperatures (> 1050 °C) were
required to obtain well-densified LNKN piezoceramics, alkali volatilization
(particularly of Na) occurred at > ~1000 °C [50]. Conversely, Wang et al. reported
that (Lio.o4aNao.48Ko.48)(Nbo.soTao.20)O3 piezoceramics sintered at 1145 °C for 1 h
exhibited significant volatilization (particularly of K) when the ceramics were
annealed without a protective atmosphere, resulting in increased PPT
temperature Tppr and decreased Curie temperature T, [51]. Thus,

inappropriate sintering conditions induce the volatilization of A-site alkali ions.
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2.4.3 Multilayered piezoceramic actuator

ML piezoceramic actuators are one of the most important piezoelectric
components; thus, (Na,K)NbOs-based ML piezoceramics have been fabricated
for decades [53]-[62]. In addition to large displacements at low driving voltages,
another advantage is the capability of co-firing with base metals, allowing for
lower production cost [54],[55],[58],[60]-[63]. More recently, Hatano et al.
reported that LNKN-based ML piezoceramics (thickness: 13 um) and Ag/Pd
electrodes exhibited a superior d3; to PZT ML piezoceramics (thickness: 50 ym)
at the same voltage (208 V). The applied fields were 16.0 kvV/mm and 4.2 kV/mm
for LNKN and PZT ML piezoceramics, respectively [64]. Thus, the improvement
of piezoelectric properties in (Na,K)NbOs-based ML piezoceramics has been

investigated.
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3. Experimental methodology

This chapter describes the experimental methods used throughout the thesis.

3.1 Large-signal properties

Large-signal properties were characterized using a specific signal. For P-E and
S-E hysteresis measurements, three continuous signals were selected to obtain
closed P-E and S-E loops (Fig. 3.1). On the other hand, the first strain response
was determined from two continuous unipolar stress cycles for stress—strain
measurement. For the stress—strain measurement, most of the ferroelastic
domain orientation occurs in the first cycle, and almost no additional remanent

strain is produced in the second cycle.

P—E, S—E hysteresis Stress—strain
measurement measurement
| >
E The second response of polarization was determined The first response of strain
from the three continuous signals was determined from the two
continuous unipolar stress.
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Figure 3.1: Large-signal measurement programs.
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3.2 Mechanical setup

Electric-field-induced strain under uniaxial compressive stress and stress—strain

measurements were performed using the setup shown in Fig. 3.2.

’ Wave Generator ‘

_J HV Amplifier ‘

Furnace

. Sample

Thermocouple

Figure 3.2: (a) Experimental setup for the stress—strain hysteresis
measurement and temperature-dependent S-E hysteresis measurement
under a compressive stress. (b) Schematic illustration of the measurement

setup.
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3.3 Cyclic unipolar fatigue test

The cyclic unipolar fatigue test was conducted according to the program shown
in Fig. 3.3. Field heating and cooling were conducted to maintain the as-poled

and fatigued state of the samples.

_A_TFrocess
t
>
A
__EFrocess ;S‘o)_
o
SR
o o
R &
g t
) >
Eerocess  Poling Process & &
1 g — —
F <
\b L] \b
& & t
>
Fatigue Process

Figure 3.3: Temperature and electric field programs during the cyclic unipolar

fatigue test.

3.4 Impedance spectroscopy

Impedance measurement was conducted using the measurement setup, as
shown in Fig. 3.4. The detailed measurement conditions were summarized in
Table 3.1 and 3.2. The frequency range of the impedance measurement was
corresponded to the dipole and space charge polarization range in the dielectric
dispersion (Fig. 3.5).
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Figure 3.4: (a) Experimental setup for the impedance measurement. (b) Block

diagram for the impedance measurement.
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Table 3.1: Measurement conditions of the frequency response analyzer.

FRA CONDITION
Amplitude 25.0 mVpeak Open Correction OFF
DC bias 0.00V Short Correction OFF
Wave form SINE Measure Mode CH1, CH2
Max Frequency 500 kHz Coherence Mode CH1 & CH2
Min Frequency 10 mHz Weighing Factor CH1  1.0000E+00
Sweep Resolution Log 100 steps/sweep Weighing FactorCH2 1.0000E-05
Integration Time 3 cycle Invert ON

Delay Time 0 cycle

Table 3.2: Measurement conditions of the current amplifier.

CA CONDITION
I’V Gain 10k
Gain x10
Input Rear

Space charges

/% Electrons

4 )
.

Permittivity

\ 4

10° 103 108 10° 1012 1015
Frequency [Hz]

Figure 3.5: Schematic illustration of dielectric dispersion.
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4. Alkali volatilization and susceptibility on

ferroic properties

In this chapter, the alkali volatilization effect on the large-field ferroelectric and
ferroelastic properties of (Li,Na,K)NbOs-based piezoceramics was investigated.
Regarding the defect structure of NKN, interactions of defect complexes and DWs
in B-site acceptor doped NKN have been reported [65],[66], but the interaction of
A-site vacancy caused by the alkali volatilization to ferroelectric and ferroelastic
properties remains unclear. Hence, the alkali volatilization effect on the

ferroelectric and ferroelastic properties was investigated.

4.1 Experimental procedure

Lio.osNao.52Ko.42NbO3 containing 0.65 mol% Li2COs, 1.3 mol% SiO2, 0.2 mol%
MnCQOs, and 0.5 mol% SrZrOs (hereinafter LNKNG6-a) piezoceramics were
synthesized using a conventional sintering method described elsewhere [67].
According to the report, the microstructure of Lio.osNao.s2Ko.42NbO3 can be
manipulated by adding both Li2CO3s and SiO2 compounds with an atomic ratio
(Li/Si) of 1, resulting in lithium disilicate (Li2Si2Os), which is a eutectic crystal.
Furthermore, the addition of MnCOs and SrZrOs contributed to increased
electrical resistivity. In order to introduce alkali deficiencies to LNKNG6-a
piezoceramics, the machined samples were post-annealed at the same sintering
temperature for 2 h and 8 h. Disk samples (thickness: 0.5 mm, diameter: 10 mm)

were used for P-E and S—E measurements, while cylindrical samples (thickness:
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6.0 mm and diameter: 5.8 mm) were used for stress—strain measurements. After
machining to the desired sample size, the surfaces were mirror-polished and
subjected to post-annealing treatment. The final polishing step was performed
with silica gel (OP-S silica colloidal suspension, Struers) for the microstructural
observation images. The poling conditions were 3 kV/mm at 150 °C for 30 min in
a thermostatic chamber. All samples, except for the polarized samples, were
maintained at 600 °C for 3 h with heating and cooling rates of 5 °C/min and
1 °C/min, respectively [68]. This heat treatment was used before each electrical
and mechanical test to eliminate residual stresses and ensure random domain
distribution.

The crystal phases were measured by XRD (D8 ADVANCE Eco, Bruker)
according to the 26/6 method from 20° to 60° at 25 °C. The microstructures of the
sintered samples were analyzed using a scanning electron microscope (SEM;
Quanta 200, FEI) with an energy-dispersive X-ray spectrometer (SEM-EDS). The
polished surface of LNKNG6-a piezoceramics was sputtered with gold and
analyzed using SEM-EDS. The particle diameters on the ceramic surfaces were
measured according to their Krumbein diameter (300 grains were counted for
each sample) [39],[69]. EDS spot measurements were performed using an
acceleration voltage of 20 kV [52],[70]. The spot size of the EDS measurement
was ~7 um, and measurements were taken by carefully targeting the center of
the particle. Quantitative elemental analysis of Na, K, and Nb on the sintered
samples was performed using an inductively coupled plasma optical emission
spectrometer (ICP-OES; SPECTRO GENESIS, SPECTRO Analytical

Instruments) [70].
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P-E and S-E hysteresis loops were determined using a ferroelectric test
system (TF Analyzer 2000, aixACCT). The post-annealed LNKNG6-a
piezoceramics before and after poling treatment were characterized for the
hysteresis measurements. Three continuous bipolar waves were applied to the
samples to obtain information of switchable domains from a closed hysteresis
loop, then the change in polarization of the second bipolar wave was extracted
[71],[72]. At the time bipolar P-E loops were measured, as-poled samples were
set parallel and antiparallel to the poling direction to compare the internal bias
field Ep;us. The hysteresis measurements were conducted at room temperature
with bipolar waves of 5 kV/mm at 1 Hz. In contrast, stress—strain hysteresis loops
were characterized in an original setup: a screw-type loading frame equipped with

a differential dilatometer and a heating furnace [73].

4.2 Results and discussion

4.2.1 Microstructure and chemical analysis

Figure 4.1 depicts the XRD patterns of post-annealed LNKNG6-a piezoceramics.
According to previous reports, this material shows a phase coexistence between
the monoclinic (Pm) and tetragonal (P4mm) phases [47],[48]. All samples showed
perovskite-type reflections, indexed with a pseudocubic parent cell and denoted
with a subscript pc. No secondary phases were detected, even for the post-
annealed samples. Besides the phase composition, changes in the
microstructure can influence the electrical and mechanical properties of

piezoceramics. For that reason, the microstructural images and grain size
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distributions of LNKNG-a are shown in Figure 4.2. Upon increasing the annealing
time to 8 h, the median diameter ds, increased from 4.34 ym to 6.38 pm [Fig.
4.2(d) and 4.2(f)]. The distribution shape of the as-sintered sample was unimodal,

while the distribution of the sample annealed for 8 h was bimodal due to the

abnormal grain growth during the post-annealing process [51].
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(a) Post-annealing dependent XRD profiles of LNKNG6-a

Figure 4.1:

piezoceramics. (b) (200)pc reflections of LNKN6-a piezoceramics. (Reprinted

with permission from [74]. Copyright 2021 © The Ceramic Society of Japan.)
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Figure 4.2: Microstructure of LNKNG6-a piezoceramics. Backscattering images
of various samples: (a) as-sintered, (b) annealed for 2 h, and (c) annealed for
8 h. Grain size distribution of (d) as-sintered, (e) annealed for 2 h, and (f)
annealed for 8 h samples; 300 grains were measured for each sample by

Krumbein method [69]. (Reprinted with permission from [74]. Copyright 2021 ©

The Ceramic Society of Japan.)

ICP-OES and EDS point analyses were conducted to investigate the chemical
composition of the post-annealed samples. Figure 4.3 shows the results of ICP-
OES analysis on Na, K, and Nb of the as-sintered and the annealed samples.
Here, Nb was considered a non-volatile ion, so the (Na+K)/Nb ratio was
calculated. The atomic number ratio of Na/Nb and K/Nb in the as-sintered state
was almost the same as the nominal composition [75], while Na/Nb and K/Nb

decreased slightly by 0.12 and 0.08 in the sample annealed for 8 h. As a result,
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the atomic number of (Na+K)/Nb in the sample annealed for 8 h was lower than
the nominal composition by 0.02. However, the sample annealed for 2 h exhibited
the opposite behavior. In the ICP-OES analysis, crushed powders from the
cylinder-type samples were used. Therefore, assuming that alkali volatilization
proceeded from the sample surfaces, the volatilization effect on the ICP results
may be weakened. Figure 4.4 shows the EDS point analysis results of LNKN6-a
piezoceramics. The atomic number ratio of (Na+K)/Nb was lower than its nominal
composition by ~0.15 for each condition. The detection sensitivity of sodium
deteriorates when the excitation voltage is as high as 20 kV [70],[76]. Therefore,
we could not conclude that the gap from the nominal composition of (Na+K)/Nb
was due to alkali volatilization. On the other hand, the atomic number ratio of
O/Nb gradually decreased from 2.70 for the as-sintered state to 2.36 for the
sample annealed for 8 h. This decrease suggests that alkali volatilization mainly
occurred on the sample surface during the post-annealing process, leaving
oxygen vacancies that were generated due to the volatilization of sodium and
potassium as Na20 and K20, respectively [51]. The results of ICP-OES and EDS
point analysis showed that alkali volatilization occurred on the sample surface,

but did not proceed to the deep interior of the sample, as previously reported [77].
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Figure 4.3: ICP analysis results of LNKNG6-a piezoceramics: (a) Na/Nb, (b)K/Nb,
and (Na+K)/Nb on as-sintered, annealed for 2 h, and annealed for 8 h. The
nominal composition is denoted by red dashed lines. (Reprinted with

permission from [74]. Copyright 2021 © The Ceramic Society of Japan.)
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Figure 4.4: EDS point measurement results at the grains of LNKNG6-a
piezoceramics: as-sintered, annealed for 2 h, and annealed for 8 h.
Measurements were conducted 10 times for each condition. Averages of these
10 points and the nominal composition are denoted by blue and red lines,

respectively. (Reprinted with permission from [74]. Copyright 2021 © The

Ceramic Society of Japan.)

4.2.2 Electrical and mechanical properties

Changes in the microstructure were observed; thus, alternations in the electrical
and mechanical properties were expected. Figure 4.5 depicts the P-E and S-E
hysteresis loops of post-annealed LNKNG6-a piezoceramics. As the annealing
time increased from 0 h to 8 h, the remanent polarization 2P. decreased from
48.5 uCl/cm? to 35.6 uyC/cm?, and the coercive field 2E. increased from 3.6
kV/mm to 3.8 kV/mm, respectively (Fig. 4.5(a) and 4.5(b)). In addition to these
electrical hardening behaviors, there were two switching currents in the annealed
samples. One peak was observed at 1.4 kV/mm in the as-sintered and annealed

samples, while the other was observed at > 3.5 kV/mm in the annealed samples,
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but not in the as-sintered sample. Bipolar S—E loops of post-annealed LNKNG6-a
piezoceramics are shown in Fig. 4.5(c). The butterfly curve of the as-sintered
sample was relatively sharp compared to the sprout-shaped curves of the
annealed samples, which were observed in relaxor materials [30]. To characterize
this difference in shape, two parameters were characterized as the peak-to-peak
strain S,_, and the crossing field at zero strain Ey. The electromechanical
hardening behavior was obtained when §,,_,, decreased from 0.260% to 0.211%,
the annealing time increased from 0 hto 8 h, and Ey increased from 2.38 kV/mm
in the as-sintered sample to 2.83 kV/mm in the sample annealed for 8 h, thus
changing the shape from butterfly to sprout.

The polarization reversal current peak was separated, and S—E loops
changed from butterfly-shaped to sprout-shaped loops in LNKNG6-a
piezoceramics. There are three possibilities for these hardening behaviors. First,
the microstructural change has an effect on the post-annealed LNKNG6-a
piezoceramics. The average grain size of as-sintered LNKNG-a piezoceramics
was optimized to 3 ym [39] based on a report that the piezoelectric d;; constant
of LNKN piezoceramics exhibited a maximum with a grain size of 3 um [78],[79].
Although previous reports state that grains larger than this optimum size result in
a smaller coercive field E. [78],[80], the opposite was true in post-annealed
samples; E. increased with larger grains. Therefore, the microstructural effect
on the hardening behavior was considered as a minor impact in this case. Second,
the MnCOs sintering additive could function as an acceptor substituting Nb>* for

nr

Mn?* in the B-site, thus forming an acceptor ion Mny},. If it was formed, dimetric

nr

(Vo — Mnyp,)" and/or trimetric (V, — Mny;, — V) defect association, that could
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have performed as hardener. However, the scanning transmission electron
microscopy (STEM) analysis result demonstrated that MnO segregated on the
GB and hardly reacted with LNKN at 1000 °C [39]. Therefore, this is also not
considered to be the dominant factor in hardening behavior.

The last and most promising theory is the change in the phase ratio
around the PPT region caused by alkali volatilization. Figure 4.6 depicts the
temperature-dependent permittivity of LNKNG6-a piezoceramics. Based on the
linear extrapolations in Fig. 4.6(b), the T,pr of the as-sintered sample was
49.4 °C. This material was designed to have a Tppy Of ~50 °C [39],[48],[68];
however, the temperature decreased to 36.6 °C with inappropriate thermal
treatment. Thus, the phase-coexistent region approached room temperature and
presumably resulted in an increased tetragonal phase ratio. With regard to the
phase coexistence, Zhao et al. [81] reported the E. of Er®*-doped
Lix(Nao.4sKo.52)1xNbO3 piezoceramics in the vicinity of the phase-coexistent
composition: the E. of the orthorhombic phase was 1.43 kV/mm (x = 0), while
that of the tetragonal phase was 2.12 kV/mm (x = 0.08). In particular, the E. of
the phase-coexistent composition (x = 0.06) exhibited the highest value (2.35
kV/mm). It is suggested that the increase in E. and the split of the polarization
reversal current observed in the post-annealed LNKNG6-a piezoceramics was due
to the phase coexistence region.

Another evidence of the compositional fluctuation on the annealed
LNKNG6-a was the permittivity change. The dielectric anomalies in the heating
process from the tetragonal to the cubic phase are shown in Fig. 4.6(c). The Curie

temperature T, were shifted from 451.0 °C in the as-sintered state to 454.5 °C
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in the 8 h annealed state. At the same time, Tpp shifted from 49.4 °C to 36.6 °C,
as mentioned above. This symmetric shift is peculiar in Li-modified NKN [38];
therefore, Na and K were considered as volatilized candidates in the post-
annealing process. On the other hand, the T, of the polished sample that was
originally post-annealed for 8 h shifted back to 451.8 °C. According to a previous
report, the alkali volatilization had a depth profile up to 55 uym determined by
Raman spectroscopy [77]. Based on this report, the alkali volatilization of the T
shift suggested that the alkali volatilization had a depth profile and did not exceed
75 ym from each surface of the disk sample. This further supports the results

received from the ICP-OES and EDS spot analyses.
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Figure 4.5: (a) P-E hysteresis loops of LNKN6-a piezoceramics before the

poling treatment. (b) Annealing time dependence of coercive field 2E, and

remanent polarization

2P,

(c)

S-E hysteresis

loops of LNKNG6-a

piezoceramics before the poling treatment. (d) Annealing time dependence of

the peak-to-peak strain S,_,, and crossing field at zero stress E. (Reprinted

with permission from [74]. Copyright 2021 © The Ceramic Society of Japan.)
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Figure 4.6: (a) Temperature-dependent permittivity change in post-annealed

LNKNG6-a piezoceramics. (b) Magnified view of the permittivity changes around
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Curie temperature T, at the phase transition from the tetragonal to the cubic

phase is shown. In addition to the post-annealing dependence of the

permittivity, the result for the sample annealed for 8 h, which was polished by

75 ym from both sides of the surface, is shown. (Reprinted with permission

from [74]. Copyright 2021 © The Ceramic Society of Japan.)
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Figure 4.7 depicts the P-E hysteresis loops of the as-poled LNKNG-a
piezoceramics. The bipolar P-E loops that were characterized as parallel and
antiparallel to the poling direction shifted to the left and right sides, respectively.
These shifts from the zero point are defined as the internal bias field Ej;,s
{= (E¢ — |EC1)/2} [25],[82],[83], where E} and E; are the coercive fields on
the positive and negative sides of the P-E loops, respectively. When the
annealing time increased from O h to 8 h, the values of E,;,s increased from
-0.73 to —0.91 kV/mm in the parallel direction and from 0.53 to 0.71 kV/mm in
antiparallel direction. This anisotropic change in the Ej;,s is due to the existence
of defect associations between alkali deficiencies V,, (M = Li, Na, K) and oxygen
vacancies V; [84]. As the post-annealing time increased, the amount of the
associated defects of V;; and V; increased, which hindered the transformation
of the domain structure [85]. This hardening effect could be smaller than the effect
of B-site substitution because the associated defects of V;, and V, were weakly
bound [86]. The increased E;,s in the annealed samples may be attributed to

the increase in the A-site defect associations based on the switchability of the

Ebias-
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Figure 4.7: P-E hysteresis loops of LNKNG6-a piezoceramics after the poling
treatment. (a) P-E loops measured toward the parallel direction of the poling
treatment. (b) P-E loops measured toward the antiparallel direction of the
poling treatment. (c) Post-annealing time dependence of the internal bias Ej;,
and its capability of switching. (Reprinted with permission from [74]. Copyright

2021 © The Ceramic Society of Japan.)

Figure 4.8(a) depicts the stress—strain hysteresis loops of as-sintered
LNKNG6-a piezoceramics in a solid line. The inset schematically depicts the
domain structures at labeled positions [87]. The sequence symbols from (1) to (1V)
represent different domain states. The as-sintered material initially had a

randomly oriented domain structure (I). Upon compressing, the strain increased
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linearly at first. Further application of compressive stress changed the strain
response to nonlinear behavior. The strain continued to increase nonlinearly with
further compression, until all ferroelastic domains available for reorientation had
been ferroelastically switched to the in-plane direction. The inflection point during
the loading process (ll) is defined as coercive stress o, which is analogous to
the poling field E,, in P-E hysteresis loops [88],[89]. Most domains were
switched during the application of coercive stress o.. At the maximum stress
level (I11), no additional domains were reoriented, and the material response in
the vicinity of the point was again linear elastic. Upon unloading, the initially linear
elastic material toward ideal strain S; began to exhibit nonlinearity with
decreasing compressive stress. This nonlinearity in the unloading process was
due to the release of constraint forces toward the in-plane direction. Notably, the
sample did not return to its initial state (IV#l) because not all of the domains
switched back to the initial state, thus resulting in a remanent strain S, .
Additionally, the second stress—strain loop was also shown in Fig. 4.8(a) (dotted
lines). The second loop trajectory in the loading process differed from the first
stress—strain loop (solid lines) because most of the switchable domain were
already mechanically poled to the in-plane direction during the first loop. In
contrast, the unloading process of the second stress—strain loop was matched to
the first loop, indicating that the ferroelastic domain had sufficiently oriented in
the first loop, then no further orientation had occurred in the second loop.

Figure 4.8(b) and 4.8(c) show the annealing time-dependent
stress—strain loops of LNKNG6-a piezoceramics and the coercive stress o, and

domain backswitching ng (=1 —S,./S;). The coercive stress o, increased from
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-123.1 MPa to -139.5 MPa and the domain backswitching ng increased from
48.8% to 57.6%, respectively. Although there seemed to be some hardening in
the average values, the stress—strain hysteresis loops did not exhibit significant
changes in these ferroelastic properties. This difference in susceptibility is most
likely due to the difference in the volume ratio of the samples used in the
ferroelectric and ferroelastic measurements. The cylindrical shape used for
measuring ferroelastic properties was presumably less affected by alkali
volatilization, which only occurs on the surface, than the disk shape used for

measuring ferroelectric properties.
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Figure 4.8: (a) Stress—strain hysteresis loops of as-sintered LNKNG-a
piezoceramics. The first and second loops are denoted by blue solid and dotted
lines, respectively. The arrows indicate the measurement direction. The black
dotted line represents the tangent line of the stress—strain curve on unloading
at point Ill. (b) Representative stress—strain behavior of LNKNG-a
piezoceramics. (c) Annealing time dependence of the ferroelastic parameters:
coercive stress o, and domain backswitching 7z . Measurements were
conducted four times for each condition to verify the repeatability. (Reprinted

with permission from [74]. Copyright 2021 © The Ceramic Society of Japan.)
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4.3 Conclusion

In this study, the alkali volatilization effect on the ferroelectric and ferroelastic
properties of LNKN6-a piezoceramics was investigated. Alkali volatilization was
performed by exposing the specimens to the sintering temperature for up to 8 h.
Alkali volatilization was analyzed by SEM-EDS and ICP-OES. The annealed
samples exhibited reduced remanent polarization 2B. and enhanced coercive
E; and internal bias E,;,; fields, suggesting that the annealed sample had an
electrical hardening effect. The switchability of the polarity of E};,s according to
the poling direction suggested that there were several types of associated defects.
Conversely, stress—strain hysteresis revealed that coercive stress o, and
domain backswitching n did not significantly change, which suggested that the
mechanical properties did not exhibit hardening effects. In light of the above, we
concluded that alkali volatilization affected ferroelectric properties, but did not
significantly affect the ferroelastic properties because alkali volatilization

proceeded from the surface of the samples.
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5. Electric-field-induced strain of multilayered

piezoceramics under compressive stress

In this chapter, the stress-dependent electric-field-induced strain of
(Li,Na,K)NbOs-based ML piezoceramics is characterized. Large-field properties
under uniaxial mechanical preloading are essential to evaluate actuation
performance because preloading is applied to most ML piezoceramics to prevent
the layered structure from cracking [90]-[92]. However, these types of studies
have not been reported for LNKN. Investigation of the mechanical load-
dependent electromechanical properties is important, particularly for PZT
[71],[93], BNT-6BT [94],[95], and BCZT [96] piezoceramics, because a maximum
electric-field-induced strain can be achieved at moderate stress levels. This is
due to the additional switching of the in-plane aligned non-180° domains. Among
them, the stress-dependent electromechanical properties of BCZT ferroelectrics,
which also exhibit a PPT region in the vicinity of room temperature, is highly
dependent on the vicinity of the ferroelectric-to-paraelectric phase transition
temperature Tc [96]. In the case of LNKN (x = 0.06), the polymorphic phase
transition temperature (Tppr) is approximately room temperature, whereas T, is
> 400 °C. This wider separation suggests a more pronounced influence of the
PPT. Therefore, the large-signal unipolar behavior of application-relevant lead-
free LNKN-based ML piezoceramics under uniaxial compressive stress was

investigated.
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5.1 Experimental procedure

5.1.1 Materials

Lio.osNao.52K0.42NbO3 + 0.65 mol% Li2COs + 1.3 mol% SiO2 + 0.2 mol% MnCOs +
0.5 mol% SrZrOs ML piezoceramics (LNKN6-a ML) were prepared. The
preparation process of the ML is detailed in a previous report [67]. Figure 5.1
depicts a cutaway view of LNKN6-a ML. The Pd inner electrodes were screen
printed on green sheets and stacked into a structure containing 55 ceramic and
56 inner electrode layers. The dimensions of the ML samples were 5.0 mm x 3.6
mm x 5.0 mm (length x height x width) and the ceramic layer thickness was ~50
pm. The side margin and the cover layer thickness were 504 um and 370 pm,
respectively [Fig. 5.1(a)]. Terminal electrodes were formed by firing silver paste,
then sputtering platinum onto the surface of the silver surface. Additionally, the
sputtered platinum electrodes were extended to the largest faces perpendicular
to the longitudinal direction. This enabled the application of a combined
electromechanical loading, whose electric field was parallel to the compressive
stress [Fig. 5.1(b)]. Finally, high-temperature silicon paste was placed onto the
terminal electrodes to avoid short circuits. Figure 5.1(c) depicts the cross-
sectional face, which is indicated by the parallelogram enclosed with dotted lines
in Fig. 5.1(b). Few pores were observed in the piezoceramic layer, and the
internal electrodes were sufficiently attached to the piezoelectric layers [Figs.
5.1(d, e)]. Figure 5.2 shows the ML structure taken from the mirror-polished
surface of the LNKN6-a ML. The side margins and cover layers of the ML were

504 ym and 370 um, respectively.
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LNKNG6-a bulk ceramics were synthesized by a conventional sintering
method to compare the properties of the bulk and ML materials. The preparation
process of LNKNG-a bulk ceramics is detailed in a previous report [39]. Disk
samples (thickness: 0.5 mm and diameter: 10 mm) were prepared. The poling
condition of the bulk and ML samples was 3 kV/mm at 100 °C in a thermostatic

chamber.

i /" silicone paste Silicone paste

Figure 5.1: Schematic of the (a) multilayered structure of LNKN6-a ML, (b)
external view of the multilayer, (c) cross-sectional view of the multilayer. (d)
SEM image of a cross-sectional plane of the multilayer. (e) Magnification of
image (d) around the Pd internal electrode. (Reprinted with permission from

[97]. Copyright 2020 © AIP Publishing.)
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Figure 5.2: Mirror-polished surface of the LNKN6-a ML. The side margins and

the cover layers are 504 ym and 370 pm, respectively.

5.1.2 Characterization

Permittivity was characterized at 1 kHz using a precision LCR meter (E4980AL,
Keysight Technologies). A heating rate of 2 °C/min was used during measurement
of the temperature-dependent permittivity. Stress—strain hysteresis loops were
measured using a custom-built setup, consisting of a screw-type loading frame
equipped with a differential dilatometer and a heating furnace. A conical loading
bearing was placed on the top of the ML, creating a point contact with the indenter
to prevent eccentric loading on the specimen. Webber et al. detailed the

measurement technique and the test setup [73]. The stress-strain loop and the
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stress—polarization change during the loading process were characterized up to
-350 MPa at 25 °C. Electric-field-induced strain measurements were conducted
with two experimental setups. The first was a laser displacement meter attached
to the ferroelectric test system (TF Analyzer 2000, aixACCT) to determine the
displacement under zero stress. The second was the abovementioned
dilatometer to apply a high compressive stress to the MLs during the electrical
field application. A signal generator (33220A, Keysight Technologies) and high
voltage amplifier (623B, TREK, Inc.) were connected to the loading frame to apply
large electric fields. Three consecutive unipolar triangular waveforms of 10 mHz
were selected as the input signal for characterizing the sample strain. The input
signal contained nine subsequent cycles, three cycles for each field of 2 kV/mm,
4 kV/mm, and 6 kV/mm, respectively; the second cycle of each field was used for
analysis to obtain a closed hysteresis loop [71]. The stress levels ranged from -5
MPa, which was the minimum level required to make contact, to —200 MPa.

During each S—-E measurement, stress levels were kept constant.

5.2 Results and discussion

Figure 5.3 depicts the temperature-dependent permittivity of the as-sintered and
as-poled LNKNG6-a piezoceramics. The as-poled LNKN6-a ML had a T, at
452 °C owing to the phase transition from a tetragonal (P4mm) to a cubic (Pm3m)
phase (Fig. 5.3(a)) [38]. On the other hand, a hump in the permittivity was
observed at 39.8 °C and 68.1 °C for the as-sintered and as-poled LNKN6-a ML,
respectively (Fig. 5.3(b)). This hump can be attributed to the PPT from the lower

symmetry monoclinic ( Pm ) to the aforementioned tetragonal phase [38].
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Interestingly, the T, of the ML is influenced by the poling process; however, the
Tpopr shifted to a higher temperature by ~30 °C owing to the poling procedure.
There is no direct experimental evidence of the origin of such a large shiftin Tppr;
however, the change in phase fraction due to the electric-field-induced phase
transformation may influence the stability of the Tppr [47]. Furthermore, the Tppr
of the as-sintered LNKNG6-a bulk ceramic is 49.4 °C, which is higher than the as-
sintered LNKNG6-a ML by approximately 10 °C [48]. The difference between the
Tppr in the bulk and ML can arise due to co-firing with the electrodes, which
causes internal stress in the material. As reported previously, mechanical stress

can change the phase fraction in NKN-based materials [48].
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Stress—strain and stress—polarization hysteresis loops of the as-poled
LNKN6-a ML are shown in Fig. 5.4(a). The sequence symbols from (I) to (IV)
represent different domain states. The electrically poled sample started with an
out-of-plane oriented domain structure (l). During compressive stress loading, the
strain initially increased linearly. Further application of compressive stress
changed the strain response to that of nonlinear behavior due to ferroelastic
domain switching. This nonlinearity further increases with increasing
compression until all available ferroelastic domains have been switched. The
inflection point during the loading process (1) was defined as the coercive stress
oc. At the saturated point (lll), no additional domains were reoriented, and the
material response in the vicinity of the point became linearly elastic again. Upon
unloading, the material that was initially linearly elastic toward the ideal strain S;
began to exhibit nonlinearity with decreasing compressive stress. This was due
to the local electrical and mechanical fields in the polycrystalline material,
resulting in the switching of certain domains back to the initial state (I).
Nevertheless, the sample did not reach its initial state (IV#l) because not all
domains switch back, resulting in a remanent strain S,.. The inset in Fig. 5.4(a)
shows a schematic of the domain structures at the states mentioned above [87].
The coercive stress during the loading process was -91.8 MPa [Fig. 5.4(b)].

Additionally, the intersection between the tangent line at o, and the
linear extrapolations from the zero point (g,) and from the maximum field (o3)
were located at -52.6 MPa and -153.1 MPa, respectively. From the
stress—polarization hysteresis loop, indicated by the dotted gray line shown in Fig.

5.4(c), the inflection point of polarization change in (r.) was -118.8 MPa. The
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appearance of a polarization change suggests a transition to the in-plane oriented
domain structure from the out-of-plane oriented domain structure. Additionally,
the intersections between the tangent lines at m and the linear extrapolations
form the zero point (r,) and from the maximum field (r,) were —67.1 MPa and
-202.3 MPa, respectively. The start-point of the nonlinear polarization change,
m,, was larger than —40 MPa. Therefore, we suspected that the as-poled LNKNG-
a ML maintained its poling state up to —40 MPa. Notably, o, of the LNKNG6-a bulk
piezoceramic was approximately —160 MPa at the as-sintered state [68], which
is higher than the o, of the as-poled LNKNG-a ML. This difference is considered
to originate from a local-scale stress variation around the inner LNKN6-a ML

electrode [98]-[100].
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Figure 5.4: (a) Compressive stress dependence of longitudinal strain and the
polarization change in a LNKN6-a ML. The stress-strain and
stress—polarization hysteresis loops are indicated by the solid black and gray
dotted lines, respectively. (b) Loading process of the stress-strain curve
denoted by a solid black line. The intersections between the tangent line at the
inflection point (g.) and the linear extrapolations from the zero point (¢,) and
from the maximum field (o;,), are illustrated. The tangent lines at o, were
labeled L., and linear extrapolations from the zero point of the stress—strain
hysteresis loop and the maximum field were labeled L, and L,,, respectively.
(c) Loading process of the stress—polarization change denoted by the dotted
gray curve. The intersections between the tangent line at the inflection point

(mc) and the linear extrapolations from the zero point (m,) and from the
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maximum field (r,,) are illustrated. The tangent lines at 7, were labeled L,

and linear extrapolations from the zero point of the stress—polarization

hysteresis loop and the maximum field were labeled L, and L., , respectively.

(Reprinted with permission from [97]. Copyright 2020 © AIP Publishing.)

The electric-field-induced strain response, up to an applied electric field of 14
kV/mm and without externally applied stress, is shown in Fig. 5.5(a). This
sequential change in the S—E hysteresis loops reflects a susceptibility of the non-
180° domain to the applied electric fields. The electromechanical strain increased,
with an S-like shape, when the applied field increased from 2 kV/mm to 8 kV/mm.
This S-shape of the S—E curve saturated at applied fields over 10 kV/mm, which
is represented in the plot by a downward bending shape. This change suggested
a decreasing amount of non-180° domains contributing to the electromechanical
strain upon increasing the applied electric field [101]. To demonstrate this change
in detail, the inflection point of the S—E curve (X.) and intersections between the

tangent line at X, as well as the linear extrapolations from the zero point (X,)
and from the maximum field (X,) were characterized (Fig. 5.5(b)). Fig. 5.5(c)

depicts the electric field dependence of the d3; (Smax/Emax), Where a maximum

of 341 pm/V at 6 kV/mm was observed. This is equated to the latter half of the
S-shape region (X, —X}), the hatched gray region in Fig. 5.5(c), and suggests

that most of the electromechanical strain, caused by non-180° domains, already
occurred by 6 kV/mm. Thus, further measurements were conducted at a

maximum electric field of 6 kV/mm.
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Figure 5.5: (a) Electromechanical response as a function of maximum applied
electric field. (b) Loading process of the S-E curve (black curve). The
intersections between the tangent line at the inflection point (X.) and the linear
extrapolations from the zero point (X,) and from the maximum field (X,) are
shown. The tangent lines at X, were labeled Ly, and linear extrapolations
from the zero point of the stress-strain hysteresis loop and the maximum field
were labeled Ly, and Ly, , respectively. (c) Electric-field dependence of

piezoelectric constant d3;. (Reprinted with permission from [97]. Copyright

2020 © AIP Publishing.)
Changes in the previously mentioned S—E curve shape and the
macroscopic properties were observed after applying a uniaxial compressive

stress to the MLs during electric-field loading (Figure 5.6). Sy, measured at 6
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kV/mm, decreased from 0.21% at -5 MPa to 0.13% at -40 MPa, when the
compressive stress was increased at 25 °C. Simultaneously, the shape of the S—
E curve changed from an S-shape and an increase in linearity was observed.
Interestingly, upon further increasing the compressive stress, a subsequent
increase in Sy, Was observed at —-80 MPa and the curve exhibited an S-shape
again. Above a specific level of compressive stress, the S—E curves began to
show an upward bending and a further reduction of field-induced strain occurred.
These behaviors were also observed in the measurements at 50 °C and 75 °C.
On the other hand, the electric-field-induced strain at 100 °C was continuously

suppressed with increasing compressive stress.
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Figure 5.6: Compressive stress dependence of S—-E loops measured at 25 °C,

50 °C, 75 °C, and 100 °C. (Reprinted with permission from [97]. Copyright 2020

© AIP Publishing.)

To compare the results with the literature, the maximum unipolar strain was
normalized with the maximum electric field, i.e., the large-signal piezoelectric
constant dz;. The compressive stress dependence of d3;(c) in LNKNG-a ML,
measured at several temperatures and electric-field values, is summarized in Fig.
5.7. Except for 100 °C, diz;(c) of the as-poled LNKNG-a ML with unipolar
actuation exhibited a local maximum at a certain stress level, opgqr . This
enhancement in d3; under unipolar actuation by uniaxial compressive stress
has been observed in other piezoceramics. Stress-dependent P-E and S-E
hysteresis loops of soft-type PZT under unipolar drive showed an enhancement

at a certain stress level [16]. This enhancement may be due to the fact that the
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highest achievable strain originates from in-plane oriented domains switched to
out-of-plane via an electric field. Owing to the mechanical compressive stress,
domains can be aligned in the in-plane orientation. As a result, the overall strain
was enhanced compared to samples with randomly distributed domains.
Nevertheless, this enhancement is only possible if the applied electric field is
large enough to counteract the applied mechanical stress. Therefore, the local
maximum op.q, Of the as-poled LNKNG-a ML was also regarded as the balance
of the non-180° domain orientation by electric field and compressive stress. Local
maxima of the d3;(c) op.qrS had electric-field dependence at 25 °C and 50 °C.
Electric-field-induced strain was primarily due to the extrinsic effect of the
piezoactive layers. Therefore, the higher electric field could generate a larger
force to push back the uniaxial stress. Additionally, op.qS Of 6 kV/mm were
located at —-80 MPa at 25 °C and 50 °C, while the maximum was shifted to —60
MPa at 75 °C. Furthermore, no local maximum peak was observed at 100 °C.
The ferroelastic behaviors of the LNKN6-a ML require further investigation to

explain these suppressions under combined loadings.
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open circles. (Reprinted with permission from [97]. Copyright 2020 © AIP

Publishing.)

Figure 5.8 shows the comparison of d3;(c) measured at 25 °C and 100 °C.

The major trend of d3;(c) at 25 °C, which occurred over —200 MPa, exhibited a

gradual decrease with a local maximum at -80 MPa. According to the literature,

soft-type bulk PZT demonstrated this peak at -50 MPa, which had a similar value

to that of coercive stress [73]. The coercive stress of the as-poled LNKN6-a ML

was —-91.8 MPa, which is close to the peak value of d3;(c) (-80 MPa). Therefore,
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this peak is considered as a balance of the non-180° domain orientation produced
by the applied electric field and the compressive stress (Fig. 5.8, region (ii)). The
S-shaped configuration of S—E loops appearing at —80 MPa also supports this
explanation (Fig. 5.6). Above -80 MPa, the in-plane orientation of the domain
structure became predominant upon increasing the compressive stress for the
LNKNG6-a ML. Stress levels above the local peak g,.4, lead to domain clamping,
suppressing the out-of-plane domain orientation via an applied electric field (Fig.
5.8). As a result, the shape of the S—E curves resulted in upward bending since
a higher field would be required to switch domains against the applied mechanical
stress. Above that threshold stress ¢,.,,, domain clamping was predominant
(Fig. 5.8, region (iii)). In contrast, the compressive stress dependence of d3;(c)
at 100 °C showed a gradual decrease, owing to thermal depolarization during the
phase transition from monoclinic to tetragonal (Fig. 5.6). Notably, the stress-
induced phase transformation of the monoclinic phase and the electric-field-
induced phase transformation of the tetragonal phase are evident around the PPT,
as suggested by previous studies [47],[48]. These opposing processes potentially
influence the macroscopic electromechanical performance of the LNKNG-a ML
with increasing stress. However, to evaluate the extent of this influence, in situ
XRD would be required. Nevertheless, stress-induced phase transformation
seemed to have a significant impact in the first region (Fig. 5.8, region (i)).

The electrically poled domain structure of LNKN6-a ML seemed to remain at

-40 MPa at 25 °C, but the actuation was significantly constrained by compressive
stress [Fig. 5.8, region (i)]. There are two possible reasons for this. First, the

effect of domain clamping became more pronounced in the PPT region with
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applied compressive stress. Martin et al. reported the temperature dependence
of the piezoelectric small signal ds;; (T) of Li-modified (Nao.sKo.5)NbO3
piezoceramics [102]. According to their investigation, ds;(T) exhibited a sharp
peak in the vicinity of Tp,pr under zero stress, as reported in PZT [103],[104].
Additionally, when the Li substitution increased from 0 mol% to 4 mol%, the Tppr
shifted from 210 °C to 111 °C. The sharp peak of d;;(7) in Li-modified NKN
disappeared under —-50 MPa, which was sufficiently lower than its coercive stress
oc. Notably, the d;; of 4 mol% Li-modified NKN at 25 °C decreased from 118
pC/N (at -5 MPa) to 107 pC/N (at -50 MPa), respectively, owing to the
disappearance of the electromechanical enhancement in the vicinity of the Tppy.
The Tppr was 111 °C in 4 mol% Li-modified NKN piezoceramics. The Tppr of
as-poled LNKN6-a ML was 70 °C; therefore, the disappearance of the
electromechanical enhancement in ds5(T) significantly affected the large-signal
piezoelectric constant d3;(c) in the temperature range from 25 °C to 100 °C.
Second, the material was in the PPT region under the zero-stress condition. This
region shifts to a higher temperature and can lead to a drastic deterioration of
d3; when a compressive stress is applied. We recently reported that LNKNG-a
samples exhibited a shift in Tppy by ~0.2 °C/MPa [48]. This was significantly
larger than that observed for other perovskite ferroelectrics, such as
polycrystalline BaTiOs [105] and PZT [104], which exhibited display rates of
0.05 °C/MPa and 0.1 °C/MPa, respectively.

This unique sensitivity to the applied stress seemingly originates from the PPT
region and appears to be influenced by the composition. For example, Wang et

al. reported the electromechanical properties of
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0.95(Ko.49Nao.49Li0.02)(Tao.2Nbo.s)03-0.05CaZrOs + 2 wt% MnO:2 (hereinafter CZ5)
piezoceramics under uniaxial strain [106]. CZ5 exhibited temperature-insensitive
properties from room temperature to 175 °C [107]. Thus, CZ5 exhibited enhanced
electromechanical properties without a drastic decrease, as seen in region (i) in
Fig. 5.8. This behavior was also observed for the respective PPT region. However,
as shown by Martin et al., LNKN6-a exhibited the most significant change in
macroscopic ferroelastic properties around the PPT [68]. In future studies, it
would be interesting to determine the underlying microscopic process that leads
to these stress-sensitive properties. Understanding this process could lead to
more durable material design for harsh environments. Piezoelectric materials
should possess excellent piezoelectric properties and increased stability to the
fluctuation of temperature and stress. Consequently, the material should be
designed in the off-PPT region, rather than pursuing high piezoelectric constants
at room temperature and under zero-stress conditions by fixing the material

composition in the PPT region.
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Figure 5.8: Temperature dependence of d3;(c) and schematic images of
domain transformation with mechanical (c) and electrical (E) loadings in

regions (ii) and (iii). (Reprinted with permission from [97]. Copyright 2020 © AIP

Publishing.)

5.3 Conclusion

The large-signal unipolar behavior of LNKN6-a ML was characterized under
combined electrical and mechanical loadings. The major trend of d3;(c) at 25 °C,
which takes place over -200 MPa, was a gradual decrease with a local maximum
in d33(c) defined as o,.q,. This stress level was consistent with the coercive
stress, o¢, of the as-poled LNKN6-a ML. Therefore, g,.4xS below 100 °C was
considered in terms of the non-180° domain orientation produced by the balance
of the combined electrical and stress fields. On the other hand, d3;(c) at 100 °C

revealed a gradual decrease without an apparent peak, but a hump was observed
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at —-80 MPa. The disappearance of the peak was mainly due to a thermal
depolarization induced during the structural phase transition from orthorhombic
to tetragonal. Additionally, the drastic deterioration of d3; up to —40 MPa was
attributed to the fact that the material was in the PPT region; therefore, its domain
structure was easily clamped by the uniaxial stress. Furthermore, a shift of Tppr
also affected the deterioration observed in the wide temperature range (25—
100 °C).

In actuator applications, ML piezoceramics are often intended for use
under mechanical preload to reduce undesirable tensile stresses. Piezoelectric
materials should exhibit excellent piezoelectric properties and stability with
temperature fluctuation and stress. In that context, preloading on LNKN6G-a ML
up to -40 MPa was considered a moderate condition that achieved a high
piezoelectric d3; constant (~200 pm/V) over the wide temperature range (25-
100 °C). Our results suggest that the material should be designed in the off-PPT
region, rather than pursuing high piezoelectric constants at room temperature
and under zero-stress conditions by fixing the material composition in the PPT

region.
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6. Unipolar fatigue of multilayered piezoceramics

and impedance spectroscopy

In this chapter, the unipolar fatigue of LNKN6-a ML is characterized using P-E
hysteresis measurement. Furthermore, the domain effect during the fatigue
process is determined by impedance spectroscopy. Piezoelectric actuators are
most commonly operated in unipolar driving mode. Strain and polarization
degradation during long-term use in the unipolar driving mode is mainly attributed
to the domain effect [36],[108]. However, since several factors such as the
domain effect and mechanical failure simultaneously affect cyclic fatigue, the
specific cause is difficult to identify. Impedance spectroscopy is a powerful tool
that can be used to investigate the causes of fatigue. Impedance spectroscopy is
used to characterize the electrical properties of microstructures, such as grains,
GBs, and ElI-Ceram interfaces. Impedance values are averages obtained after
the measurement of numerous grains and GBs, so modeling is required to
analyze the averaged data. The brick layer model has been used to interpret the
impedance spectra of polycrystalline materials [109]. Core-shells with
heterogeneous microstructures containing pure BaTiOs cores (ferroelectric) and
BaTiOs shells with additives (paraelectric) [36],[109] and the oriented domain
structure of LiTaOs single crystals [110] have also been evaluated. It has been
reported that the electrical properties of grains and GBs in (Na,K)NbOs
piezoceramics can be evaluated near the T, and that domain orientation in a

strong electric field is accompanied by spectral changes [111].
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The objective of this study is to evaluate the domain structure of ML
piezoceramics in a fatigued state using the frequency distribution of their
impedance spectra. In this study, we analyzed the impedance spectra of Li-
modified (Na,K)NbOs ML piezoceramics near T, to compare the ferroelectric
and paraelectric phases. We also investigated the mechanism of unipolar fatigue
by performing unipolar P-E hysteresis measurements and impedance

spectroscopy.

6.1 Experimental procedure

We synthesized an ML Lio.osNao.52Ko.42NbO3 piezoceramic containing 0.65 mol%
Li2COs3, 1.3 mol% SiO2, 0.2 mol% MnCOs, and 0.5 mol% SrZrO3 (LNKN6-a ML)
using a previously reported tape-casting method [67]. A cross-sectional view of
LNKN6-a ML is shown in Fig. 6.1. The ML structure consisted of 10 ceramic layers
and 11 Pd inner electrode layers. The dimensions of the ML samples were 3.2
mm x 0.7 mm x 1.6 mm (length x height x width), and the ceramic layer thickness
was 50 ym. Silver paste was fired onto the terminal to serve as an external
electrode. Figure 6.2 shows the ML structure taken from the mirror-polished
surface of the LNKN6-a ML. The side margins and cover layers of the ML were
242 pym and 75 um, respectively. LNKNG-a ML was poled by placing it in silicon
oil at 100 °C and subjecting it to a 4 kV/mm DC electric field for 3 min. Samples
were cooled to 40 °C with DC loading to prevent the effect of thermal disturbance
on the as-poled state. A cyclic unipolar field was then applied to the poled LNKN6-
a ML sample in silicone oil at 100 °C. Cycling performance was investigated by

subjecting it to 4 kV/mm unipolar triangular waves at 50 Hz for up to 107 cycles.

75



Immediately after the cyclic field application, the samples were cooled down to
40 °C with a 4 kV/mm DC electric field to maintain the fatigued state. P-E curves
and impedance spectra were recorded 24 h after poling treatment and after the
fatigue test to account for aging effects [83],[112]. Impedance measurements
were conducted at 10 °C intervals in the temperature range from 400 °C to 500 °C
with a downward sweep in a 0.5 V/mm oscillating field using a frequency
response analyzer (NF FRA5097) connected to a current amplifier (NF CA5350).
Piezoceramics have resonance frequencies, and the permittivity of these
materials jumps near these frequencies [113]. The first resonance frequency of
as-poled LNKN6-a ML was 665 kHz, so we selected a frequency range below
this value. Sweep measurements were performed near the Curie temperature,
T.. Parallel circuits with resistors and constant phase elements (R-CPEs) were
selected for equivalent circuit fitting. The impedance (Z.pg), capacitance (C), and
relaxation frequency (wy.,) of each R-CPE circuit were calculated using

Equations 6.1-6.3.

_ R (6.1)
Zepe = 1+ (jw)PTcpeR’
C =THP-RO-P/P and (6.2)
1
WMax = T (63)
21 (TcpeR)P

where w is the frequency, T.pr is the CPE constant, and p is the CPE index.
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sectional views of the polished surface of the ML sample. (Reprinted with

permission from [72]. Copyright 2020 © The Japan Society of Applied Physics.)
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Figure 6.2: Mirror-polished surface of the LNKN6-a ML. The side margins and

the cover layers are 242 ym and 75 pym, respectively.
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6.2 Results and discussion

6.2.1 Cyclic properties

The unipolar P-E hysteresis loops recorded before and after loading the cyclic
field are shown in Fig. 6.3. Changes in the polarization induced by three
continuous unipolar waves are plotted in Fig. 6.3(a). The second set of P-E loops
shown in Fig. 6.3(b) were extracted from the continuous wave data to determine
the trajectory of switchable polarization. The amount of polarization in the unipolar
electric field decreased from 12.4 uC/cm? in the as-poled state to 11.3 yC/cm? in
the fatigued state, which was given by Py, — P,. The second set of P-E loops
were closed for both the as-poled and fatigued samples, so leakage current did
not appear to increase in the applied cyclic field. Cyclic fatigue during bipolar
actuation is reportedly primarily due to mechanical failure at the interfaces
between ceramics and electrodes and at GBs [23], whereas cyclic fatigue during
unipolar actuation is attributed to DW pinning [25]. DW pinning was presumably
responsible for the decrease in polarization shown in Fig. 6.3(b). The unipolar
driving mode was used for actuator applications. Unipolar fatigue has been
reported to occur both in ceramics containing lead, such as Pb(Zr,Ti)O3s, and lead-
free ceramics, such as (1-x)Bi12Na12TiO3-xBaTiOs [114], (Na,K)NbOs [27], and
(Ba,Ca)(Ti,Zr)Os [36].

The main aim of this study was to distinguish between the effect of domain
orientation and other effects. Evaluating P-E hysteresis by performing positive-
up-negative-down (PUND) polarization measurements enabled us to ignore
contributions from the leakage current and focus on the effect of domain switching
[115],[116]. Dittmer et al. reported that when the leakage current is small, changes
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in the polarization of a sample and energy loss due to the domain orientation can
be calculated by extracting a closed loop from a continuous unipolar wave [71].
This technique can be applied to characterize unipolar fatigue without having to
consider the pre-poling behavior and leakage current. The energy loss (e;,ss)

depicted in the inset of Fig. 6.3(b) was quantified using Equation (4).
€loss = fP(E) dE (4)

The dissipation energy, e, decreased from 178.6 kJ/m3 to 164.0 kJ/m3, which

confirms that DW pinning occurred during the cycling test.
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Figure 6.3: Unipolar P-E hysteresis loops of LNKN6-a ML. (a) Changes in
polarization during three continuous loops. (b) Second set of hysteresis loops
extracted from the continuous waves. Closed loops are obtained for both the
as-poled and fatigued samples. The dissipation of energy (e;,ss) is illustrated

schematically in the inset. (Reprinted with permission from [72]. Copyright 2020

© The Japan Society of Applied Physics.)
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6.2.2 Impedance analysis

The impedance spectra of the as-sintered, as-poled, and fatigued LNKN6-a ML
samples in Fig. 6.4 were acquired near the T, of 450 °C to compare the
ferroelectric and paraelectric phases. The impedance spectra in Fig. 6.4(a—c)
show the dependence of cyclic fatigue below the T.. Two relaxation processes
in the frequency range from 500 kHz to 10 mHz indicated in the spectra of
LNKN6-a ML also occur in single-layer (SL) (Na,K)NbOs-based ceramics
[117],[118]. The spectra of the as-sintered and as-poled samples in Fig. 6.4(c)
indicated that impedance decreased isotopically by 47%, and that it decreased
again by 18% after the cyclic field was applied. This behavior was attributed to
the domain orientation. The impedance spectra in Fig. 6.4(e) were acquired
above the T, and they also reflected two relaxation processes in the measured
frequency range. The semicircular plot of Factor 1 did not change after the cyclic
field was applied, whereas that of Factor 2 broadened after the field was applied
(Fig. 6.4(f)). Considering the disappearance of the ferroelectric domain structure,

the difference of Factor 2 was not due to the domain wall pinning.
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Figure 6.4: Impedance spectra of the as-sintered, as-poled, and fatigued
LNKN6-a ML samples at (a—c) 400 °C (T < T.) and (d—f) 500°C (T > T,).
Fitting results obtained with a 2 R-CPE equivalent circuit were appended to the
measured spectra. The relaxation frequencies (w,,,) are indicated by the filled

circles. (Reprinted with permission from [72]. Copyright 2020 © The Japan

Society of Applied Physics.)

The results obtained by fitting the spectra in Fig. 6.4 are shown in Fig. 6.5. The
fitting parameters obtained from the 2 R-CPE equivalent circuit analysis are
summarized in Table 6.1, and a schematic illustration of the relaxation process of
LNKNG6-a ML below T, is shown in Fig. 6.6. Changes in the permittivity and

conductivity (log o) with temperature are shown for Factor 1 in Fig. 6.5(a) and
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6.5(b). The permittivity of Factor 1 exhibited a dielectric anomaly, which indicated
that Factor 1 was associated with inner domains [119],[120]. Therefore, Factor 2
was attributed to boundaries, including GBs and DWs. The decline in the
permittivity values of Factor 1 from as-sintered to fatigued samples below Tc was
attributed to the domain orientation toward the applied field [121]. The amplitude
during the poling and fatigue tests was approximately three times that of the
coercive field (E;) of LNKNG-a [83]. The decrease in impedance as the as-poled
sample was fatigued [Fig. 6.4(c)] may have been due to an increase in the volume
fraction of domains that oriented toward the applied field, which was facilitated by
DW pinning. Arrhenius plots showing conductivity for Factor 1 are shown in Fig.
6.5(b). The thermal activation energies (E,s) of the as-sintered, as-poled, and
fatigued samples were 1.24 eV, 1.03 eV, and 0.98 eV, respectively. The measured
conductivities and activation energies were nearly equal to those reported for
(Nao.sKo.5)NbO3 piezoceramics [117], so we concluded that doubly ionized
oxygen vacancies were the primary conductive carriers in this temperature range

[117],[118],[122],[123].
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2020 © The Japan Society of Applied Physics.)
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Figure 6.6: A schematic illustration of the relaxation process of LNKN6-a ML

below T.

To consider why the log o value of Factor 1 in the fatigued state increased
below Tc, bottleneck areas of LNKNG-a were calculated from the lattice constant
at 400 °C [68]. Cook et al. [124] and Sammells et al. [125]. reported that oxide
ions in the perovskite structure had to pass through a bottleneck formed by two
A-site cations and a B-site cation. Yashima et al. [126]. determined the oxide
conduction pathway in a LaGaOs-based perovskite by analyzing neutron
diffraction patterns. Following the examples of these oxides, the conduction path
and bottleneck region in LNKNG6-a at 400 °C are illustrated in Fig. 6.7. The
dimensions along the a-axis (Spy q—axis) (Fig. 6.7(a)) and c-axis (Spy c—qxis) (Fig.
6.7(b)) related to oxygen ion conduction bottlenecks in LNKNG-a were 5.63 A2
and 5.73 A2 respectively [68]. Considering the domain structure in the as-
sintered state as random and those in the as-poled and fatigued states as c-axis
oriented, the larger bottleneck in the Spy._qyis direction corresponded to an

increase in conductivity in Factor 1 based on the domain orientation.
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A: Li, Na. K

a4

Figure 6.7: Anisotropy of oxygen vacancy conduction pathways along the (a)
a-axis and (b) c-axis and the bottleneck areas at 400 °C. The bottleneck areas
are indicated by red triangles, and the conduction pathways are denoted by

dotted arrows. (Reprinted with permission from [72]. Copyright 2020 © The

Japan Society of Applied Physics.)

Changes in the resistance at 500 °C are plotted for Factor 1 and Factor 2 in
Fig. 6.8. The resistance of Factor 1 (Rg,q0r1) did not change, whereas that of
Factor 2 (Rgact0r2) inCreased from 7.6 kQ2 in the as-sintered state to 9.1 kQ in the
fatigued state. Since ferroelectricity was eliminated, this behavior could not be
attributed to DW pinning. Unipolar actuation could not have caused mechanical
failure, because the elastic changes were smaller than those occurring during
bipolar actuation. The anisotropy of changes in Rpgctor1 @NA Rpgctorz IN the
paraelectric cubic phase was attributed to the formation of space charge layers
near GBs. Alkali ion vacancies may have migrated from the GBs in the applied

cyclic field at 100 °C, which could have raised the double-Schottky barriers,
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resulting in an increased Rp,.:0r2 in the paraelectric phase. Further investigation,
including chemical analysis and observation of the microstructure near GBs, is

required to confirm this.
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Figure 6.8: Resistance changes in Factors 1 and 2 measured at 500 °C before

and after the fatigue test. (Reprinted with permission from [72]. Copyright 2020

© The Japan Society of Applied Physics.)

6.3 Conclusion

The unipolar fatigue of an ML piezoceramic, LNKN6-a ML, was investigated by
measuring the unipolar P-E hysteresis and analyzing impedance spectra.
Applying a cyclic field decreased the amount of polarization (Py,, — Py) and
dissipation energy (e;,ss) by 8.9% and 8.2%, respectively, which was consistent
with unipolar fatigue. The impedance spectra of LNKN6-a ML indicated that two
relaxation processes occurred in the frequency range from 500 kHz to 10 mHz.
These processes have also been observed in monolayered (Na,K)NbOs-based

ceramics. Below the T., these processes were attributed to inner domains
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(Factor 1) and interfaces, including DWs and GBs (Factor 2). Above the T,
Factors 1 and 2 were ascribed to grains and GBs, respectively. The intensity of
the impedance spectra decreased isotropically by 47% due to a transition from
the as-sintered state to the as-poled state. The intensity decreased by another
18% after cyclic field loading. This may have been due to an increase in the
volume fraction of domains oriented toward the applied field, which would be
facilitated by the DW pinning. On the other hand, Rp,.tor2 iNncreased by 20.0%,
even in the paraelectric phase. This suggested that fatigue occurred at the GBs,
and that it was unrelated to the ferroelectric domain structure. ML structures with
internal electrodes can be characterized by performing impedance spectroscopy
and by comparing them with SL samples. The combination of unipolar P-E
hysteresis and impedance spectroscopy is thus a powerful way to characterize

unipolar fatigue in ML piezoceramics.
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7. Summary and conclusion

First, we demonstrated the alkali volatilization of (Li,Na,K)NbOs-based bulk
piezoceramics to characterize the effect of A-site defects on ferroelectric and
ferroelastic properties. We confirmed the experimental evidence that the alkali
volatilization of LNKNG6-a piezoceramics occurred less than 75 uym from the
sample surface. Hence, when ceramic margins (75 um) covering piezo-active
layers were prepared, this effect was ruled out.

To investigate the electromechanical properties of LNKN6-a ML under
harsh environments, we characterized two types of conditions: stress
dependence and cyclic properties.

The large-signal unipolar behavior of LNKN6-a ML was characterized
under combined electrical and mechanical loadings. The major trend of d3;(c) at
25 °C, which occurred over —200 MPa, exhibited a gradual decrease with a
maximum in d3;(c) defined as o,.4,. This stress level was matched to the
coercive stress o, of as-poled LNKN6-a ML. Therefore, o,.4xs below 100 °C
were considered in terms of non-180° domain orientation produced by the
balance of the combined electrical and stress fields. Notably, the ML showed this
behavior as in bulk piezoceramics. On the other hand, d3;(c) at 100 °C exhibited
a gradual decrease with no peak, but a hump at =80 MPa. The disappearance of
the peak was considered as a thermal depolarization induced by the structural
phase transition from orthorhombic to tetragonal. Additionally, the decrease in
d3; up to —40 MPa was attributed to the fact that the material was in the PPT

region. Therefore, its domain structure was readily clamped by the uniaxial stress.
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In addition, a shift in Tppy also affected the deterioration observed in a wide
temperature range (25-100 °C). Consequently, our results suggest that the ML
piezoceramic materials should be designed at the off-PPT region, rather than
pursuing high piezoelectric constants at room temperature and under zero-stress
conditions, by fixing the material composition in the PPT region.

The unipolar fatigue of LNKN6-a ML was also investigated using unipolar
P-E hysteresis measurements and impedance spectroscopy. Applying a cyclic
field decreased the amount of polarization (P, — Py) and energy loss (e;,ss), as
reported in the previous studies of the unipolar fatigue. The impedance spectra
of the ML revealed two relaxation processes, as observed in monolayered
(Na,K)NbOs-based ceramics. Hence, these processes were attributed to inner
domains (Factor 1) and interfaces, such as DWs and GBs (Factor 2), below the
Tc. Conversely, above the T, Factors 1 and 2 were ascribed to grains and GBs,
respectively. The intensity of the impedance spectra decreased isotropically by
47% owing to a transition from the as-sintered state to the as-poled state. It
decreased by another 18% after cyclic field loading. This further decrease may
be attributed to an increase in the volume fraction of domains oriented toward the
applied field, which was facilitated by the DW pinning. ML structures with internal
electrodes can be characterized by performing impedance spectroscopy and
comparing them with SL samples. The combination of unipolar P-E hysteresis
and impedance spectroscopy is a powerful way to characterize unipolar fatigue

in ML piezoceramics.
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Classification of dielectrics. Of the crystalline or polycrystalline materials
that exhibit piezoelectric behavior, some are pyroelectric, and of those,
some are ferroelectric [10]. Materials are classified into these categories
based on the symmetry of their unit cell, and their thermal, electrical, and
mechanical energies.

Representative ferroelectric domain structure of (Na,K)NbOs-based
piezoceramics. The PFM amplitude of the mirror-polished surface is shown.
(a) Representative P-E hysteresis loop and (b) schematic evolution of the
domain structure. (c) Representative S—-E hysteresis loop. (d) Pre-poling
pulse and measurement signal corresponding to (a) and (c) (after the
reference) [10].

Part of a Heckmann diagram showing the relationship between the
mechanical and electrical properties of ferroic materials [15].

Schematic illustration of ferroelectric and ferroelastic domain
transformation.

Stress-dependent large-signal responses of as-poled Pb(Zr,Ti)Os
piezoceramics. All samples were electrically poled prior to the
measurements. (a) Bipolar P-E and (b) S—E hysteresis loops exhibited a
constant decrease in Py, and Sy, respectively. Conversely, (c) unipolar
P-E and (d) S—E hysteresis loops exhibited an enhancement at -50 MPa
(Reprinted with permission from [16]. Copyright 2001 © AIP Publishing.)
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their length scales and irreversible microstructural changes (based on the
classification proposed by Genenko et al. [17].)

Volume effect of the hard PZT ceramics. (a) Unipolar S—E hysteresis loops
of soft and hard PZT ceramics. (Reprinted with permission from [12].
Copyright 2007 © Springer Nature.) (b) Mechanism of the defect dipole P
in the hard PZT ceramic sample [24].

Unipolar fatigue of soft PZT ceramics. (a, b) Unipolar P-E and S-E
hysteresis loops. (c, d) Bipolar P-E and S—E hysteresis loops. (Reprinted
with permission from [25]. Copyright 2007 © John Wiley and Sons.)

Schematic diagrams of the cross-section of the PZT ceramics showing the
time-dependent domain switching process for different fatigued states [26].
Schematic lllustrations of charge carrier agglomeration in the vicinity of the
GBs during unipolar fatigue process [27].

Fracture surfaces of (a) unfatigued and (b, c) fatigued PZT ceramics after 3
x 105 cycles of bipolar actuation. (Reprinted with permission from [23].
Copyright 2007 © John Wiley and Sons.)

Phase diagram of (Na,K)NbOs, showing oxygen tilting (superscript) and

cation displacements (subscripts) for each phase. Dashed lines represent
changes in the tilt system. (Reprinted with permission from [40]. Copyright
2009 © AIP Publishing.)

Phase diagram of Lix(NaosKos5)1xNbO3 solid solution for 0 < x < 0.1,

based on dielectric permittivity, piezoelectric response, and Raman
spectroscopy measurements of ceramic samples (0.02 < x), revealing the
presence monoclinic phase (P), which maintains a vertical boundary with
the rhombohedral phase. A triple point where the T, P, and O phases
meet is approximately at x = 0.07. (Reprinted with permission from [45].
Copyright 2007 © AIP Publishing.)

Large-signal measurement programs.

Experimental setup for the stress—strain hysteresis measurement and
temperature-dependent S—E hysteresis measurement under a compressive
stress. (b) Schematic illustration of the measurement setup.

Temperature and electric field programs during the cyclic unipolar fatigue
test

(a) Experimental setup for the impedance measurement. (b) Block diagram

for the impedance measurement.
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3.5

4.1

4.2

4.3

4.4

4.5

4.6

Schematic illustration of dielectric dispersion.

(a) Post-annealing dependent XRD profiles of LNKNG-a piezoceramics. (b)
(200),c reflections of LNKNG-a piezoceramics. (Reprinted with permission
from [74]. Copyright 2021 © The Ceramic Society of Japan.)

Microstructure of LNKNG6-a piezoceramics. Backscattering images of

various samples: (a) as-sintered, (b) annealed for 2 h, and (c) annealed for
8 h. Grain size distribution of (d) as-sintered, (e) annealed for 2 h, and (f)
annealed for 8 h samples; 300 grains were measured for each sample by
Krumbein method [69]. (Reprinted with permission from [74]. Copyright
2021 © The Ceramic Society of Japan.)

ICP analysis results of LNKNG-a piezoceramics: (a) Na/Nb, (b)K/Nb, and

(Na+K)/Nb on as-sintered, annealed for 2 h, and annealed for 8 h. The

nominal composition is denoted by red dashed lines. (Reprinted with

permission from [74]. Copyright 2021 © The Ceramic Society of Japan.)

EDS point measurement results at the grains of LNKNG6-a piezoceramics:
as-sintered, annealed for 2 h, and annealed for 8 h. Measurements were
conducted 10 times for each condition. Averages of these 10 points and the
nominal composition are denoted by blue and red lines, respectively.

(Reprinted with permission from [74]. Copyright 2021 © The Ceramic

Society of Japan.)

(a) P-E hysteresis loops of LNKNG6-a piezoceramics before the poling
treatment. (b) Annealing time dependence of coercive field 2E. and
remanent polarization 2PB.. (c) S—-E hysteresis loops of LNKNG6-a
piezoceramics before the poling treatment. (d) Annealing time dependence
of the peak-to-peak strain S,_, and crossing field at zero stress Ey .

(Reprinted with permission from [74]. Copyright 2021 © The Ceramic

Society of Japan.)

(a) Temperature-dependent permittivity change in post-annealed LNKNG-a
piezoceramics. (b) Magnified view of the permittivity changes around Tppy.
Tppr estimated from linear extrapolations shown as dotted lines. (¢c) The
Curie temperature T, at the phase transition from the tetragonal to the
cubic phase is shown. In addition to the post-annealing dependence of the
permittivity, the result for the sample annealed for 8 h, which was polished
by 75 um from both sides of the surface, is shown. (Reprinted with

permission from [74]. Copyright 2021 © The Ceramic Society of Japan.)
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4.7

4.8

5.1

5.2

5.3

54

P-E hysteresis loops of LNKN6-a piezoceramics after the poling treatment.
(a) P-E loops measured toward the parallel direction of the poling treatment.
(b) P-E loops measured toward the antiparallel direction of the poling
treatment. (c) Post-annealing time dependence of the internal bias Ej;,
and its capability of switching. (Reprinted with permission from [74].
Copyright 2021 © The Ceramic Society of Japan.)

(a) Stress—strain hysteresis loops of as-sintered LNKNG6-a piezoceramics.
The first and second loops are denoted by blue solid and dotted lines,
respectively. The arrows indicate the measurement direction. The black
dotted line represents the tangent line of the stress—strain curve on
unloading at point Ill. (b) Representative stress—strain behavior of LNKNG-
a piezoceramics. (c) Annealing time dependence of the ferroelastic
parameters: coercive stress o and domain backswitching np .
Measurements were conducted four times for each condition to verify the
repeatability. (Reprinted with permission from [74]. Copyright 2021 © The

Ceramic Society of Japan.)

Schematic of the (a) multilayered structure of LNKN6-a ML, (b) external
view of the multilayer, (c) cross-sectional view of the multilayer. (d) SEM
image of a cross-sectional plane of the multilayer. (e) Magnification of image
(d) around the Pd internal electrode. (Reprinted with permission from [97].
Copyright 2020 © AIP Publishing.)

Mirror-polished surface of the LNKN6-a ML. The side margins and the cover

layers are 504 ym and 370 pm, respectively.

(a) Temperature-dependent permittivity of as-sintered (red) and as-poled
(blue) LNKN6-a ceramics. Bulk and ML LNKNG6-a are shown. (b)
Polymorphic phase transition temperature (Tppr) of the as-sintered and as-
poled LNKNG6-a piezoceramics calculated from the crossing point of the
tangent lines in the vicinity of the dielectric anomaly. (Reprinted with
permission from [97]. Copyright 2020 © AIP Publishing.)

(@) Compressive stress dependence of longitudinal strain and the

polarization change in a LNKNG6-a ML. The stress-strain and
stress—polarization hysteresis loops are indicated by the solid black and
gray dotted lines, respectively. (b) Loading process of the stress-strain
curve denoted by a solid black line. The intersections between the tangent

line at the inflection point (o.) and the linear extrapolations from the zero
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5.5

5.6

5.7

5.8

6.1

point (g,) and from the maximum field (ag;,), are illustrated. The tangent lines
at o, were labeled L,, and linear extrapolations from the zero point of the
stress—strain hysteresis loop and the maximum field were labeled L, and
Ls,, respectively. (c) Loading process of the stress—polarization change
denoted by the dotted gray curve. The intersections between the tangent
line at the inflection point () and the linear extrapolations from the zero
point (r,) and from the maximum field (m;,) are illustrated. The tangent lines
at mc were labeled L, and linear extrapolations from the zero point of the
stress—polarization hysteresis loop and the maximum field were labeled L,
and L, , respectively. (Reprinted with permission from [97]. Copyright 2020
© AIP Publishing.)

(a) Electromechanical response as a function of maximum applied electric

field. (b) Loading process of the S—E curve (black curve). The intersections
between the tangent line at the inflection point (X.) and the linear
extrapolations from the zero point (X,) and from the maximum field (X,) are
shown. The tangentlines at X, were labeled Ly, and linear extrapolations
from the zero point of the stress—strain hysteresis loop and the maximum
field were labeled Ly and Ly,, respectively. (c) Electric-field dependence
of piezoelectric constant d3; . (Reprinted with permission from [97].
Copyright 2020 © AIP Publishing.)

Compressive stress dependence of S—-E loops measured at 25 °C, 50 °C,
75 °C, and 100 °C. (Reprinted with permission from [97]. Copyright 2020 ©
AIP Publishing.)

Compressive stress dependence of piezoelectric constant d3;(c) induced
by unipolar electric fields in the LNKN6-a ML at (a) 25 °C, (b) 50 °C, (c)
75 °C, and (d) 100 °C. The local maximum points, o,.qk, are denoted by

open circles. (Reprinted with permission from [97]. Copyright 2020 © AIP

Publishing.)
Temperature dependence of d3; (o) and schematic images of domain

transformation with mechanical (c) and electrical (E) loadings in regions (i)
and (iii). (Reprinted with permission from [97]. Copyright 2020 © AIP

Publishing.)

(a) Cross-sectional view of LNKN6-a ML. (b) External and (c) cross-
sectional views of the polished surface of the ML sample. (Reprinted with

permission from [72]. Copyright 2020 © The Japan Society of Applied
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6.2

6.3

6.4
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6.7

6.8

Physics.)
Mirror-polished surface of the LNKN6-a ML. The side margins and the cover

layers are 242 ym and 75 pym, respectively.

Unipolar P-E hysteresis loops of LNKNG6-a ML. (a) Changes in polarization
during three continuous loops. (b) Second set of hysteresis loops extracted
from the continuous waves. Closed loops are obtained for both the as-poled
and fatigued samples. The dissipation of energy (e ) is illustrated
schematically in the inset. (Reprinted with permission from [72]. Copyright
2020 © The Japan Society of Applied Physics.)

Impedance spectra of the as-sintered, as-poled, and fatigued LNKN6-a ML
samples at (a—c) 400 °C (T < T¢) and (d—f) 500°C (T > T,). Fitting results

obtained with a 2 R—-CPE equivalent circuit were appended to the measured

spectra. The relaxation frequencies (w4, ) are indicated by the filled circles.
(Reprinted with permission from [72]. Copyright 2020 © The Japan Society

of Applied Physics.)

(a) Temperature dependence of permittivity in Factor 1 calculated by 2
R-CPE equivalent circuit fitting. (b) Changes in conductivity in Factor 1 at
several stages of fatigue. The conductivity of a Nag sKo sNbO3 single-layered
(SL) ceramic is appended to the graph [117]. (Reprinted with permission
from [72]. Copyright 2020 © The Japan Society of Applied Physics.)

A schematic illustration of the relaxation process of LNKN6-a ML below T.

Anisotropy of oxygen vacancy conduction pathways along the (a) a-axis and
(b) c-axis and the bottleneck areas at 400 °C. The bottleneck areas are
indicated by red triangles, and the conduction pathways are denoted by

dotted arrows. (Reprinted with permission from [72]. Copyright 2020 © The

Japan Society of Applied Physics.)

Resistance changes in Factors 1 and 2 measured at 500 °C before and after

the fatigue test. (Reprinted with permission from [72]. Copyright 2020 © The

Japan Society of Applied Physics.)
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