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Abstract: Reducing or even prohibiting the usage of toxic lead in electronic devices has become one
of the most cutting-edge topics in multi-discipline. The recently proposed phase boundary engineering
endows lead-free piezoceramics with comparable performance to those of part lead-based ones. The
enhanced performance hinges on the multi-phase coexistence and complex domain structure,
particularly the occurrence of nano-domains and polar nanoregions (PNRs). Although nano-domains
were largely studied in lead-based piezoceramics, understanding nano-domains and PNRs of lead-free
piezoceramics is in infancy and needs a systematic summary and an in-depth analysis. Here we
summarized nano-domains and PNRs of three representative lead-free piezoceramics (i.e., potassium
sodium niobate, barium titanate, and sodium bismuth titanate), focusing on their effects on macro
performance. Firstly, we introduced the foundation and observation tools of domains. Then, we
summarized nano-domains varying with phase structure, electric field, and temperature, as well as
their effects on performance including piezoelectricity, strain, temperature stability, aging, and fatigue.
Finally, we gave out our perspectives on the future of nano-domains, concentrating on nano-domain
engineering. Therefore, this review helps better understand the nano-domains and PNRs of lead-free

piezoceramics and further develop high-performance lead-free piezoceramics.
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Broader context: Piezoceramics can interconvert mechanical energy with electrical energy and are
widely utilized in kinds of electronic devices. Currently used piezoceramics are mainly lead-based
ones because they have excellent electrical properties and adequate stability. But the toxic lead
contaminates the environment and harms human health, which goes against sustainable development.
Therefore, the renew of Restriction of Hazardous Substances Directive (RoHS), a law by the European
Union, has urged a more rapid development of high-performance lead-free piezoceramics. In particular,
a report published by BCC Research claimed that the global market for lead-free piezoceramics is as
high as $ 172 million in 2019 and should grow up to $ 443 million by 2024. Therefore, developing
high-performance lead-free piezoceramics has become one of the most cutting-edge topics in multi-
discipline, including functional materials, environmental sciences, and electronic devices. Even though
the recently enhanced performance in lead-free piezoceramics, it is still inferior to that of lead-based
counterparts, and its physical mechanisms need to be further understood. Ferroelectric domains
bridging micro atom arrangement and macro performance are crucial for understanding the physical
mechanisms, particularly the nano-domains. Therefore, this review summarizes the nano-domains of

lead-free piezoceramics, which helps develop lead-free piezoceramics to replace lead-based ones.
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1. Introduction

Represented by lead zirconate titanate {(Pb, Zr)TiO3, PZT} family, piezoelectric materials, which can
interconvert mechanical energy and electrical energy, are widely used in kinds of traditional electronic
devices (including piezoelectric actuators, sensors, piezoelectric transducers and so on) and some new
fields (including piezoelectric nanogenerators, medical equipment, and flexible devices).!*® For the
human health and environment protection, the usage or the content of toxic elements, such as lead (Pb)
and chromium (Cr), is strictly restricted in these electronic devices.*’>? In particular, the renewal of
the Restriction of the use of certain Hazardous Substances (e.g., RoHS 2) pointed out that
“...information available does not allow excluding that lead-free solution for ceramics are or will
become available within less than 5 years”.'? Therefore, the research on lead-free piezoceramics,
represented by potassium sodium niobate {(K, Na)NbO3z, KNN}, barium titanate {BaTiOs3, BT},
sodium bismuth titanate {(Bii2Nai2)TiO3, BNT}, and bismuth ferrite {BiFeOs;, BFO}, has become

more important than ever, to replace lead-based counterparts,3-17: 20: 21, 33-36,40-45, 33-66

In this context, lead-free piezoelectric materials have been rapidly developed (see Figure 1(a)).
Publications on lead-free piezoelectric materials increase extremely slow before 2004 due to the lack
of promising performance comparable to those of lead-based ones." ®7-*° In 2004, Saito et al. obtained
the high piezoelectricity (comparable to that of commercial soft PZT-4 ceramics) in LF4T ceramics by
simultaneously using the reactive templated grain growth (RTGG) method and an orthorhombic-
tetragonal (O-T) phase boundary.®® Their work ignited the researchers’ passion for lead-free
piezoceramics, resulting in a dramatic increase in lead-free piezoelectric materials’ publication.

Currently, publications on lead-free piezoelectric materials remain more than 350 per year. Meanwhile,



these efforts have generated some eye-catching breakthroughs (see Figure 1(b)). Pure BT and KNN
ceramics exhibit a much lower piezoelectric coefficient (e.g., d33<200 pC/N) than those of PZT-based
ceramics. Conversely, modified BT-, KNN-, BFO-based ceramics show comparable d33 values than
those of PZT-based ceramics. In particular, the application of phase boundary engineering (PBE)
endows non-textured BT- and KNN-based ceramics with ds3 values as high as 490-700 pC/N, 3 35 5%
60.65,66.70-72 and the combination of RTGG method further increases KNN- and BT-based ceramics’ d33
values up to higher than 700 pC/N.®* 7 Figure 1(c) briefly summarizes the modification methods
reported and their effects on lead-free piezoceramics’ performance. If one uses one or more methods

to modify these lead-free piezoceramics, the intrinsic and extrinsic contributions consequentially are

affected, which definitively determine the obtained performance.”**?
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Figure 1. (a) Publication of lead-free piezoelectric materials varying with year. (b) d33 and Curie temperature (7¢) (or
depolarization temperature 7q for BNT ceramics). (c) Reported modification methods and their effects on lead-free
piezoceramics’ performance. The preparation technology includes the two-step sintering,®-%8 RTGG method,> 6373

89-93 new sintering technology,’**° poling conditions,”’-'% sintering aids, '°7 and single crystal. 78 82, 86 108,109



When explaining piezo/ferroelectric properties of lead-free piezoceramics, both intrinsic and extrinsic
contributions are considered.”*7” 80-82. 110. 111 The intrinsic contribution is related to the lattice

arrangement (e.g., lattice distortion),'!*#

while the extrinsic one mainly originates from the
microstructure, including ferroelectric domains, grain size, density, and porosity.!3*!* If crushing a
piezoceramic, one can obtain countless grains (see Figure 2). These grains are comprised of numerous
complicated ferroelectric domains that are the consequence of the lattice arrangement. Therefore, the
domain structure acts as a bridge connecting the lattice alignment with macro grains (or ceramics).
Generally, ferroelectric domains are classified into three types according to their scales, that is, micron-
domains, nano-domains, and polar nanoregions (PNRs). In particular, nano-domains and PNRs are
widely reported to play an important role in the performance enhancement in both lead-based and lead-
free piezoceramics because of their faster switching than micron-domains.>$-6% 82146199 From the view
of applications, the extrinsic contributions are important, as they are responsible for nonlinearity (field

dependence of the piezoelectric properties), weak-field hysteresis, frequency dispersion of the

properties, creep, fatigue behavior, and aging.”®

(~ mm)

Figure 2. A schematic diagram describing the structure of a piezoceramic at different scales.



The systematic observation and investigation of nano-domains were started with lead-based
piezoceramics. In 2007, Schmitt et al. systematically revealed the domain structure of the PbZrOs-
xPbTiO; solid solution (see Figure 3).!41: 142 159 A[] three compositions with representative phase
structures (e.g., rhombohedral, R, rhombohedral-tetragonal, R-T, and tetragonal, T) exhibited the
bimodal micron-domain distribution, showing the alternative broad and narrow domain width. In the
R phase region, 0.60PbZr0O3-0.40PbTiO; ceramics exhibited the wavy domain walls and possessed
areas with lamellar domain configurations with an irregular distribution of narrow and broad domain
widths (see Figure 3(b)). When locating at the morphotropic phase boundary (MPB) region,
0.525PbZr03-0.475PbTiO3 ceramics exhibited decreased bimodal micron-domain distribution and the
occurrence of nano-domains (see Figure 3(c)). These nano-domains aligned within the micron-
domains hierarchically and possessed an angle of ~45° with respect to the micron-domains (marked
by the red arrows). In the T phase region, 0.45PbZrO3-0.55PbTiO3; ceramics only exhibited the
alternative lamellar domains with a scale of 66 nm for narrow domains and 147 nm for broad ones (see
Figure 3(d)). Therefore, the complex domain structure was believed to play an important role in the
piezoelectricity enhancement at MPB.!#!: 142 150 After then, abundant investigations were carried out
on the ferroelectric domains of PZT and relaxor-PbTiOs (e.g., Pb(Mgi13Nb23)O3-PbTiO3, PMN-PT and
Pb(Zn1,3Nb23)03-PbTiO3, PZN-PT) piezoelectric materials, even the in situ (real-time) observations
under external stimulus (e.g., electric field and temperature).!43-145-151-153 The results observed strongly
suggested that the domain switching and domain wall motion significantly affected the macro
performance including piezoelectricity, ferroelectricity, temperature stability, aging, and fatigue

behavior, specifically the occurrence of nano-domains and PNRs, 129 137-145, 149-154
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Figure 3. (a) Phase diagram of PbZrO3-xPbTiO3 solid solution; Domain configuration of (b) 0.6PbZr0O3-0.4PbTiOs3,
(c) 0.525PbZr03-0.475PbTiO3, and (d) 0.45PbZr03-0.55PbTiO3 ceramics. (a-d) Reproduced from ref. 141. with

permission from the American Institute of Physics, Copyright 2007.

Although investigations on ferroelectric domains of lead-free piezoceramics were started in the 1980s,
it was not until 2005 that the substantial progress was achieved due to the limitation of observation
technology.!*> 136 155 Moreover, the early investigations mainly concentrated on observing the
ferroelectric domains of pristine lead-free piezoceramics, such as pure BaTiOs; and (Ko.sNaos5)Os3
ceramics, because of the lack of high-performance lead-free piezoceramics.!*> !5 156 These results
only help understand the basic ferroelectric domain configuration that could be predicted by the
theoretical calculation, but cannot promote the understanding and design of high-performance lead-

free piezoceramics. Recently, the PBE endows lead-free piezoceramics with comparable performance



54-62, 64-66, 70, 157 These high-performance lead-free

to part commercial lead-based ceramics.
piezoceramics make it meaningful and useful to study their ferroelectric domains to understand the
related physical mechanisms, which could help further design lead-free piezoceramics in return. In
particular, the recent results from lead-free ceramics with PBE strongly demonstrated the crucial role
of nano-domains and PNRs in the piezoelectricity enhancement.’®%% 138 Previous reviews mainly
focused on the effects of PBE and chemical modification on the performance.>* 8% 12. 14-16, 20, 21,29, 40,
41,159 They generally attributed the enhanced performance to the phase boundary and the domain
structure without summarizing and analyzing the domain structure in depth. In particular, most of these
reviews have dealt with the development of a specific kind of lead-free piezoelectric family, so that
discussions of nano-domains and PNRs were not well mentioned, or only covered as a minor part of a
larger field. Recently, the developed characterization techniques, represented by the transmission
electron microscope (TEM) and piezoresponse force microscope (PFM), allow us to observe the
domain structure more easily, even under the external stimulus (e.g., electric field and temperature).
Owing to these technologies, the recent publications show a substantial advance in analyzing the
ferroelectric domains of high-performance lead-free piezoceramics, such as the observation of nano-
domains and PNRs, as well as domains varying with the external stimulus. Considering the important
role of domain structure in piezoceramics and driven by the demand of replacing the lead-based
piezoceramics, it is necessary to present a review to summarize the development of domain structure
of lead-free piezoceramics and analyze the related physical mechanisms in depth, particularly focusing
on the recently discovered nano-domains and PNRs, which is the main motivation for this review.
Figure 4 shows the structure chart of this review. In this review, we first introduced the foundation of

domain structure and then presented the observation tools for domain structure. We then summarized
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the variations of nano-domains PNRs with phase structure, electric field, and temperature, as well as
their effects on the macro performance (e.g., piezoelectricity, strain, temperature stability, fatigue, and

aging), focusing on the related physical mechanisms. Finally, we gave out the challenges and outlook

of nano-domains and PNRs of lead-free piezoceramics.
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Figure 4. Structure chart of this review. The center image is a colored picture of a typical nano-domain with a scale

of ~30 nm, and the Roman numerals indicate the order of the contents.

2. Foundation of domain

An area, in which the spontaneous polarization (Ps) vectors align with the same direction, is called a
domain, and the boundary separating two adjacent domains is termed as a domain wall (see Figure
5(a)).'** 135 The theory suggests that the formation of domains in ferroelectrics is the consequence of
the reduction in the elastic and electrostatic energies, which has been largely discussed in previous
publications.*! As we know, the domain structure strongly depends on the phase structure. Pure KNN
and BT ceramics exhibit similar variations in phase structure when decreasing temperature from their

T. values, that is, Cubic (C)—Tetragonal (7)—Orthorhombic (O)—Rhombohedral (R).%** For pure
1



T, O, and R phases, the permitted numbers of Ps vectors are respectively 6, 12, and 8,'** as simulated
in Figure 5(b-d). Therefore, the permitted domain structures are 90° and 180° domains for a pure T
phase, are 60°, 120°, 90°, and 180° domains for a pure O phase, and are 71°, 109°, and 180° domains
for a pure R phase (see Figure 5(b-d)).!** Although the domain structure of a pure phase structure is
relatively easy, the real domain structure in a piezoceramic is much more complicated due to the
interplay of these domains. That is the reason why even a pure KNN ceramic with a single O phase
still exhibits the complicated domain structure.!>* ¢ Generally, both KNN- and BT-based ceramics
without adding overmuch additives exhibit the long-range ordered domain structure, !3¢ 152 155, 136, 160-
162 While BNT-based ceramics usually display a coexistence of long-range ordered domains and nano-
domains, and the chemical modification usually tends to increase the content of nano-domains and
thus increases the relaxor degree.'®*1% The basic variation in grain size affects the domain size, and

from the balance of the depolarization energy and the domain wall energy, the relationship between

the domain size (d) and the grain size (g) can be expressed as

d ={(=) g3/? (1)

o
P2
where o, Po, and ¢" are the energy density of the domain wall, the spontaneous polarization, and the
effective dielectric constant, respectively.!®® Thus, the domain size strongly depends on the grain size,
which was largely demonstrated in perovskite-structure ferroelectrics. While the subsequent
experimental observations suggested that the domain size cannot increase monotonously with the
increasing grain size due to the free energy of the system.%” 1** From the view of microstructure, an
empirical equation is generally followed in ferroelectric ceramics,'®’

do gh (2)

where g represents the grain size, and m is an exponent. When g is within 1-10 pum, m approaches to

12



1/2; g is larger than 10 um, m is within 0-1/2, and g is smaller than 1 um, m is within 1/2-1.1% It is
easy to understand this empirical equation. When progressively reducing the grain size, the whole grain
will only contain one domain or even less one domain, indicating m approaches to 1. When
monotonously increasing the grain size, the domain cannot follow a monotonous increase due to the
free energy of the system, the internal stress, and the coupling of domains and grains, resulting in an

m less than 1/2.
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Figure 5. (a) Schematic diagram of the domain and domain wall. The direction of Ps in (b) tetragonal, (c)
orthorhombic, and (d) rhombohedral phase. Angles between polarization direction “0” and its symmetry equivalent
ones are indicated.'** (e, f) Schematic diagrams of PNRs in two different relaxor situations.® (e, f) Reproduced from

ref. 66. with permission from the American Chemical Society, Copyright 2019.

Generally, PNRs are believed to originate from the local structural heterogeneity that is induced by the
nanoscale fluctuation of dipoles, which endow the ferroelectrics with the obvious frequency
dependence of dielectric properties (i.e., relaxor behavior).!® 78-80. 82, 147, 170215 A ccording to the

surrounding matrix, two types of PNRs are generally observed (see Figure 5(e, )).% In type I, PNRs
13



are embedded into a non-polar matrix and its relaxor behavior occurs at the paraelectric-ferroelectric
phase transition. The type I is widely observed in PbMgi3Nb2303 (PMN) and (Pb,La)(Zr,Ti)O3 (PLZT)
relaxor ferroelectrics and deemed as the conventional relaxor state.!”% 172 179 183-185 [y type 11, the
matrix is polar and exhibits abundant long-range ordered ferroelectric domains. The relaxor behavior
of type II occurs away from the ferroelectric to ferroelectric and paraelectric to ferroelectric phase
transitions. Type II is usually observed in a relaxor-ferroelectric solid solution, such as
PbMg1/3Nb2303-PbTiO3 (PMN-PT) and PbZni1/3Nb2303-PbTiO3 (PZN-PT).78-80. 82, 147. 171 I87-189. 202 g o
BT- and KNN-based lead-free piezoceramics, the application of PBE is to construct the multi-phase
coexistence near room temperature by introducing some necessary additives into pristine BaTiO3 and
Ko.sNag sNbO;3 ceramics that possess the long-range ordered ferroelectric domains.” ' #!:4? Therefore,
the relaxor behavior of BT- and KNN-based ceramics with PBE occurs along with the ferroelectric-
ferroelectric phase transition at room temperature, which is different from the aforementioned two
types, as shown in Figure 6. As for BNT-based ceramics, the application of PBE usually changes the
domains into the nano-domains or even non-polar matrix.*!¢ Therefore, its relaxor behavior mainly
originates from the nano-domains.'® Previously, considerable efforts have been given on the basic
understanding of ferroelectric domains of pristine lead-free piezoceramics showing the moderate
performance. 3% 152 136. 217219 However, the recent results from lead-free ceramics with PBE strongly
demonstrated the crucial role of nano-domains and PNRs in the performance enhancement, which was
not well summarized and understood in previous reviews. In this review, we thus focus on summarizing
and discussing the effects of nano-domains and PNRs on the performance of KNN-, BT-, and BNT-

based ceramics.

14
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Figure 6. Temperature-dependent dielectric permittivity of (a) PZN-15PT single crystal,”® (b) KNNS-SZ-xBAZ
(x=0.035) ceramics,'® and (c) BS0.11T-xBCT (x=0.18) ceramics.® The relaxor behavior of PZN-15PT occurs at 7<-
100 °C, and KNN- and BT-based ceramics with PBE exhibit the relaxor behavior near room temperature. (a)
Reproduced from ref. 78. with permission from the Springer Nature, Copyright 2016; (b) Reproduced from ref. 158.
with permission from the Royal Society of Chemistry, Copyright 2019; (c) Reproduced from ref. 65. with permission

from the American Chemical Society, Copyright 2018.

3. Observation tools of domain

Before discussing the effects of nano-domains and PNRs on lead-free piezoceramics’ performance, we
briefly introduced the currently used tools for domain observation. At present, four methods are used
to observe the domain structure, that is, chemical etching (CE), TEM, PFM, and polarized light
microscopy (PLM).!*22° Previous books and other publications have described these methods. ' 22
Here we mainly compared the four methods concerning different factors, as listed in Table 1. Generally,
the domains exposed by the chemical etching are observed by a scanning electron microscope (SEM).?”
88, 131, 221223 Among these methods, TEM and PFM show the remarkable ability to observe and
manipulate domain structure, which are widely adopted to detect the domain structure of
piezoceramics.??* 224225 In particular, both two methods allow one to record the variations of domain

structure under the external stimulus (e.g., electric field and temperature), greatly benefitting for

analyzing the physical mechanisms. CE+SEM is also used to observe the domain structure of
15



piezoceramics due to the low cost and easy operability. But this method inevitably and irreversibly
destroys the domain structure and erases some subtle domains (e.g., nano-domains) to some degree.
Therefore, CE+SEM is a good option for observing the large domain structure, such as micron-
domains. Besides, PLM is generally adopted for detecting the domain structure of a piezo/ferroelectric

single crystal 22622

Table 1. Comparison of four domain observation methods.

Method Resolution Cost Operability in situ observation® Destruction
TEM High High Difficult Yes No
PFM Relatively high ~ Moderate  Relatively difficult Yes No
PLM Low Low Moderate Yes No
CE+SEM  Moderate Low Easy No Yes

* . . . . . . . . .
“In situ observation” means that “Can this method do in situ observation for domains under an external stimulus

(e.g., electric field and temperature)?”

4. Nano-domain in KNN-based ceramics

KNN-based ceramics have attracted the researchers’ attention because of the promising performance
comparable to that of lead-based ceramics, >3 3% 39-64. 66. 146, 14,157, 158, 230-275 Iy particular, the new PBE
proposed by Wu et al, simultaneously shifting the rhombohedral-orthorhombic and orthorhombic-
tetragonal phase transition temperatures (7r-o and 7o.1) to room temperature, markedly increased non-
textured KNN-based ceramics’ d33 values up to 400-650 pC/N, even higher than that of commercial
soft PZT-4 ceramics.> 00-6466,90,92,93, 146, 157, 138,230-240,266,276-284 At the same time, KNN-based ceramics
with new PBE also exhibited the improved temperature stability in strain 6% 64 90-93, 157,231, 233, 235, 236,

239,262, 264,266, 280, 284-297 The analysis demonstrated that the performance enhancement mainly originated

from the multi-phase coexistence and the complex domain structure including micron-domains, nano-
16



domains, and PNRs. Therefore, the effects of nano-domains and PNRs on KNN-based ceramics are

discussed in this section.

4.1 Nano-domain vs. Phase structure

Figure 7 shows the domain structure of KNN-based ceramics with a single O phase.!>% 169233 The
micron-domains were observed in these ceramics. Pure KNN ceramics displayed the regular domain
structures with the shapes of “herringbone” and “watermark” (see Figure 7(a-c)).'>? The herringbone
domains were regarded as 90° domains, and the watermark ones represented 180° domains. These
domains generally exhibited a size of micrometer scale, that is, 0.5-1 pm in width and 3-7 pm in length
for 90° domains, and 3-10 pum in width and 20-40 pm in length for 180° domains. The similar
herringbone domains were also found in KNN-MnO, ceramics by the PFM measurements (see Figure
7(e, 1)).'%0 The difference is that KNN-MnO, ceramics displayed the smaller domains because of
adding MnO; sintering aid, accompanying with a length of 1-2 um and a width of 0.4-0.6 um. The
observed regular domain structures in pure KNN ceramics were determined by the intrinsic symmetry
of the O phase, as discussed above. Besides the regular domains, the irregular domains were also
observed in KNN-based ceramics with a single O phase, such as KNNS-SZ ceramics (see Figure 7(d))
and KNN ceramics synthesized at different sintering temperatures.'>% 2% 233 The irregular domains
exhibited a scale of 0.5-2 um and were believed to arise from the addition of additives (e. g., Sb°" and
SrZrO;) and the microstructure (e.g., grain size and element distribution).?!® 2*3 As expected, the
relatively moderate d33 values of 100-200 pC/N were also found in these ceramics because of the single

9] phase 152, 156, 160, 218, 219, 233, 298
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Figure 7. Domain structure of unpoled KNN-based ceramics with a single O phase. (a-¢) Ko sNao sNbOs ceramics;'>?
(d) 0.99K sNag sNbg.965Sb0.03503-0.01SrZrO3 (KNNS-SZ) ceramics;?>*3 (e) piezoresponse image and (f) phase of
(Ko.45Nao.55)NbO3-0.2%MnO, ceramics.'®® (a-c) Reproduced from ref. 152. with permission from the Elsevier,
Copyright 2011; (d) Reproduced from ref. 233. with permission from the Royal Society of Chemistry, Copyright

2019; (e, f) Reproduced from ref. 160. with permission from the American Institute of Physics, Copyright 2019.

To improve the piezoelectric properties of KNN ceramics, the PBE and the chemical modification
were used to modify pure KNN ceramics, resulting in the distinct variations of domain structure. Figure
8 displays the domain structure of represented KNN-based ceramics with multi-phase coexistence
before poling,60-64 6,87, 88, 90,93, 131, 146, 151, 158, 221-223, 231, 233, 264, 276, 292, 299 Comnared to the domains of
the single O phase, both the size and the shape of domain structures are significantly changed in the
multi-phase coexistence. Firstly, the multi-phase coexistence showed the miniaturized domains with

an average size of smaller than 0.5 um. Of particular importance is that KNN-based ceramics with R-

O-T/R-T phase coexistence even exhibited the nanoscale domains. The miniaturized domains respond
18



to the external stimulus (e.g., electric field and stress) more easily than the large counterparts, thus
promoting the piezoelectric properties.!% 142 153, 300-302 Then  the regular domain structures were
replaced by complex ones. KNN-based ceramics with O-T phase coexistence exhibited the striped and
curved domains with an average scale of 200 nm (see Figure 8(al-a3)).26*2°2 Furthermore, Zuo et al.
found that part striped domains in the O-T phase coexistence were comprised of alternate and
hierarchical nano-domains with a scale of 20 nm and 50 nm.">! Convergent beam electron diffraction

(CBED) patterns demonstrated that these alternate nano-domains possessed an O phase or a T phase.!*!

Furthermore, KNN-based ceramics with R-O-T/R-T phase coexistence exhibited the more complicated
domain structures compared to the ones with O phase and O-T phase coexistence, accompanying with
the shapes of striped, curved, watermarks, short segments, tweed-like, and nanoscale (see Figure
8(b)).>% 60 62. 64,138,276 The CE+SEM method unveiled the abundant short “segments” domains and
“watermark” domains in KNNS-BNKZ ceramics with R-T phase coexistence (see Figure 8(b1-b2)).2’®
The short domain segments were ascribed to the R-T phase coexistence and the existence of 180°
ferroelectric domain walls, and the watermark domains were related to the rhombohedral 180°
ferroelectric domain walls.?”% 393 3% KNNS-BNKH ceramics with R-T phase coexistence exhibited the
striped domains with a scale of 50-200 nm that were comprised of hierarchical nano-domains with a
scale of 10~30 nm (see Figure 8(b3)).®? The hierarchical nano-domains were also reported in other
high-performance piezoelectric materials, such as S0BZT-50BCT, MPB-featured PZT, and relaxor-
PbTiO; ceramics or single crystals, and believed to be responsible for the piezoelectricity
enhancement,'37- 138: 140-143. 145.130.305. 306 Both KNNS-BZ-BNH-MnO; and KNNS-SZ-BAZ ceramics
displayed the striped nano-domains and the rectangular-ambulatory domains composed of striped and
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tweed-like nano-domains (see Figure 8(b4-b7)).%* 15® More importantly, KNNS-BZ-BKH and KNNS-
BF-BNZ ceramics, which possessed an ultra-high piezoelectricity (e.g., d33=550-570 pC/N),

universally displayed the ultra-fine domains with the scale of 1.8 nm (see Figure 8(b8-b11)).%%

The complex domain configurations in PBE-modified KNN-based ceramics mainly originate from the
multi-phase coexistence that permits more possible Ps variants (see Figure 5). Furthermore,
polarization variants of different phases interact with each other, resulting in the complicated domain
configurations. From the view of free energy, the domain size is also reduced as the consequence of
the flattened energy potential in the multi-phase coexistence region.!3* 1339 The instability of multi-
phase coexistence results in the low polarization anisotropy that leads to the decrease in domain wall
energy and consequently reduces the domain size.!*% 13% 305 307. 308 Qupgequently, the miniatured
domains easily respond to the electric field, promoting the macro performance of KNN-based ceramics.
Besides the multi-phase coexistence, the aliovalent substitutions caused by the indispensable additives
also break long-range ordering of the ferroelectric matrix, preventing the formation of long-range
ordered domains and inducing the nano-domains (or even PNRs).?? Therefore, the nano-domains in
KNN-based ceramics are induced by both the multi-phase coexistence and the destruction of long-
range ordering, differing from PZT ceramics whose nano-domains are only induced by the R-T
coexistence phase.!®® Thus, the trade-off relationship between the long-range ordering and nano-
domains (specially PNRs) occurs on improving the piezoelectric properties of KNN-based ceramics,

which is discussed in the subsequent section of PNRs.
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Figure 8. Nano-domains of unpoled KNN-based ceramics with multi-phase coexistence. Nano-domains of KNN-
based ceramics with (a) O-T and (b) R-O-T/R-T phase coexistence. (al, a2) KNNL-BZ-BNT ceramics,?** (a3)
KNNSL-BNZ-BZ-MnO; ceramics,”? (b1, b2) KNNS-BNKZ ceramics,?’® (b3) KNNS-BNKH ceramics,* (b4, b5)
KNNS-BZ-BNH-MnO; ceramics,* (b6, b7) KNNS-SZ-BAZ ceramics,'® (b8, b9) KNNS-BF-BNZ ceramics,” (b10,
b11) KNNS-BZ-BKH ceramics.®® (al, a2) Reproduced from ref. 264. with permission from the Royal Society of
Chemistry, Copyright 2018; (a3) Reproduced from ref. 292. with permission from the Royal Society of Chemistry,
Copyright 2018; (b1, b2) Reproduced from ref. 276. with permission from the American Chemical Society, Copyright
2016; (b3) Reproduced from ref. 62. with permission from the Royal Society of Chemistry, Copyright 2017; (b4, b5)
Reproduced from ref. 64. with permission from the Royal Society of Chemistry, Copyright 2018; (b6, b7) Reproduced

from ref. 158. with permission from the Royal Society of Chemistry, Copyright 2019; (b8, b9) Reproduced from ref.
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59. with permission from the American Chemical Society, Copyright 2016; (b10, b11) Reproduced from ref. 60. with

permission from the Wiley-VCH, Copyright 2016.

4.2 Nano-domains vs. Piezoelectricity

To further reflect the effects of nano-domains on KNN-based ceramics, we collected the reported
domain structure in unpoled KNN-based ceramics, as listed in Table 2. The domain structure depends
on not only the phase structure but also the chemical design. It is not surprising to obtain this
conclusion because the domain structure is determined by the aligned Ps vectors that rely on the phase
structure and the chemical composition. Furthermore, KNN-based ceramics with multi-phase
coexistence exhibited higher d33 values compared to the ones with a single-phase structure because of
the reduced domain size and multi-phase coexistence. In particular, KNN-based ceramics with nano-
domains generally exhibited d33 values higher than 400 pC/N. The relationship between domain size
and d33 values in KNN-based ceramics is summarized in Figure 9(a).%%-64 66.87. 88.90.93, 131, 146, 131, 152, 156,
158,160,218, 219, 221-223, 231, 233, 264,276,292, 298,299, 310 A p intuitional tendency is that the smaller domain is, the
higher d33 1s. Intriguingly, the occurrence of nano-domains significantly increased ds3 values up to 490-
700 pC/N. Generally, it is believed that nano-domains and PNRs are prone to switching under an
electric field, promoting the net piezoelectricity. To prove this, we collected the coercive field (Ec) of
KNN-based ceramics with nano-domains and their counterparts without nano-domains (see Figure

9(b)).- 60 62, 64, 146, 158,230, 233 The occurrence of nano-domains visibly reduced the E. of KNN-based

ceramics.
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Materials

KNN

KNN

KNNS-BZ-BNZ

KNNS-CZ-BKH

(textured)

KNNSLT

KNNLT
KNLNT.S (x=0.05)
KNLNT;S (x=0.07)
KNLNT.S (x=0.10)

KNNS-BNZ

KNLNT (TSS)

KNNLS-BNZ-BZ-Mn

KNNL-BZ-BNT-Mn

KNNLS-BZ-BNZ-Mn

KNNS-BNKZ
KNNS-BNHS

KNNS-BNKH

KNNS-BF-BNZ
KNNS-BZ-BKH

KNNS-BS-BNZ

KNNS-SZ-BNZ

KNNS-SZ-BAZ

KNNS-BNKZ-AS-Fe

Table 2. Reported domain structure in unpoled KNN-based ceramics”.

Phase

R-O

R-O

O-T

O-T

O-T
O-T

O-T

R-T
R-T

R-T

R-T
R-T

R-O-T

R-O-T

Tool

CE

CE

CE

TEM

TEM

CE
TEM
TEM
TEM

CE

CE

TEM
TEM

TEM

CE
TEM

TEM

TEM
TEM

TEM

TEM

TEM

TEM

Domain structure

Size

0.5-1 pm (w) % 3-7 um in (/)
3-10 pm (w) % 20-40 pm in (/)
~ 8 um

300 nm-2 pm

30-70 nm (lamellar domains)
15-30 nm (nano-domains)
10-60 nm (striped domains)
200-300 nm (micron-domains)
20-50 nm (nano-domains)
200-300 nm

250 nm

50 nm

200 nm

200-300 nm

500-1000 nm

50-200 nm

50-200 nm

200-500 nm (strip domains)
5-10 nm (nano-domains)
200-300 nm

40 nm

50-200 nm (striped domains)
10-30 nm (nano-domains)
<10 nm

1.8 nm

200-300 nm (striped domains)
10-30 nm (nano-domains)
200-300 nm (striped domains)
30 nm (nano-domains)
30-160 nm (striped domains)
30-45 nm (nano-domains)

too small to measure

*“w” and “I” represent the width and the length, respectively.
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Morphology

90° herringbone
180° watermark
180° watermark
long parallel striped-domains  and

irregularly shaped boundaries

lamellar domains composed of nano-

domains and striped nano-domains

striped micron-domains consisting of
hierarchical nano-domains

striped micron-domains

micron-sized lamellar domain

striped nano-domains

90° striped domains

long parallel stripes and irregularly shaped
boundaries

long parallel stripes and irregularly-shaped
reversed parallel-stripe clusters
striped-domains and wavy domain walls
striped-domains and wavy domain walls
stripe sub-micron domains consisting of
lamellar nano-domains

short domain segments and watermarks
striped domain

striped domains consisting of hierarchical
nano-domains

ultra-fine nano-domains

ultra-fine nano-domains

striped domains consisting of hierarchical
nano-domains

lamellar ~ domains  consisting  of
hierarchical nano-domains

striped domains, nano-domains, and

wedged domains

ultra-thin nano-domains

ds3
(pC/N)

<150
<150

300

700

400

200
263
321
286

512

455

450
380

510

460
450

525

550
57010

480

450

487

650+20

Ref.

152

156

311

63

151

221

310

310

310

223

88

264

292

71

276

230

62

59

146

231

158

66
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Figure 9. (a) Relationship between domain size and d33 values in KNN-based ceramics; (b) E. values of KNN-based

ceramics with nano-domains and their counterparts without nano-domains. > 60 62, 64, 146, 18,230, 233

Inspired by the relationship between d33 values and the domain size, our group introduced AgSbO3 and
Fe;O3 into high-performance 0.96Ko.48Nao.52Nbo.95sSbo.0s03-0.04Bio.5(Nao.82Ko.18)0.5ZrO3 ceramics
(KNNS-BNKZ-xAS-Fe), to construct a relaxor slush polar state with nanoscale multi-phase
coexistence and achieve a higher d33 value.®® Figure 10(a) shows that the whole area of KNNS-BNKZ-
xAS-Fe (x=1.6%) ceramic only exhibited the ultra-thin nano-domains with unmeasurable scale.
Scanning transmission electron microscope high-angle annular dark field (STEM HAADF) image
proved these ultra-thin nano-domains to be the coexistence of R, O, and T phases (see Figure 10(b)),
which resulted in the strong relaxor behavior (see Figure 10(c)). Finally, an ultra-high d33 of 650+£20
pC/N was observed in KNNS-BNKZ-xAS-Fe (x=1.6%) ceramics, the highest value in non-textured
KNN-based ceramics reported so far (see Figure 10(d)).%® Therefore, it is hopeful for achieving high

piezoelectric properties by controlling the size of the nano-domain through chemical modification.
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Figure 10. (a) TEM image, (b) STEM HAADF image, and (c) temperature-dependent permittivity (&-7) curves of
KNNS-BNKZ-xAS-Fe (x=1.6%) ceramics; (d) Comparison of ds3 values among the state-of-the-art non-textured
lead-free ceramics and the representative commercial lead-based ceramics. (a-d) Reproduced from ref. 66. with

permission from the American Chemical Society, Copyright 2019.

As we know, piezoelectric single crystals generally exhibit much better electromechanical properties
than their ceramics because of the well-aligned polarization orientation and domain engineering.312-314
Inspired by the piezoelectricity enhancement induced by the nano-domains in KNN-based
piezoceramics, Jiang et al. prepared the well-designed (1-x)(99.6Ko.5sNagsNbO3-0.4LiB103)-xMnO>
single crystals by the using a simple seed-free solid-state growth method (see the inset in Figure
11(a)).%® Previously, it was reported that the piezoelectric properties of KNN-based single crystals with
an O phase can be better if measured along <001> zone axis.3¢ 213317 Therefore, they cut the KNN-LB:
0.375%MnO: single crystal into a pellet with the (002),. orientation (see Figure 11(a)). TEM image
showed that the KNN-LB: 0.375%MnO; single crystal contained abundant nano-size lamellar domains
with the scale of several tens of nanometers (see Figure 11(c)), which were much smaller than those

of Mn-free KNN-based single crystals.!% 19%:315-356 Sybsequently, an extremely high ds3 value of 1050

pC/N was observed in KNN-LB: 0.375%MnO; single crystal, the highest value among KNN-based
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ceramics and single crystals reported so far (see Figure 11(c)).!0% 109:31535 Begides, an ultra-high ds3"
value of 2290 pm/V was also observed (see Figure 11(d)). Therefore, the nano-domain engineering

can substantially promote the piezoelectric properties of both piezoelectric single crystals and

piezoceramics.
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Figure 11. (a) XRD pattern, (b) ferroelectric domain, and (d) unipolar strain curve of the as-grown KNN-LB:
0.375%MnO; single crystal. (c) Statistics diagram of d33 vs. Tc among different KNN-based single crystals. The inset
of (a) shows the photo of KNN-LB: 0.375%MnO; single crystal. (a-d) Reproduced from ref. 86. with permission

from the Royal Society of Chemistry, Copyright 2019.

The above-discussed domains were observed from the unpoled KNN-based ceramics, which have not
the net piezoelectricity because of the lack of applying an electric field that induces the domain
switching and domain wall motion. Thus, it is important to observe the domain structure from both

unpoled and poled KNN-based ceramics for explaining the effects of nano-domains on piezoelectric
26



properties. Zhang et al. and Wu et al. observed the nano-domains of both poled and unpoled KNN-
based ceramics using TEM and CE+SEM methods.!® 22* 276 Before poling, the nano-domains
exhibited the size of 20-200 nm and the complicated configurations with the shapes of the striped, the
short segment, and the watermark (see Figure 12(al, a2, b1, b2)). After poling, the nano-domains were
simplified. The major nano-domains exhibited the striped shape with a size of 20-100 nm (see Figure
12(a3, b3, b4)). The simplification of nano-domains is caused by the disappearance of the 180° domain
wall and non-180° domain switching. In particular, a single-domain structure was found in poled
KNNS-SZ-BAZ ceramics (see Figure 12(a4)), which was also observed in high-performance SOBZT-

S0BCT ceramics during in situ electric-dependent domain observation and believed to be responsible

for the high piezoelectric properties.*>’>%
Unpoled
al p

- ." 2 % :\\gv‘;

Figure 12. Nano-domains of unpoled and poled KNN-based ceramics. (al-a4) from KNNS-SZ-BAZ ceramics, ' and
(b1-b4) from KNNS-BNKZ ceramics.?’® The cyan arrows in Figures 7(a3, a4) indicate the direction of the electric
field. (al-a4) Reproduced from ref. 158. with permission from the Royal Society of Chemistry, Copyright 2019; (b1-

b4) Reproduced from ref. 276. with permission from the American Chemical Society, Copyright 2016.
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4.3 Nano-domain vs. Strain properties

Strain properties of ferroelectrics are closely related to the domain switching and domain wall motion,
particularly the non-180° ferroelectric domains.*®' Generally, the strain of ferroelectric materials
originates from the 1) intrinsic converse piezoelectric effect, ii) non-180° domain switching and domain
wall motion, iii) electrostriction effect, and v) possible electric-induced phase transition.*! In particular,
the negative strain (Sneg) induced by a bipolar electric field mainly arises from the non-180° domain
switching and domain wall motion, which is suitable for evaluating the effect of domain size on the
strain properties.*®! Wu et al. systematically investigated the effects of domain size on strain properties
of KNN-based ceramics (see Figure 13).2** As the domain size reduced from micron-scale to nanoscale
(see Figure 13(a, b, d, e)), both the positive strain (Spos) and Sneg sharply increased (see Figure 13(g,
h)). As the domain size further reduced, the whole grain showed only PNRs instead of the obvious
ferroelectric domains (see Figure 13(c, f)). Then, its bipolar strain curve exhibited distinct Spos and
negligible Sheg (see Figure 13(i)), indicating the dominating electrostriction effect.’® Therefore, the
occurrence of nano-domains substantially promoted the non-180° domain switching and domain wall
motion because of the easy switching and rapid response to the external stimulus (e.g., electric field
and stress), resulting in the enhanced Sheg. But pure PNRs produced a pure electrostriction strain with
no hysteresis, showing the promising applications in precise control.?® 362364 This is not an exclusive
phenomenon for KNNS-SZ-xBNZ ceramics, but a common one for other KNN-based ceramics with
PBE. With the increasing content of additives, the phase structure firstly changes from a pure O phase
to a multi-phase coexistence (e.g., O-T, R-O-T, or R-T) and finally becomes a pseudo-cubic (or relaxor)
phase. 7% 92. 233, 266, 276,278-284 The corresponding domain structure undergoes the evolution like that of

KNNS-SZ-xBNZ ceramics. Here we collected the Sneg of PBE-modified KNN-based ceramics where
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the different domain sizes are reasonably anticipated (see Figure 14).%% 92233, 266,276, 278-284 ¥ NN-based
ceramics with nano-domains exhibited the much higher Siee than those of the ones with micron-

domains, while KNN-based ceramics comprised of PNRs display the negligible Seg.
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Figure 13. Domain structure, schematic diagrams of domains, and bipolar strain curves of KNN-SZ-xBNZ ceramics
with (a, d, g) x=0, (b, e, h) x=0.03, and (c, f, i) x=0.05.2** (a-i) Reproduced from ref. 233. with permission from the

Royal Society of Chemistry, Copyright 2019.
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Figure 14. Sneg of PBE-modified KNN-based ceramics with different domain sizes.?% 92 233, 266, 276, 278-284
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Except for the composition-induced variation of domain size, the grain size also affects the domain
size according to Equation (1). Thus, Zhai ef al. used the combined methods to control the grain size
of 95KNNS-1CZ-4BKHT ceramics and measured their bipolar strain curves (see Figure 15(a)).?”’
With the increasing grain size, Sneg rapidly increased at a grain size of 0.31-2.55 um, then slowly
increased at a grain size of 2.84-3.55 um, and finally slightly reduced at a grain size of 3.55-3.83 um
(see Figure 15(a, b)). This phenomenon was well explained by the variations of domain size. As the
grain size increased from 0.31 to 2.55 um, the domain size changed from the PNRs to the nanoscale,
resulting in the sharply increased Sneg. When the grain size was within 2.55-3.31 pm, the domain size
slightly fluctuated, leading to the slightly increased Sneg. As the grain size exceeded 3.31 um, the
domain size may gradually transform from the nanoscale to the micron-scale, generating the slightly
decreased Sneg. This conclusion was then demonstrated by TEM images (see Figure 15(c, d)). Only a
small amount of featureless domains (marked by the white arrow) were observed in the ceramics with
a grain size of 0.76 um (see Figure 15(c)), and abundant striped nano-domains with a scale of 60-80
nm (marked by the yellow arrow) were found in the ceramics with a grain size of 3.31 um (see Figure
15(d)). Considering the same phase structure of 9SKNNS-1CZ-4BKHT ceramics at a grain size range
of 1.04-3.83 um, the nano-domains indeed enhanced the strain properties of KNN-based ceramics.
Here, it is should be pointed out that the reduced residual stress in the coarse grains also contributes to
the easy domain switching.!3% 7 Therefore, the nano-domains affect strain properties by cooperating

with other factors, such as residual stress.
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Figure 15. (a) Bipolar strain curves and (b) Snee of 0.95(Ko.sNao.5)(Nbo.ossSbo.03s)O03-0.01CaZrOs-
0.04(Bio.5Ko.5)(Hf0.98Ti0.02)O3 (9SKNNS-1CZ-4BKHT) ceramics with different grain sizes. Domain structure of
95KNNS-1CZ-4BKHT ceramics with a grain size of (c) 0.76 um and (d) 3.31 um. (a-d) Reproduced from ref. 277.

with permission from the Wiley-VCH, Copyright 2019.

Nano-domains not only work in the strain enhancement of normal ferroelectric materials, but also of
ferroelectric materials with a core-shell structure.’®> Choi et al. prepared the KNLNT-CZ ceramic that
exhibited a nanoscale core-shell structure (see Figure 16(a)).>> STEM atomic-scale annular bright-
field (STEM ABF) images from the poled KNLNT-CZ ceramics showed that the lattice of the core
region can be effectively changed, and the lattice of shell region almost remained unchanged (see
Figure 16(b, c)). Therefore, the core region was in a ferroelectric polar state, whereas the shell was in
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a paraelectric non-polar state. Then, they observed a unipolar strain (Suni) as high as 0.4% in KNLNT-
CZ ceramics, higher than those of other representative KNN-based ceramics and that of soft
commercial PZT ceramics (see Figure 16(d)). By comparing the polarization reorientation of normal
ferroelectric ceramics and KNLNT-CZ ceramics during the measurement, they attributed the enhanced
strain to the non-polar state of shell region that easily accepted the polarization extension from core

region under an electric field and turned back to the initial state after removing the electric field.

KNLNT-CZ

Textured KNN
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Figure 16. (a) STEM HAADF image of the core-shell structure of 0.96(Ko.51Nag.47L1i0.02)(Nbo.sTao2)03-0.04CaZrO3
(KNLNT-CZ) ceramics. STEM ABF images from the (b) core and (c) shell regions after poling. (d) Unipolar strain
curves of commercial soft PZT ceramics and several representative KNN-based ceramics. The red arrow indicates
the location of B-site atom (Nb/Ta), while the yellow arrow shows the location of A-site atom (K/Na/Li).3% (a-d)

Reproduced from ref. 365. with permission from the American Chemical Society, Copyright 2012.
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4.4 PNRs vs. Piezoelectricity

PNRs, with a scale of 1-10 nm, play an important role in piezoelectric properties and are believed to
be responsible for the relaxor phenomenon and the high piezoelectricity in PMN-PT and PZN-PT
material systems.’®> 80- 82, 147. 187, 188,202 H g wever, the direct observations for PNRs were rarely reported
because of the difficulty in finding them. Recently, Li ef al. and Wu et al. used high-resolution TEM
(HR-TEM) to observe the PNRs in KNN-based ceramics (see Figure 17(a-c)).** 1°® PNRs were found
to be embedded in the long-range ordered ferroelectric domain matrix and exhibited the scale of 1-5
nm (see Figure 17(a-c)). Generally, PNRs are believed to act as an “accelerator” or a “seed” during the
domain switching, resulting in the easy domain switching and benefiting the net piezoelectric
properties.’? 80 82, 147. 187, 188, 202 Thiq conclusion is widely recognized in both lead-free and lead-based
piezoelectric materials,5% 7% 80. 82, 147, 158, 187, 188,202,366 Here we’d like to emphasize the double-edged
role of PNRs in lead-free piezoceramics. Generally, the relaxor degree is evaluated via a modified

Curie-Weiss law.

e(T) &m C

1 1 (T-Ty)Y

3)
where em represents the maximum permittivity at 7m, C is the Curie-like constant, and y is the diffusion
factor.'*” Classical ferroelectrics possess a y of 1, while the ideal relaxor one owns a y of 2.1%7 As shown
in Figure 17(d, e), the application of PBE increased the relaxor degree because of the increasing content
of additives, that is, y increased from 1.32 (for x=0) to 1.57 (for x=0.035).!*% Considering the easy
domain switching caused by the multi-phase coexistence and PNRs, it was highly anticipated that
KNNS-SZ-xBAZ (x=0.035) ceramics shall achieve a higher poling saturation than KNNS-SZ-xBAZ

(x=0) ceramics under the electric field. Surprisingly, the experimental results showed a contrary
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phenomenon. After poling, y of KNNS-SZ-xBAZ (x=0) ceramics reduced from 1.32 to 1.19 (see Figure
17(d)), and KNNS-SZ-xBAZ (x=0.035) ceramics exhibited an almost unchanged y of 1.52 (see Figure
17(e)), indicating the still existence of substantial PNRs. The corresponding phase angle (6) after
poling also supported this, that is, KNNS-SZ-xBAZ (x=0) ceramics exhibited a 8 of 74°, but a much
lower 6 of 58° was observed in KNNS-SZ-xBAZ (x=0.035) ceramics (see Figure 17(f)). One the one
hand, PNRs of lead-free piezoceramics can promote the domain switching because of the easy response
to the electric field; on the other hand, it is difficult to completely re-orientate the PNRs along with the
electric field.'*” 18 The high content of PNRs is associated with indispensable additives.!>® Therefore,

PNRs of lead-free piezoceramics are the double-edged “sword”.
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Figure 17. TEM images of PNRs of (a, b) KNNS,-BZ-BNH-MnO, (x=0.025) ceramics and (c) KNNS-SZ-xBAZ
(x=0.035) ceramics.®* 138 (d, e) Linear fitting of In (T-Tw) and In (1/¢'-1/¢},), as well as (f) phase angle of KNNS-SZ-

xBAZ (x=0 and 0.035) ceramics.!*® KNNS-SZ-xBAZ (x=0) ceramics possessed a single O phase, while KNNS-SZ-
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xBAZ (x=0.035) ceramics exhibited a diffused R-O-T multi-phase coexistence. (a, b) Reproduced from ref. 64. with
permission from the Royal Society of Chemistry, Copyright 2018; (c-f) Reproduced from ref. 158. with permission

from the Royal Society of Chemistry, Copyright 2019.

4.5 Nano-domain vs. Temperature stability

Temperature stability is an important factor for practical applications, which is one of the biggest
challenges for lead-free ceramics.® % 12 14.13.41.44 A5 \e know, the intrinsic trait of polymorphic phase
boundary (PPB) is to show a distinct temperature-dependent piezoelectric response.® % 12 14, 15, 41, 44
Ferroelectric domains, acting as the extrinsic contribution, are also responsible for the temperature
dependence of macro piezoelectric properties. In particular, Wu et al. and Li et al. found that nano-
domains directly affected the temperature stability of KNN-based ceramics.b% 6 231235, 239, 262,264, 266,
285-287.292 T study the temperature stability of KNN-CZ5 ceramics, Li ef al. carried out the in situ PFM
measurement in the temperature range of 25-150 °C (see Figure 18(a-d)).?” At room temperature,
KNN-CZ5 ceramics exhibited considerable nano-domains (see Figure 18(a)). With increasing
temperature, nano-domains gradually shrunk (see Figure 18(a-d)). The histograms and the line scan
profiles further demonstrated the gradual depolarization process (see Figure 18(e-h)). Therefore, they

attributed the massive loss of small signal piezoelectric properties to the severely depressed extrinsic

contribution from domain wall motions and intrinsic counterpart from lattice displacement.?®’
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Figure 18. (a-d) Piezo-response images of unpoled 0.95(Ko49Nao.49Li0.02)(Nbo.gTa2)03-0.05CaZrO; (KNN-CZ5)
ceramics measured at 25-150 °C. The inset on the left bottom shows the phase histogram, in which the peaks
demonstrate the distribution of domains with distinct orientations. (e-h) Corresponding piezo-response phase profiles
generated from the line scan across the nano-domains.?®’ (a-h) Reproduced from ref. 287. with permission from the

Wiley-VCH, Copyright 2016.

Recently, the PBE proposed by Wu et al. was widely reported to simultaneously improve the
piezoelectric properties and relieve the temperature dependence.6% 93 157231, 233, 235, 236, 239, 266, 285, 290, 296
To understand the enhanced temperature stability, Wu et al. compared the temperature stability of
ferroelectric domains among KNN-based ceramics with different phase structures.?®® Figure 19(a-c)
shows the variations of nano-domains in KNN-based ceramics with different phase structures and
temperatures.?®> With increasing temperature, nano-domains of KNN-based ceramics with an R-T
phase coexistence gradually reduced in amplitude and content, but the ones of KNN-based ceramics
with an R-O or O-T phase coexistence rapidly faded (see Figure 19(a-c)). Therefore, the stability of

nano-domains was R-T>R-O=O-T. Then, variations of corresponding piezoelectric properties (e.g.,

ds;" and ds3 1/ds3 vt values) with temperature were also collected (see Figure 19(d, e)). KNN-based
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ceramics with an R-T phase coexistence showed the slowest reduction in ds3~ values compared to
KNN-based ceramics with an R-O or O-T phase coexistence, indicating better temperature stability.
Therefore, it can be inferred that the temperature stability of KNN-based ceramics is closely related to

the stability of nano-domains varying with temperature.?®?
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Figure 19. Variations of nano-domains in KNN-based ceramics with (a) an R-T phase coexistence, (b) an O-T phase
coexistence, and (c) an R-O phase coexistence with increasing temperature. (d) Temperature-dependent ds3” and ()
d33"1/d33 v values of KNN-based ceramics with different phase structures.?®? (a-e) Reproduced from ref. 262. with

permission from the Royal Society of Chemistry, Copyright 2018.
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5. Nano-domain in BT-based ceramics

BaTiO3 ceramic was discovered in 1941 during the second world war and was the first polycrystalline
ceramic material ever discovered that exhibited ferroelectricity.*! Due to the moderate piezoelectric
properties and the poor stability, BT-based ceramics were replaced by the later discovered PZT-based
ceramics.*!' It was not until 2009 that Ren et al. reported a high ds3 of 620 pC/N in 50Ba(Tio sZr02)Os-
50(Bao.7Cao3)TiO3 (S0BZT-50BCT) ceramics that possessed a tricritical triple point consisting of a
cubic paraelectric phase (C), ferroelectric rhombohedral (R), and tetragonal (T) phases.>* Then, they
further obtained a higher d33 of 697 pC/N in 0.89BaTiO3-0.11BaSnOs ceramics that exhibited a quasi-
quadruple point including R, O, T, and C phases.”” Recently, Wu et al. proposed a multi-phase
convergence with broad structural flexibility, by which they obtained an ultra-high d33 of 700+30 pC/N
and a high d33 of >600 pC/N over a wide composition range in BTS-xBCT ceramics.®® Though the low
T. and poor stability, these high d33 values strongly suggest BT-based ceramics to be a good example
of achieving high piezoelectric properties in lead-free piezoceramics.*? The subsequent analysis
indicates that both phase structure and domain configuration are responsible for the enhanced
piezoelectric properties.30> 360:367-386 [y this section, the effects of nano-domains on BT-based ceramics

are thus summarized.

5.1 Nano-domain vs. Piezoelectricity

Due to the feasibility of controlling the grain size, the effects of grain size on BT-based ceramics were
largely studied.”>: 134 136, 144, 135, 161, 162, 167, 168, 217, 314, 387-439 A ccording to Equation (1), the effects of
domain size on BT-based ceramics are realized by changing the grain size of BT-based ceramics.

Previously, the study lasting more than 40 years demonstrated that the grain size plays an important
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role in the electrical properties of BaTiO3 ceramics.” 134 136, 144,135, 161, 162, 168,217, 314, 387-437 R oyyre 2()(a-

d) shows the representative domain structure of BaTiO; ceramics with different average grain sizes
(AGS).'%? BaTiO; ceramics exhibited the striped domains, herringbone domains (90° domains), and
watermarked domains (180° domains), which respectively were indicated by the letters of “S”, “H”,
and “W” in Figure 20(b-d).!%> Theses domain structures were well consistent with the permitted
domain structures of the T phase (see Figure 5(b)). More importantly, it was found that the domain
size decreased with a decreasing average grain size (AGS), which coincided with Equation (1). We
then collected the effects of AGS on the domain size, permittivity (&), and d33 values (see Figure 20(e-
g)).%%: 134,136,144, 155,161, 162, 167, 168, 217, 314, 387-438, 440 A g expected, the larger grain size is, the larger domain
size 1s. & and d33 increased as AGS increased within 0.1-1 (or 2) pm and reduced when AGS exceeded
2 um, obtaining the maximum value of 4000-8000 and 300-519 pC/N at an AGS of 1-2 um. The

maximum ds3 values at an optimized AGS was 2.7 times than that of ones with a regular AGS.**

Generally, piezoelectric properties of perovskite ferroelectrics can be expressed as

d33=2Q¢P; “4)
where Q is the electrostrictive coefficient, ¢ is the permittivity, and Ps is the spontaneous polarization.*
O is closely related to the degree of order in the cation arrangement, which has a small effect in pure
BaTiOs; ceramics with different grain sizes due to the single T phase.*** Ps increased with increasing
grain size, and & reached the maximum at an AGS of 1-2 um, which explained why the maximum d33
values were obtained at this AGS. To understand the effects of grain size on & of BaTiO3 ceramics, the
d.161’ 403, 404, 414,

phenomenological residual stress model and the 90° domain wall model were propose

441-444 The phenomenological residual stress model proposed by Buessem et al. ascribed the observed
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maximum & at an AGS of 1-2 um to an increased internal residual stress, which was induced during
the paraelectric-ferroelectric phase transition and relieved to some extent due to formation of the
ferroelectric/ferroelastic tetragonal domains within every single grain of BaTiO3; ceramics at room
temperature.**!** At an AGS of 1-2 pum, Buessem e al. believed that the 90° domain walls did not
form, indicating the internal residual stress was not relieved like the situation within coarse grains.**!"
444 Then, the residual stress suppressed the tetragonality of the T phase, generating a phase structure
close to the cubic phase.**!"** Generally, & reached the maximum near 7, to which they ascribed the
enhanced &. The 90° domain walls model was proposed by Arlt ef al. In the beginning, they attributed
to the superior & to the high density of 90° domain walls.*% 4% 414 After calculating a domain width
dependence of the force constant, they then ascribed it to originate from the strong softening of force
constant because of the decrease of stresses in and near the grain boundary areas. To testify the validity
of two models, Ghosh ef al. carried out the in situ high-energy XRD measurements under the low and
high electric fields.!®! For BaTiOs ceramics with different grain sizes, the composition-dependent high-
energy XRD patterns before applying an electric field showed the negligible shifting of lattice,
indicating the almost unchanged macro strain over the entire grain size range of 0.2-3.5 um. Then,
XRD patterns during the application of an electric field exhibited the obvious 90° domain wall
displacement, particularly in the ones with an AVG of ~2 um. Therefore, they mainly attributed the
enhanced dielectric and piezoelectric properties in BaTiO3 ceramics at an intermediate grain size (1-2

pm) to the 90° domain wall displacement.'6!
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Figure 20. BaTiOj; ceramics prepared by spark plasma sintering with an average grain size (AGS) of (a) 0.8 um, (b)
1.9 um, (c) 4.3 pm, and (d) 18.5 um.'? (¢) Domain size, (f) permittivity, and (g) d33 values of BaTiOs ceramics with
different average grain size. The label of (e-g) indicates how BaTiOs ceramics were prepared. “Nano” and “Micro”
suggest that the raw materials are nano-sized and micro-sized BaTiOs3 particles, and “Normal” means that the raw
materials are normal BaCO3 and TiO, powder. “MS”, “CS”, “TSS” “SPS” and “RC-TSS” represents the microwave
sintering, conventional sintering, two-step sintering, spark plasma sintering, and rate-controlled two-step sintering,
respectively. “Mixed” manifests the use of two or more different sintering methods. (a-d) Reproduced from ref. 162.

with permission from the Springer Nature, Copyright 2015.

Conversely, the modified BT-based ceramics exhibited a different grain size effect compared to pure
BaTiOs ceramics.!3% 4% 4! Figure 21(a, b) shows d33 and ds3” values of Ba(Tio.06Sn0.04)03 (BTS0.04)
and (Bao.s5Cao.15)(Zro.1Tio.9)O3 (Bo.ssCo.15T0.1Z0.9) ceramics varying with the grain size.'3% 43! BTS04
ceramics were reported to possess an O-T phase coexistence, and Bo.ssCo.15T0.1Z0.9 ceramics showed
an R-T phase coexistence.” 7% 13% 431 With an increasing AGS, ds3 of both ceramics increased

monotonously; d33* of BTS04 ceramics first increased and then reduced; d33* of Bo.ssCo.15T0.1Z0.9
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ceramics increased monotonously. For BTS¢.04 ceramics, it was believed that the high & achieved in
fine-grained BTS ceramics was due to the high domain wall density and PNRs; high d33 was obtained
in coarse-grained ceramics due to a high degree of domain alignment during poling; large electric field-
induced strain in intermediate-grained ceramics was an outcome of a favorable interplay between
constraints from grain boundaries and reversible reorientation of non-180° domains and polar
nanoregions.*! For BossCo.15T0.1Z09 ceramics, the monotonously increased ¢33 and ds3* were
attributed to the enhanced domain switching and reduced residual stress.!** Despite the different grain
size effects in pure BaTiO3; and modified BT-based ceramics, controlling the grain size is a promising
way to enhance the electrical properties of BT-based ceramics because of the synergetic effect of

domain structure and residual stress.
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Figure 21. ds3 and d33"=Smax/Emax of (@) Ba(Ti0.96S1n0.04)03 and (b) (Bag.ssCao.15)(Zro.1 Tio.0)O3 ceramics with different
average grain sizes.!3% ¥! (a) Reproduced from ref. 431. with permission from the Elsevier, Copyright 2019; (b)

Reproduced from ref. 130. with permission from the Wiley-VCH, Copyright 2012.

Besides controlling the grain size, the PBE was also widely used to modify the piezoelectric properties
of BT-based ceramics.>* %> 7 The most notable breakthrough is the (1-x)BZT-xBCT ceramic reported
by Ren et al>* The corresponding domain structure analysis is displayed in Figure 22(a-c).2%% 3%

0.6BZT-0.4BCT and 0.4BZT-0.6BCT ceramics exhibited the typical R and T phase domain structure
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with micron-scale, respectively (see Figure 22(a, ¢)). 0.5BZT-0.5BCT ceramics showed the micron-
sized domain lamellas that were comprised of hierarchical nano-domains with a scale of 20-100 nm,
as marked by the enlargement of the dash-squared area in Figure 22(b). Besides, Lu et al. also observed
similar submicron domains in 0.5BZT-0.5BCT.3% Such a unique domain structure was also observed
in other lead-free piezoelectric materials and was believed to be the consequence of reduced anisotropy
energy in multi-phase coexistence, '3 140-143. 130, 300, 445449 Therefore, this domain structure is prone to
responding to an external stimulus, such as electric field, benefiting the net piezoelectric properties. In
addition, Lu ef al. also observed wedge-shaped domains with an interwoven structure of two sets of
domains in 0.5BZT-0.5BCT ceramics, which were believed to be the typical R phase ferroelectric
domains.'** 1°% Furthermore, other BT-based ceramics with high piezoelectricity also exhibited the
nano-domain structure. For example, BTS0.11-0.18BCT and textured BCTZ ceramics showed the nano-
domains with a scale of 20-40 nm and 20-60 nm, respectively (see Figure 22(d, €)).®> > We then
collected the relationship between domain size and @33 values among several representative BT-based
ceramics (see Figure 22(f)).>* > 7% The smaller domain size is, the higher the ds3 value is, which was
also observed in KNN-based ceramics (see Figure 9(a)). Such a phenomenon is more distinct in BT-
based single crystal.**° Wada et al. studied the relationship between domain size and ds; values for
<111> poled BaTiOs single crystal.*** The results showed that the piezoelectricity was enhanced with
the decreasing domain size (see Figure 22(g)). This tendency not only belongs to the lead-free
piezoelectric systems but also the lead-based ones.*! For example, Lin et al. found a similar tendency
in tetragonal PIN-PMN-PT single crystal.*! Therefore, an empirical conclusion can be obtained for
KNN- and BT-based ceramics, that is, the smaller the nano-domain is, the higher the ds3 value is. It
also should be mentioned that such a “small” is not infinite. Generally, the stability of the ferroelectric
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phase reduces with decreasing domain size.'® The ferroelectric phase may transform to the paraelectric

phase below a critical size.'® Therefore, controlling the domain size appropriately can achieve higher

piezoelectricity.
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Figure 22. Domain structure of (a-c) BCT-xBZT (x=0.4, 0.5, and 0.6),> (d) textured BCTZ,”® and (¢) BTSo.11-
0.18BCT ceramics.® Relationship between domain size and ds3 in (f) BT-based ceramics and (g) <111> poled BT
single crystals.*>? (a-c) Reproduced from ref. 305. with permission from the American Institute of Physics, Copyright
2011; (d) Reproduced from ref. 73. with permission from the American Chemical Society, Copyright 2017; (e)
Reproduced from ref. 65. with permission from the American Chemical Society, Copyright 2018; (g) Reproduced

from ref. 450. with permission from the Taylor & Francis, Copyright 2006.

The above-mentioned domains were observed from unpoled BT-based ceramics. However, in situ
electric-dependent variations of domain structure are highly desired for further explaining the physical
mechanisms of the enhanced piezoelectric properties in BT-based ceramics. Tan et al. studied the
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variations of nano-domains in S0BZT-50BCT ceramics under an electric field (see Figure 23).3%
Before applying the electric field, the complicated multi-domain structure, including hierarchical nano-
domains and long lamellar domains, were observed (see Figure 23(a)). When the electric field
increased up to 1 kV/cm, the domain morphology was significantly changed, suggesting the extensive
domain switching activities at this low level of the electric field (see Figure 23(b)). However, the multi-
domain state was still preserved. As the electric field reached 1.33 kV/cm, no domain walls were
observed, and the whole area exhibited a single-domain structure (see Figure 23(c)). However, such a
single-domain structure changed into a multi-domain structure again at a higher electric field of 4.5
kV/cm (see Figure 23(d)), indicating the instability of the single-domain structure. The corresponding
selected area electron diffraction (SAED) patterns were also recorded (see Figure 23(e-g)). Neither
detectable changes in the diffraction pattern nor the appearance of superlattice spots were observed.
Thus, they attributed this unique single-domain structure to be responsible for the enhanced

piezoelectric properties in SOBZT-50BCT ceramics.®’
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Figure 23. in situ TEM observations of a grain along <112> zone axis in the 0.5Ba(Zro2Ti.8)03-0.5(Bag.7Cao3)TiO3
(50BZT-50BCT) ceramic under electric fields.?*’ Bright-field micrographs at (a) virgin state, (b) 1.00 kV/cm, (c) 1.33
kV/cm, and (d) 4.50 kV/cm. The direction of the poling field is indicated by the dark arrow in (b). Representative
SAED patterns are recorded at (e) virgin state, (f) 1.33 kV/cm, and (g) 4.50 kV/cm. The white dashed box in Figure
11(a) indicates the location of hierarchical nano-domains. The white arrow in Figure 11(b) shows the direction of the
applied electric field. (a-g) Reproduced from ref. 357. with permission from the American Physical Society,

Copyright 2014.
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Subsequently, Tan ef al. and Zakhozheva et al. carried out the systematic investigations on the domain
structure varying with the electric field in (1-x)BZT-xBCT ceramics.>*33¢? The results showed that a
multi-domain state was changed into a single-domain state under an increasing electric field through
forming an intermediate nano-domain state, regardless of the phase structure of (1-x)BZT-xBCT
ceramics. Such a transformation was reversible, which suggested that the single-domain state could
return to the multi-domain state when removing or reducing the electric field (see Figure 24(a)).>*% 3
The necessary electric field for inducing the single-domain state strongly depended on the
composition.**® 3? The compositions with R phase or near polymorphic phase transition (PPT), such
as 70BZT-30BCT and 50BZT-50BCT ceramics, only needed an electric field of 1.33~2 kV/cm, but the
ones with T phase (e.g., 40BZT-60BCT ceramics) required an electric field as high as 20 kV/cm.
However, the single-domain state was metastable, which could be irreversibly changed into a multi-
domain state again via an intermediate nano-domain state when further increasing the amplitude of the
electric field (see Figure 24(b)).>*® 3> The occurrence of the intermediate nano-domain state was due
to the local strain gradients and strain incompatibility of adjacent grains.>>® 3%° Here, it should be
pointed out that although these conclusions were phenomenologically obtained from the observations,
the corresponding physical mechanisms also supported the large contribution from the domain
switching and domain wall motion. Gao et al. evaluated the extrinsic contribution to the piezoelectric
properties of SOBZT-50BCT ceramics by using the Rayleigh analysis at the low electric field.*”° They
found that the extrinsic piezoelectricity, which was associated with the reversible domain wall motion,
exhibited the maximum value in the phase transition region, and its contribution for the piezoelectricity
enhanced of SOBZT-50BCT ceramics was as high as 67%, strongly demonstrating the crucial role of
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nano-domains in the piezoelectric properties of BT-based ceramics.*”°
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Figure 24. Scheme of domain evolution in BZT-xBCT ceramics under an external electric field.?° (a) Reversible
domain transformation. (b) Switching between two multi-domain states. (a, b) Reproduced from ref. 359. with

permission from the American Physical Society, Copyright 2015.

5.2 Nano-domain vs. Stability

5.2.1 Nano-domain vs. Temperature stability

Like the reports in KNN-based ceramics, nano-domains also affect the temperature stability of BT-
based ceramics. Lu et al. studied the effects of nano-domains on the temperature stability of 5S0BZT-
S0BCT ceramics by simultaneously considering in situ temperature-dependent domain structure and
electrical properties.’® Figure 25(a-h) shows the domain structure of S0BZT-50BCT ceramics during
heating and cooling. At room temperature (e.g., 25 °C), the parallel lamellar domains and wedge-
shaped domains with nano-domains inclusions were observed (see Figure 25(a)). When heating from
25 °C to 60 °C, the wedge-shaped domains significantly reduced, and the nano-domains gradually
merged and then transformed into the lamellar domains (see Figure 25(b)). This transformation was

induced by the phase transition from the R phase to the T phase with increasing temperature. As
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temperature further increased up to 90 °C, ferroelectric domains substantially reduced because of the
ferroelectric to paraelectric phase transition (see Figure 25(c)). However, some curved domains and
parallel domains were still observed. In particular, some parallel domains even retained at 110 °C (see
Figure 25(d)). However, no ferroelectric domains were observed at 120 °C that was much higher than
its T¢ value (~90 °C) (see Figure 25(¢e)). When cooling to 90 °C, the lamellar domains with a scale of
100 nm appeared again (see Figure 25(f)). These lamellar domains gradually emerged into the
submicron domains containing nano-domains at 60 °C (see Figure 25(g)). Finally, only parallel
lamellar domains were observed at 25 °C after cooling (see Figure 25(h)), indicating the wedge-shaped

domains were highly mobile and irreversibly changed varying with temperature.

Then, they related the variations of electrical properties with temperature to the change of domain
structure.’”® When increasing temperature, d33 and k, values gradually reduced before reaching 7. and
rapidly reduced to 0 pC/N after exceeding 7.. Meanwhile, ferroelectric hysteresis (P-E) loops of
S0BZT-50BCT ceramics were also suppressed with the increasing temperature. Therefore, they
attributed the reduced electrical properties to the fading nano-domains.’*® However, the distinct
electrical properties (e.g., d33 and remanent polarization Pr) were still observed when the temperature

approached or even exceeded T., which were ascribed to the retention of ferroelectric domains.>%
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Figure 25. (a-h) in situ temperature-dependent domain structure of 50BZT-50BCT ceramics.’% (a) 7=25 °C, (b) T=60
°C, (c) 790 °C, (d) T=110 °C, (e) T=120 °C, (f) 7=90 °C, (g) 7=60 °C, and (h) 7=25 °C. (a-h) Reproduced from ref.

306. with permission from the American Institute of Physics, Copyright 2014.

5.2.2 Nano-domain vs. Fatigue

Fatigue behavior is also important for practical applications.* > ** Previous publications mainly
focused on the macroscopic electrical properties and the proposed physical models.*% %>* Recently,
Tan et al. revealed the microstructure mechanism of the fatigue process in SOBCT-50BZT ceramics by

using an in situ electric-dependent TEM.** %35 In the beginning, the application of a voltage of 120 V
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changed the domain structure from the nano-domains to the submicron-domains.*> However, the
number of domains significantly reduced at 0 V after fatiguing 10° electric cycles (see Figure 26(a)).
The subsequent application of bias of 120 V made the domain walls disappear, indicating benign
mobility (see Figure 26(b)). However, the submicron-domains were replaced by the complex mixture
of defect clusters and fragmented domains, as indicated by the white triangles in Figure 26(b). At 0 V
after fatiguing 3x10* electric cycles, only B domain survived and the complex mixture became
dominating (see Figure 26(c)). At 120 V, B domain retracted (see Figure 26(d)), suggesting the
retention of domain wall motion after fatiguing 3x10* electric cycles. At 0 V after fatiguing 5x10*
electric cycles, B domain disappeared and the grain was filled up with many defect clusters and
fragmented domains (see Figure 26(¢e)). Furthermore, even a bias of 120 V was applied, no detectable
change was observed in the domain morphology throughout the entire observed area (see Figure 26(¥)).
In other words, the grain’s response to the applied voltage was completely suppressed after 5x10*
unipolar cycles. Meanwhile, some defect clusters were found to have expanded, indicated by the
comparison of the areas marked by the white circles in Figure 26(d, f). The variations of domain
structure were consistent with the macro electrical properties measured by Zhang et al.**® 2P; values
significantly reduced after fatiguing 10* unipolar cycles but remained unchanged during 10%-10°
unipolar cycles (see Figure 26(g)). Tan et al. then further revealed the interaction of defect clusters and
ferroelectric domains by observing the in situ domains after 3x10* electric cycles and found that defect
clusters were very effective at blocking the growth and expansion of large ferroelectric domains.*>
Therefore, the deteriorative electrical properties during the fatigue process were attributed to the
reduced large ferroelectric domains that were disrupted and replaced by the complex mixture
comprising of defect clusters and fragmented domains. The complex mixtures filled up with the whole
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grain and were nonresponsive to applied voltages.

100
2101r (%)

Figure 26. Fatigue analysis of Bag.92Cao 0sTi0.945Z10.05503 ceramics.*>> Bright field images at 0 V after (a) 10, (c)
3x10% and (e) 5x10* unipolar cycles and at 120 V after (b) 103, (d) 3x10% and (f) 5x10* unipolar cycles. (g)
Normalized 2P; values of Bag.92Ca.08Ti0.045Z10.05503 ceramics as a function of electric cycle. (a-f) Reproduced from

ref. 455. with permission from the American Institute of Physics, Copyright 2017.

5.2.3 Nano-domain vs. Aging

Aging behavior is also another important factor for evaluating the practical value of a
ferro/piezoelectric material.* 1% ** By using the same method, Tan et al. studied the microstructure
mechanisms of aging in S0BZT-50BCT ceramics.**’ To reveal the actual situation of the aging process
at practical applications, SOBZT-50BCT ceramics were firstly fatigued 10° bipolar cycles. The fatigued
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samples exhibited no significant change in P-E loops, as manifested by the almost unchanged 2P;
values (see Figure 27(a, b)). However, the aging process shifted P-E loops downward, reduced 2P:
values exponentially, and induced the increase of the internal bias field (Ebias) (see Figure 27(b, c)).
The occurrence of Ebias originated from the depolarization field that redistributed the oxygen vacancies.
The corresponding microstructures are recorded in Figure 27(d-h). After aging for 18 hours, the overall
domain structure survived (see Figure 27(d, ¢)). However, several straight domain walls in the lower
part of the observed area were partially disrupted by some complex features, as indicated by the white
arrow in Figure 27(e). As aging time increased up to 42 hours, the domain structures were changed
substantially. A large number of lamellar domains were disrupted to various degrees and were replaced
by complex features (see Figure 27(f)). Furthermore, the area of complex features was increased with
increasing aging time, as indicated by the white arrows in Figure 27(e, f). To reveal these complex
features, a bias of 108 V was applied to the same area after aging for 42 hours (see Figure 27(g)). All
the large domains disappeared, but the complex features became cleaner. After removing the bias, the
large domains reappeared and the complex features were preserved. Therefore, they inferred that these
complex features were the mixture of clusters of charged point defects (most likely oxygen vacancies
in SO0BZT-50BCT ceramics) and small fragmented domains because the oxygen vacancy clusters did
not change under a single triangular field cycle. The high local electrostatic and elastic distortion
energy at the domain tip accelerated the clustering process of oxygen vacancies. Clustered oxygen
vacancies would, in turn, clamp the domain walls and suppress their responses to the applied fields.*’
Meanwhile, many large domains were disrupted and replaced by the mixtures of oxygen vacancy
clusters and fragmented domains after aging (see Figure 27(d-f)). Therefore, they ascribed the Ebias

and the reduction in 2P; during the aging process to the microscopic domain wall clamping and domain
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disruption resulted from the redistribution of oxygen vacancies driven by depolarization field.*’
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Figure 27. Aging analysis of 50BZT-50BCT ceramics.*” (a) P-E loops of SOBZT-50BCT ceramics before fatigue,
after fatiguing 10° bipolar cycles, and aged for 144 hours. (b) Variations of normalized 2P; values as a function of the
aging time and fatigue cycle. (c) Relationship between aging time and Ebias. The inset of (c) shows the relationship
between Epias and 2P;. Domain structure of 50BZT-50BCT ceramics after 10° bipolar cycles aged for (d) 0 hour, (¢)
18 hours, (f) 42 hours. Domain structure of (f) at the bias of (g) 108 V and (h) 0 V. (d-e) Reproduced from ref. 457.

with permission from the Elsevier, Copyright 2018.

6. Nano-domains in BNT-based ceramics

Unlike the situations of KNN- and BT-based ceramics, domain structures in BNT-based ceramics are
much more complicated because of the complex phase structure.!® !5 164 165, 216, 458-472 pyyre BNT
ceramics exhibit moderate piezoelectric properties (d33<200 pC/N) and high E. (~70 kV/cm).!3 438-464
Therefore, different methods have been developed to modify the BNT-based ceramics, such as ion
substitution, binary or ternary solid solution, ceramic composite, and quenching.!'® 37> 473478 These
methods essentially affect the domain structure and subsequently change the macro performance.
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Considering the complexity and vast investigations of BNT-based ceramics’ domain structure, here we
mainly focused on the variations of nano-domains under the external stimulus (e.g., composition,
electric field, and temperature) and their effects on the strain properties and fatigue behavior of BNT-
based ceramics. Besides, nano-domains of BNT-based ceramics with other forms (including ceramic

composite and core-shell structure) are also reviewed.

6.1 Nano-domain vs. Phase structure

6.1.1 Nano-domains varying with composition

As we know, binary solid solutions, (1-x)(BiosNaos)TiO3-xBaTiO3 (BNT-xBT) and (I-
x)(Bio.sNag 5)TiO3-x(Bio.5sKo.5)TiO3 (BNT-xBKT), are the two of the most studied among these BNT-
based piezoceramics because of the construction of the morphotropic phase boundary (MPB).!3 4% 471,
479490 Although the phase diagram of BNT-xBT solid solution was depicted by considering XRD
patterns and temperature-dependent dielectric properties, the systematic analysis of composition-
dependent domain structure in this solid solution is also highly desired. Thus, Tan ef al. carried out
systematic observations on the domain structure of BNT-xBT ceramics using TEM.*! Here we did not
show the TEM images because of their excessive numbers, and readers are referred to see them in Ref.
491. The ceramics with x=0.04 exhibited the complex domain with a scale of 100 nm, and
corresponding SAED patterns indicated an R3¢ phase. At x=0.06, ~40% of the grain exhibited a core-
shell structure and the rest of the grain displayed the nano-domains only. The core still exhibited the
complex domain structure, and the shell consisted of nano-domains with faint contrast. SAED patterns
proved that the core was an R3c phase and the shell possessed a P4bm phase. Thus, the addition of
BaTiO3 changed the domain structure of BNT ceramics from the complex domain to the nano-domain
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progressively, which explained why only nano-domains were observed in the ceramics with x=0.07
and 0.09. These nano-domains exhibited a P4bm phase. At x=0.11, the sample exhibited the
coexistence of a few nano-domains and dominating lamellar domains. The nano-domains had the same
P4bm phase as the composition with x=0.06-0.09, but the lamellar domains showed no superlattice

spots, indicating a P4mm phase.

In association with the temperature-dependent dielectric properties, they attributed the relaxor
behavior in the ceramics with x=0.07-0.09 at a temperature below 7y to the existence of nano-
domains.*! They treated these nano-domains as the characteristic of their newly proposed relaxor
antiferroelectric (AFE). AFE nano-domains were embedded in the undistorted cubic matrix.
Eventually, a modified composition-dependent phase diagram of BNT-xBT ceramics was drawn in
Figure 28. With the increasing content of BT, the domain morphology changed from complex domains

to nano-domains, and finally to lamellar domains. A relaxor AFE zone was observed at x=0.07-0.09

below T (a temperature point where permittivity reaches the maximum value).*"
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Figure 28. Phase diagram for unpoled BNT-xBT ceramics. Reproduced from ref. 491. with permission from the
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American Institute of Physics, Copyright 2010.

Similar to the situation of BNT-xBT solid solution, Big.sNaosTiO3 and BiosKo sTiO3 can also form a
solid solution at an arbitrary content, which is the process of replacing Na" of BNT with K*. Pure BNT
ceramics exhibit an R3¢ phase structure at room temperature, and a P4mm phase structure is reported
in pure BKT ceramics.*® 471 479-482. 992 Thys an MPB was reported in BNT-xBKT ceramics (x=0.16-
0.20), showing an R-T phase coexistence and the enhanced piezoelectric response.*®> 471 479-482 Tq
understand the piezoelectricity enhancement, Otoniar et al. conducted the systematic TEM
measurements on the domain structure of BNT-xBKT ceramics (x=0-1.0).!1> BNT ceramics exhibited
the typical needle-shaped domains with a scale of 5-20 nm in width and 100-200 nm in length, which
formed a square-net pattern. The rhombohedral domain configurations were preserved even at x=0.15.
As x increased up to 0.20 where an MPB was established, grains were filled up with the well-defined
lamellar domains with straight domain walls, similar to that of tetragonal BNT-xBKT (x=0.25-1.0)
solid solution. Then, the coexistence of the R and T phases was demonstrated by SAED patterns.
Finally, only lamellar domains were observed at x=0.30 and 1.0 due to the tetragonal phase structure
that generally possesses the lamellar 90° domains. Because of the R-T phase coexistence and lamellar

domains, BNT-0.2BKT ceramics locating at MPB exhibited the best performance including

piezoelectricity and permittivity (see Figure 29).%%
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Figure 29. Electrical properties including ds1, kp, and permittivity of BNT-xBKT ceramics.*?

6.1.2 Nano-domains varying with temperature

As we know, in situ observations on domain structure provide more direct evidence for explaining the
underlying physical mechanisms. Tan et al. measured the domain morphology of BNT-xBT ceramics
varying with temperature (see Figure 30(a-f)).**®> With increasing temperature, the area of core in the
ceramic with x=0.06 gradually reduced and completely disappeared at 190 °C (see Figure 30(a-c)),
resulting in the only nano-domains in the whole grain at 190 °C (see Figure 30(c)). SAED patterns
manifested that the phase structure changed from the coexistence of R3¢ and P4bm phases to a pure
P4bm phase.*® A similar variation was also observed at x=0.11. The increasing temperature
progressively reduced the content of lamellar domains, generating a complete nano-domain
morphology at 250 °C (see Figure 30(d-f)). The phase structure changed from the coexistence of P4bm
and P4mm phases to a single P4bm phase with increasing temperature. Therefore, they further
modified the phase diagram they proposed in Figure 28, as shown in Figure 30(g). For one given
composition, the phase transition of BNT-xBT ceramics was gradual. The dielectric anomaly at Tq4

correlated well with the structural transition to the P4bm phase, but the ones at Trr and 7w did not
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correspond to any structural phase transitions. The tetragonal (P4bm)-to-cubic (Pm-3m) structural
transition occurred progressively within a relatively wide temperature range above 7y, where both the

size and the population of the P4bm nano-domains reduced with increasing temperature.

600 - Pm3m

Cubic with local distortion

400 P4bm + Pm3m

P4bm

Figure 30. Domain morphology of BNT-xBT ceramics with x=0.06 at (a) 25 °C, (b) 140 °C, and (c) 190 °C, and with
x=0.11 at (d) 25 °C, (e) 200 °C and (f) 250 °C. (g) Modified phase diagram of BNT-xBT solid solution. Similar to the
domain morphology in Figure 16, the sample with x=0.06 exhibits the typical core-shell domain structure, and the
one with x=0.11 shows the coexistence of nano-domains and lamellar domains at room temperature. (a-g) Reproduced

from ref. 493. with permission from the Wiley-VCH, Copyright 2011.

Considering the piezoelectricity enhancement at the MPB of BNT-xBKT ceramics, Otonicar et al. also
carried out the in situ temperature-dependent TEM measurements on BNT-0.2BKT ceramics.** At
room temperature, BNT-0.2BKT ceramics exhibited the lamellar domains with a rhombohedral (R3¢)
109° domain structure, as supported by the existence of *(0o0) superlattice patterns. As discussed
above, BNT-0.2BKT ceramics should possess an R-T coexistence phase. The preferred phase structure

was believed to originate from the heavy gallium-ion impact for the FIB prepared samples.*** The
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preferred tetragonal (/4mm) phase structure was observed in the conventionally prepared TEM sample
because of the mechanical input. When heating up to 180 °C, the lamellar domains and the *(000)
superlattice patterns disappeared, but the "*(0oe) superlattice patterns appeared, indicating the phase
transition from R3c phase to /4mm phase. The domains completely disappeared at 7=300 °C and only
the weak ’(ooe) superlattice patterns were observed, indicating the residual /4mm phase. When
cooling down to the room temperature, the nano-domains that were different from the initial lamellar
domains appeared and exhibited both *(0oe) and *(000) superlattice patterns, indicating the

coexistence of R3¢ and /4mm phases.

6.1.3 Nano-domains varying with electric field

The domains varying with an external electric field are crucial for explaining the macro variations of
electrical properties. Considering the enhanced piezoelectric properties in BNT-xBT ceramics locating
at MPB, Tan et al. carried out the in situ observations on domains for the compositions with x=5.5%,
6%, and 7% (see Figure 31).4%> % For BNT-5.5%BT ceramics, applying an increasing electric field
irreversibly reduced the P4bm nano-domains and increased the R3¢ large domains, resulting in the R3¢
domains in the entire area (see Figure 31(a-c)). For one given grain filled by the P4bm nano-domains,
BNT-6%BT ceramics’ domains firstly changed into a coexistence of R3¢ domains and P4mm lamellar
domains and then completely transformed into pure R3¢ domains with an increasing electric field (see
Figure 31(d-g)). Such a transformation was also irreversible. BNT-7%BT ceramics’ domain
morphology firstly changed from the entire P4bm nano-domains to P4mm lamellar domains and
subsequently transformed into a coexistence of R3¢ domains and P4mm lamellar domains (see Figure
31(h-k)). in situ electric-dependent XRD pattern of BNT-7%BT ceramics also supported the phase

transition from a pseudo-cubic to tetragonal symmetry.**’ Besides, the corresponding phase structure
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of these three compositions varying with an increasing electric field was summarized in Figure 31(1).

[0 x=5.5%
x=6%

x=7%

>

Increasing electric field

Figure 31. Domain morphology of BNT-xBT ceramics under an increasing electric field.*° (a-c) x=5.5%, (d-g) x=6%,
and (h-k) x=7%. (1) Phase structure of these three compositions under an increasing electric field. (a-k) Reproduced

from ref. 496. with permission from the American Physical Society, Copyright 2012.

Subsequently, Tan et al. proposed a modified phase diagram for the BNT-xBT material system by
simultaneously considering composition change, piezoelectric properties (e.g., d33 values) and electric
field (see Figure 32).*¢ The external electric field higher than 30 kV/cm created a new MPB at x=6-
7% (see Figure 32(e)). For BNT-5.5%BT ceramics, d33 reached the maximum value of 120 pC/N when
the domain structure completely transformed into the R3¢ domains (see Figure 32(a)). For BNT-6%BT

ceramics, d33 only reached the maximum of 131 pC/N within the created MPB in which both R3¢
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domains and P4mm lamellar domains coexist (see Figure 32(b)). BNT-7%BT ceramics’ d33
monotonously increased with the electric field because of the retention of created MPB consisting of
R3c domains and P4mm lamellar domains at the high electric field, resulting in a maximum value of
167 pC/N at 65 kV/cm (see Figure 32(c)). As the electric field was 65 kV/cm, BNT-7%BT ceramics
exhibited the highest d33 value, but BNT-5.5%BT ceramics possessed the lowest one (see Figure 32(d)).
Therefore, the enhanced piezoelectric properties in BNT-xBT (x=5.5-7%) ceramics were ascribed to

the creation of MPB because of the electric-induced irreversibly ferroelectric-to-ferroelectric phase

transition.
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Figure 32. ds3 as a function of electric field is displayed for BNT-xBT ceramics with (a) x=5.5%, (b) x=6%, and (c)
x=7%. (d) ds3 as a function of composition at 65 kV/cm. (e) The proposed electric field (Epor) vs x phase diagram for
BNT-xBT. FE represents ferroelectric. The electric-field-induced R3c¢/P4mm MPB giving rise to enhanced
piezoelectricity is emphasized with green shading. (a-e) Reproduced from ref. 496. with permission from the

American Physical Society, Copyright 2012.

Considering the two preferred phase structures of BNT-0.2BKT samples that are respectively prepared
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by the conventional method and the FIB method, Otonicar et al. conducted the in situ electric-
dependent TEM measurements on both samples.*** Figure 33(a) shows the domain structure of the
conventionally prepared BNT-0.2BKT sample. The typical lamellar domains with a T (/4mm) phase
structure were observed, which was proved by the existence of ?(0e0)/"*(e00) superlattice patterns.
These lamellar domains exhibited a characteristic 90° a-a type of tetragonal splitting of the main
reflections and the super-lattice reflections, as manifested by the SAED 1. Besides, some undefined
domains without the clear/straight domain walls were also observed (as marked by the white arrows),
which came from the 90° a-c type of tetragonal twinning based on the additional splitting of the main
reflections. When increasing the electric field, domains were re-orientated along the direction of the
electric field at the expense of 90° a-a domains because their polar axes were perpendicular to the
electric field. Also, the curved/weakly defined domain walls from the 90° a-c¢ twinning re-orientated
along the electric field. Thus, the new domains gradually occupied a large portion of the whole grain.
At E=4.5 kV/mm, some narrowly striped domains occurred (marked by the white arrow in Figure
33(b)). Finally, the whole grain consisted of several single-domain regions that were separated by the
curved domain walls (see Figure 33(c)). In particular, the triple-split of the main reflections was still
observed at E=8 kV/mm, indicating three kinds of 90° tetragonal domain variants were preserved.
Meanwhile, only *(ooe) superlattice reflections, which corresponded to the third 90° domain variant,

were observed at £=8 kV/mm, indicating the electric-induced phase transition from /4mm to P4bm.
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Figure 33. in situ electric-dependent TEM observation of BNT-0.2BKT sample prepared by the conventional method.
(a) E=0 kV/mm, (b) £=4.5 kV/mm, and (c¢) E=8 kV/mm. The black arrow indicates the direction of the applied
electric field. The inset is the corresponding SAED pattern of the area within the white circle and “USR” represents
the unsplit row of reflections. “a-a” and “a-c” notations define the relative orientation of the twinned domains toward
the viewing direction. “a-a” means that the domains are observed along their a-axes and perpendicular to their c-
axes, while “a-c” indicates that one of the twinned domains is observed along its a-axis and another one is observed

along the c-axis. (a-c) Reproduced from ref. 494. with permission from the Elsevier, Copyright 2017.

Figure 34(a) shows the domain structure of the BNT-0.2BKT sample that was prepared by the FIB
method.*** The typically wide lamellar domains with an R3¢ phase were observed. With an increasing

electric field, the narrowly striped domains emerged (see area 2 in Figure 34(b)). Some undefined
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domains were also observed (see area 3 in Figure 34(b)), which was possibly undergoing the process
of re-orientation. As the electric field further increased up to 4 kV/mm, the undefined domains also
changed into the narrowly striped domains like those of area 2. In particular, the black arrows in Figure
34(c) indicated some wider lamellar domains, implying the initial formation of a single-domain zone.
Besides, all SAED patterns showed the characteristic rhombohedral splitting despite the weak super-

lattice reflections.
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Figure 34. in situ electric-dependent TEM observation of BNT-0.2BKT sample prepared by the FIB method. (a) E=0
kV/mm, (b) £=1.5 kV/mm, and (¢) £=4 kV/mm. The direction of the electric field is indicated by the white arrow on

the top. (a-c) Reproduced from ref. 494. with permission from the Elsevier, Copyright 2017.

Based on the observations above, Otonicar et al. proposed a scheme to describe the domain variations
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of BNT-0.2BK T ceramics with the applied stress and electric field (see Figure 35).*** The initial BNT-
0.2BKT ceramic was full of nano-domains (see Figure 35(a)), which were changed into the lamellar
domains by the applied stress (see Figure 35(b)). With an increasing electric field, the domains started
to re-orientate along the direction of the applied electric field at E<E. (see Figure 35(c)). Some
narrowly striped domains occurred as an intermediate reorientation step during the electrical poling.
As the electric field exceeded Ec, the newly developed domains started to align with the direction of
the applied electric field and merged into a single-domain zone (see Figure 35(d)). Finally, some relicts
of other domains were also observed because of the residual stress (see Figure 35(d)). Therefore, in
situ electric-dependent TEM measurements on BNT-0.2BKT ceramics demonstrated the electric-
induced phase transition and domain re-orientation as the main origin of the piezoelectricity

enhancement at MPB.

virgin state

(a)

Figure 35. Schematic model illustrating the domain-formation/reorientation process with applied stress and electric
field in the NBT-0.2KBT ceramics. (a) Virgin state, (b) state after applying stress, (c) state at E<E., and (d) state at

E>E.. (a-d) Reproduced from ref. 494. with permission from the Elsevier, Copyright 2017.

6.2 Nano-domain vs. Strain properties

BNT-based ceramics are well-known for their excellent electric-induced strain properties.!3!> 458
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Nano-domains were reported to greatly affect the strain properties because of the domain switching
and domain wall motion under external stimulus (e.g., electric field and stress). The widely studied
material systems for high strain properties are (Bio.sNaos5)TiO3-BaTiO3-(Ko.sNaos)NbO3; (BNT-BT-
KNN) and {(Bio.5(Nao.s4K0.16)0.5)0.965r0.04} (Ti1+Nb,)O3 (BNT-xNb) ceramics.’® %8392 In this part, the

effects of nano-domains on strain of BNT-based ceramics focused on these two material systems.

The high strain properties of the BNT-BT-KNN system were firstly reported by Zhang et al. ¥~ At
that time, they attributed the enhanced strain properties to the electric-induced antiferroelectric-to-
ferroelectric phase transition and domain reorientation. Subsequently, Dittmer et al. systematically
analyzed the related physical mechanisms of BNT-BT-xKNN ceramics at the viewpoint of the
nanoscale by using PFM.>% Figure 36(a, b) shows the bipolar strain curves and related coefficients of
(1-x)(0.94BNT-0.06BT)-xKNN ceramics. The maximum usable strain firstly increased and then
reduced with an increasing x, reaching the maximum value at x=0.03 (see Figure 36(b)). To reveal the
behind physical mechanisms, the compositions with x=0-0.03 were written by a bias voltage of -20 V
to fully re-orientate the nano-domains (see Figure 36(d1, el, f1)). Then, a bias voltage of +20 V was
applied at the center of the selected area (see Figure 36(d1, el, f1)). The distinct contrast was observed
when immediately removing the bias voltage (see Figure 36(dl1, el, f1)). After removing the bias
voltage for 66 minutes, the ceramics with x=0 still exhibited the apparent contrast, but the ones with
x=0.03 displayed no contrast (see Figure 36(d2, €2, f2)). The piezo-response of Figure 36(d1-2) was
collected and normalized in Figure 36(c). The nano-domains of ceramics with x=0.03 rapidly switched
back to the initial state after removing the bias voltage, indicating the fast relaxor behavior. Therefore,
PFM experiments further demonstrated that the enhanced strain properties in BNT-BT-KNN ceramics
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were attributed to the reversible antiferroelectric-ferroelectric transition.
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Figure 36. (a) Bipolar strain curves and (b) strain properties (e.g., maximum strain Smax, remanent strain Srem, and
usable strain AS=Smax-Srem) of (1-x)(0.94BNT-0.06BT)-xKNN ceramics. (c) The normalized piezoresponse in (d1-f2).
Out-of-plane PFM (OP-PFM) images of (1-x)(0.94BNT-0.06BT)-xKNN ceramics with (d1-d2) x=0, (e1-e2) x=0.01,
and (f1-12) x=0.03 after writing domain for 0 min and 66 min. (a-f2) Reproduced from ref. 503. with permission from

the Wiley-VCH, Copyright 2012.

In addition, Tan et al. used in situ electric-dependent TEM to further confirm the reversible phase
transition and domain switching in BNT-BT-KNN ceramics (see Figure 37).°% At the origin state, no
obvious domain structure was observed (see Figure 37(a)). Then, an electric field of 25 kV/cm induced
the occurrence of lamellar domains (see Figure 37(b, ¢)). After removing the electric field, the lamellar
domains disappeared (see Figure 37(d)). Therefore, in situ TEM experiments further proved the
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reversible antiferroelectric-ferroelectric phase transition in BNT-BT-KNN ceramics on the application

of an electric field.

Figure 37. Domain morphology of 0.91BNT-0.06BT-0.03KNN ceramics (a) before applying the electric field, (b-c)
at E=25 kV/cm, and (d) after removing the electric field. The black arrow indicates the direction of the electric field.

(a-d) Reproduced from ref. 504. with permission from the Wiley-VCH, Copyright 2010.

BNT-2.5Nb ceramics were reported to possess a giant strain of 0.65-0.70% at a relatively low electric
field of 50 kV/cm (see Figure 38(a)).>® To reveal the physical mechanisms of enhanced strain properties,
Tan et al. carried out the in situ electric-dependent TEM measurements on BNT-2.5Nb ceramics (see
Figure 38(b-g)). At the origin state (e.g., Z1), the sample exhibited the phase coexistence of R3¢ and
P4bm phases (see Figure 38(h)). The whole grain was occupied by the nano-domains (see Figure 38(b)).
As the electric field increased up to Zi, the internal of grain started to generate the lamellar domains
(see Figure 38(c)). The corresponding strain reached a relatively high level (see Figure 38(a)). At the

point of Z», the grain was filled up with the submicron lamellar domains and the corresponding strain
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reached the maximum value (see Figure 38(a, d)). The SAED pattern exhibited only an R3¢ phase (see
Figure 38(1)). Upon the decrease of the electric field, the lamellar domains and the corresponding strain
gradually reduced (see Figure 38(a, e, f). Finally, a small number of lamellar domains were retained
after removing the electric field (see Figure 38(g)), indicating the partly reversible phase transition.
Therefore, they ascribed the giant strain to the phase transitions between the ergodic relaxor phases in
the form of mixed R3¢ and P4bm nanometer-sized domains and the ferroelectric R3¢ phase in the form
of lamellar domains. The remanent ferroelectric R3¢ phase at zero field acted as the seed for the phase

transition, significantly reducing the critical field and hence leading to an ultrahigh strain.
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Figure 38. (a) The unipolar strain curve of BNT-2.5Nb ceramic. (b-g) Domain morphology of BNT-2.5Nb ceramics
under an electric field marked in (a). (h) and (i) are the SAED patterns of (b) and (d), respectively. The solid triangle
and hollow circle indicate the ”>{ooe} and ">{ooo0} superlattice diffraction spots, respectively. Zo, Z1, Z2, Z3, Z4, and

Zs represent the points of applying the corresponding electric field in (a). (a-g) Reproduced from ref. 58. with

permission from the Wiley-VCH, Copyright 2016.

70



6.3 Nano-domain vs. Core-shell structure

Differing from BT- and KNN-based ceramics, BNT is prone to forming the submicron/macro core-
shell structure with other additives. The representative example is BNT-xSrTiO3 (BNT-xST) system.*%>
396 Such a core-shell structure exhibited a heterogeneous element distribution and was different from
the one observed in BNT-6%BT ceramics in which the homogeneous element distribution was
obtained.*”! Koruza et al. that revealed the formation of core-shell structure in BNT-2.5%ST ceramics
was caused by the faster nucleation rate of the BNT phase than that of the ST phase.’®> Recently, Tan
et al. used dual-stimuli in situ TEM to reveal the temperature-dependent electrical properties of BNT-
2.5%ST ceramics by simultaneously considering the electric field and temperature (see Figure 39).5%
At room temperature (e.g., 25 °C), nano-domains changed into the wedge-shape large domains under
a bias voltage of 360 V (see Figure 39(a, b)). These wedge-shaped domains were preserved after
removing the bias voltage and even grew wider (see Figure 39(c)). Thus, the ferroelectric phase
induced at 25 °C was metastable, and the ceramics were nonergodic at room temperature. Heating to
41 °C higher than its 74~40 °C, the major large domains disappeared (see Figure 39(d)). However, a
much higher voltage of 420 V was needed for inducing the large domains, and the large domains
exhibited the lamellar shape (see Figure 39(e)). After removing the bias voltage, the large domains
completely turned to the nano-domains (see Figure 39(f)). Therefore, such a reversible relaxor-to-
ferroelectric phase transition confirmed the ergodic nature of BNT-2.5%ST ceramic at 41 °C. The TEM
results were highly consistent with the macro electrical properties (see Figure 39(g, h)). Therefore,
BNT-2.5%ST ceramics exhibited the large Pr and Sem because of the retention of electric-induced
ferroelectric domains (e.g., nonergodic behavior) at 25 °C, and the reduced P; and negligible Srem at 50
°C were caused by the reversible relaxor-to-ferroelectric phase transition.
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Figure 39. Domain morphology of BNT-2.5%ST ceramics at 25 °C with a bias voltage of (a) 0 V, (b) 360 V, and (c)
removal of bias voltage; at 41 °C with a bias voltage of (d) 0 V, (e) 420 V, and (f) removal of bias voltage. (g) P-E
loops and (h) S-E curves of BNT-2.5%ST ceramics at 25 °C and 50 °C. (a-h) Reproduced from ref. 506. with

permission from the American Institute of Physics, Copyright 2019.

6.4 Nano-domain vs. Composite ceramic

Thermal depolarization is one of the biggest challenges of BNT-based ceramics for their practical
applications. There is an obvious 74 in BNT-based ceramics, over which the macro piezoelectric
properties disappear.’’” To solve this challenge, Zhang et al. proposed a composite ceramic by
compositing high-performance BNT-6BT ceramic matrix and polar ZnO particles.’” Such a composite
ceramic exhibited an increasing 74 with increasing ZnO content and displayed the disappeared 74 at
30 mol% ZnO (e.g., BNT-6BT: 0.3Zn0O). They ascribed the increased and disappeared 7y to the
compensated electric field induced by the ZnO particles. However, further microstructure analysis of
ferroelectric domains was still needed. Thus, Tan ef al. conducted the systematic in situ temperature-
dependent TEM measurements on BNT-6BT: 0.3ZnO composite ceramic.’®” The micron-sized
domains were observed at BNT-6BT ceramic matrix at 20 °C, and these micron-sized domains
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belonged to an R3¢ phase due to the presence of the >{ooo} superlattice spot (see Figure 40(a)). The
major domain morphology preserved when heating up to 150 °C (see Figure 40(b)). But the left edge
of the BNT-6BT ceramic matrix started to be occupied by the nano-domains with a P4bm phase (see
Figure 40(b)). The nano-domains completely occupied the left edge at 170 °C (see Figure 40(c)). As
temperature further increased, the micron-sized domains were further replaced by nano-domains (see
Figure 40(d-f)). Finally, no micron-sized domains were observed in BNT-6BT ceramic matrix (see
Figure 40(g)). Meanwhile, the SAED pattern exhibited no >{ooo} superlattice spots (see Figure 40(g)).
In particular, the domains near ZnO particles disappeared slowest with increasing temperature.
Therefore, in situ temperature-dependent TEM measurements demonstrated that there was still a
thermal depolarization in BNT-6BT: 0.3ZnO composite ceramic at a temperature more or less the same
as BNT-6BT ceramics. That is to say, rather than the increasing or delaying 74, the thermal
depolarization of BNT-6BT: 0.3ZnO composite ceramic became gradual and spread over a temperature

range spanning approximately 90 °C, much broader than that in BNT-6BT ceramics.

(a) 20 °C (d) 190 °C (e) 210 °C

(b) 150 °C (f) 220 °C (9) 240 °C

Figure 40. in situ temperature-dependent domain morphology of BNT-6BT: 0.3ZnO composite ceramic at (a) 20 °C,

(b) 150 °C, (c) 170 °C, (d) 190 °C, (e) 210 °C, (f) 220 °C, and (g) 240 °C. The inset of (a) is the energy disperse
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spectroscopy (EDS) of the BNT-6BT ceramic matrix and ZnO particle. (a-g) Reproduced from ref. 507. with

permission from the American Physical Society, Copyright 2019.

Considering the slowest fading rate of domains near the ZnO particle, Tan et al. reasonably proposed
the pining effect induced by the ZnO particle.>®” ZnO particle has a spontaneous polarization along the
polar <0001> axis. Thus, such a pining effect should be anisotropic. To prove this proposal, they chose
a representative ZnO particle (see Figure 41(a, al)). Two clusters of micron-sized domains were
observed, as marked by the black and red boxes (see Figure 41(a, a2)). At 150 °C, both two clusters of
micron-sized domains preserved (see Figure 41(b)). At 160 °C, only the micron-sized domains inside
the red box survived (see Figure 41(c)). These micro-sized domains even survived at 230 °C and finally
disappeared at 300 °C (see Figure 41(d, e)). Therefore, in situ TEM experiments demonstrated the
pining effect of the ZnO particle. To vividly describe the pining effect, they depicted the schematic
illustrations (see Figure 41(f, g)). Due to the existence of spontaneous polarization, the top and bottom
of the ZnO particle along <0001> axis gathered the negative and positive charges, and no charges
would gather along the direction perpendicular to <0001> axis. Thus, both two clusters of micron-
sized domains were preserved at 7<7y, and only the micron-sized domains on the bottom edge survived
at Tg<T<Tw (see Figure 41(f, g)). Therefore, the in situ TEM measurements provided different but

deeper insights into the physical mechanisms of BNT-6BT: 0.3ZnO composite ceramic.
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Figure 41. in situ temperature-dependent domain morphology of BNT-6BT: 0.3ZnO composite ceramic at (a) 25 °C,
(b) 150 °C, (c) 160 °C, (d) 230 °C, and (e) 300 °C. (al) SAED pattern of ZnO particle. (a2) Enlarged view of box area
of (a). Schematic illustration of the anisotropic pinning effect from a ZnO particle on the lamellar ferroelectric
domains in the BNT-6BT ceramic matrix. (f) The situation at temperatures below Tg; (g) the situation at temperatures
between 74 and T The polar <0001> direction of ZnO is marked with the white arrow. (a-g) Reproduced from ref.

507. with permission from the American Physical Society, Copyright 2019.

6.5 Nano-domain vs. Fatigue

Fatigue degradation is one of the biggest challenges for ferro/piezoelectric materials’ practical
application.* 121 Although extensive efforts were paid on the study of fatigue behavior and the various
modes (e.g., passive layer formation, nucleation inhibition, local phase decomposition, near-by-

electrode injection, defect redistribution, and domain wall pinning) were proposed to explain the macro
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fatigue degradation, the physical origin of fatigue degradation remains controversial.** 433 More
importantly, the previously proposed modes were mainly based on the observed macro fatigue
degradation, and the actual fatigue degradations are synergistically caused by different factors
(models).*% 43 The fatigue degradation is closely related to the polarization reversal that is
intrinsically linked to ferroelectric domain arrangement and transformation during the electric cycle.
Therefore, in situ domain observations during the electric cycles are key to understand the
microstructure mechanisms of ferroelectric fatigue degradation. In this context, Tan ef al. conducted
the in situ TEM measurements on ((Bii2Nai2)o0.95Bao.os)o.oslao02TiO; (BNT52) ceramics during
bipolar electric cycles to reveal the physical origin of BNT-based ceramics’ fatigue degradation at the
nanoscale (see Figure 42).°% The unpoled grain of BNT52 ceramics exhibited the nano-domains with
coexisting R3¢ and P4bm phases. Applying an electric field of 30 kV/cm completely transformed the
nano-domains into the large lamellar domains with the R3¢ phase (see Figure 42(a, b)). Then, the large
lamellar domains were gradually disrupted into the small fragments with nano-sized during the
increasing electric cycles from 1 to 103 (see Figure 42(d-j)). The fatigued grain exhibited the very weak
12£00e}-type superlattice diffraction spots (see Figure 42(c)), indicating the existence of the P4bm
phase. This phenomenon indicated that the bipolar electric cycles not only disrupted the large R3¢
domains but also recovered the P4bm phase, which may be due to the close free energies of those
different phases. The nanofragments exhibited the immobilization of the domain wall, which needed

a higher electric field (e.g., 40 kV/cm) to achieve an effective domain wall motion.
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Figure 42. Domain fragmentation of BNT52 ceramics during bipolar electric cycling on a <111>-aligned grain. (a)
Domain morphology and (b) the corresponding SAED pattern of the initially poled state at 30 kV/cm before cycling.
(c) SAED pattern from the same area after 103 cycles of bipolar fields. The arrow in (c) suggests the evidence of
12{00e} -type superlattice diffraction spots. Domain morphology (d) after 10%; () 2x10?; (f) 4x10%; and (g) 103 bipolar
electric cycles. (h-j) Enlarged images are used to show the nanofragments. The arrow in (a) indicates the positive
direction of bipolar electric cycles. (a-j) Reproduced from ref. 508. with permission from the Wiley-VCH, Copyright

2015.

Then, the variations of XRD patterns and electrical properties during the bipolar electric cycles were
measured to correlate with the in situ domain observations (see Figure 43).°% The 2{311} superlattice
diffraction peak of the unpoled BNT52 ceramics was too weak to be detected, but the poled BNT52

ceramics displayed an apparent 2{311} superlattice diffraction peak because of the irreversible
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electric-induced phase transition from R3c+P4bm to R3c (see Figure 43(a)). With increasing bipolar
electric cycles, the intensity of 2{311} superlattice diffraction peak slightly increased, and the
corresponding full width of half maximum (FWHM) rapidly increased (see Figure 43(b)). The
increased FWHM indicated the reduced size of the domains with the R3¢ phase.’*® Furthermore, the
decrease in Sheg, Spos, maximum polarization (Pmax), and Pr also indicated the degradation of domain
reversal and domain wall motion (see Figure 43(c, d)).’°® The immobilization of the domain wall was
supported by the rapid increase in E. (see Figure 43(d)). Therefore, the macrostructure and the
electrical properties correlated well with the in sifu domain observations. Generally, the 180°
polarization reversal in rhombohedral ferroelectric perovskites was accomplished through consecutive
non-180° ferroelastic domain switching instead of the straightforward reverse.>*® Therefore, the nano-
sized domain fragments were suggested to result from the frozen intermediate domains for the 180°
polarization reversal. The pinned nanoscale domain fragments led to the reduction in switchable
polarization by destructing long-range polar order.>*® The similar domain fragmentation during electric
cycles was also reported in BNT-6BT ceramics.’” Simons et al. used the neutron diffraction to detect
the phase structure of BNT-6BT ceramics during the bipolar electric fields.’” The results indicated the
unpoled BNT-6BT ceramic firstly changed into the poled state with long-range ordered domains, and
then the domains were progressively fragmented by a repetitive process of domain wall pinning and

subdivision.>”
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Figure 43. XRD patterns and macro electrical properties of BNT52 ceramics during the bipolar electric cycles.’ (a)
V2(311} superlattice diffraction peak and (b) its integrated intensity and the full width of half maximum (FWHM).
Variations of (¢) Sneg and Spos, and (d) Pmax, Pr, and E. during the fatigue measurement. (a-d) Reproduced from ref.

508. with permission from the Wiley-VCH, Copyright 2015.

7. Summary, challenges, and outlook

7.1 Summary

Based on the above summary and analysis, how the domain structure is affected, and its effects on the
performance of lead-free piezoceramics are summarized in Figure 44. The modification of pristine
lead-free piezoceramics directly affects the final performance at a macroscopic level. This process is
experimental, which means that performance enhancement can be achieved empirically. On the other
hand, the modification influences the domain structure, specifically the occurrence of nano-domains

and PNRs. Then, these complex domains are stimulated by external stimuli, such as electric field and
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temperature. Through the domain switching, domain wall motion, and domain transformation, the
complex domains respond to the external stimulus, resulting in the macro performance we observe
eventually. Therefore, the domain structure affects the lead-free piezoceramics’ performance at a
microstructure/mesoscopic level, which belongs to the theoretical area. In summary, the domain
structure acts as a “bridge” connecting the modifications and the macro performance, playing in a

crucial role in understanding and achieving high performance.
Macroscopic level (experimental)

pristine modification domains stimulus offects performance

1. phase boundary engineering PNRq Dom: p o€ i
composition design :|-|: Ferroelectricity

n ano- Strain property

3. composite ceramic domains

Temp-stability
Electnc field Aging behavior
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4. sintering aids (e.g., MnQO,)

. preparation technology

A

Microscopic/mesoscopic level (theoretical)

Figure 44. A summary describing how the domain structure is affected, and its effects on the performance of lead-

free piezoceramics.

Lead-free piezoelectric ceramics are paid more and more attention because of the promising potential
for replacing the lead-based ones. As one of the external contributions, the nano-domains and PNRs
play an important role in the macro performance of lead-free piezoelectric ceramics, particularly in
improving the piezoelectric properties. For KNN- and BT-based ceramics, we firstly summarized the
relationship of phase structure and nano-domains, and then discussed the effects of nano-domains and
PNRs on the performance including piezoelectricity, temperature stability, aging, and fatigue behavior.
For BNT-based ceramics, nano-domains of different but representative BNT-based material systems
(e.g., BNT-BT, BNT-BKT, BNT-BT-KNN, BNT-2.5Nb, BNT-6BT: ZnO, BNT52, and BNT-ST) were

reviewed. Specifically, nano-domains varying with composition, temperature, and electric field were
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summarized, focusing on explaining the physical mechanisms for the electrical properties. Finally,
how the domain structure was affected, and its effects on the performance of lead-free piezoceramics
were also highly comprehensibly summarized. Therefore, this review can promote the understanding

and development of lead-free piezoceramics in the future, particularly in nano-domains and PNRs.

7.2 Challenges
Although the recent publications have achieved some breakthroughs in observing and analyzing the

nano-domains of lead-free piezoelectric ceramics, there are still challenges for further development.

7.2.1 in situ observation for nano-domains

Considering the important role of nano-domains in the piezoelectricity enhancement of lead-free
piezoceramics, in situ observations for nano-domains under external stimulus (e.g., electric field,
temperature, and stress) are key to analyze the underlying physical mechanisms. Although there have
already some investigations on the in situ TEM observations for nano-domains, more efforts should
be given out due to the significance of explaining the related performance and physical mechanisms.
According to the publications reported so far, many efforts were paid on BT- and BNT-based ceramics,
but KNN-based ceramics received little attention. This phenomenon may be related to the resource of
in situ TEM and the difficulty in fabricating appropriate in situ TEM samples. However, considering
the high piezoelectric properties and favorable temperature stability of KNN-based ceramics and the
remarkable role of nano-domains in these properties, it is urgent to conduct in situ observations for

KNN-based ceramics’ nano-domains.
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7.2.2 Understanding the formation of nano-domains

Although the recent tools allow us to observe nano-domains, the exact growth mechanism of nano-
domains is still absent. Most publications ascribed the formation of nano-domains to the multi-phase
coexistence, in which a low domain wall energy was expected due to the low degree of polarization
anisotropy energy.>” 6265 158 This explanation only proposes the possible reason for the formation of
nano-domains from the view of free energy. However, the explanation from the viewpoint of nucleation
growth is still missing, which will fundamentally promote the understanding of the formation of nano-

domains.

7.2.3 Phase structure of nano-domain

Although the phase structure of BNT-based ceramics’ nano-domains was extensively studied, the phase
structure of BT- and KNN-based ceramics’ nano-domains has not well been understood. Most
publications on BT- and KNN-based ceramics did not well correlate the nano-domains with their phase
structure. This is probably due to the difficulty in detecting the phase structure of a particular nano-
domain because the size of some ultra-fined nano-domains is approximate to the highest resolution of
TEM. Indeed, our recent work revealed a homogeneous single phase in KNNS-BNKZ-AgSbO3-Fe,0s
ceramics’ TEM sample due to the spatial averaging.® However, the local structure of the sample
possesses an R-O-T multi-phase coexistence. This phenomenon is recently also reported in
(Ko.sNao.s)NbO3-xBaTiO3 (x=0.45) solid solution, in which the macro symmetry was a cubic phase but
the local symmetry was proved to be a rhombohedral-tetragonal (R-T) coexistence phase.**® Therefore,
the accurate identification of nano-domains’ phase structure is still one of the biggest challenges in
lead-free piezoceramics. Some more precise and advanced tools should be used to detect the local
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symmetry of these nano-domains, such as Cs-corrected TEM.?!

7.3 Outlook
Despite the challenges, there is a great future for the nano-domains of piezoceramics. Here we gave

out the two most important and promising directions for future development.

7.3.1 Nano-domain engineering vs. Piezoelectricity

As mentioned above, the occurrence of nano-domains substantially promotes the piezoelectric
properties and the temperature stability of piezoceramics. Therefore, better performance is highly
excepted if one can effectively manipulate the nano-domains (as called nano-domain engineering). Up
to date, several methods are used to achieve the domain engineering, such as composition design,
texturing or single crystal, and electric field.'8 53 63, 130, 312-314,510-312 Genperally, the composition design
can guarantee the domain size but cannot control the orientation of domains. However, texturing or
single crystal can effectively control the orientation of domains due to the oriented growth, and the
further orientation of domains can be achieved by applying an electric field. Therefore, the synergetic
effects of these methods on nano-domains hopefully realize the ultra-high performance in lead-free
piezoceramics. This conception has been well realized in lead-based piezoelectric materials, such as
PMN-PT-Sm ceramic and single crystal.?> 12313 In the same way, some researchers also obtained the
high piezoelectric properties in KNN-, BNT-, and BT-based ceramics and single crystals.>* 60 63-66.70.
73,86, 154,514 However, there is still a distinct gap in the performance between lead-free and lead-based
piezoelectric materials. Thus, the further promotion of piezoelectric properties in lead-free ceramics is

highly promising when further optimizing the nano-domain engineering.
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7.3.2 Nano-domain engineering vs. Microdevices

Besides the promising application in piezoelectric properties, the nano-domain engineering is also
highly promising in microdevices. As we know, the ferroelectric domain can be used for the non-
volatile memory (e.g., ferroelectric memory, FRAM).#40-515-520 The yltra-fine size of nano-domains in
lead-free piezoceramics provides several advantages for non-volatile memory, such as small size, high
density of domain wall, high response rate and low necessary electric field for driving the polarization
reversal. With the microfabrication technology, these advantages endow the lead-free piezoceramics
with excellent performance in the ferroelectric memory. Currently, lead-based piezoelectric materials
are widely used for FRAM, such as PZT family.*** °15-52% Therefore, the nano-domain engineering of
lead-free piezoceramics has great potential in FRAM when considering the above-mentioned
advantages. Furthermore, the high piezoelectric response of nano-domains endows lead-free
piezoceramics with the potential in other microdevices. Recently, it was reported that piezoelectric
nanogenerators (PENGs) and transducers, consisting of PBE-modified KNN-based ceramics showing
nano-domains, exhibited comparable performance to those containing soft lead-based
piezoceramics.’?! In particular, Zhou et al. successfully fabricated a lead-free ultrasonic energy
harvester (LF-UEH) by using PBE-modified KNN-based (KNNS-BLNLZ) ceramics.’?? The LF-UEH
possessed good mechanical flexibility and could be driven by the ultrasound to produce adjustable
electrical outputs, even in an implanted environment. Therefore, the nano-domain engineering of lead-

free piezoceramics has great potential in microdevices.
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