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Aging effect due to domain evolution in (K0.5,Na0.5)Nb0.97Sb0.03O3 h001i textured ceramics was

investigated by piezoresponse force microscopy. We find that aging effect is pronounced in the

orthorhombic single phase field. A more uniform and finer domain structure on the order of several

hundred nanometers was observed after aging and is believed to originate from defect-migration.

After poling, large domains (�10 lm) with smooth boundaries were found in the aged condition

due to the more readily redistribution of uniform and finer domain structures after aging. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.3698154]

In the past decade, environment concerns have inspired

research on high-performance lead-free piezoelectrics, which

have the potential to replace lead zirconate titanate (or PZT)

solid solutions. Since 2004 when Saito et al. proposed the

(K0.5Na0.5)NbO3 (or KNN) family as lead-free piezoelectric

alternative,1 much work has been performed to further

improve its piezoelectric properties: through compositional

modifications and shifting the polymorphic phase boundary

(PPB).2 A significant increase of the piezoelectric coeffi-

cients in h001i textured KNN ceramics compared to ran-

domly oriented ceramics is due to an enhanced ordering of

the distribution of grain orientations along h001i. It is known

that ferroelectrics with engineered domain configurations ex-

hibit significantly improved piezoelectric responses along

nonpolar axes.3,4 The h001i texture guarantees that the appli-

cation of E is along [001], which is a different crystallo-

graphic orientation than the {110} polarization vector in the

orthorhombic phase of KNN.

KNN undergoes a structural phase transformation

sequence on cooling of paraelectric cubic (C) ����!�400 �C
ferro-

electric tetragonal (T) ����!�210 �C
ferroelectric orthorhombic

(O).5 The T!O boundary is known as the PPB, designat-

ing its difference from the morphotropic phase boundary

(MPB) of Pb-based systems. The PPB of KxNa1 � xNbO3

solid solutions is nearly independent of x, remaining almost

independent of temperature for 0< x< 1. One of the major

differences between PPB and MPB-based ferroelectrics lies

in the temperature dependence of the piezoelectric proper-

ties. The PPB-based ones generally exhibit large changes in

the piezoelectric coefficient near the PPB; however, the

MPB systems are only weakly temperature dependent and

thus offer a broad temperature range for usage. The

observed enhancement of the piezoelectric coefficient in

KNN was first attributed to an MPB between orthorhombic

and tetragonal phases.6–8 However, later studies reported a

not strong temperature dependence of the electromechani-

cal properties and the existence of a O!T PPB near room

temperature.9 Recently, x-ray studies of textured KNN

ceramics have shown phase coexistence near the PPB over

a 30 �C temperature range, where the relative phase volume

fractions change. Furthermore, increasing E applied along

the [001] resulted in a notable increase in the volume frac-

tion of the T phase, effectively shifting the O!T boundary

to lower temperatures. The piezoelectric properties

increased with T volume fraction.10

The structure of KNN has been reported to be dependent

on stoichiometry. At room temperature, the orthorhombic

phase is not the only structure that has been reported. A

monoclinic structure has also been found for compositions

near the boundary at x¼ 0.5.11 Small substituent concentra-

tions are known to result in the coexistence of orthorhombic

and tetragonal phases.12,13 However, for h001i textured

(K0.5Na0.5)Nb0.97Sb0.03O3 (KNN-3%Sb) ceramics, x-ray

investigations show a single orthorhombic phase field.14 It

has been suggested that nanodomains play a vital role in the

high piezoelectric property near the MPB of Pb-based perov-

skites.15 Prior studies of domain structures in KNN have

revealed that the domain widths are on the order of

20–50 nm. It was found that orthorhombic and tetragonal do-

main structures coexisted, with domain walls intersecting

between nano-domains at 90� which existed adjacent to sub-

micron domains having 45� intersections.13,16 The sub-

micron domains were assembled of tetragonal nanodomains

having the same (110) twin walls. More recently, it was

shown that KNN has various domain morphologies, includ-

ing featureless domains and striplike domains.17,18

The KNN system is known to have a unique aging

effect, which has been utilized to improve its piezoelectric

properties.12 A defect migration model has been proposed to

explain the origin of aging.12,19,20 This model was based on

x-ray diffraction data of KNN ceramics, which underwent

different thermal treatments. In addition, an aging and re-

poling induced enhancement of the piezoelectric properties

has been reported for KNN compositions with coexisting

orthorhombic (O) and tetragonal (T) phases.12 However,

micro-structural studies concerning domain evolution associ-

ated with aging and re-poling have not yet been reported.a)Electronic mail: jjyao@vt.edu.

0003-6951/2012/100(13)/132902/4/$30.00 VC 2012 American Institute of Physics100, 132902-1
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Aging has been proven to be effective in enhancing field

induced domain switching in single T phase BaTiO3 crys-

tals,19,20 via a defect symmetry conforming principle. A

symmetry-conforming property could provide a restoring

force for reversible domain switching and consequently a

large recoverable electro-strain.19

Here, we present a study of domain evolution driven by

aging of h001i textured (K0.5Na0.5)Nb0.97Sb0.03O3 (KNN-

3%Sb) ceramics in the orthorhombic single phase field.

Aging and re-poling increased the piezoelectric properties,

as previously reported.12 We find that aging results in a more

uniform and finer domain structure, which is pronounced for

KNN-3%Sb. Large domains with smooth boundaries were

observed in this aged sample after poling.

The h001i textured KNN-3%Sb ceramics were prepared

by a templated grain growth (TGG) technique developed by

Chang et al. with strong pseudocubic h001i orientation

(F00l¼ 97%).14 Wafers of ceramics were cut into dimensions

of 3� 3� 0.3 mm3 and were subsequently electroded on

both surfaces with gold. The samples were poled in silicone

oil at room temperature under a dc field of E¼ 3 kV/mm for

20 min, and the aging process was carried out at 170 �C for

30 days. The following property studies were then

performed. Polarization hysteresis (P-E) and strain vs E-field

(e-E) curves were measured at a frequency of 1 Hz using a

modified Sawyer-Tower circuit and a linear variable differ-

ential transducer (LVDT) driven by a lock-in amplifier

(Stanford Research, SR850). Careful investigations of the

domain structure were performed by piezoresponse force mi-

croscopy (PFM) (DI 3100 a, Veeco). For the PFM studies,

gold electrodes were deposited on the bottom face of the

samples by sputtering, the electroded face was then glued to

the sample stage, and the opposite unelectroded surface was

scanned by the SPM tip (Veeco, DDESP-10). An ac modula-

tion voltage of 4 V (peak to peak) with a frequency of

22 kHz was applied between the conductive tip and the bot-

tom gold electrode. TEM work was carried out on a FEI

TITAN 300 electron microscopy operating at 300 kV, with a

double-tilt sample holder.

The P-E hysteresis loops of unaged and aged

KNN-3%Sb ceramics are shown in Fig. 1(a). A remnant

polarization of Pr¼ 20.5 lC/cm2 and a coercive field of

Ec¼ 2.1 kV/mm were found in the unaged condition. Aging

makes only a slight difference in these values with

Pr¼ 21.5 lC/cm2 and Ec¼ 1.9 kV/mm. The bipolar e-E
curves for the unaged and aged conditions are shown in Fig.

1(b). Aging results in a significant increase of the induced

strain: from 0.1% for the unaged condition to 0.16% for the

aged one. However, the unipolar e-E curves revealed a less

pronounced increase, as in Fig. 1(c): from 0.079% (unaged)

to 0.090% (aged). The reduced strain of the unipolar e-E
response is consistent with changes in the induced polariza-

tion, via electrostriction (Q), as

eunaged

eaged

¼ 0:88 � Q

Q

P2
unaged

P2
aged

¼ 0:91:

Thus, the changes in the unipolar strain with aging arise due

to those in polarization. However, the much larger changes

in the strain of the bipolar e-E curves with aging must result

from domain switching contributions, potentially similar to

that of the T domains in the BaTiO3 crystals by the symme-

try conforming concept.19 This would imply significant

changes in the domain distribution with aging and/or subse-

quent poling.

Representative PFM images of the domain morphology

for h001i textured KNN-3%Sb with different heat treatments

are shown in Fig. 2. In the as-received (unaged) condition

(Figs. 2(a) and 2(b)), the domain morphology did not possess

a preferred crystallographic orientation, but rather had irreg-

ularly shaped boundaries. The size of these domains varied

over a wide range between 0.1 and 5 lm. This abnormal do-

main distribution may result from residual stresses remaining

within the grain structure after sintering. Such domain distri-

butions and morphologies may not be beneficial for

enhanced properties, as previous studies near a MPB have

shown that the piezoelectric properties significantly increase

with decreasing domain size.13,21–27 The reduced domain

FIG. 1. Dynamical electromechanical

responses for unaged and aged KNN-

3%Sb textured ceramics. (a) Polarization

hysteresis loops, (b) bipolar strain hys-

teresis curves, and (c) unipolar strain

hysteresis loops.

FIG. 2. Domain morphologies of KNN-3%Sb textured ceramics in two dif-

ferent conditions: (a), (b) as-received; (c), (d) aged.
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size near the boundary is a result of a low anisotropy, allow-

ing for low symmetry structurally bridging phases. A

reduced domain size may enable domain redistribution under

application of electric field E.

Representative domain morphologies of the aged condi-

tion at 170 �C are shown in Figs. 2(c) and 2(d). Compared

with the as-received (unaged) state, a clear difference can be

seen. First, many small domains emerged after aging whose

size was on the order of several hundred nanometers. Sec-

ond, the domain distribution was more uniform, and no nota-

ble domain boundaries were found probably due to the small

size. These changes are believed to be due to defect migra-

tion.12,19,20 Note that aging took place at 170 �C, which is in

the T phase field and above the O!T boundary near

130 �C. Thus, following a symmetry conforming principle,

mobile defects would redistribute with time under field

developing a tetragonal-like conforming symmetry. Under

bipolar drive at temperatures below the PPB, this frozen-in

symmetry conforming condition could then enable domain

switching between {110} orthorhombic variants via the

structurally bridged tetragonal conforming state.

We studied the effect of poling before and after aging,

as shown in Fig. 3. Our findings support the above arguments

that enhanced bipolar strain results from domain contribu-

tions via defect symmetry conformation. In the as-received

(unaged) condition, poling resulted in irregular domain pat-

terns of 2–5 lm in size that had rough boundaries (see Figs.

3(a) and 3(b)). When the aged condition was subsequently

poled, the domain morphology had notably different features

(Figs. 3(c) and 3(d)): macro-domains of 10 lm in size

became apparent with smooth boundaries. Note that a single

domain state was not observed. The more uniform and finer

domain structure in the aged condition (Figs. 2(c) and 2(d))

is more readily to be redistributed under E, evolving into

larger macro-domain plates. Subsequent application of E

along a nonpolar axis at room temperature may then result in

broadened domain walls via the frozen-in defect symmetry

conformation along {001}. Such broadened domain walls

could serve as nuclei for domain switching.28 We note that

the domain patterns of h001i textured KNN-3%Sb ceramics

observed here did not have any preferred orientations and

that different domain morphologies of KNN ceramics have

been reported.16–18,29 We believe that such differences may

result from inhomogenous phase structures due to stoichiom-

etry or sintering conditions.

We also investigated the domain and local structures in

the aged condition by transmission electron microscopy

(TEM). Typical domain structures by bright field and lattice

imaging are shown in Fig. 4. The bright field image revealed

the presence of fine domains of 30–500 nm lengths and

10–30 nm widths. It is noted that comprehensive investiga-

tions were carried out on �10 regions and irregular domain

structures are the typical domains based on numerous observa-

tions (�30 images). Also, the domain pattern observed by

TEM is consistent with that by PFM in the aged condition.

Note that the domain size observed by TEM is often smaller

than that by PFM, which is believed to originate from a

decreasing domain size with sample thickness. A selected

area electron diffraction (SAED) pattern is shown in the inset

of Fig. 4(a). This inset did not reveal diffuse scattering along

h001i or super-reflections, as recently reported.17,29 The

super-reflections observed in A-site perovskites were believed

to originate from the possible octahedral tilting or A-site cat-

ion ordering.30,31 To investigate the possible existence of

localized ordering of A-site cations or octahedral tilting on the

nanoscale, high resolution lattice images were obtained for the

aged condition (Fig. 4(b)). No local structural modulation was

observed in the lattice image and also the power spectrum of

the lattice image (shown as inset of Fig. 4(b)) was consistent

with that of the SAED, which demonstrates that A-site cation

ordering or octahedral tilting does not exist on the nanoscale

for the KNN-3%Sb textured ceramics.

Our findings indicate that the defect symmetry conform-

ing principle can have important consequence on systems

containing a PPB boundary between O and T phases. This

boundary is driven by temperature rather than by composi-

tion as seen for the MPB.32 Thus, electric fields applied in

the high temperature phase develop a defect conforming

symmetry consistent with the high temperature phase. On

cooling through the PPB, the defect-conforming symmetry

of the high temperature phase is then preserved into the

FIG. 3. Domain morphologies of poled KNN-3%Sb textured ceramics with

E¼ 3 kV/mm in two different conditions: (a), (b) poled on as-received; (c),

(d) poled on aged.

FIG. 4. TEM results for KNN-3%Sb textured ceramics: (a) Bright-field

image along the [001] zone axis, where the inset shows a SAED; (b) h001i
lattice image, where the inset is the corresponding power spectrum.
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lower temperature one. This provides, in a sense, the low

temperature phase with a structural link to the high tempera-

ture one. Such a link could have significant consequences for

domain switching, where fields applied along crystallo-

graphic directions different than that of the polarization vec-

tor could result in enhanced bipolar strains.

In summary, aging associated domain evolution in

KNN-3%Sb textured ceramics has been observed. The

results reveal that there is a pronounced aging effect is in the

orthorhombic single phase field. More uniform and finer do-

main structures were observed, which are believed to origi-

nate from defect-migration. Large sized domains (�10 lm)

with smooth boundaries were found in the aged condition af-

ter poling. Both TEM and HRTEM studies did not reveal the

existence of super-reflections, indicative neither of A-site

cation ordering nor of octahedral tilting in the KNN-3%Sb

textured ceramics.
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