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Hierarchical nanodomains assembled into micron-sized stripe domains, which is believed to be

associated with outstanding piezoelectric properties, were observed at room temperature in a typi-

cal lead free piezoceramics, (Na0.52K0.48�x)(Nb0.95�xTa0.05)-xLiSbO3, with finely tuned polymor-

phic phase boundaries (x¼ 0.0465) by transmission electron microscopy. The evolution of domain

morphology and crystal structure under heating and cooling cycles in the ceramic was investigated

by in-situ hot stage study. It is found that the nanodomains are irreversibly transformed into

micron-sized rectangular domains during heating and cooling cycles, which lead to the thermal

instability of piezoelectric properties of the materials. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4891960]

The development of piezoelectricity in lead-free

ceramics is of much interest for human health and environ-

mental protection. In recent years, lead-free piezoelectric

materials with excellent properties have been intensively

studied to find an alternative for toxic lead zirconate tita-

nate (PZT) materials.1–4 Among several families of lead-

free piezoelectric materials (Na, K)NbO3 (NKN) ceramics

are considered to be promising candidates to replace PZT

owing to the high electromechanical coupling coefficient

(kp) and high Curie temperature (Tc� 420 �C) of these

materials.5 However, pure NKN ceramics generally show

low piezoelectric properties compared to PZT system ce-

ramic.6 As a result, various chemical modifiers, such as

LiTaO3,7,8 LiNbO3,9,10 LiSbO3,11–13 CaZrO3,14,15 and

BaZrO3,16,17 have been employed to facilitate processing

and optimize the piezoelectric behavior. The enhanced pie-

zoelectric properties in NKN-based ceramics are attributed

to shifting the temperature of the polymorphic phase

boundary (PPB), where either the tetragonal (T) and ortho-

rhombic (O) or the tetragonal and rhombohedral (R) phases

coexist, to room temperature.2 For the PPB of coexistence

of orthorhombic and tetragonal phase, a d33 of �416 pC/N

was recorded at room temperature,18 while for the PPB of

coexistence of rhombohedral and tetragonal phase a d33 as

high as �490 pC/N has been reported in a NKN based sys-

tem recently.19 However, a drawback of the PPB is temper-

ature sensitivity, which is one of the bottlenecks for device

application despite of the high piezoelectric properties at

room temperature. Zhang et al. reported that for LiSbO3

doped NKN ceramics, a drop of d33 from 355 pC/N to 250

pC/N when heating from room temperature to 50 �C.13 Yao

et al. also demonstrated that d33 decreases monotonically

with elevated temperature, and 40% reduction of d33 occurs

in (K,Na,Li)(Nb,Ta,Sb)O3 ceramics when heating to

120 �C.20 Akdo�gan et al. found that for LiTaO3 and LiSbO3

co-doped NKN ceramics the spontaneous polarization Ps,

permittivity and piezoelectric coefficient d33 all peaked in a

narrow temperature 25–31 �C.21 Hollenstein et al. demon-

strated that the piezoelectric coefficient d31 and kp

decreased up to 30% of their initial value after the first heat-

ing and cooling cycle up to 140 �C for Li-modified NKN.

However, after the second cycle, the property stabilized.22

Ideally, the room temperature properties of a piezoelectric

material are expected to be recovered after repeated thermal

cycle in devices because inevitable temperature fluctuation

will happen during either device fabrication or device

application. For example, medical probes containing piezo-

electric transducer sometimes need to be sterilized at tem-

peratures above 100 �C. Despite that some progresses have

been made to improve the thermal stability of NKN based

lead free piezoceramics,18,23–25 the physical mechanism

behind remains unknown. As a result, clarifying micro-

structural origin of the thermal instability of properties in

NKN based piezoceramics is of a considerable practical

importance.

It is well known that the piezoelectric properties of ferro-

electric materials are strongly related to their ferroelectric do-

main structures and crystal symmetry. Therefore, the

temperature dependent evolution of ferroelectric domain and

phase symmetry is crucial to the understanding of microstruc-

tural origin of the thermal instability of NKN based ceramics.

However, the room-temperature domain structure in NKN

based ceramic has only recently been investigated by trans-

mission electron microscopy (TEM).26,27 Coexistence of

orthorhombic and tetragonal nanodomains was confirmed by

convergent beam electron diffraction (CBED) method in

NKN based piezoceramic with a PPB composition at room

temperature.26 Although the nanodomains, which are believed

to be associated with the strong piezoelectricity, are also

found in NKN based piezoceramics at room temperature, one

question remains: Can these nanodomains survive in the heat-

ing and cooling cycle? In this work, domain structures ofa)Electronic mail: shengbo.lu@yahoo.com
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typical (Na0.52K0.48�x)(Nb0.95�xTa0.05)-xLiSbO3 (NKNT-

xLS) lead free piezoceramics with a PPB composition

(x¼ 0.0465) and a Curie temperature around 320 �C (Ref. 28)

are investigated by TEM. In situ hot stage study during two

heating and cooling cycles of NKNT-0.0465LS from 25 �C to

350 �C reveals that the micron-sized stripe domains consisting

of hierarchical nanodomains structures transform irreversibly

into rectangular domains with broadened domain walls during

the first heating and cooling cycle; while during second heat-

ing and cooling cycle after 24 h, only slight change of domain

structures can be observed. These results are believed to be

one of the reasons that a drastic degradation of piezoelectric

properties was found in the first heating and cooling cycle,

and followed by stabilized properties during the second cycle

as observed by Hollenstein et al.22

NKNT-xLS were fabricated by conventional solid state

process as described in Ref. 28. The specimens for TEM ob-

servation were prepared from bulk materials by mechanical

thinning to �10 lm and then ion milling to perforation using

a Gatan Dual Ion mill unit (Model 600). Specimens were

coated with carbon before TEM examination. The domain

morphology was examined on TEM (Philips CM-20,

Hillsboro, OR) operated at 200 kV. The in situ heating/cool-

ing observation was performed from room temperature to

350 �C on a double-tilt heating specimen holder (Gatan

Model 652) with the temperature controlled precisely by a

SmartSet Hot Stage controller (Gatan Model 901). The accu-

racy of the temperature measurement is about 0.1 �C. A heat-

ing and cooling rate less than 3 �C/min was used. Bright filed

(BF) images, CBED, and selected area electron diffraction

(SAED) patterns were recorded 10 min after the temperature

was stabilized. The CBED and SAED patterns are indexed

on the basis of the pseudo-cubic unit cell. All specimens

were annealed at a temperature of 80 �C for 24 h to release

the stress induced during sample preparation.

Figure 1 shows typical stripe domains consisting of la-

mellar hierarchical nanodomain structures in NKNT-

0.0465LS with a PPB composition, which have been

reported both in Pb-based and Pb-free piezoceramics and

are believed to be associated with the strong piezoelectricity

in those systems at room temperature. The submicron strip

domains are of 200 to 900 nm in width arranged by nanodo-

mains with a width of 50 nm. The domain orientations are

examined by SAED as shown in the inset of Fig. 1. The

micron-scale domain walls are along h110i direction, while

the nanodomain walls are approximately along either h100i
or h010i directions. The domain structures are quite similar

to those previously reported in another NKN based piezo-

ceramic system,26 indicating a coexistence of O and T phase

at room temperature in the NKNT-0.0465LS ceramic.

To understand the thermal stability of the domain struc-

tures in NKNT-0.0465LS temperature-driven domain evolu-

tion was investigated by in situ heating and cooling, as

shown in Figs. 2(a)–2(g). In the virgin state at room tempera-

ture, both micron-sized parallel stripe domains and rectangu-

lar domains are found (Fig. 2(a)), with their domain walls

tracing along h110i and h100i directions, respectively, as

indicated by the SAED pattern shown in the inset of Fig.

2(a). When heating to 150 �C, the contrast of the strip

domains slightly changed, as indicated by the white arrows

in Fig. 2(b). Meanwhile, some of the domain walls of the

rectangular domains begin to disappear. It has been reported

that there exists an O ! T phase transition at around 35 �C
in NKNT-0.0465LS ceramic.27 Detailed domain evolutions

in the area with white frames in Fig. 2 will be further

FIG. 1. BF image of typical domain configuration with micron- and nano-

scale domains in NKNT-0.0465LS ceramic, viewed along h001i zone axis.

Inset shows the SAED of the examined grain.

FIG. 2. In situ TEM observations of grain along the h001i zone axis in a

NKNT-0.0465LS specimen during first heating and cooling cycle. BF micro-

graphs at (a) virgin state, 25 �C, (b) 150 �C on heating, (c) 260 �C on heating,

(d) 350 �C on heating, (e) 260 �C on cooling, (f) 150 �C on cooling, (g)

25 �C on cooling. Inset in Fig. 2(a) shows the SAED of the examined grain.
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illustrated in Fig. 3. With further increase of temperature to

260 �C, both the stripe and rectangular domains disappeared

and transformed into nano-sized island domains, as indicated

by the white arrows in Fig. 2(c). The domain contrast com-

pletely disappeared at 350 �C, as shown in Fig. 2(d), suggest-

ing the completion of the ferroelectric to paraelectric phase

transition. No changes were detected on cooling from 350 �C
until 260 �C when the nano-sized island domains reappeared

in the grain, as evident in Fig. 2(e). These nano-sized island

domains gradually transformed into micron-sized irregular

domains at 150 �C (Fig. 2(f)). It is worthwhile to note that

the projections of the traces of the micron-sized irregular

domains walls do not appear to orient in any principle crys-

tallographic directions. When cooled back to 25 �C, the

island domains disappeared completely leaving only the rec-

tangular domain contrast with broadened domain walls.

Clearly, the parallel stripe domains do not recover after a

heating and cooling cycle. Similar rectangular domain struc-

ture was also observed in a recent in situ TEM study of

0.948(K0.5Na0.5)NbO3–0.052LiSbO3 under an electric field

of 14 kV/cm.28 It is interesting to note that significant differ-

ences of domain structures are observed before and after the

first order phase transition within the temperature range in

this study, as shown in Figs. 2(a) and 2(g). This can be attrib-

uted to the thermal hysteresis during the first order phase

transition of the NKN based ceramic, which is evident by the

coexistence of O and T phases in Fig. 2(a) while a largely T

phase observed in Fig. 2(g) when cooling back from 350 �C
to room temperature. As a result, the room-temperature do-

main structures after phase transition are markedly changed

comparing to their virgin state.

Figure 3 shows the high-magnification BF micrographs

of the areas indicated by dashed square in Fig. 2 to further

elucidate the domain evolution during heating and cooling.

At virgin state, the lamellar hierarchical nanodomains within

submicron strip domains can be clearly seen with a width of

around 50 nm, as shown in Fig. 3(a). When heated to 150 �C,

the hierarchical nanodomains had notably different features

(Fig. 3(b)): island nanodomains of 50 nm in size became

apparent within the strip domains. Although at the same tem-

perature, a clear difference of domain morphology can be

seen when the sample was cooled back to 150 �C and irregu-

lar domains with a size of 600 nm emerged and occupied the

whole grain instead of stripe domains as evident in Fig. 3(c).

Moreover, the symmetry of the nanodomains was examined

by CBED, as shown in Figs. 3(d)–3(f). For O phases with a

2 mm symmetry, the mirror plane in h001i CBED patterns

should be parallel to the h110i direction, while it should be

parallel to the h100i direction for T phases with a 4 mm sym-

metry. Therefore, it turns out that the lamellar nanodomains

are O phase at room temperature while the island nanodo-

mains and the irregular domain are T phase at 150 �C.

Although the composition of NKNT-0.0465LS ceramic was

designed to have the coexistence of O and T phases at room

temperature, the O! T phase transition was found to be dif-

fusive, which means that the coexistence of O and T phases

could be sustained in a wide temperature range.27 The O! T

transition boundary where the phase transition completes

could be around 150 �C in this study, as indicated by the

CBED analysis, which is in agreement with the previously

reported one, near 130 �C.29 Based on the observations during

heating and cooling, as shown in Figs. 2 and 3, the domain

evolution in NKNT-0.0465LS ceramic can be divided into

six phases. First, upon heating, the O phase lamellar nanodo-

mains were transformed into T phase island domains at

150 �C. Second, upon further heating, micron-sized rectangu-

lar domains and strip domains were changed into island nano-

domains completely at 260 �C. Third, the domain contrast

disappeared completely at 350 �C. Fourth, upon cooling,

island nanodomains were emerged first at 260 �C. Fifth, upon

further cooled to 150 �C, coalescence of the island nanodo-

mains into micron-sized irregular domains appeared. Finally,

the irregular domains were transformed into rectangular

domains with broadened domain walls when cooled back to

FIG. 3. High magnification view of do-

main structures at (a) virgin state, i.e.,

25 �C, (b) 150 �C on heating, (c)

150 �C on cooling, respectively, as

marked by dashed squares in Fig. 2.

(d), (e), and (f) are corresponding

CBED patterns taken from domains

marked in (a), (b), and (c), along h001i
zone axis. For BF images, specimen is

tilted a few degrees off the h001i zone

axis in order to view the nanodomains

clearly.

042904-3 Lu et al. Appl. Phys. Lett. 105, 042904 (2014)



room temperature. It is noteworthy that there exists a com-

plete disappearance of lamellar nanodomains during the heat-

ing and cooling cycle, which is believed to be the reason that

the marked drop of d33 after a heating and cooling cycle.

Similar to BaTiO3,30 the T to O phase transition in NKN pie-

zoceramics is proved to be a discontinuous, first-order phase

transition.31 The polarization vector does not follow continu-

ously the h001i to h101i but jumps abruptly from the h001i to

the h101i axis at the phase transition temperature. This sud-

den change of polarization direction will induce a change of

strain during the T! O/O! T phase transition. As a result,

domain walls will reshape to accommodate the change of

strain. Accordingly, domain walls were found to be changed

dynamically during the O/T phase transition.

To investigate whether the domain structure is stabilized

or not after the first heating and cooling cycle, the sample

was kept in TEM chamber for 24 h. Domain structure evolu-

tion under a second heating and cooling cycle was then

examined in another grain along h001i zone axis, as illus-

trated in Figs. 4(a)–4(d). Fig. 4(a) shows similar rectangular

domains observed in Fig. 2(g). With subsequent heating and

cooling to 150 �C (Figs. 4(b) and 4(c)), only irregular

domains can be seen, which are similar to domains shown in

Fig. 2(f). When cooling back to room temperature, only a

slight change in domain morphology can be seen as evident

in Fig. 4(d) when comparing with the one before second

heating and cooling cycle as shown in Fig. 4(a). The domain

walls of the rectangular domains get even broader and still,

stripe domains consisting of hierarchical nanodomains never

recover. Other than the two h001i oriented grains shown in

Figs. 2 and 4, many grains with various orientations have

been also investigated, similar behavior is observed.

Miniaturized domains due to low polarization anisotropy at

the PPB and MPB boundary in ferroelectrics are believed to

be associated with the strong piezoelectricity at room tem-

perature as a reduced domain size may enable easier domain

redistribution under external electric field. Unfortunately,

this important feature is lost after the heat and cooling cycles

in NKN based ceramic with a PPB composition, which could

lead to a deteriorated piezoelectric properties.

Our findings indicate a domain memory effect in the

second heating and cooling cycle, which is significantly dif-

ferent from the first cycle. It can be explained by the defect

symmetry conforming principle during the phase transition

cycles.32 For a “fresh” ceramic, point defects distribute ran-

domly and tend to form a cubic symmetry in the system.

Such defect configuration does not provide any preference of

domain alignment. Thus, no domain memory effect was

achieved during the first heating and cooling cycle as shown

in Fig. 2. However, a defect conforming symmetry consistent

with the high temperature phase is developed when cooling

through PPB and is then preserved into the low temperature

one, as indicated by the white arrows in Figs. 2(e) to 2(g). A

defect dipolar moment aligning along the spontaneous polar-

ization direction of each domain will be generated.33

Therefore, domain morphology will recover during the sec-

ond heating and cooling cycle with the “recover force” pro-

vided by the defect polarization, as shown in Figs. 4(a)–4(d).

In summary, hierarchical nanodomains assembled into

micron-sized stripe domains, which is believed to be associ-

ated with outstanding piezoelectric properties, were observed

at room temperature in NKNT-0.0465LS piezoceramics with

a PPB composition by TEM. However, in-situ hot stage

study shows that this domain structure cannot survive in

heating and cooling cycles, which leads to the drastic deteri-

oration of the piezoelectric properties in the materials.
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