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a b s t r a c t 

The multi-phase coexistence is a technologically important concept in high-performance piezoelectric 

ceramics owing to the ability of achieving extremely increased electromechanical properties. How- 

ever, in fact it cannot always produce desirable thermal stability of small-field piezoelectric proper- 

ties relevant to the device application. In this work, a typical lead-free piezoelectric composition of 

(Na 0.52 K 0.4 )(Nb 0.84 Sb 0.08 )O 3 –0.055LiTaO 3 –0.025BaZrO 3 coexisted with rhombohedral ( R ) and tetragonal ( T ) 

phases at room temperature was investigated as a case study by means of ex/in-situ synchrotron x-ray 

diffraction, Rietveld structure refinement and measurements of temperature-dependent electrical proper- 

ties. The refined crystal structure proves to be a three-phase coexistence of R , orthorhombic ( O ) and T at 

virgin state, and evolves into the R + monoclinic ( M C ) + T phase coexistence at poled state owing to an elec- 

tric field induced irreversible O - M C phase transition. Particularly, the field induced M C phase can stably 

exist and maintain its concentration as long as the annealing temperature is below the Curie temperature. 

An interesting finding is that the poled sample still retains the polymorphism of phase transition like its 

virgin state featuring the temperature driven R - O ( M C )- T phase transition, leading to seriously degraded 

piezoelectric coefficients after thermal cycles due to domain de-texturing of not only M C phase, but also 

R and T phases during repeated phase transition. The present study would benefit to understanding of the 

nature of polymorphic phase boundary and the structure origin of temperature-dependent piezoelectric 

properties in R - T coexisted (Na,K)NbO 3 -based lead-free solid-solution ceramics. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Designing a typical phase boundary, which is situated be-

ween multiple ferroelectric phases with different symmetries, has

layed a dominant role in the development of high-performance

iezoelectric ceramics [1 , 2] . Not only domain wall energy is re-

uced but also the polarization vector can be flexibly rotated

ia a low-symmetry intermediate phase within the phase coex-

stence zone, thus leading to significantly enhanced piezoelectric

ctivity [3 , 4] . A traditional case is the composition driven mor-

hotropic phase boundary (MPB), such as the one between ferro-

lectric rhombohedral ( R ) -tetragonal ( T ) in virgin Pb(Zr,Ti)O 3 (PZT)

r (Bi 0.5 Na 0.5 )TiO 3 -BaTiO 3 samples [5 , 6] , or the one between ferro-

lectric orthorhombic O 1 -orhombohic O 2 in NaNbO 3 -KNbO 3 (NKN)

inary solid solutions [7] , which basically corresponds to a nearly

ertical region isolating two ferroelectric phases relative to the
∗ Corresponding author. 
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omposition axis. Another typical case, as frequently reported in

ome lead-free piezoelectric systems such as modified niobate or

aTiO 3 systems [8–12] , is the composition and temperature driven

olymorphic phase boundary (PPB), which was put forward in

009 to make the difference from the well-known MPB [13] , and

s characterized by a rather tilting region (or line) separating two

erroelectric phases against the composition axis. The PPB can be

sually achieved by shifting different polymorphic phase transition

PPT) temperatures close to room temperature, such as in the R - O

r O - T coexisted NKN-based ternary or quaternary solid solutions

11 , 14 , 15] . Compared with the MPB composition, the PPB composi-

ion was reported to usually exhibit serious temperature instability

f piezoelectric properties owing to the variation of the phase frac-

ion with temperature [11 , 13 , 16 –19] , largely restricting its possible

evice applications. That is to say, the physical meaning of phase

oundary in piezoelectric ceramics should be renewed by recog-

izing not only the coexistence of multi ferroelectric phases, but

lso the phase boundary type, i.e., whether the thermally excited

hase transition exists among coexisting ferroelectric phases. 

https://doi.org/10.1016/j.actamat.2020.06.002
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2020.06.002&domain=pdf
mailto:piezolab@hfut.edu.cn
https://doi.org/10.1016/j.actamat.2020.06.002
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In recent years, piezoelectric properties have been significantly

enhanced in R-T phase coexisted NKN-based perovskite composi-

tions [20 –26] , since the first work in 2011 [20] . Although these

niobate-based lead-free compositions look similar to traditional

PZT in terms of the coexisted phase structures ( R and T ) at vir-

gin state, there are still some clear differences between them such

as R3c in the former instead of R3m in the latter [27 , 28] , which

might contribute differently to the final piezoelectric properties

[29] . Moreover, different from the MPB-type PZT system, the R - T

coexisted NKN-based compositions were reported to still exhibit

obvious temperature dependence of small-field electromechanical

properties [30 –33] , as we observed in R - O and O - T coexisted NKN-

based compositions. Accordingly, the nature of the phase boundary

between R and T in virgin or poled NKN-based ceramics needs to

be clarified clearly, although the mechanism for high piezoelectric

activity for this phase-boundary system has been suggested to be

related with an electric field induced intermediate phase [34] or

the nanoscale domain morphology [35 –38] . In the present study,

the (Na 0.52 K 0.4 )(Nb 0.84 Sb 0.08 )O 3 -(0.08-x)LiTaO 3 -xBaZrO 3 ( x = 0.025,

NKNS-LT-0.025BZ) composition, which is located at the crossover

between R and T phases at room temperature [20] , was selected

as a case study. The structural evidence for the PPB instead of

classical MPB determined by clarifying the refined phase structure

and its response to electric field and temperature, would explain

the complex transitions occurred in the R-T coexisted NKN-based

system, and consequently, the degradation of its piezoelectric re-

sponse with subsequent heating treatments. 

2. Experimental 

The NKNS-LT-0.025BZ ceramic was prepared by a conventional

solid-state reaction route. The detailed experimental procedure

was reported elsewhere [20] . The two major surfaces of as-sintered

ceramics were ground and polished, and then annealed in air at

550 °C for 3 h. Silver pastes were screened on two surfaces and

then fired in air at 600 °C for 30 min. Temperature dependent

dielectric properties of unpoled and poled samples were measured

using an LCR meter (E4980A, Agilent, Santa Clara, CA). The polar-

ization versus electric field (P-E) and strain versus electric field

(S-E) curves were measured by using a ferroelectric measuring

system (Precision multiferroelectric, Radiant Technologies Inc.,

Albuquerque, NM) with an accessory laser interferometer vibrom-

eter (AE SP-S 120E, SIOS technic, GmbH, Ilmenau, Germany). The

room temperature crystal structure of the ceramic disk or crushed

powder under ex-situ and in-situ electric field conditions was

examined by synchrotron x-ray diffraction (XRD) at beam line

14B1 at the Shanghai Synchrotron Radiation Facility (SSRF). Both

unpoled and poled samples exhibit pure perovskite structure

without any secondary phases. For the Rietveld refinement, the

XRD pattern of the poled sample was also obtained through

grinding the ceramic disk into the powder, just similar to that

of the unpoled sample. This way can avoid the preferred orien-

tation effect and help achieve the accurate structure information

of the sample. Structural refinement was carried out using the

Rietveld refinement program GSAS-II [39] . For in-situ synchrotron

XRD measurement, thin gold electrodes were sputtered onto

two well-polished surfaces of the ceramic disks, and the sample

surface was perpendicular to the applied electric field during

the in-situ measurement. Beam energy of 10 keV ( λ= 1.2398 Å)

were selected and the data were recorded in symmetric reflection

geometry with θ−2 θ step-scans (Bragg-Brentano geometry) using

a Huber 5021 six-cycle diffractometer with a NaI scintillation

detector. Temperature dependent structure evolution of unpoled

and poled samples was characterized by a conventional powder

XRD (D/MAX-RB, Rigaku, Tokyo, Japan) using a Cu K α radiation

( λ= 1.5406 Å). The slight difference between synchrotron XRD and
onventional XRD patterns would be attributed to the different

pot size and detection depth between these two x-ray sources,

hich does not affect the analysis of the phase structure and its

volution. The sample was poled under a dc field of 4 kV/mm at

oom temperature for 15 min. d 33 values were measured by using

 Belincourt-meter (YE2730A, Sinocera, Yangzhou, China). Samples

re open circuited during annealing but short circuited before d 33 

easurement. Before poling, conductive adhesives were screened

n two polished surfaces of ceramic discs, then dried at 120 °C.

or the temperature dependent XRD measurement, both unpoled

nd poled samples were in-situ measured using high temperature

ccessories of XRD. For the thermal annealing measurement, the

oled sample was heated from room temperature to a certain tem-

erature, then remained at this temperature for 20 min and finally

ooled to room temperature for the d 33 and XRD measurements. 

. Results 

.1. Refined phase structure of unpoled and poled NKNS-LT-0.025BZ 

eramics 

The Rietveld refinement was carried out for both unpoled and

oled NKNS-LT-0.025BZ ceramic powder by using high-resolution

ynchrotron XRD data, as shown in Fig. 1 . Both samples at room

emperature exhibit split and asymmetric (110) C , (200) C and (222) C 
eflections, thus excluding the possibility that only T or R phase ex-

sts. The fitting process of the unpoled sample was initially based

n a conventional R ( R3c ) + T ( P4mm ) two-phase mode, which, how-

ver, cannot comfort all peak profiles satisfactorily. Instead, an

3c + Amm2 ( O ) + P4mm triple-phase model shows a good agree-

ent between the observed and calculated profiles, as shown in

ig. 1 (a). That is to say, the studied sample at virgin state should

e composed of R, O and T phases at room temperature, instead

f only two phases of R and T as early described elsewhere [20] .

t should be noted that R3c rather than R3m model was adopted

o describe the R because of the existence of tilt-related super-

tructure (See Supplementary Fig. S1), which can be detected in

he single R phase composition with high BZ content. No obvious

uperstructure can be observed in the x = 0.025 sample possibly

ue to the relatively low R phase content in the currently studied

omposition, as confirmed by neutron diffraction [27 , 28] . On the

ther hand, it can be found that the R3c + Pm + P4mm triple-phase

odel shows relatively good agreement for the poled sample com-

ared to other models with and/or without lower symmetry phase,

uch as R3c + P4mm, Cm + P4mm, Pm + P4mm two-phase models and

ven R3c + Cm + P4mm triple-phase mode (See Supplementary Fig.

2). The refined structural parameters of unpoled and poled spec-

mens are given in Table 1 . The resulting R p , R wp and χ2 listed in

able 1 indicate that the fitting result is satisfactory and reliable

or both the unpoled and poled samples. It is evident that electric

oling has caused the appearance of a new monoclinic ( M c ) phase

nd the disappearance of initial O phase at the same time. This re-

ult means that there exists an electric field induced irreversible O

o M c phase transition. That is to say, the coexistence of R, O and

 phases at virgin state evolves into the coexistence of R, M c and T

hase at poled state. 

.2. In-situ electric field dependent phase structure evolution 

To further reveal the phase structure change during the pol-

ng process, the evolution of (200) C reflections under different field

onditions is shown in Fig. 2 . The fitting of the diffraction profiles

as carried out by using a pseudo-Voigt peak shape function. The

oncurrent existence of the (0 02) T /(20 0) T doublet, (202) O /(020) O 
oublet and (200) R singlet at E = 0 kV/mm further suggests that

he unpoled specimen at room temperature should be composed
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Fig. 1. Rietveld refinement patterns of (a) unpoled and (b) poled NKNS-LT-0.025BZ ceramic powders by means of synchrotron XRD with the wavelength of λ= 1.2398 Å. The 

insets show enlarged profiles of (110) C , (200) C and (222) C reflections. 

Fig. 2. (a) The evolution of (200) C reflection of NKNS-LT-0.025BZ ceramic samples under various electric field conditions and the corresponding fitting results of the (200) C 
reflection under selected electric field conditions using pseudo-Voigt peak shape function derived from the synchrotron XRD with the wavelength of λ= 1.2398 Å: (b) 

E = 0 kV/mm (virgin state), (c) E = 4 kV/mm (poling state), and (d) E = 0 kV/mm (poled state). 
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Table 1 

Refined structural parameters of the NKNS-LT-0.025BZ ceramic using the R3c + Amm2 + P4mm coexisted model for unpoled state and R3c + Pm + P4mm coexisted model for poled state. a, b, c and α are the cell parameters, U iso is 

the isotropic temperature factor, V is the cell volume, profile R-factor (R p ) and weighting profile R-factor (R wp ) are the reliability factor and chi squared χ2 is the goodness-of-fit indicator of fitting. 

Unpoled 

Space group P4mm Amm2 R3c 

Atoms x y z U iso ( ̊A 
2 ) x y z U iso ( ̊A 

2 ) x y z U iso ( ̊A 
2 ) 

Na/K/Li/Ba 0.000 0.000 0.000 0.0093 0.000 0.000 0.000 0.0068 0.000 0.000 0.2919 0.0059 

Nb/Sb/Ta/Zr 0.500 0.500 0.507 0.0061 0.500 0.000 0.441 0.0075 0.000 0.000 0.015 0.0102 

O1 0.500 0.500 −0.092 0.0058 0.000 0.000 0.416 0.0095 0.750 0.801 0.078 0.0141 

O2 0.500 0.000 0.508 0.0113 0.500 0.255 0.24 0.01011 

O3 

Lattice parameters a = 3.9621(1) Å, c = 3.9912(7) Å, 

V = 62.656 Å 3 , α= β = γ = 90 °
a = 5.6184(4) Å, b = 3.9640(1) Å, c = 5.6455(2) Å, 

V = 125.735 Å 3 , 

α= β = γ = 90 °

a = 5.6142(5) Å, c = 13.7691(7) Å, V = 375.857 Å 3 , 

α= β = 90 °, γ = 120 °

Phase fraction 47.2% 32.9% 19.9% 

R p = 6.8, R wp = 4.6, χ 2 = 2.18 

poled 

Space group P4mm Pm R3c 

Atoms x y z U iso 

( ̊A 2 ) 

x y z U iso 

( ̊A 2 ) 

x y z U iso 

( ̊A 2 ) 

Na/K/Li/Ba 0.000 0.000 0.000 0.0085 0.000 0.000 0.000 0.0069 0.000 0.000 0.2901 0.0058 

Nb/Sb/Ta/Zr 0.000 0.000 0.512 0.0060 0.550 0.500 0.490 0.0071 0.000 0.000 0.016 0.0097 

O1 0.500 0.500 −0.078 0.0047 0.624 0.000 0.511 0.0076 0.746 0.797 0.077 0.0134 

O2 0.500 0.000 0.511 0.0112 0.537 0.500 −0.008 0.0122 

O3 0.017 0.500 0.530 0.0143 

Lattice parameters a = 3.9618(5) Å, c = 3.9915(2) Å, 

V = 62.650 Å 3 , α= β= γ = 90 °
a = 3.9938(1) Å, b = 3.9732(5) Å, 

c = 3.9992(2) Å, V = 63.459 Å 3 , 

α= γ = 90 °, β= 90.18 °

a = 5.6140(3) Å, c = 13.7685(1) Å, V = 375.804 Å 3 , 

α= β= 90 °, γ = 120 °

Phase fraction 42.6% 41.2% 16.2% 

R p = 7.1, R wp = 5.3, χ 2 = 2.33 
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Fig. 3. (a) Evolution of the lattice parameters of O and M C phases during electric field induced irreversible O to M C phase transition, the (b) P-E and (c) S-E curves at 

different cycles. The subscript p in (a) denotes the poled state. 
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p  

d  
f three phases R, O and T . With increasing the electric field am-

litude, no obvious change except for a slight change of peak in-

ensity can be observed in both R and T phases, possibly due to

he change of poling texture and the decrease of R and T phase

raction. However, as E ≥ 1 kV/mm, an obvious peak splitting from

he (202) O /(020) O doublet to the (0 02) M 

/(20 0) M 

/(020) M 

triplet can

e observed. As we know, peak splitting was usually considered as

 result of the symmetry lowering into M phase. It is widely ac-

epted that there are two types of M phase, namely monoclinic

m ( M A and M B ) and Pm ( M C ) as proposed by Vanderbilt et al.

40] , in perovskite ferroelectrics. Similar to the O phase, the unit

ell of Cm is double and rotated by 45 ° around the c axis with re-

pect to the pseudo-cubic cell. However, its polarization vector is

ot along [101] c direction, but constrained in the (10) c plane. The

agnitudes of polarization components of Cm phase can be thus

escribed as P x = P y � = P z . As a result, only a (002) M 

/(220) M 

doublet

ut a (20) M 

/(021) M 

/(201) M 

triplet can be observed for Cm symme-

ry, as evidenced in an R - O PPB system [41] . By comparison, the

nit cell of Pm phase is primitive similar to that of T phase, yet its

pontaneous polarization P s is constrained within the (010) C plane

nstead of [001] C axis in T phase. As a result, the corresponding

olarization components can be described as P x � = P y � = P z , leading

o a (0 02) M 

/(20 0) M 

/(020) M 

triplet. The observed {20 0} M 

triplet in

ig. 2 (c,d) clearly confirms the existence Mc phase rather than M A 

hase. This can be also confirmed by the Rietveld refinement of

oled ceramic powder as shown in Fig. 1 (b) since field induced

 C phase can be maintained even after removal of electric field

 Fig. 2 (d)). 

As derived from in-situ XRD data, the evolution of lattice

arameters of O and M C phases with electric field is shown

n Fig. 3 (a). It can be seen that once M C phase is induced

 E > 1 kV/mm), c m 

and a m 

show a slight increase and decrease with

ncreasing electric field, respectively. By comparison, a m 

and b m 

end to be close to each other with increasing electric field. This
 t  
ariation tendency would benefit to achieving a continuous rota-

ion of P s from [u0w] C (u � = w) to [001]c, corresponding to the po-

arization rotation of M C phase along the (010) C plane [5] . It is

orthy of note that, although both c m 

and a m 

show a certain de-

ree of recovery after removal of external electric field, they can-

ot merge into a single one, suggesting an irreversible O - M C tran-

ition during poling process. These changes can be also reflected

n polarization versus electric field (P-E) and strain versus elec-

ric field (S-E) curves, as shown in Fig. 3 (b, c). It can be seen

hat well-saturated P-E loops can be obtained at both the first and

econd electric cycles. By comparison, it is worthy of note that

he sample exhibits an asymmetric S-E curve with a large strain

ap (S irr ) on the left side of S-E curve, which transforms into a

ymmetric one after the first-cycle electric field loading. Interest-

ngly, the value of S irr is just equal to the difference of poling

train between first and second cycles. The observed S irr in poling

trains between two cycles should stem from the above-mentioned

rreversible phase transition during poling process. Such an irre-

ersible lattice strain of ~0.038% roughly estimated from the equa-

ion: ε ir r −lat t ice = 

d ( 002 ) M−poled −d ( 002 ) O 

d ( 002 ) O 
, shows a good agreement with

he observed S irr value (~0.042%). This result further confirms that

he new M C phase should be mainly derived from the initial O

hase. 

.3. The polymorphism nature of phase boundary 

The refined phase structure of this studied phase-boundary

omposition should also influence its dielectric properties. Fig. 4

hows dielectric properties (permittivity ɛ r and loss tan δ) as well

s the evolution of the (200) C reflection as a function of tem-

erature for unpoled and poled samples. In addition to a distinct

ielectric peak near ~180 °C corresponding to their Curie tempera-

ures (T c ), there are still two extra dielectric humps for both cases.
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Fig. 4. Temperature dependent dielectric properties in the frequency range of 1–100 kHz and the evolution of (200) C reflection at selected temperatures fitted by the pseudo- 

Voigt peak shape function for (a,b) unpoled and (c-d) poled NKNS-LT-0.025BZ ceramics, respectively, derived from the conventional XRD using Cu K α radiation ( λ= 1.5406 Å); 

the deconvolution of dielectric permittivity versus temperature curves of (e) unpoled and (f) poled samples measured at 10 kHz, and the sketch of the polarization rotation 

path for the studied composition (g) before poling and (h) after poling. 
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According to the (200) c diffraction lines at different temperatures

( Fig. 4 (b)), the phase structure of the unpoled sample changes

from a single R phase ( < ~5 °C), to the coexisted R + O + T phase

(~5 °C-~25 °C), and then into a single T phase ( > ~25 °C) with

increasing temperature in the proximity of room temperature.

This indicates that the observed two dielectric humps for the

unpoled sample should correspond to the PPT temperatures T R-O 

and T O-T , respectively ( Fig. 4 (b)). It is interesting to note that two

dielectric anomalies still exist for the poled sample. Based on the

temperature dependent XRD data ( Fig. 4 (d)), the observed two

dielectric anomalies after poling should be attributed to the R - M C 

and M C - T transition, respectively. Particularly, the M c phase can be

maintained in the poled sample, as long as measuring temperature

or thermal annealing temperature is not higher than the Curie

temperature, although the domain texture degree of M C phase

shows a slight decrease after thermal cycling treatment, as shown

in Fig. 5 . That is to say, the field induced M c phase can stably

exist in the poled sample, such that the R - M C - T transition for the

poled sample can be repeatedly driven by temperature, indicating

that both R - Mc and Mc - T phase transition is polymorphic. This is

intrinsically similar to the R - O and O - T PPT in the unpoled sample,

as shown in Fig. 4 (e,f). The triple-phase coexistence of R + O + T

or R + M C + T in the proximity of room temperature ( Fig. 4 (b, d))

should be attributed to the diffuseness of PPTs, as shown in

Fig. 4 (e,f). The overlapping of R - O ( M C ) and O ( M C )- T PPTs leads

to a wide dielectric peak around room temperature. This result

clearly demonstrates that not only unpoled samples but also poled

samples own a PPB, instead of traditional MPB. Moreover, it can be

found that electric poling has slightly expanded the temperature

zone for the M c phase by reducing T R −Mc and increasing T Mc-T ,

compared with T and T values in the unpoled sample. This
R-O O-T p
lso interprets why the R and T phase content at room tempera-

ure becomes slightly low after poling (see Table 1 ). It seems that

xternal electric field helps to stabilize the M c phase against the O

hase in the studied sample. 

.4. Thermal instability of d 33 values 

Since the R - M C - T transition for the poled sample can be driven

y temperature, it should be interesting to explore the tempera-

ure dependence of piezoelectric properties induced by PPT upon

eating. The d 33 value was measured at room temperature after

nnealing at different tem peratures for 20 min and then cooled to

oom temperature. It can be seen from Fig. 6 that static piezoelec-

ric coefficient d 33 value shows a slight decrease when annealing

emperature is below T c and vanishes rapidly as annealing temper-

ture gets close to T c . Similar phenomenon can be also observed in

-T and R-O PPB systems [11 , 13] . In addition, it also can be found

rom Fig. 6 that the degradation of d 33 becomes significant with in-

reasing thermal cycling time. After 1st thermal annealing cycle at

0 °C, d 33 value shows a slight deterioration of ~6.1%. By compari-

on, it increases up to ~15.1% at 5th cycle. This phenomenon should

e attributed to an obvious depolarization from the domain de-

exturing of M C phase as well as R and T phases as the poled sam-

le is repeatedly heated across the PPT temperature. This can be

onfirmed from Fig. 5 that both 0 02) T /(20 0) T and (0 02) M 

/(20 0) M 

ntensity ratios decrease from ~1.36 to ~1.29 and ~1.50 to ~1.38 at

st cycle, respectively, whereas, both values decrease up to ~1.18

nd ~1.24 at 5th cycle, suggesting that an obvious depolarization

an be observed after thermal annealing, and particularly after re-

eated thermal annealing. 
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Fig. 5. The comparison of the (200) C reflection at room temperature for the poled sample (a) before thermal annealing and after thermal annealing at 60 °C for (b) 1st cycle 

and (c) 5th cycle derived from the conventional XRD using Cu K α radiation ( λ= 1.5406 Å). One cycle stands for heating from room temperature to a certain temperature, and 

then remaining at this temperature for 20 min and finally cooling to room temperature for the d 33 measurement. 

Fig. 6. The evolution of piezoelectric coefficient d 33 under different thermal anneal- 

ing conditions. 
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. Discussion 

From the aforementioned results, one can conclude that both

npoled and poled samples own a PPB, which should be closely

ttributed to the polymorphism of R-O-T and R-M c -T transitions

or unpoled and poled samples, respectively. For the unpoled

ample, the polymorphism of R-O and O-T transitions can be

asily understood, since both PPTs inherit from the NKN matrix.

t seems that understanding the polymorphism of R-M C and M C -T

ransitions in poled samples still needs more analysis. Paul et al.

roposed that the O-M B and O-M C transition can be induced under

xternal electric fields along [001]c and [111]c directions in BaTiO 3 

hat is strikingly similar to the NKN solid solution in the phase

ransition sequence [42] . Vanderbilt et al. also proposed that the

rototypical KNbO 3 can undergo R-O-M A -T or even R-M B -O-M A -T

PT [40] . If one resurveys the phase diagram of pure NKN, the

-O-T and R-M C -T PPTs observed in current work are very sim-

lar to those of pure NKN at the K-rich side and Na-rich side,
espectively [7] , where these two PPT sequences are linked by an

-M C transition driven by the change of K/Na ratio. In modified

KN-based lead-free compositions, the O-M C transition can be

nduced either by composition modulation, such as in some O-T

PB composition systems [43 , 44] , or by external electric fields just

ike in the present study. This is because that M C phase can change

nto O phase only through a slight deviation of the polarization

ector from the [101] c axis along (010) c plane. According to in-situ

RD results shown in Fig. 2 (a) and the E c value from P-E curves

 Fig. 3 (b)), the threshold field corresponding to the O-M C transition

s as low as ~1 kV/mm. As a result, the PPT changes from the

-O-T sequence before poling to the R-M C -T sequence after poling,

s sketched in Fig. 4 (e,f). Fig. 4 (g) and (h) compare the relationship

f the phase structure and the corresponding P s vector between

ifferent phases for the studied sample before and after poling,

espectively. It can be seen that the rotation of P s during R-O-T

PT is discontinuous from [111] C to [101] C and finally to [001] C 
irection. By comparison, for the R-M C -T sequence, although the

otation of Ps during R-M C transition is still discontinuous due to

he jump of the P s direction from [111] C to [u0w] C (u � = w), yet the

s direction can be continuously rotated during M C -T transition

rom [u0w] C to [001] C along the (010) C plane. This may induce

atter internal energy surface for the M C -T transition than that

or the R-M C transition. As a result, the maximal piezoelectric and

lectromechanical properties usually appear at the T-rich side in

any poled NKN-based systems [20 , 23] . 

. Conclusions 

A triple-phase coexistence rather than a two-phase coexistence

as been identified in typical NKNS-LT-0.025BZ lead-free piezo-

lectric ceramics close to the R-T phase boundary at either vir-

in or poled samples. Ex/in-situ XRD data and P/S-E bipolar loops

t different cycles suggest an electric field induced irreversible

-M C phase transition. The experimental results clearly demon-

trate the polymorphism of both R-O-T (virgin state) and R-M C -T

poled state) phase transition considering the nature of tempera-

ure driven phase transition. Similar to the virgin sample, the poled

ample still owns a PPB among R, M C and T , instead of a tradi-

ional MPB. Consequently, an obvious degradation of quasi-static
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piezoelectric properties occurs during repeated thermal cycling as

a result of the domain de-texturing of not only M C phase, but

also R and T phases during the process of repeated temperature

driven phase transition. The polarization vectors rotation of M C -T

transition is continuous compared with the O-M C phase transition

helps understand why maximal piezoelectric and electromechan-

ical properties usually appear at the T -rich side in many poled

NKN-based systems. The present study would provide a general

route to understanding origin of temperature-sensitive piezoelec-

tric properties from the aspect of the structural nature of multi-

phase coexistence in NKN-based lead-free piezoelectric ceramics. 
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