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Abstract 0.94(K0.4-xNa0.6BaxNb1-xZrx)O3–0.06LiSbO3

ceramics were prepared by conventional technique, and the

effect of BaZrO3 on the phase transitions, dielectric, fer-

roelectric, and piezoelectric properties of the ceramics

were investigated. The phase transitions for the ceramics

were determined by the temperature dependence of dielec-

tric properties and X-ray diffraction patterns. BaZrO3

changes the symmetry of the ceramics from tetragonal

dominant phase with x = 0–0.06 to rhombohedral phase

with x = 0.07–0.09. The phase transition near room tem-

perature for the composition with x * 0.06 is different

from previously reported phase transition between ortho-

rhombic and tetragonal phases. It is suggested that a

new morphotropic phase boundary (MPB) is constructed

with both rhombohedral–orthorhombic and orthorhombic–

tetragonal phase transitions near room temperature, and the

enhanced piezoelectric properties (d33 = 344 pC/N and

kP = 32.4% with x = 0.06) are obtained. The results

indicate that the construction of new MPB is of signifi-

cance for further development of KNN-based ceramics.

Introduction

Environmental friendly non-toxic lead-free piezoelectric

ceramics are investigated [1–21] for the purpose of

replacing the widely used Pb(Zr, Ti)O3 (PZT) materials.

Especially, the (K, Na)NbO3 (KNN)-based system has

attracted extensive attention due to its’ high piezoelectric

properties and curie temperature (TC) since the breakthrough

obtained by Saito et al. [1]. However, most of the research-

ers are concentrated on modifying the orthorhombic–

tetragonal transition temperature (TO–T) down to around

room temperature, and the properties obtained are still

inferior compared to PZT system. Until very recently, the

awkward situation for lead-free materials was changed by

construction of morphotropic phase boundary (MPB) in

BaTiO3-based ceramics [21], and the piezoelectric prop-

erties (d33 = 620 pC/N) are comparable to corresponding

lead-based piezoelectric ceramics. It should be noticed that

the rather high sintering temperature and low TC of the

BaTiO3-based ceramics still strongly restrict their appli-

cations, and the design of similar MPB in KNN-based

system is not well studied yet.

For the lead-based ceramics, the MPB is generally

associated with the narrow composition region between

rhombohedral and tetragonal ferroelectric phases [22]. In

order to get similar MPB in KNN lead-free piezoelectric

ceramics, both the rhombohedral–orthorhombic transition

temperature (TR–O) and the orthorhombic–tetragonal tran-

sition temperature (TO–T) of the ceramics should be mod-

ified to be near room temperature. It was reported that

BaZrO3 is effective to shift the TR–O of KNN ceramics to

be above room temperature [15]. As to TO–T, it is widely

investigated for the KNN-based ceramics by substitu-

tions with LiNbO3, LiSbO3, LiTaO3, Bi0.5Na0.5TiO3, and

BaTiO3 etc. [5–14, 16, 19]. Among them, LiSbO3-modified

KNN-based ceramics with no expensive element draw

quite a lot attention.

The basic objective of this study is to construct the new

MPB in 0.94(K0.4-xNa0.6BaxNb1-xZrx)O3–0.06LiSbO3

lead-free piezoelectric ceramics and to investigate the

effect of MPB on the electrical properties of the materials,

in which the fundamental ceramics composition of

0.94K0.4Na0.6NbO3–0.06LiSbO3 selected here is for
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getting TO–T near room temperature [16], and the further

adjustment of the phase transition of the ceramics with

BaZrO3 is to increase the TR–O of the ceramics to be around

room temperature.

Experimental

The 0.94(K0.42xNa0.6BaxNb12xZrx)O3–0.06LiSbO3 ceram-

ics were prepared by the conventional solid state reaction

method with analytical-grade metal oxide and carbonate as

raw materials: K2CO3 (99%), Na2CO3 (99.8%), Li2CO3

(98%), BaCO3 (99%), Nb2O5 (99.5%), Sb2O3 (98%), and

ZrO2 (99%). The composition BaZrO3 was first calcined at

1300 �C for 4 h, and then the calcined powder was mixed

with other raw materials according to the composition.

After ball milled for 24 h in ethanol, the mixed powders

were dried and calcined at 850 �C for 6 h again. Subse-

quently, the calcined powders were milled again for 24 h,

dried, and then pressed into disk samples with a diameter

of 10 mm and thickness of 1 mm at 10 MPa using poly-

vinyl alcohol (PVA) as a binder. After burning off PVA,

the samples were sintered at 1050–1140 �C for 2-3 h.

The crystalline structure of the ceramics was determined

by X-ray diffraction (XRD) using Cu Ka radiation

(k = 1.54178 Å) in the h–2h scan mode (DX1000, Dan-

dong, China). Silver slurry was coated on both sides of the

disks and then fired at 700 �C for 10 min to form elec-

trodes for electrical measurements. The specimens were

poled in silicon oil bath at room temperature under a DC

electric field of 3-4 kV/mm for 20 min. The piezoelectric

constant was measured using a piezo-d33 meter (ZJ-3A,

China). The temperature dependence of dielectric constant

was obtained using an LCR meter (Agilent 4980A, USA.).

The hysteresis loops of the ceramics were measured using a

Radiant Precision Workstation (USA) at 10 Hz.

Results and discussion

Figure 1a shows the XRD patterns in the range of 2h from

20� to 60� for the 0.94(K0.42xNa0.6BaxNb12xZrx)O3–

0.06LiSbO3 ceramics, and all of the patterns show pure

perovskite structure except these compositions, with

x = 0.05–0.09, have a secondary phase K3LiNb6O17

according to JCPDS card NO. 36-0533. It can be observed

that tetragonal dominant phase is obtained for the samples

with x = 0–0.04 as shown in Fig. 1b (The corresponding

XRD patterns are indexed by JCPDS card NO. 71-0945). It

is noticeable that the two peaks around 46� for the samples

shift to lower angle with the increase of x indicating cell

volume extension owing to the diffusing of BaZrO3 into

the lattice to form a solid solution. Especially, the two

peaks for compositions near x = 0.05 change suddenly

indicating the existence of a phase boundary. Moreover,

the peak split becomes more and more weak with the

increase of x, and finally only one single peak is observed

for the samples with x = 0.07–0.09 (The corresponding

XRD patterns are indexed by JCPDS card NO. 71-0947)

indicating the lattice parameters changed to be the same

value. The single peak is a character for either rhombo-

hedral or cubic phase [15], thus the dielectric and ferro-

electric behavior are necessary in addition to XRD patterns

to determine the symmetry of the ceramics with x =

0.07–0.09.

The temperature dependence of the dielectric constant (er)

at 10 kHz for the ceramics is shown in Fig 2a. The dielectric

peak corresponding to TC is clearly observed for the com-

positions with x = 0.07–0.09. The result together with the

XRD analysis suggests that the symmetry of the ceramics

should be rhombohedral phase at room temperature. The

conclusion is in consistent with the phase diagram for KNN–

BaZrO3 system [15]. As shown in Fig. 2b, the addition of

BaZrO3 to the ceramics leads to the formation of two dif-

ferent dielectric anomalies related to the ferroelectric–

ferroelectric phase transition near room temperature, one

is the peak-like dielectric anomaly for the samples with

x = 0–0.05, which is generally related to TO–T and can be

observed for most of the modified KNN-based ceramics

[5–14, 16, 19], and the other one is a step-like dielectric

anomaly for the samples with x = 0.06 and 0.07, and the er of

which increases with the increase of temperature until TC.

The appearance of step-like dielectric anomaly is generally

accompanied with the increase of TR–O in KNN-based

ceramics as the situation for BaZrO3 [15], or Sb5?

[17]-modified KNN ceramics. Moreover, it can be found that

only one dielectric anomaly is observed for the composition

Fig. 1 The XRD patterns of the 0.94(K0.42xNa0.6BaxNb12xZrx)O3–

0.06LiSbO3 ceramics in the 2h range of a 20�–60� and b 44�–48�,

respectively
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with x = 0.07 and its’ XRD pattern shows rhombohedral

phase at room temperature. As a result, it is suggested that

the ferroelectric–ferroelectric phase transition temperature

T1, for the samples with x = 0.07, is related to rhombohedral–

tetragonal phase transition similar to PZT systems [22]. It is

also indicated that the samples with x = 0.06 have both

rhombohedral–orthorhombic and orthorhombic–tetragonal

phase transitions around room temperature. For the com-

positions with x = 0.08–0.09, no dielectric anomaly is

observed below TC, and it is suggested that the symmetry of

the samples changed from rhombohedral phase to cubic

phase at TC directly.

Figure 2c shows the phase transition for the

0.94(K0.42xNa0.6BaxNb12xZrx)O3–0.06LiSbO3 ceramics

based on careful analysis of XRD patterns and temperature

dependence of dielectric constant as shown in Figs. 1 and

2a, b, respectively. It can be observed that the TC decreases

almost linearly with a ratio of about -28 �C per 1% mol of

BaZrO3. For the compositions with x = 0–0.05, the phase

transitions are similar to most of the KNN-based ceramics.

While, the phase evolutions are from rhombohedral to

tetragonal and then to cubic for the ceramics with x = 0.07

and directly from rhombohedral to cubic for the samples

with x = 0.08–0.09 with the increase of temperature. As a

result, the compositions with x * 0.06 may have both

rhombohedral–orthorhombic and orthorhombic–tetragonal

phase transitions near room temperature. The new MPB or

polymorphic phase transition for KNN-based ceramics is

different from previously well-studied phase boundary

associated with coexistence of orthorhombic and tetragonal

phase [4–14, 16, 19].

Figure 3a–d show the SEM micrographs of the ceramics

with x = 0.01, 0.03, 0.06, and 0.09, and their average grain

sizes are 2.01, 2.67, 2.68, and 1.26 lm, respectively. The

evolution of average grain sizes with compositions sug-

gests that a low concentration of BaZrO3 (x = 0.03) is

favorable for the growth of grain, a high BaZrO3 concen-

tration (x = 0.09) will lead to grain refinement. The result

is owing to the fact that a low concentration of BaZrO3 can

well defuse into the KNN lattices to form a new homo-

geneous solid solution, while, if the x is too high, some of

the BaZrO3 particles may exist near the grain boundary

thus restrict the growth of the grains. Moreover, the com-

position with x = 0.03 has uniform grain size and low

porosity. As shown in Fig. 3e, the density of the ceramics

gets the highest value for the composition with x = 0.03.

The P–E hysteresis loops for the ceramics are shown in

Fig. 4a, and all the compositions show a typical ferro-

electric hysteresis loop. The existence of ferroelectric

properties for the compositions with x = 0.07–0.09 are in

well agreement with the rhombohedral symmetry deter-

mined via dielectric behaviors and XRD data. The remnant

polarization (Pr) and coercive field (EC) as a function of

x are shown in Fig. 4b. It can be found that a low con-

centration of BaZrO3 with x = 0.01–0.02 will lead to the

enhancement of ferroelectric property of the ceramics, and

the increase of x up to 0.09 will lead to the decrease of Pr.

As to EC of the ceramics, it decreases with x in the whole

range considered. The decreasing trend of Pr seems queer

near the MPB region, while it is in fact not strange as the

high concentration of BaZrO3 will lead to formation of

secondary phase as shown in Fig. 1a, and the non-perov-

skite secondary phase acts as a barrier for long-range

ferroelectric interaction.

Figure 5 shows the er as well as the dielectric loss (tand)

measured at 1 kHz as a function of x. It can be observed

that both the er and tand have an increasing trend with the

increase of BaZrO3 concentration. The increase of tand with

x is mainly attributed to the formation of secondary phase and

the deliquescence of the ceramics, while the increase of

er is related to the increasing of TR–O besides the decreasing

of TC. The increase of er is of significance for the enhance-

ment of piezoelectric properties as almost all high perfor-

mance piezoelectric ceramics have large er [18]. However,

the er for most of the KNN-based ceramics is rather low near

TO–T (er * 1000) compared to PZT materials [18].

Fig. 2 The temperature dependence of the dielectric constant (er) of

the 0.94(K0.42xNa0.6BaxNb12xZrx)O3–0.06LiSbO3 ceramics mea-

sured at 10 kHz in the temperature range a from room temperature

to 450 �C, b from room temperature to 120 �C, respectively; and c the

phase diagram for the ceramics
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Both the er and Pr are key parameters related to piezo-

electric activity, as the piezoelectric properties of a ferro-

electric ceramic can be expressed using the empirical

formula [18], piezoelectric coefficient d33 * aerPr, where

a is parameter with little dependence on composition or

temperature. It is worthwhile to compare the empirical

result with piezoelectric parameters measured for the

understanding of piezoelectric activities.

Figure 6 shows piezoelectric properties (d33 and kP)

measured and the erPr related to empirical value, as a

function of x. It was found that the electromechanical

coupling factor kP could be significantly enhanced by a

small amount of BaZrO3 and got the maximum 48.6% for

the samples with x = 0.03, while further increase of x leads

to the decrease of kP. In comparison with Fig. 3, the uni-

form and dense microstructure is probably responsible for

the enhancement of kP for the compositions near x = 0.03.

As to the piezoelectric coefficient, it possesses an increas-

ing trend until x = 0.06 with d33 = 344 pC/N, and the

enhancement is attributed to the formation of new MPB,

but the kP is only kP = 32.4%. The phenomenon that the

d33 and kP of the ceramics do not have their maximum

value at the same composition is probably due to the for-

mation of secondary phase as shown in Fig. 1a, and the

non-perovskite secondary phase formed acts as a barrier in

transformation between electrical and mechanical energy.

The erPr value for the compositions with x = 0.01–0.06 is

much higher than that for other compositions; thus, it has

similar behavior as the experimentally measured value to

some extent. As a result, it is suggested the enhancement of

piezoelectric properties in the system considered is mainly

attributed to the increase of er near the new MPB, while the

Fig. 3 The SEM image of the 0.94(K0.42xNa0.6BaxNb12xZrx)O3–0.06LiSbO3 ceramics with a x = 0.01, b x = 0.03, c x = 0.06, and d x = 0.09

sintered at 1120 �C; and e the density of the ceramics as a function of composition
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decrease of Pr possibly acts as a barrier for further

enhancement of piezoelectric properties. The construction

of such MPB in KNN-based ceramics without decreasing

the Pr can possibly further enhance the piezoelectric

activity, and it will be the future study for us.

Conclusions

In summary, the phase transitions and the properties of the

0.94(K0.42xNa0.6BaxNb12xZrx)O3–0.06LiSbO3 ceramics

were investigated. It was found that the addition of BaZrO3

changes the symmetry from tetragonal dominant phase for

the ceramics with x = 0–0.06 to rhombohedral phase for

the ceramics with x = 0.07–0.09. As a result, a new MPB

with both rhombohedral–orthorhombic and orthorhombic–

tetragonal phase transitions near room temperature was

constructed, and the enhanced piezoelectric properties

(d33 = 344 pC/N and kP = 32.4% with x = 0.06) were

obtained. The enhancement of piezoelectric properties in

the system is mainly attributed to the increase of er near the

new MPB, while the formation of secondary phase leads to

the decrease of Pr and acts as a barrier for further

enhancement of piezoelectric properties. The results sug-

gest that further enhancement of the piezoelectric proper-

ties can be obtained by construction of such a new MPB

in KNN-based ceramics.
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