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Abstract

The (1 � x)(0.9405K0.5Na0.5NbO3–0.0095Bi0.5Na0.5TiO3–0.05LiSbO3)–xNaTaO3 lead-free piezoelectric ceramics were fabricated by con-

ventional ceramic technique. The structure, dielectric, ferroelectric and piezoelectric properties of the ceramics were investigated. The X-ray

diffraction (XRD) analysis revealed that the ceramics sintered in air at 1060–1140 8C for 3–4 h formed single phase pervoskite solid solutions with

the tetragonal symmetry at room temperature. The microstructure of the ceramics became homogeneous with addition of NaTaO3. The

orthorhombic–tetragonal transition temperature (TO–T) shifted to below room temperature with addition of NaTaO3. The dielectric and

piezoelectric properties of ceramics were enhanced by addition of NaTaO3. The outstanding electrical properties of piezoelectric coefficient

d33 = 249 pC/N, electromechanical coupling factors, kp = 0.442 and kt = 0.426, relative permittivity, eT
33=e0 ¼ 1604 and loss tangent, tan d = 0.023

were obtained at x = 0.06. The related physical mechanisms for the enhancement of dielectric and piezoelectric properties were discussed.
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1. Introduction

Lead-free piezoelectric materials have generated enormous

research interest since the end of the 1990s because of an

increased environmental awareness [1]. Among different lead-

free materials, the (K,Na)NbO3-based ceramics have attracted

significant attention due to their outstanding dielectric and

electromechanical properties and high Curie temperature (TC)

[2,3]. However, compared with the commercial Pb(Zr,Ti)O3-

based ceramics, the sintering behavior, piezoelectric perfor-

mance and temperature stability of the (K,Na)NbO3-based

ceramics need to be further improved. In recent years,

numerous studies have been devoted to (K,Na)NbO3-based

ceramics with focus on obtaining dense ceramics with good

performance by optimizing sintering processes and composi-

tional modifications [4]. Various ABO3-type compounds such

as LiSbO3, LiNbO3, LiTaO3, SrTiO3, CaTiO3, (Na0.5Bi0.5)-

TiO3, BiScO3, BiFeO3 and NaSbO3 have been added into
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(K,Na)NbO3 to form (K,Na)NbO3-based solid solution

ceramics [5–13]. It is reported that the (K,Na)NbO3-based

solid solution ceramics with an orthorhombic–tetragonal

polymorphic phase transition (PPT) near room temperature

exhibit excellent piezoelectric properties owing to the increased

amount of spontaneous polarization vectors [14,15]. Never-

theless, it should be noted that those (K,Na)NbO3-based

ceramics possess low temperature stability for the PPT near or

at room temperature, which limits their practical applications

[16,17]. Therefore, it is very important to promote the

temperature stability of the electrical properties of

(K,Na)NbO3-based ceramics from the viewpoint of application.

As expected, the temperature stability of (K,Na)NbO3-based

ceramics can be improved by shifting the PPT below room

temperature or choosing a composition on the tetragonal side

[14,18,19]. In the case of perovskite ferroelectrics, it should be

emphasized that the piezoelectric coefficient d is not only

affected by the extrinsic contributions which mainly originate

from the domain wall or phase boundary motions, but also

affected by the intrinsic piezoelectric responses. It is well

known that the intrinsic piezoelectric coefficient d33 in the

tetragonal crystals is proportional to the relative permittivity e33
d.
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Fig. 1. XRD patterns of the (1 � x)KNNBNTLS–xNT ceramics (a) wide range

and (b) selected portions.
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and remnant polarization Pr [20]. Therefore, the improvement

of piezoelectric performance can be implemented by designing

a composite with large polarization and dielectric permittivity

as well as having a PPT below room temperature.

It was found in our previous studies that substitutions of

Bi0.5Na0.5TiO3 and LiSbO3 could significantly enhance the

dielectric and piezoelectric properties of the (K,Na)NbO3-

based ceramics by forming the orthorhombic–tetragonal

polymorphic phase boundary near room temperature [21].

NaTaO3 has the same crystal structure (orthorhombic, space

group Pbnm) as CaTiO3 and possesses a negative temperature

coefficient of permittivity [22]. Previous studies have

shown that the addition of NaTaO3 resulted in the decrease

of the temperatures of the dielectric anomalies of the

Na(Ta1�xNbx)O3 ceramics and (1 � x)(Na0.5Bi0.5)TiO3–xNa-

TaO3 ceramics [23,24]. It is anticipated that the addition

NaTaO3 into (K,Na)NbO3-based ceramics could improve the

dielectric and piezoelectric properties of the ceramics by

shifting the PPT to low temperature. In this work, NaTaO3 was

added into the system of K0.5Na0.5NbO3–Bi0.5Na0.5TiO3–

LiSbO3 to form a new kind of solid solution ceramics. The

effects of NaTaO3 on the structure and electrical properties of

the solid solution ceramics were studied, and the related

physical mechanisms were discussed.

2. Experimental details

The ceramics of (1 � x)(0.9405K0.5Na0.5NbO3–0.0095Bi0.5

Na0.5TiO3–0.05LiSbO3)–xNaTaO3 (abbreviated as (1 � x)KNN

BNTLS–xNT, x = 0, 0.02, 0.04, 0.06, 0.08, 0.1) were prepared

by conventional solid-state reaction technique. Reagent-grade

carbonate and oxide powders of K2CO3, Na2CO3, Li2CO3, Bi2O3,

TiO2, Nb2O5, Sb2O3 and Ta2O5 were used as starting raw

materials. The powders were mixed in stoichiometric proportions

and milled in ethanol for 12 h, then dried and calcined at 850 8C
for 5 h. The calcined powders were reground and mixed with

7 wt% polyvinyl alcohol (PVA) solution as binder, and then

pressed into discs with a diameter of 20 mm. The green discs were

finally sintered in air at 1060–1140 8C for 3–4 h. The electrodes

were printed on the surfaces of the discs by firing silver paste at

600 8C for 20 min. The specimens were poled in silicone oil at

100 8C for 30 min by applying a dc field of 4–6 kV/mm.

The crystal structure of the sintered samples was determined

by X-ray diffraction (XRD) (X0 Pert PRO) with a Cu Ka

radiation. The microstructure was observed using a scanning

electron microscopy (SEM) (JSM-6700F). The bulk density

was measured by the Archimedes method using a Sartorius

ED124S 4-digit electronic balance. Dielectric measurements

were carried out by a TH2819 precision LCR meter at 10 kHz.

The polarization versus electric field (P–E) hysteresis loops of

the ceramics were measured using radiant precision ferro-

electric measurement system at 10 Hz. The piezoelectric

constant d33 was measured by a quasistatic piezoelectric

constant testing meter (ZJ-3A). The electromechanical

coupling factors, kp, kt, and the mechanical quality factor

Qm were determined by a resonance–antiresonance method

using the Agilent 4294A precision impedance analyzer.
3. Results and discussion

Fig. 1 shows the XRD patterns of the (1 � x)KNNBNTLS–

xNT ceramics with x = 0, 0.02, 0.04, 0.06, 0.10. It is found that

the samples form single-phase solid solutions with pervoskite



Table 1

Lattice parameters of the (1 � x)KNNBNTLS–xNT solid solutions with differ-

ent x.

x a (Å) c (Å) c/a ratio Volume (Å3)

0 3.9531 4.0069 1.0136 62.6158

0.02 3.9518 4.0047 1.0134 62.5403

0.04 3.9558 3.9972 1.0105 62.5496

0.06 3.9538 4.0001 1.0117 62.5317

0.10 3.9539 3.9804 1.0067 62.2269
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structure, which suggests that NaTaO3 has diffused into the

(K,Na)NbO3 lattices. The characteristics of the enlarged XRD

patterns (Fig. 1(b)) show that the crystal structure of the

ceramics possesses a tetragonal symmetry [18]. Moreover, it

can be seen that the diffraction peaks of the ceramics shift to

higher angles with increasing x, which indicates that the lattice

parameters have a small shrinkage owing to the relatively

smaller ionic radius of Na+ and Ta5+ compared to that of K+ and

Nb5+ [25,26]. The variations of the lattice parameters of the

(1 � x)KNNBNTLS–xNT solid solutions with the content of

NT are summarized in Table 1. It is seen that the lattice

parameter c and the unit cell volumes of the solid solutions

decrease slightly as x increases whereas the tetragonality c/a of

the solid solutions declines with increasing x. These results

differ from the LiTaO3-modified (K,Na)NbO3-based ceramics,
Fig. 2. SEM micrographs of the fracture surfaces of the (1 � x)KNNBNTLS
in which the tetragonality c/a of the solid solutions increases

gradually with the increase of LiTaO3 [5,27].

Fig. 2 shows the SEM micrographs of the fracture surfaces

of the ceramics with different contents of NT. It is found that

all the ceramics have a dense microstructure with little

porosity. The shape of the crystal grains changes a little and

the microstructure of the ceramics becomes more homo-

geneous as the addition of NT increases. The grain size of

KNNBNTLS (x = 0) ceramic is in the range of 0.5–1.5 mm,

and that of the ceramic with x = 0.06 is about 1–1.5 mm. The

bulk density of the (1 � x)KNNBNTLS–xNT ceramics is

shown in Fig. 3. It can be seen that the bulk density increases

initially with increasing x, reaching the maximum value of

4.552 g/cm3 at x = 0.06, and then decreases slightly as x

increases further. These results suggested that the density of

the (1 � x)KNNBNTLS–xNT ceramics can be enhanced by

addition of NaTaO3.

Fig. 4 shows the temperature dependence of the relative

permittivity, er, and loss tangent, tan d, of the unpoled

(1 � x)KNNBNTLS–xNT ceramics at 10 kHz. As shown in

Fig. 4(a), the Curie temperature (TC) and the temperature of

orthorhombic–tetragonal phase transition (TO–T) are observed

in the pure KNNBNTLS ceramic. The TO–T of the pure

KNNBNTLS ceramic is about 50 8C. This is in good agreement

with our XRD result at room temperature, where the pure
–xNT ceramics with (a) x = 0, (b) x = 0.02, (c) x = 0.06, and (d) x = 0.1.



Fig. 3. Bulk density of the (1 � x)KNNBNTLS–xNT ceramics as a function of x.
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KNNBNTLS ceramic exhibits a tetragonal symmetry. When

NaTaO3 is added, TC and TO–T shift to lower temperature. The

TC of the (1 � x)KNNBNTLS–xNT ceramics decreases from

356 8C to 268 8C as x increases from 0 to 0.1. According to the

results of XRD analysis, the lattice parameters have a small

shrinkage and the tetragonality c/a declines with increasing
Fig. 4. Temperature dependence of (a) permittivity and (b) loss tangent of the

(1 � x)KNNBNTLS–xNT ceramics with different NaTaO3 contents at 10 kHz.
NaTaO3, which could cause the decrease of TC of the ceramics

[27–29]. Meanwhile, it can be clearly seen from the inset of

Fig. 4(a) that the peak of the er–T curves near TO–T becomes

gradually broadened and then almost disappears above room

temperature as x increases, which indicates that the addition of

NaTaO3 shifts the TO–T of the (1 � x)KNNBNTLS–xNT

ceramics below room temperature. It should be noted that

the temperature stability of (K,Na)NbO3-based ceramics can be

improved by shifting the TO–T below room temperature [14,18].

As shown in Fig. 4(b), the (1 � x)KNNBNTLS–xNT ceramics

exhibit low dielectric loss, which is lower than 0.05 and almost

keeps constant through a wide temperature range from 25 to

200 8C.

Fig. 5(a) shows the polarization versus electric field (P–E)

hysteresis loops of the (1 � x)KNNBNTLS–xNT (x = 0, 0.04,

0.06, 0.1) ceramics at room temperature. Typical hysteresis

loops were observed for all the samples. The variations of

remanent polarization (Pr) and coercive field (Ec) as a function

of x are summarized in Fig. 5(b). It can be seen that Pr decreases

initially and then increases slightly with increasing x, while Ec

firstly increases rapidly and then decreases as x increases. The

value of Pr reaches 17.3 mC/cm2 at x = 0.06, where the value of

Ec is 16.1 kV/cm. These characteristics suggest that the
Fig. 5. (a) Polarization hysteresis loops the (1 � x)KNNBNTLS–xNT ceramics

at room temperature. (b) The variations of remanent polarization (Pr) and

coercive field (Ec) of the ceramics as a function of x.



Fig. 6. The relative permittivity, eT
33=e0, and the dissipation factor, tan d, of the

poled (1 � x)KNNBNTLS–xNT ceramics as a function of x.

Fig. 7. Piezoelectric constant, d33, and the mechanical quality factor, Qm, of the

(1 � x)KNNBNTLS–xNT ceramics as a function of x.

Fig. 8. Electromechanical coupling factors, kp and kt, of the

(1 � x)KNNBNTLS–xNT ceramics as a function of x.
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addition of NaTaO3 weakens the ferroelectric properties of the

(1 � x)KNNBNTLS–xNT ceramics. It is known that the

reduction of the polarization is related to the decrease in

tetragonality [30]. Similar phenomena have also been observed

in the MnO2 and CaTiO3 modified (K,Na)NbO3-based

ceramics [31,32]. Therefore, it is attributed to the decrease

in tetragonality of the (1 � x)KNNBNTLS–xNT ceramics that

the ferroelectric properties of the ceramics decline with

increasing NaTaO3.

Fig. 6 shows the tendency of the relative permittivity, eT
33=e0,

and the dissipation factor, tan d, of the poled (1 � x)KNN

BNTLS–xNT ceramics as a function of x. It is found that the

eT
33=e0 of the ceramics increases obviously from 1332 to 1604 as

x increases from 0 to 0.06. On the contrary, the tan d decreases

rapidly from 0.052 to 0.023 as x increases from 0 to 0.02

and then remains almost unchanged at 0.02 � x � 0.06.

These results indicate that the dielectric properties of the

(1 � x)KNNBNTLS–xNT ceramics are improved significantly

by addition of NaTaO3. Some researches have shown that

the dielectric properties of (K,Na)NbO3-based ceramics are

related to the density and grain size distribution [29,33,34].

Therefore, the improvement of the dielectric properties of the
(1 � x)KNNBNTLS–xNT ceramics may be partly attributed to

the increase of bulk density of the ceramics induced by addition

of NaTaO3. The improvement may also be attributed to partial

substitution of Ta5+ for Nb5+ and Sb5+. Compared with Nb5+

and Sb5+, Ta5+ possesses a higher polarizability [35]. As a

result, Ta5+ makes more contribution to the polarity of the

ceramics than Nb5+ and Sb5+. In addition, a homogeneous grain

size distribution induced by addition of NaTaO3 has also made a

contribution to the enhancement of dielectric constant.

Fig. 7 shows the piezoelectric constant, d33, and the

mechanical quality factor, Qm, of the (1 � x)KNNBNTLS–

xNT ceramics as a function of x. It can be seen that the d33

enhances with increasing x when x � 0.06 and then decreases

rapidly. The maximum d33 value of 249 pC/N is obtained at

x = 0.06. The ceramics have relatively low Qm value in the

range of 43–65, which increases in general as x increases. It is

well known that the mechanical quality factor Qm char-

acterizes the internal friction in a grain induced by the rotation

of the spontaneous polarization vector or mobility of domain

wall. The degraded ferroelectric properties of the ceramics

imply that the amount of spontaneous polarization in the

unit volume decreases, and hence the internal friction

decreases [36,37]. As a result, Qm increases with the decrease

of the ferroelectric properties. Moreover, Fig. 8 shows

the electromechanical coupling factors, kp and kt, of the

(1 � x)KNNBNTLS–xNT ceramics as a function of x. The kp

and kt increase initially and then decrease with increasing x.

The maximum values of kp and kt, 0.442 and 0.426, are

obtained when x = 0.06.

All these results indicate that the piezoelectric properties of

the (1 � x)KNNBNTLS–xNT ceramics are enhanced signifi-

cantly by addition of NaTaO3. For the piezoelectric materials

with a tetragonal symmetry, the piezoelectric constant d33

values are proportional to the relative permittivity e33 and

remnant polarization Pr according to d33 = 2Q11e0e33P3, where

Q11 is the electrostrictive coefficient and should not change

significantly by doping, e33 is the relative permittivity, and P3 is

the polarization along the polar axis and approximately equals

Pr [20]. In this work, it is found that the Pr of the ceramics

decreases with the increase of NT content, as shown in Fig. 5.
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However, the eT
33=e0 and the d33 of the ceramics show

continuous increase when x � 0.06. Therefore, the enhance-

ment of d33 may be attributed to the increase in eT
33=e0. This is

consistent with the result reported by Lin and Kwok [13].

4. Conclusions

The influences of the NaTaO3 on the structure, bulk density,

dielectric, ferroelectric and piezoelectric properties of the

(1 � x)KNNBNTLS–xNT ceramics have been studied. The

ceramics sintered in air at 1060–1140 8C for 3–4 h formed

single phase perovskite solid solutions with the tetragonal

symmetry. The bulk density of the ceramics was improved by

addition of NaTaO3. The orthorhombic–tetragonal transition

temperature TO–T of the ceramics shifted to below room

temperature with the addition of NaTaO3. The dielectric and

piezoelectric properties of ceramics were enhanced by addition

of NaTaO3. The outstanding electrical properties of d33 =

249 pC/N, Qm = 51, kp = 0.442, kt = 0.426, Pr = 17.3 mC/cm2,

Ec = 16.1 kV/cm, eT
33=e0 ¼ 1604 and tan d = 0.023 were

obtained at x = 0.06.
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[1] M. Kosec, B. Malič, A. Benčan, T. Rojac, KNN-based piezoelectric
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