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Abstract (1 - x)(0.948K0.5Na0.5NbO3 - 0.052LiSbO3)

- xBi2O3 (x = 0.001 * 0.004) (abbreviated as KNN -

5.2LS - xBi) lead-free piezoelectric ceramics were prepared

using conventional solid sintering method and the effect of

bismuth oxide (Bi2O3)-doping on phase structure, microstruc-

ture and electric properties were investigated. It was found that

Bi2O3-doping induces a phase transition from the tetragonal

phases to a pseudocubic phase with a normal-relaxor ferro-

electric transformation, and acts as grain growth inhibitor,

which significantlydecreases thegrain sizeof the ceramics.The

KNN - 5.2LS ceramic with 0.2 mol. % Bi2O3 exhibited the

optimum electrical properties (d33 = 229 pC/N, kp =

31.08 %), together with a low TO–T of 77 �C. In addition, the

highest TC (*355 �C), the highest Smax (*0.20 %) and d33*

(*392 pm/V) values can be attained in the ceramics with

x = 0.001,which is superior to those of the previously reported

KNN-based ceramics. These results show that the

KNN - 5.2LS - xBi ceramic is one of the most promising

candidates for replacing PZT-based ceramics.

1 Introduction

Piezoceramics are always one of the most important and

widely used materials, and the related researches are becom-

ing a forefront of high-technology advanced materials [1–7].

Since the 1950s, PbZr1 - xTixO3 (PZT)-based ceramics have

drawn much attention due to their excellent piezoelectric

properties. However, the lead content (*60 wt.%) of PZT

raises environmental concerns during their preparation, pro-

cess, and even disposal. As a result, there is an increasing

interest in developing lead-free piezoelectrics with the aim of

achieving an equivalent or even higher piezoelectric response

as those of the lead-based ones.

Among the lead-free piezoelectric materials, (K0.5

Na0.5)NbO3 (abbreviated as: KNN) ceramic is considered

to be one of the promising candidates owing to their rela-

tively high Curie temperature (TC) and moderate piezo-

electric response [3, 4, 8, 9]. To date, most of the research

has focused on KNN ceramics [4, 10–15]. For example, a

remarkable achievement in d33 (*416 pC/N) can be gained

in the KNN ceramics doped by Ta, Sb, and Li via the

complicated reaction template grain growth (RTGG)

method [4]. Since then, KNN has become one of the most

extensively investigated lead-free piezoelectric systems

[16, 17]. The major disadvantage of pure KNN, however, is

difficulties in obtaining sufficiently dense ceramics by

conventional sintering in air [18]. In order to improve the

densification and piezoelectric properties of KNN-based

ceramics, specialized sintering processes, such as hot

pressing and spark plasma sintering processes(SPS), have

been introduced for preventing the volatility of alkali ele-

ments and to lower the sintering temperature to overcome

the drawback of insufficient density [19]. But the cost of

these methods is high and the preparation technology is

complex, which is not favorable to the industrialization of

KNN ceramics preparation process. Now, numerous com-

positional engineering approaches have been explored to

optimize the piezoelectric properties of KNN materials like

adding BaTiO3 [20], SrTiO3 [21], LiNbO3 [22], LiTaO3

[23], and LiSbO3 [24] to form new solid solutions.
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Although some significant breakthroughs have been

achieved in the study of KNN-based piezoelectrics, there

was certain gap compared with lead-based materials. The

good electric properties of lead-based ceramics have a

close relationship with the electronic structure of Pb [25].

And researches show that Bi has the same electronic dis-

tribution, similar ionic radius and the molecular weight

with Pb, which is adjacent in periodic table of elements

[26]. The strong ferroelectricity of (Bi1/2Na1/2)TiO3 is

derived from (Bi1/2Nal/2)
2? ion, especially Bi3? ion, so Bi

also can promote the generation of strong ferroelectricity.

Meanwhile, lead 6 s and O 2p states are strongly hybri-

dized, which played a great role in piezoresponse of lead-

based ceramics, and the hybridization leads to a large strain

that stabilizes the tetragonal phase [27]. In addition, Bi3?

and Pb2? have the same extranuclear structure 6s26p0,

Bi3? empty 6p0 states can strongly hybridize with the O2-

2p6 states to form the Bi–O bonding, therefore, the per-

ovskite solid solution containing Bi3? can show high

piezoelectric and ferroelectric response, such as BiMeO3–

PbTiO3 [28]. In this study, we selected 0.948(K0.5Na0.5)-

NbO3 - 0.052LiSbO3, which is known to have excellent

piezoelectric properties with the polymorphic phase tran-

sition (PPT) at room-temperature, as a base material with

small amounts of Bi2O3 being introduced as doping spe-

cies. The influences of Bi2O3 on the phase structure,

microstructure and electrical properties of the ceramics

were investigated.

2 Materials and methods

(1 - x)(0.948K0.5Na0.5NbO3 - 0.052LiSbO3) - xBi2O3

(abbreviated as: KNN - 5.2LS - xBi, x = 0 * 0.004)

piezoelectric ceramics were prepared by conventional solid-

state reaction method using Na2CO3 (99.8 %), K2CO3

(99 %), Li2CO3 (98 %), Nb2O5 (99.96 %), Sb2O3 (99 %),

Bi2O3 (99.64 %) as starting materials. The starting materials

were mixed by ball-milling for 12 h in ethanol with zirconia

balls as milling media. The slurries were dried and calcined

at 850 �C for 2 h. After calcination, the mixtures were

milled again for 12 h. The obtained powders were pressed to

form disks using 8 wt.% polyvinyl alcohol (PVA) as a

binder, and pressed into pallets with a diameter of 12 mm

and a thickness of 1.0 mm under a pressure of about

200 MPa. After burning off PVA, the ceramics were sin-

tered at 1110 �C for 2 h in air.

The crystal structures of the sintered ceramics were

determined by X-ray powder diffraction analysis (XRD)

(D8 Advance, Bruker Inc. Germany). The surface mor-

phology of the ceramics was studied by scanning electron

microscope (SEM) (JSM-6380, Japan). For the electrical

measurements, silver paste was coated on both sides of the

sintered samples and fired at 740 �C for 20 min to produce

electrodes. The temperature dependences of the dielectric

properties were measured using a broadband dielectric

spectrometer (Novocontrol Germany). The electric-field-

induced polarization (P–E) and strain (S–E) measurements

were carried out using an aix-ACCT TF2000FE-HV fer-

roelectric test unit (aix-ACCT Inc. Germany). The piezo-

electric measurements were carried out using a quasi-static

d33-meterYE2730 (SINOCERA, China). Before the mea-

surement, the samples were poled in silicon oil at room

temperature under 50–70 kV cm-1 for 20 min. The planar

electromechanical coupling factor kp was calculated using

the following equations with an impedance analyzer

(Agilent 4294A) [29]:

1

k2p
¼ 0:395

fr

fa � fr
þ 0:574 ð1Þ

where fr and fa are the resonance frequency and the anti-

resonance frequency, respectively.

3 Results and discussion

Figure 1a shows the XRD patterns of

KNN - 5.2LS - xBi ceramics in the 2h range of 20–70�.
A stable solid solution among KNN, LS, and Bi with a pure

perovskite structure without any secondary phase is formed

in all indicated compositions, indicating that Bi3? ions are

successfully diffused into the KNN - 5.2LS lattice.

Ceramics with x B 0.003 possess a tetragonal structure

with the splitting of the (001)/(100) and (002)/(200) char-

acteristic peaks [30]. However, at ceramics with x[ 0.003,

the split peaks around 52� are gradually combined into one

single peak, suggesting that the ceramic transforms into

pseudo-cubic structure at high contents of Bi2O3 [31].

Figure 1b shows the variation of lattice parameters and the

cell volume as functions of x. The lattice parameters are

calculated by lattice parameter calculation software from

the XRD patterns. The cell volume of the ceramics with

adding Bi2O3 are smaller than that of pure KNN - 5.2LS

ceramics due to the smaller ionic radii of Bi3? (1.32 Å,

CN = 12) than those of A-site K? (1.64 Å, CN = 12) or

Na? (1.39 Å, CN = 12) [32]. Therefore, Bi3? enter into

the A-site of KNN to substitute for K? and Na? because of

radius matching, resulting in the lattice deformation.

Figure 2 displays the surface morphologies of the

KNN - 5.2LS - xBi ceramics. The microstructure

appears homogeneous without any apparent second phase.

The average grain size decreases monotonically as the

Bi2O3 content increases, indicating that the role of Bi2O3 in

KNN - 5.2LS - xBi system is a grain growth inhibiter

[33]. When x = 0.004, some pores are formed in the

interior of the grains, this may because Bi2O3 can form a
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liquid phase in the KNN-based ceramics at 690 �C, and
some gases couldn’t discharge timely while they are sur-

rounded by grain boundary to form pores in the process of

grain boundary migration [34].

Figure 3a shows temperature dependence of dielectric

permittivity er for KNN - 5.2LS - xBi samples at a

measuring frequency of 10 kHz, and Fig. 3b plots the

phase diagram of the KNN - 5.2LS - xBi ceramics,

which summarized from the temperature dependence of the

dielectric behavior in Fig. 3a. As x increases, the TC
increases and then decreases while TO–T reaches the lowest

at x = 0.002 as illustrated in Fig. 3b. Ceramics with

x B 0.003 have two phase transitions, which are from

orthorhombic to tetragonal polymorphic phase (TO–T) and

from tetragonal polymorphic phase to cubic phase (TC)

respectively [22]. Here, we note that a little inconsistency

is seen between the TO–T results obtained through the

dielectric measurement and the results acquired from XRD

analysis. While the er versus temperature curves show that

their crystalline structures should be of orthorhombic

symmetry, the actual crystalline structures are of tetragonal

symmetry. The actual TO–T for the samples should be lower

than 80 �C due to the thermal hysteresis since dielectric

permittivity is measured during a heating process [35].

Such inconsistency is speculated to arise from a state

change of phase coexistence with temperature around TO–T
in the dielectric measurement. While XRD characterizes

directly the crystalline structure in a quasi-equilibrium or

equilibrium state, the er versus temperature curves give

indirectly the information of the state change of phase

coexistence. The states of phase coexistence during a

heating or cooling process may not always be quasi-

Fig. 1 a XRD patterns of KNN - 5.2LS - xBi ceramics in the 2h
range of 20�–70�, b the variation of lattice parameters and the cell

volume as functions of x

Fig. 2 SEM micrographs of KNN - 5.2LS - xBi ceramics sintered at 1110 �C for 2 h
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equilibrium or equilibrium because time is needed for the

adjustment of domain structure inside the grains to follow

the temperature change [36]. Similar inconsistencies were

previously found also in some other KNN-based ceramics

[37, 38]. For samples with x[ 0.003, the TO–T of the

ceramics disappears, and only the cubic-tetragonal phase

transition is observed above room temperature. This result

corresponds with the XRD-pattern, as shown in Fig. 1.

Moreover, it was found that the dielectric maxima drops

down rapidly and the dielectric peaks become extremely

broad with the excess of Bi2O3, which should be ascribed

to the formation of pseudo-cubic structures at high level of

Bi substitution [39].

Figure 4a shows the ferroelectric P–E hysteresis loops

of KNN - 5.2LS - xBi ceramics measured at room tem-

perature and 10 kHz. Round-shaped P–E hysteresis loops

are obtained in the pure sample due to a relative large

leakage current [40]. However, the samples with adding

Bi2O3 exhibit a good square-shaped hysteresis loop, which

are typical for ferroelectrics [41]. In order to further

understand the ferroelectric properties, the response of their

remnant polarization (Pr) and coercive field (EC) as a

function of x is provided in Fig. 4b. It can be seen that both

Pr and EC decreases gradually with increasing Bi2O3 con-

tent. Increasing amount of Bi2O3 leads to more defects in

the KNN - 5.2LS lattice, which hinder the switching of

the domains and cause poor Pr. The decrease of EC values

may be due to the ‘‘soft’’ effect of Bi2O3, which reduces

oxygen vacancies to maintain the charge neutrality and

facilitates the poling process of the ceramics [42]. The

x = 0.002 ceramic presents Pr of 26.94 lC/cm2 and EC of

22.39 kV/cm, showing relatively excellent ferroelectric

properties.

Figure 5 shows the composition dependence of the

piezoelectric coefficient (d33) and electromechanical cou-

pling factor (kp) of the KNN - 5.2LS - xBi ceramics.

Fig. 3 a Temperature dependence of dielectric permittivity for

KNN - 5.2LS - xBi samples at a measuring frequency of 10 kHz,

b compositional dependence of TC and TO–T as a function of x for

KNN - 5.2LS - xBi

Fig. 4 a P–E hysteresis loops of KNN - 5.2LS - xBi samples

measured at 10 Hz and room temperature, b Pr and Ec variations of

the KNN - 5.2LS - xBi ceramics as a function of x
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Both kp and d33 gradually increased and then decreased

with increasing Bi2O3 content, giving a maximum value of

31.08 % and 229 pC/N at x = 0.002. It is seen that addi-

tion of small amounts of Bi2O3 yields to large electrical

properties. The promotion may be attributed to three rea-

sons. Firstly, the orthorhombic to tetragonal phase transi-

tion temperature at x = 0.002 is lower, which makes the

two phase regions gradually approach room temperature

[40]. Secondly, the Bi2O3 modification in KNN - 5.2LS

softens the materials. So the KNN - 5.2LS - xBi ceramic

is thought to have more extrinsic contribution in the

piezoelectric coefficient when compared with pure

KNN - 5.2LS. Finally, the optimum Bi2O3 addition and

the optimum sintering temperature can improve the density

of the ceramics, which has positive effects on the electrical

properties. However, with the high addition of Bi2O3

(x[ 0.002) the variation of electrical properties as the

function of x could be attributed to the competing effects of

grain size, porosity and so forth [43].

Figure 6a shows the bipolar strain curves of

KNN - 5.2LS - xBi ceramics measured at RT and

10 Hz. All ceramics show butterfly-shaped strain hysteresis

loops with visible negative strain Sneg (the definition for

Sneg can be found in our previous work [44]), which is

typical for ferroelectrics [41]. The d33* can be calculated

from the slop of the electric-field-induced strain using the

following equation: d33* = Smax/Emax. Both Smax and d33*

of KNN - 5.2LS - xBi ceramics are presented in Fig. 6b

as a function of x. The Smax and d33* obtain a similar

changed trend as the contents of Bi2O3 increase. More

importantly, the Smax (*0.20 %) and d33* (*392 pm/V)

values can be attained in the ceramics with x = 0.001,

which are much higher than that of pure KNN - 5.2LS

(0.07 % and 133 pm/V). In addition, the S–E curve of

samples exhibits a transition from the butterfly shape to

horn shape with the decrease of the Sneg with x C 0.001,

suggesting phase structure transition from the tetragonal

phases to a pseudocubic symmetry, which indicates the

development of ergodic relaxor phase at zero electric field.

This indicated that the electrically induced strain were

mainly associated with external contribution (domain wall

motion) and little from contribution from material intrinsic

piezoelectric effect [45]. This results match well with the

ferroelectric properties in Fig. 5. This also confirms that

the high electrically induced strain of KNN-based ceramics

is based on the expense of the electric properties.

4 Conclusion

(1 - x)(0.948K0.5Na0.5NbO3 - 0.052LiSbO3) - xBi2O3

lead-free piezoelectric ceramics were prepared using

conventional solid sintering method and the effects of

Bi2O3 on the phase structure, microstructure and elec-

trical properties of the ceramics were systematically

studied. All compositions had a pure perovskite structure.

Fig. 5 Piezoelectric constant d33 and the planar electromechanical

coefficient kp of the KNN - 5.2LS - xBi ceramics as a function of x

Fig. 6 a bipolar strain curves of KNN - 5.2LS - xBi ceramics

measured at RT and 10 Hz, b maximum value of the strain and d33*

of the ceramics as a function of x
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And ceramics with x[ 0.003 transform into pseudo-cu-

bic structure. The average grain size decreases mono-

tonically as the Bi2O3 content increases, implies that the

role of Bi2O3 in KNN - 5.2LS system is a grain growth

inhibiter. Enhanced electrical properties (d33 = 229 pC/

N, kp = 31.08 % and TO–T = 77 �C) were achieved at

x = 0.002. In addition, there are the highest TC of 355 �C
and the highest strain value of 0.20 % (Smax/

Emax = 392 pm/V) in the ceramics with x = 0.001,

which is superior to those of the previously reported

KNN-based ceramics. In consequence, The proper

amount of Bi2O3 can actively improve the electric

properties of the KNN - 5.2LS - xBi ceramics, sug-

gesting that this material should be an attractive lead-free

material for piezoelectric applications.
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