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Grain size and piezoelectric properties were investigated in �K, Na�NbO3 ceramics substituted with Ba for K and

Na by 1 to 5 mol�, in anticipation of high piezoelectric properties. The grain size strongly depended on the A�B

ratio in perovskite structure. The grain growth phenomenon was markedly similar to that of BaTiO3 semicon-

ducting ceramics with donor additives. Piezoelectric properties were strongly affected by grain size. MnO addi-

tive was added to suppress grain growth anomaly, dense ceramic body formation and withstanding voltage

enhancement. However, a manufacturing process, in which MnCO3 was directly mixed to other raw material

powders, resulted in the formation of large pores ranging to 1 mm diameter in their ceramic bodies. The powder

obtained by previously calcining the mixture of Nb2O5 and MnCO3 was used as a raw material for MnO addition,

in order to prevent the formation of large pores. By adding 0.5 mol� MnO, grain growth anomaly was inhibit-

ed, and a uniform and dense ceramic body was consequently obtained without piezoelectric property degrada-

tion. �Received January 18, 2006; Accepted March 16, 2006�
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1. Introduction

Lead zirconate titanate �PZT� ceramics have been widely

used for piezoelectric applications due to their high piezoelec-

tricity. However, the development of lead free piezoelectric

ceramics is expected from global environmental considera-

tions. The current status and prospects for bismuth layer-

structured ferroelectric �BLFS� and perovskite ferroelectric

ceramics in lead-free piezoelectric materials were introduced

by Takenaka and Nagata.1� BLSF ceramics are restricted to

ceramic filter and resonator applications due to their low

piezoelectricity. On the other hand, perovskite ceramics seem

to be suitable for actuator and high-power applications due

to their relatively high piezoelectricity. Perovskite-type lead-

free piezoelectric ceramics have been mainly investigated

using KNbO3-based,
2�–5� �K, Na�NbO3-based

6�–13� and �Bi,

Na�TiO3-based
14�–22� ceramics.

�Bi, Na�TiO3-based ceramics exhibit a transition from a

ferroelectric phase to an antiferroelectric phase at tempera-

tures around 200�C, and their piezoelectricity disappears

above these temperatures. Furthermore, �Bi, Na�TiO3-based

ceramics are disadvantageous in that their coercive field is

large, making poling difficult. Their compositions, which can

easily be poled, have recently been investigated, and a relative-

ly large piezoelectricity has been obtained.22� Although there

were two serious problems, poor sinterability and deliques-

cence, in KNbO3-based and �K, Na�NbO3-based ceramics,

their problems have been overcome through the improvement

of the sample preparation process.4�,5�,8�–12�

Kimura et al. found a relatively large piezoelectricity in a

KNbO3–NaNbO3–LiNbO3 ternary system.12� Saito et al. also

found a large piezoelectricity in a �K, Na, Li��Nb, Ta, Sb�O3

system.13� On the other hand, we investigated the piezoelectric

potential of �K, Na�NbO3 ceramics by substituting a small

amount of Pb for K and Na.23�,24� High piezoelectric proper-

ties were consequently obtained in a composition such as

�Pb0.03K0.47Na0.47�NbO3 with the assumption of A-site vacan-

cies. In this study, it was experimentally investigated whether

high piezoelectric properties are maintained even if Ba is used

as a substituting element instead of Pb. That is, it was clarified

that the high piezoelectric potential is independent of the sub-

stituting element and mainly depends on the A-site vacancy

and grain size.

2. Experimental procedure

The material compositions used in this study are �BaxKy

Nay�NbO3, where y�0.5�x corresponds to a stoichiometry

having atomic vacancies of x at an A-site in a perovskite struc-

ture. Moreover, in this study, the A�B ratio, which is a y value

against an x value, was changed, as in the case of Pb substitu-

tion. Hereinafter, sample compositions are abbreviated BKN

�100x�100y�.

Reagent-grade metal oxide or carbonate powders, BaCO3,

K2CO3, Na2CO3, Nb2O5 and MnCO3, were used as starting

raw materials. Since K2CO3 and Na2CO3 have extremely

coarse particles in contrast to the fine particles of other raw

materials, it is necessary to grind such powders to a particle

size of 1 mm or less. Prior to mixing all the raw materials, these

two materials were preground under the conditions mentioned

below. A polyethylene container, 60 mm in diameter and 250

ml in capacity, was used for 1�4 mol blending. Zirconia balls

of 3 mmq and 10 mmq �300 g each�, ethanol �180 ml�, and

K2CO3 and Na2CO3 powders corresponding to 1�4 mol were

placed in the container, and ball-milled for 12 h at a rotation

rate of 300 rpm. After pregrinding, other raw materials were

placed in the container and 20 ml of ethanol was added, and

they were mixed by ball-milling for 12 h at a rotation rate of

170 rpm. The SEM image of the K2CO3 and Na2CO3 mixture

obtained after pregrinding is shown in Fig. 1. They were

ground down to a particle size of about 1 mm or less. The

authors believe that pregrinding is important in obtaining

dense ceramics without deliquescence.

Using the mixing process mentioned above, although dense
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Fig. 1. SEM image of K2CO3 and Na2CO3 mixture ground for 12 h

by ball-milling.

Table 1. Sintered Densities and Crystal Structures of Samples with

Different Ba Contents

Fig. 2. SEM images of thermally etched surfaces for samples with different Ba contents. �a� BKN �1�49�, �b� BKN �2�48� and �c� BKN

�3�47�.
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and uniform bodies were obtained in the samples not added

with MnCO3, the sample added with MnCO3 exhibited large

pores and consequently a low density. The formation of large

pores can be prevented using a solid solution powder of MnO

and Nb2O5 as a raw material during mixing. When MnO was

added, Nb2O5 and MnCO3 powders were mixed for 12 h in

water with zirconia balls of 10 mmq using the wet ball-milling

technique and calcined at 1000�C for 4 h. The calcined powder

was ground for 12 h with the same wet ball-milling technique

and dried. In the case of MnO addition, this powder was used

in the mixing of raw materials.

The raw materials mixed in ethanol were calcined at 900�C

in air after drying. The calcined powders were ground for 12 h

by ball-milling under the same conditions as those used for

mixing. After drying, using polyvinyl alcohol as a binder, the

calcined powders were pressed into disks 15 mm in diameter at

100 MPa. These powder compacts were fired for 2 h in air at

1110 to 1170�C. Gold electrodes were sputtered on the upper

and lower surfaces of the samples for the measurement of elec-

trical properties.

The crystal structure was determined from the powder

X-ray diffraction �XRD� patterns of the sintered samples.

Crystal grains were observed on the thermally etched surfaces

of the sintered samples by secondary electron microscopy

�SEM�. Electric flux density-electric field �D–E� hysteresis

loops were measured by applying 50 Hz ac fields to the sam-

ples in a silicon oil bath maintained at 120�C. The samples for

the measurement of piezoelectric properties were poled by

applying dc fields of 2 to 5 kV�mm for 5 min in a silicon oil

bath maintained at 120�C. The electromechanical coupling

factors of radial mode vibration were measured by a resonan-

ce–antiresonance method on the basis of IEEE standards

using an impedance analyzer �HP–4192A�. The piezoelectric

constant d33 was measured using a Berlincourt-type quasi-

static meter at 110 Hz.

3. Results and discussion

3.1 Influence of Ba substitution

Table 1 shows the densities and crystal structures of the sin-

tered samples with different Ba contents. The crystal struc-

tures change to pseudocubic with Ba contents above x�0.03.

Figure 2 shows the SEM images of the crystal grains of these

samples. Large grains with sizes above 15 mm and 30 mm

generated by grain growth anomaly can be observed in the

SEM images of BKN �1�49� and BKN �2�48�. On the other

hand, the grains of BKN �3�47� are extremely fine, the size of

which is less 1 mm. The pseudocubic structure of BKN �3�47�

is probably due to its fine grains. Thus, grain growth is

extremely affected by the content of Ba as a donor, resulting

in the grain growth anomaly as observed in semiconducting

BaTiO3 ceramics with a donor dopant.

Drofenik and coworkers have systematically studied

the grain growth anomaly of semiconducting BaTiO3

ceramics.25�–27� According to these researchers, the driving

force for grain growth anomaly is the stored free surface

energy of fine grains, which is released during anomalous

grain growth. This surface energy is consumed in oxygen

release and donor-dopant incorporation. The energy required

for inducing grain growth anomaly is proportional to the

amount of the donor dopant. When the stored free surface

energy of fine grains is constant, a critical donor-dopant con-

centration exists for grain growth anomaly. Grain growth ano-

maly occurs when the donor-dopant concentration is lower

than the critical one, since the energy required for grain

growth anomaly can be supplied. This critical donor-dopant

concentration is affected by the A�B ratio of the perovskite

structure and the oxygen partial pressure during firing.

The critical donor-dopant concentration exists between x�

0.02 and 0.03, as shown in the SEM images in Fig. 2. Since the
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Fig. 3. Temperature dependences of dielectric constants of two sam-

ples with different in Ba contents.

Fig. 4. D–E hysteresis loops of samples with different Ba contents,

measured at 50 Hz ac fields at 120�C.

Table 2. Electromechanical Coupling Factors of Radial Mode and

Mechanical Quality Factors for Samples with Different Ba Contents

Table 3. Sintered Densities and Crystal Structures of Samples with

Different A�B Ratios with Same Ba Contents of x�0.02 and x�0.03
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critical donor-dopant concentration for grain growth anomaly

is affected by the A�B ratio of the perovskite structure, it is

probably possible to obtain a sample with large grains by

changing the A�B ratio even though the Ba content is x�0.03.

Figure 3 shows the temperature dependences of the dielec-

tric constants for BKN �2�48� and BKN �3�47�. The dielectric

constant increased up to 6600 at a Curie point for BKN

�2�48�. On the other hand, the temperature dependence of

BKN �3�47� is broad due to its fine grains. Figure 4 shows the

D–E hysteresis loops at 120�C of the three samples shown in

Fig. 2. Although the D–E loop for BKN �1�49� seems to be

not saturated from the shape, the shape is probably due to a

large leak current. Shape distortion can be observed around

1 kV�mm in the applied field for BKN �2�48�. This is proba-

bly caused by the mixture of fine and coarse grains as shown in

Fig. 2. That is, the distortion is due to the large coercive field

in fine grains and the small coercive field in large grains. The

remanent polarization of BKN �3�47� is small due to its fine

grains. Thus, the temperature dependences of the dielectric

constant and D–E hysteresis loop are mainly affected by the

grain size. This agrees with the experimental results for the

A�B ratio described in the next section of this paper. Table 2

shows the electromechanical coupling and mechanical quality

factors. BKN �2�48� showed kp�0.431 and Qm�153.

3.2 Effect of A�B ratio

As described in Section 3.1, BKN �2�48� and BKN �3�47�

show extremely different grain sizes. This difference in grain

size severely affects piezoelectric properties. Since the grain

size is expected to change with the A�B ratio as mentioned in

Section 3.1, the effect of the A�B ratio was investigated in the

Ba contents of x�0.02 and x�0.03. The densities and crystal

structures of the sintered samples with different A�B ratios are

shown in Table 3. Even with the same Ba content, the samples

exhibited both pseudocubic and orthorhombic crystal struc-

tures due to the change in A�B ratio.

Figure 5 shows the SEM images of the crystal grains of the

samples with different A�B ratios. The Ba content is x�0.02

for samples �a�, �b� and �c�, and x�0.03 for samples �d�,

�e� and �f�. The grain sizes of samples �a�, �d� and �e� are

less than 1 mm. These samples exhibit a pseudocubic crystal

structure, as shown in Table 3. On the other hand, samples

�b�, �c� and �f� with large grains exhibit an orthorhombic

crystal structure, as shown in Table 3. Thus, grain growth

proceeds as the A�B ratio decreases, and the original crystal

structure is orthorhombic.

Figure 6 shows the temperature dependences of the dielec-

tric constants of the samples shown in Fig. 5. The temperature

dependences of BKN �2�49�, BKN �3�46� and BKN �3�47�

are broad due to their fine grains. On the other hand, BKN

�2�48�, BKN �2�47� and BKN �3�45� with large grains show

sharp peaks at around Curie points. The D–E hysteresis loops
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Fig. 5. SEM images of thermally etched surfaces of samples with

different A�B ratios and same Ba contents of x�0.02 and x�0.03.

�a� BKN �2�49�, �b� BKN �2�48� and �c� BKN �2�47� with Ba con-

tent of x�0.02. �d� BKN �3�47�, �e� BKN �3�46� and �f� BKN

�3�45� with Ba content of x�0.03.

Fig. 6. Temperature dependences of dielectric constants of samples

with different A�B ratios and same Ba contents of x�0.02 �a� and

x�0.03 �b�.

Fig. 7. D–E hysteresis loops of samples with different A�B ratios

with same Ba contents of x�0.02 �a� and x�0.03 �b�.
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at 120�C of the same samples are shown in Fig. 7. Remanent

polarization increases with grain size and the peak value of the

dielectric constant at a Curie point in Fig. 6.

Figures 8 and 9 show the changes in piezoelectric properties

with the decrease in A�B ratio. The horizontal scale is ex-

pressed with K and Na contents, y, instead of the A�B ratio.

Maximum kp and d33 values exist at a K and Na content. The

decrease in piezoelectric properties in the left-hand side

region, in which y is greater than the K and Na contents show-

ing maximum kp and d33 values, is due to the fine grain size.

The decrease in piezoelectric properties in the right-hand side

region, in which y is less than the K and Na contents, is consi-

dered to be induced by a second phase formed due to the lack

of A-site atoms. From these experimental results in Sections

3.1 and 3.2, the optimum Ba content was determined to be x�

0.02 for a large piezoelectricity.

3.3 Influence of MnO additive

BKN �2�48� showed the largest piezoelectricity, as shown in

Figs. 8 and 9. However, BKN �2�48� showed a mixture of

large grains with sizes exceeding 30 mm and fine grains with

sizes from 1 to 2 mm, as shown in Fig. 2. The ceramic contain-

ing such large and fine grains also exhibited large pores and

became mechanically weak. It is desired that a ceramic body is

dense and has uniform grains for high-reliability piezoelectric

materials. Hence, 0.5 mol	 MnO was added to BKN �2�48�.

The density of the sample fired at 1160�C for 2 h was r�

4.59 g�cm3. This density is higher by 2.5	 than that of BKN

�2�48� without MnO. Figure 10 shows the SEM image of

crystal grains. Grain sizes range from 3 to 7 mm, and grain

growth anomaly cannot be observed. Thus, the microstructure

was improved by MnO addition.

The resistivity at 120�C, which calculated from the applied

voltage and current during poling, was increased from 4
6�

108 to 5
7�109 Qcm by adding 0.5 mol	 MnO. The with-

standing voltage also increased, which allowed us to apply an
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Fig. 8. Coupling and mechanical quality factors of samples with

same Ba contents of x�0.02 and x�0.03 as functions of K and Na

contents.

Fig. 9. Piezoelectric d33 constants of samples with same Ba contents

of x�0.02 and x�0.03 as functions of K and Na contents.

Fig. 10. SEM image of thermally etched surface of BKN �2�48�

with 0.5 mol� MnO fired at 1160�C for 2 h.

Fig. 11. D–E hysteresis loop of BKN �2�48� with 0.5 mol� MnO

fired at 1160�C for 2 h.

Fig. 12. Resonance-antiresonance characteristics for radial mode

vibration of BKN �2�48� with 0.5 mol�MnO fired at 1160�C for 2 h.

The sample was poled at 5 kV�mm at 120�C for 5 min.
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electric field of 5 kV�mm at 120�C during poling. These im-

provements in insulation properties were achieved using Mn

ions as an acceptor. That is, Mn2� or Mn3� ions probably

compensated the electrons released from donor impurities or

ionized oxygen vacancies.

Figure 11 shows the D–E hysteresis loop. The distortion in

the D–E loop disappeared, although it was observed in the

BKN �2�48� without MnO. This is probably due to the

uniform grain size. The remanent polarization and coercive

field were increased up to 19 mC�cm2 and 1.0 kV�mm by add-

ing 0.5 mol	MnO, respectively. The increase in coercive field

is probably induced by the pinning effect of domain walls due

to the increase in the number of oxygen vacancies generated by

MnO addition.

Figure 12 shows the resonance-antiresonance characteristics

for radial mode vibration. The coupling and mechanical quali-

ty factors, induced by these resonance-antiresonance charac-

teristics, were kp�0.443 and Qm�255, respectively. The per-

mittivity and piezoelectric constant in the poling direction

were e T
33 �e0�471 and d33�124 pC�N, respectively.

4. Conclusions

In the ceramics substituted with 2 or 3 mol	 Ba for an

A-site of BKN �2�48�, grain growth was observed greatly to

be affected by the A�B ratio. The samples with grain sizes less

1 mm showed a low piezoelectricity. Thus, it is considered

necessary to realize appropriate grain growth for achieving a

high piezoelectricity. The addition of 0.5 mol	 MnO sup-

pressed grain growth anomaly, resulting in the formation of

dense bodies with uniform grains. However, it is essential to

use the solid solution powder obtained by calcining MnCO3
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and Nb2O5, as a raw material for mixing. The sample substit-

uted with 2 mol	 Ba and added with 0.5 mol	 MnO showed

kp�0.443, Qm�255, e T
33 �e0�471 and d33�124 pC�N.
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