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At present, there are four prominent lead-free systems for

actuator applications, which have been modified by various

additives for enhancing the performance, namely, (Na1/2Bi1/2)

TiO3–(K1/2Bi1/2)TiO3 (NBT–KBT), (Na1/2Bi1/2)TiO3–Ba

TiO3 (BT), (NaxKyLi1-x-y)NbO3 (KNLN), and (Na1/2K1/2)

NbO3–BaTiO3 (KNN–BT) [1–14]. Table 1 shows the rep-

resentative properties of these four systems. Our research is

focused on the KNN–BT system because of its potential to

provide high piezoelectric and dielectric constants. In this

letter, we address the synthesis issue for these compositions

to obtain reliable and repeatable performance. This is a

critical issue in order for research to converge and transition

into products.

By conventional solid-state synthesis, 0.95KNN–0.5BT ?

x mol% MnO2 (0.0 B x C 2.0) were prepared from oxides of

[99% purity. The oxide powders of K2CO3, Na2CO3, Nb2O5,

BaCO3, and TiO2 (all from High Purity Chemicals, Saitama,

Japan) were mixed for 24 h in a nylon jar with zirconia balls.

The mixed powders were dried and calcined at 950 �C for 3 h.

Calcined powders were milled with MnO2 (High Purity

Chemicals, Saitama, Japan) for 24 h (MP1) and 48 h (MP2),

and dried (see Table 2 for the abbreviations). The particle

size distribution of raw and ball-milled 0.95KNN–0.5BT

powders (P1 and P2) was measured with Mastersizer Micro

and Microplus (Malvern Instruments Ltd., Malvern, UK) in

the range of 0.05–1,000 lm. Dried powders were pressed

into disks under a pressure of 100 kgf/cm2, and the speci-

mens were sintered in the range of 1,000–1,100 �C for 2 h.

The crystal structure and microstructure of the specimens

were examined by Rigaku D/max-RC X-ray diffractometer

and Hitachi S-4300, Japan, scanning electron microscopy.

The densities of the sintered specimens were measured by

water-immersion technique. The samples were poled in sil-

icone oil at 120 �C by applying a dc field of 4 kV/mm for

60 min. All electrical measurements were carried 24 h after

poling. The electromechanical and piezoelectric properties

were determined using a piezo d33 meter (Micro-Epsilon

Channel Product DT-3300, Raleigh, NC) and an impedance

analyzer (Agilent Technologies, Model HP 4194, Santa

Clara, CA).

It is well known that the packing density of a green body

directly influences sintering. The packing density is

dependent on the ratio of small to large particles present in

the mixture. Bimodal distribution is useful if there is a

large difference in the size of the two groups, since the

packing density can be increased by filling the interstitial

holes between the larger particles with smaller size parti-

cles. It is also known that if the mixture has particles of

three sizes with specific size ratios then packing is further

improved. Furnas model shows that the maximum packing

density in the green body occurs for the mixture containing

70% of the large particles [15]. However, results by Ger-

man have shown that in certain cases, maximum density in

the sintered body may occur for mixture containing 100%

small particles [16, 17]. For a spherical geometry, it has

been shown that the reaction rate is dependent on the

particle size as [18]:
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1þ Z � 1ð Þa½ �2=3þ Z � 1ð Þ 1� að Þ2=3

¼ Z þ 1� Zð Þ KD

r2

� �
t ð1Þ

where a is the fraction of volume that has already reacted

to form the product, Z is the volume of particle formed per

unit volume of the spherical particle which is consumed, D

is the diffusion coefficient for rate limiting species, r is the

particle size, t is the time, and K is the constant determined

by chemical potential difference for the species diffusing

across the reaction layer and geometry. Based on this

expression, it can be seen that the rate of reaction is

inversely proportional to the square of particle size (1/r2).

In a multi-component system, this becomes an important

attribute as the reaction rate will be dependent on the

largest particle sizes.

Figure 1a shows the particle size distribution of raw

commercial powders (Na2CO3, K2CO3, Nb2O5, BaCO3,

and TiO2) used in this work. There is a significant size

difference between Na2CO3 and K2CO3 powders and the

rest of the components. Particle sizes of Nb2O5, BaCO3,

and TiO2 powders, were small \20 lm, compared with

that of Na2CO3 and K2CO3 powders which were extremely

large *200 lm (about 10 times size difference). This

result indicates that commercial alkali powders require

significant reduction in size before being used to form the

green body in order to avoid agglomeration. Thus, we next

investigated the effect of the milling time on the particle

size.

Figure 1b shows the variation of calcined particle size

for two different milling times, 24 h and 48 h, referred as

P1 and P2. Figure 2 shows the XRD plots of MnO2

(x mol%)-added P1 and P2. Pure perovskite phase was

observed in all the cases. From Fig. 1b, it can be seen that

after 24 h of milling, the mixture (P1) consisted of bimodal

distribution of particles. About *44% of the particles had

an average size of 0.3 lm and 46% of the particles had an

average size of 30 lm. Since the initial particle size of

Na2CO3 and K2CO3 powders was much larger than that of

other powders, it could be responsible for the bimodal

distribution. In case of P2 (milling time = 48 h), the vol-

ume fraction of small particles increased significantly to

*80%. Three particle sizes were observed in the mixture

as shown in Fig. 1b, with high volume fraction of the

particles having mean size of 0.3 lm.

The sintering temperatures of P1 and P2 modified with

x mol% MnO2 (MP1, MP2) were fixed at 1,100 and

1,050 �C based upon the density measurements. The

ceramics sintered at these temperatures showed highest

density. Figure 2 shows the X-ray diffraction patterns for

sintered MP1 and MP2. All the peaks were indexed in

terms of pure perovskite unit cell with no trace of sec-

ondary phase. Figure 3 shows the sintered density of the

MP1 mixture (P1 ? x mol% MnO2) indicating values of

approximately 80%. In the case of MP2 mixture, the sin-

tered density increased significantly to 95.5%. There is a

*15% difference in the sintered density of MP1 and MP2

Table 2 Abbreviations used in this paper

Abbreviation Details

P1 0.95KNN–0.05BT (milling time: 24 h)

P2 0.95KNN–0.05BT (milling time: 48 h)

MP1 0.95KNN–0.05BT ? 0.0–1.5 mol% MnO2

(milling time: 24 h)

MP2 0.95KNN–0.05BT ? 0.0–1.5 mol% MnO2

(milling time: 48 h)

Fig. 1 Particle size

distributions of (a) raw powders

and (b) P1 and P2 powders

Table 1 Room temperature dielectric and piezoelectric properties of

prominent lead free systems

System d33 (pC/N) e33/eo tan d kp

NBT–KBT–BT [1] 183 770 0.034 0.367

NBT–KBT–LBT [2] 216 1,550 0.034 0.401

KNN–LiSbO3 [3] 283 1,288 0.019 0.50

KNN–BT [6, 10] 225 1,058 0.033 0.36

LBT: (Li0.5Bi0.5)TiO3
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mixtures illustrating the significance of initial particle size

distribution.

A recent result of Moskovits et al. also illustrates similar

behavior for bimodal Y2O3-stabilized zirconia powder

mixtures sintered at low temperatures [19]. These results

indicate that for alkali niobate-based lead-free ceramics a

higher density can be obtained by using higher content of

smaller size particles (\0.3 lm) in the green body. This

result can also be interpreted from German’s model. In

those cases where shrinkage of smaller particles is higher

as compared to that of larger particles and particle size

ratio is large ([100), it is better to have 100% small par-

ticles. An estimate on the shrinkage can be made obtained

for the two cases studied here.

According to German’s model, the change in specific

volume (DVm) during sintering is a function of mixture

composition and is given as [17]:

DVm ¼ DVs � X=Xtð Þ DVS � DVLð Þ for X \ Xt ð2Þ

where DVs represents the change in specific volume of

small particles and DVL is the change in specific volume of

the large particles, X is the content of large particles in the

mixture, and Xt represents the composition where large

particles form a continuous network with all the interstitial

pores between the large particles saturated with small

particles. The densification can be computed from the

knowledge of specific volume of the green body (Vg) as

follows:

U ¼ DVm

Vg � 1
� �

Vg � DVm

� �� � ð3Þ

For the two cases studied here, U1 = 0.80, and

U2 = 0.95, the specific change in volume of the mixture

can be computed to be DVm
1 = 0.4631, and DVm

2 = 0.6463

by using Vg
1 = 1/0.65 (P1) and Vg

2 = 1/0.60 (P2).

Figure 4 shows the SEM images of sintered MP1 and

MP2 specimens. The sintered MP1 specimens showed

small grain sizes with an average size of 0.3 lm. How-

ever for sintered MP2 samples, grain growth occurred and

large grains of average size 1.0–3.0 lm were found as

shown in Fig. 4c and d. These results indicate that small

particles provide better densification through uniform

grain growth.

Figure 3 also summarizes the variation of piezoelectric

properties for sintered MP1 and MP2 specimens along with

density. The variation of piezoelectric properties was

similar to that of density indicating that density plays an

important role toward piezoelectric properties of alkali

niobate-based ceramics. Excellent piezoelectric properties

of d33 = 245 pC/N and kp = 0.42 were observed for

0.95KNN–0.05BT ? 0.5 mol% MnO2 ceramics sintered at

1,050 �C for 2 h. These results are quite promising for the

lead-free piezoelectrics.

In summary, the effect of particle size distribution on the

microstructure and piezoelectric properties of 0.95KNN–

0.05BT ? x mol% MnO2 ceramics was investigated in this

letter. In order to improve the grain growth and density,

particle size of 0.95KNN–0.05BT powder was controlled.

It was found that a high volume fraction of small size

particles enhances the sintered density. Based on the

results, it is proposed that higher piezoelectric properties in

this system can be obtained by using 100% particles of size

less than 0.3 lm in the green body.
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Fig. 2 X-ray diffraction patterns of x mol% MnO2 added P1

specimens (MP1) sintered at 1,100 �C for 2 h and P2 specimens

(MP2) sintered at 1,050 �C for 2 h: (a) MP1, x = 0.0, (b) MP1,

x = 0.9, (c) MP2, x = 0.0, (d) MP2, x = 0.5, and (e) MP2, x = 2.0
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Fig. 3 Relative densities and piezoelectric properties of MP1 spec-

imens sintered at 1,100 �C for 2 h and MP2 specimens sintered at

1,050 �C for 2 h
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