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Abstract

0.55 mol% K4CuNb8O23–(K1�xNax)NbO3 (KCN–KNNx) with 0.45 � x � 0.60 were synthesized by conventional method. Results revealed

that the increase of x was effective in changing the microstructure and relative density of KCN–KNNx. Further, varying the x resulted in a slight

shift of the phase transition temperatures (To–t and Tc) toward low values. A high mechanical quality factor (Qm) of 1850 was found at x = 0.54,

which might be due to the build-up of an internal bias field (Ei) within KCN. Thermal hysteresis in KCN–KNNx was confirmed with x, resulting

from structural changes. Thus, KCN–KNNx with x = 0.54 exhibits excellent piezoelectric properties with d33 (97 pC/N), kp (36%), and Qm (1850),

being promising candidates for application in high-power piezoelectric devices.
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1. Introduction

Pb(Zr,Ti)O3 (PZT) ceramics, including PZT4 and PZT8 as

‘‘Hard’’ materials have been the mainstay of high power

applications [1]. However, because of the toxicity of lead

oxides, it is desirable to develop lead-free materials with

comparable performances, to replace the lead-based materials

[2].

Among the lead-free materials, alkali-based perovskite

compounds have been studied intensively because they are

environmentally friendly materials and are promising alter-

natives to lead-based PZT systems [3–8]. In K1�xNaxNbO3, the

optimum ratio of K/Na has been deemed to play an important

role since Tennery and Hang [9] reported the presence of a

phase boundary between two orthorhombic phases at

52.5 mol% of Na. However, this optimal K/Na ratio in

K1�xNaxNbO3 is still unclear. Recently, excellent piezoelectric

properties were reported for K1�xNaxNbO3 with an optimum K/
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Na ratio of 0.480/0.535 [10]. Furthermore, in our preliminary

work, 0.95(K1�xNax)NbO3–0.05LiTaO3 system exhibited

excellent piezoelectric properties at a K/Na ratio of 0.45/

0.55. According to previous studies on the K/Na ratio in

K1�xNaxNbO3, thus a Na-rich region exhibits better piezo-

electric properties than a K-rich region.

Based on previous study [11], we synthesized (K1�xNax)

NbO3 with 0.55 mol% K4CuNb8O23 (KCN–KNNx, 0.45 � x

� 0.60) and characterized their piezoelectric properties to

confirm optimum composition with high mechanical quality

factor (Qm) for hard lead-free materials.

2. Experimental procedure

KCN–KNNx with 0.45 � x � 0.60 were synthesized by the

conventional method using high purity oxide powders (K2CO3,

Na2CO3, Nb2O5, and CuO, 99.5%, Sigma–Aldrich, USA).

KNNx and KCN were stoichiometrically weighed, mixed using

ball-milling in anhydrous ethanol solution for 24 h, and

calcined at 850 8C for 3 h, respectively. The calcined powders

of KNNx and KCN were mixed and re-milled before pressing
d.
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Fig. 2. Relative density and fractured surface of KCN–KNNx as a function of x.
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into pellets. All samples were embedded in the source powder

of the same composition to minimize the loss of alkali during

sintering, and then they were sintered at 1100 8C for 2 h in a

closed crucible. The sintered samples were polished parallel to

1-mm thickness and electroded with a post-fire silver paste. The

density was measured by the Archimedes method. The phase

purity and microstructure were examined by X-ray powder

diffraction (XRD; D/MAX 2200, Rigaku, Japan) and scanning

electron microscopy (FE-SEM; MIRA-II LMH, Tescan, USA).

The dielectric permittivity and dielectric loss were determined

using a multifrequency LCR meter (HP4294A, Agilent

Technologies Ltd., Japan). High field measurements of the

P–E hysteresis behavior were performed using a modified

Sawyer–Tower circuit, driven by a high-voltage power supply

(TREK Model 610).

3. Results and discussion

X-ray diffraction patterns of KCN–KNNx with

0.45 � x � 0.60 are shown in Fig. 1(a). All the prepared

samples exhibited similar diffraction patterns, representing a

single orthorhombic perovskite structure. No second phase was

seen over the wide composition range of x = 0.45–0.60

(Fig. 1(a)). Fig. 1(b) shows enlarged diffraction patterns, from

30.58 to 32.88. The main diffraction peaks shifted slightly to

higher diffraction angles with increasing x. This is readily

explained by the smaller ionic radius of Na+ (1.39 Å) as

compared to that of K+ (1.66 Å). In contrast to previous reports

[11,12], the relative intensities of the main peaks for (0 0 2) and

(1 1 1) remained unchanged with increasing x, indicating that

no phase transition was identified by the change of K/Na ratio in

this range. According to phase diagram of KNbO3–NaNbO3

[13], the MPB region existing two orthorhombic phases (O1 and

O2) is very narrow. In this study, however, the changing interval

of K/Na ratio in KCN–KNNx was relatively large, being in the

order of 1.0 mol% near the MPB region. Therefore, it can be

considered that the variation of K/Na ratio in KCN–KNNx is

too large to identify the phase transition of two orthorhombic

phases.
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Fig. 1. X-ray diffraction patterns of: (a) KCN–KNNx with 0.45 � x � 0.60 and

(b) enlarged diffraction patterns from 30.58 to 32.88.
Relative densities and fractured surface of KCN–KNNx are

shown in Fig. 2. For x = 0.45, the relative density was found to

be low with �92.5%. When x was increased, the relative

density increased up to 95.7% for x = 0.55 and then slightly

decreased with a further increase in x. In the case of the

fractured surface shown in the inset in Fig. 2, the sample with

x = 0.45 exhibited a relatively porous microstructure. However,

with an increase in x, the density of the microstructure

increased. Despite the addition of KCN as a sintering agent, the

relative densities of x � 0.50 were observed to be low with

porous microstructures. According to our previous experi-

mental data, K-rich KNNx without dopants usually shows a

higher relative density than Na-rich one. This suggests that K,

rather than Na, is more effective in decreasing the sintering

temperature of KNNx. Thus, we can infer that when x � 0.50 in

K-rich KCN–KNNx, both K and KCN formed a large amount of

liquid phase during sintering, resulting in the formation of the

porous microstructure, and they existed as an amorphous phase

at room temperature, which caused no observation of second

phase. In contrast, it can be suggested that for x � 0.53 in Na-

rich KCN–KNNx, the increase in x induced a decrease in the

liquid phase during sintering. Thus, the Na content can be

varied to enable the optimization of the amount of liquid phase

and the densification of KCN–KNNx.

The temperature dependence of the dielectric permittivity of

KCN–KNNx was measured at 100 kHz during the heating

cycle, as shown in Fig. 3. For x = 0.45, the orthorhombic–

tetragonal transition temperature (To–t) was 197.7 8C and the

Curie temperature (Tc) was 399.5 8C. With an increase in x,

both the phase transition temperatures were found to slightly

shift downward to 190.2 8C(To–t) and 394 8C (Tc) for x = 0.6,

respectively. Thus, we can conclude that increasing x can cause

the phase transition temperature to decrease. The inset in Fig. 3

shows the variation in the phase transition temperatures (To–t,

Tc) through thermal hysteresis during the heating and cooling

cycles, respectively. With increase in x, both To–t and Tc were

found to be in thermal hysteresis, but it was not significant. In

normal, the different temperature behavior at the phase

transition region related to thermal hysteresis is very sensitive
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Fig. 3. Temperature dependence of the dielectric permittivity of KCN–KNNx

during the heating. The inset in Fig. 3 shows the variations of To–t and Tc through

the heating and cooling cycles.
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Fig. 4. Piezoelectric constant (d33) and dielectric permittivity (er) of KCN–

KNNx as a function of x.
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to the temperature ramping rate during the heating and cooling

cycles. In this study, to minimize the influence of thermal

fluctuation on thermal hysteresis, we have tried to control

exactly both the heating and cooling rate at 1 8C/min,

respectively, but we cannot exclude the possibility of

temperature ramping rate effect completely, affecting to

thermal hysteresis. In addition, even though Na+ (1.39 Å)
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Fig. 5. P–E hysteresis loops of KCN–KNNx with 0.45 � x � 0
was substituted for K+ (1.66 Å) in KCN–KNNx, attributed to a

structural distortion the variation in thermal hysteresis was not

significant as a function of Na content. Therefore, it can be

suggested that the thermal hysteresis revealed in this system

might be related to the different temperature-dependent

behavior of two phases at the phase transition regions (To–t,

Tc) as the first order phase transition during the heating and

cooling cycles, respectively.

Fig. 4 shows the piezoelectric constant (d33) and dielectric

permittivity (er) of KCN–KNNx as a function of x. As can be seen,

with an increase in x, the d33 showed a small variation, with a

maximum value of 98 pC/N for x = 0.56, whereas the er increased

slightly up to 294 for x = 0.57. However, both d33 and er exhibited

similar tendency, i.e., small variations with changes in x.

Fig. 5 shows P–E hysteresis loops of KCN–KNNx with

0.45 � x � 0.60 as a function of the applied field and frequency.

As shown in Fig. 5(a), the P–E loops exhibited a typical square

shape as ‘‘Hard’’ lead-free materials. The remnant polarization

(Pr) in the inset in Fig. 5 was plotted against x, and it was

observed to increase slightly with x, but not significant. Fig. 5(b)

shows the frequency dependence of the P–E hysteresis loops for

x = 0.54 measured in the range 2–100 Hz. As the frequency was

below 10 Hz, no frequency relaxation was observed, indicating

nearly constant true remnant polarization and coercive field (Ec).

However, increasing the frequency to 100 Hz dramatically

reduced both Pr and Ec because of polarization relaxation

resulting from the loss of switchable remanent polarization in the

ferroelectric materials. Besides, according to the above results

for frequency dependence, it can be considered that at low

frequencies (�10 Hz), the KCN–KNNx system is more stable

than commercial ‘‘Hard’’ materials such as PZT-4H [14]. This

finding shows that KCN–KNNx are promising candidates for

high power applications.

The mechanical quality factor (Qm) was measured as a

function of x, as shown in Fig. 6. The Qm was found to be in the

order of 820 for x = 0.45. As the increase of x, the Qm increased

significantly up to 1850 for x = 0.54, which is seven times

greater than that of hot-pressed ceramics [15]. As the further

increase to x = 0.60, the Qm decreased to 1100. The inset in

Fig. 6 shows the variations in Ec and internal bias (Ei) for the P/

E loops shown in Fig. 5, respectively. Both Ec and Ei in the inset

in Fig. 6 exhibited small variation, but it showed almost no

dependence against x. In addition, high Ei by KCN was
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Fig. 6. Variation of mechanical quality factors (Qm) as a function of x. The inset

in Fig. 6 describes the variations of coercive field (Ec) and internal bias (Ei).

Table 1

Detailed piezoelectric properties of KCN–KNN0.54 compared to PZT8 mate-

rials.

Material To–t/Tc (8C) d33 (pC/N) eT
33

kp kt Qm tan d

KCN–KNN0.54 194/398 97 290 0.36 0.53 1850 0.003

KNNa 215/420 95 205 0.40 0.46 230 0.030

PZT8a –/300 225 900 0.51 0.48 1000 0.004

a Ref. [12].
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apparent in all KNNx samples, regardless of x (see the inset in

Fig. 6). According to previous reports [11,16], high Qm is

affected by the formation of Ei through the acceptor and oxygen

vacancy complexes. Moreover, Ei reduces hysteresis loss,

especially by prohibiting domain wall motions [16]. Even

though high Ei was seen for x � 0.50, the low Qm in this study

cannot be explained by the formation of Ei. In general, the Qm is

also sensitive to microstructural variations, such as those in

density, liquid phase, grain size. Based on the microstructural

analysis results in Fig. 2, it can be suggested that the formation

of the large amount of liquid phase related to K+ and KCN with

a porous microstructure could be attributed to the reduction in

the energy barrier of the defect migration and the development

in a local depolarization field, which led to the observed

decrease in the Qm for KCN–KNNx with x � 0.50. This is the

first report of a systematic study on the variation of Qm with

changes in the K/Na ratio for ‘‘Hard’’ lead-free KNNx. The

study on the effect of K/Na ratio needs further experimental

work to gain a better understanding of the ‘‘Hard’’ lead-free

materials. Detailed piezoelectric properties of KCN–KNN0.54

compared to PZT8 materials are summarized in Table 1.

4. Summary

Varying x with 0.45 � x � 0.60 in KCN–KNNx was

effective in altering the microstructure, and thus the piezo-

electric properties. An increase in x resulted in shifting the

phase transition temperatures toward lower values and induced
thermal hystersis. The Qm was found to be high, i.e., �1850, for

KCN–KNN0.54. This result was attributed to the stabilization

of the domain wall movement by the build-up of Ei. However,

when x � 0.50, the Qm was relatively low because of the

formation of a large liquid phase, resulting in a porous

microstructure. Thus, KCN–KNNx have the potential for high-

power applications such as ultrasonic motors and transformers.
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