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Abstract

In this study, effects of 0.5, 1.0 and 1.5 mole% CuO addition on the properties of potassium sodium niobate (K0.5Na0.5)NbO3-KNN ceramics

were investigated. Pure KNN and CuO-added KNN pellet samples were sintered at 1100 and 1090 8C for 4 h, respectively. Phase analysis showed

that all samples crystallized in pure orthorhombic perovskite phase. Addition of 1.0 and 1.5 mole% CuO caused grain growth, densification and

formation of a liquid phase at the grain boundaries. Curie temperature has shifted from 480 to 435 8C with increasing CuO ratio. The most

remarkable characteristic of the hysteresis loops were the constricted nature of the 0.5 mole% CuO-added KNN’s curve and the antiferroelectric-

like appearance of the 1.5 mole% CuO-added KNN’s curve. Piezeoelectric properties of d33 = 120 pC/N, kp = 0.27 and Qm = 772 were obtained

from the 1.5 mole% CuO-added KNN.
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1. Introduction

Lead zirconate titanate (PZT) ceramics are high perfor-

mance piezoelectric materials which are widely used in

microelectronic and electronic devices as dielectric capacitors,

ultrasonic or medical transducers, ultrasonic motors, actuators

and sensors due to their superior dielectric, ferroelectric and

piezoelectric properties [1]. However due to the toxicity of lead

oxide and its high vapor pressure during the sintering process,

the use of lead-based ceramics is restricted by law, and

environmental and safety concerns regarding proper handling,

disposal and recycling of lead containing materials have risen.

So in recent years a great deal of effort have been spent on to

develop lead-free piezoelectric materials with properties that

are comparable to the properties of lead-based ones [2–4]. As a

result, a number of studies on lead-free piezoelectric ceramics

such as alkaline niobate, Bi-layered, BaTiO3-based and

tungsten bronze-type materials have been done.

Among these, potassium sodium niobate [(K0.5Na0.5)NbO3-

(KNN)] is considered to be a promising candidate due to its
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comparable piezoelectric and ferroelectric properties to PZT

and its high Curie temperature [5]. The densification of KNN is

problematic but it can be improved by some methods such as

addition of a sintering aid [3,4,6–10], modification of

stoichiometry [2,11–15] and processing methods [16–19].

In this study, lead-free potassium sodium niobate

(K0.5Na0.5)O3 (KNN) was prepared in bulk ceramic form.

However, the final goal of our study is to fabricate lead-free

KNN fibers. And due to the nature of the method used in

drawing the fibers, which is explained elsewhere [20],

processing methods such as hot pressing or spark plasma

sintering cannot be used to improve densification behavior of

KNN in this case. So, a chemical means, i.e. CuO sintering aid,

was used to enhance densification. Thus, the main aim of the

work presented in this paper is to prepare dense KNN using a

sintering aid and investigation of the microstructural and

electrical properties of these samples in detail.

2. Experimental

In this study, lead-free potassium sodium niobate

(K0.5Na0.5)O3 (KNN) was produced by the conventional solid

state reaction method from potassium carbonate, sodium
d.
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Fig. 1. X-ray diffraction patterns of KNN ceramics sintered at 1090 or 1100 8C
for 4 h.
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carbonate and niobium oxide powders (all chemicals were

supplied from Alfa-Aesar). Powders were ball-milled in

ethanol for 24 h with K:Na = 1:1 and this mixture was calcined

at 900 8C for 4 h. After the calcination of KNN, copper oxide

(CuO) was directly added to the KNN powder as a sintering aid

in three different ratios (x = 0.5, 1.0 and 1.5 mole%). KNN and

CuO powders were again ball-milled in ethanol for 12 h. The

green KNN and KNN–CuO pellets were prepared by uniaxial

dry pressing under 75 MPa. The CuO-added samples were

sintered at 1090 8C and pure KNN samples were sintered at

1100 8C for 4 h. The sintered density of the ceramics was

determined by the Archimedes method and Helium pycn-

ometer. Silver–platinum electrode was applied to the parallel

surfaces of the discs for electrical measurements and the

electrode was fired at 850 8C for 30 min. The samples were

poled by applying a DC electric field of 40 kV/cm for 30 min at

80 8C in silicon oil.

The microstructural features of samples were observed by

Philips XL30 scanning electron microscope (SEM) (FEI,

Hillsboro, OR, USA). The phase analysis was done by DMAX

2200 X-ray diffractometer (XRD) (Rigaku, Japan). Dielectric

measurements were done using Hioki LCR meter (Hioki,

Japan) and polarization vs. electric field hysteresis behavior

was evaluated by Precision LC ferroelectric tester (Radiant

Technologies, Inc., Albuquerque, NM, USA). HP 4194A

Impedance Analyzer (Santa Clara, CA, USA) was used for

impedance measurements.

3. Results

3.1. Phase analysis and microstructural features

Cu containing sintering aids in various forms have

previously been used by other researchers to improve the

densification behavior of the KNN ceramics. Matsubara et al.

have tried novel K5.4Cu1.3Ta10O29 (KCT) [4] and K4CuNb8O23

(KCN) [8] sintering aids, whereas Lin et al. [21] and Li et al.

[22] directly added CuO to the calcined KNN powders. In all of

these cases, Cu addition led to drastic changes in the structure

and microstructure, as well as electrical properties of the KNN

ceramics.

In the present study, the sintering aid was added to the

calcined KNN powders in the form of CuO powder in various

mole ratios. The XRD patterns of pure and CuO-added KNN

pellets are shown in Fig. 1. These XRD results show that all

samples crystallized in pure orthorhombic perovskite phase. A

significant difference has not observed between the peaks of

pure and CuO-added KNN.

The effects of CuO ratio on the microstructure were

examined on ground, polished and thermally annealed sample

surfaces by scanning electron microscopy (SEM). Fig. 2(a)–(d)

show microstructures of the pure KNN pellets sintered at

1100 8C for 4 h and 0.5, 1.0, 1.5 mole% CuO-added KNN

pellets sintered at 1090 8C for 4 h, respectively. A change of

color on the sintered samples was observed as a function of

CuO content. While the color of pure KNN sample was white,

the color changed from a pale greenish gray to a dark gray with
increasing amount of CuO. Increasing CuO ratio was found to

cause drastic changes on the microstructure. In the case of

undoped pure KNN (Fig. 2(a)), the ceramic was poorly

densified with apparent presence of porosity. The density of this

sample was determined to be 4.03 g/cm3 which correspond to

89.3% of the theoretical density (4.51 g/cm3) [4,8]. From

Fig. 2(b), addition of 0.5 mole% CuO caused a densification of

KNN while increasing the CuO content led to further

densification and grain growth (Fig. 2(c)) for 1.0 mole%)

and even formation of a liquid phase between the grains in the

case of 1.5 mole% CuO addition (Fig. 2(d)). The density of

KNN as a function of CuO addition in ratios of 0.5, 1.0 and

1.5 mole% were 4.19, 4.27 and 4.41 g/cm3, respectively. These

values correspond to 92.9, 94.7 and 97.8% of the theoretical

density.

The densification of KNN ceramics was believed to proceed

through formation of a liquid phase, as was also suggested in

the literature [4,8]. A liquid phase contributes to sintering by

accelerating particle redistribution due to enhanced atomic

mobility and also enhances the final sample density via a high

capillary force [23]. In the literature, observation of the liquid

phase was achieved through quenching experiments [4,8].

However, in the present study, from Fig. 2(d), a liquid phase is

clearly seen at the CuO-added KNN samples at the grain

boundaries. However, this liquid phase requires further

investigation with transmission electron microscopy and an

electron diffraction study to clearly identify its chemical and

structural nature.

The general grain growth observed in CuO-added KNN is

also believed to be a result of the liquid phase observed at the

grain boundaries. From Fig. 2(a), pure KNN was found to have

a bimodal grain size distribution with some of the grains having

a grain size of <1 mm and others with sizes on the order of

5 mm or more. A similar microstructure was observed in pure

KNN by Zhen and Li [23] as a result of increasing sintering

temperature. Addition of a small amount of CuO (0.5 mole%)

was found to led to a grain coarsening (Fig. 2(b)) (average grain

size of 2.3 mm) and further crystallization. Additional increase

in the CuO content (1.0 and 1.5 mole%) led to a more severe

growth of smaller grains and a general homogenization of grain



Fig. 2. Scanning electron micrographs of (a) pure KNN sintered at 1100 8C-4 h, (b) 0.5 mole% CuO-added KNN sintered at 1090 8C-4 h, (c) 1.0 mole% CuO-added

KNN sintered at 1090 8C-4 h and (d) 1.5 mole% CuO-added KNN sintered at 1090 8C-4 h.
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sizes (Fig. 2(c) and (d)) (average grain size of 3.75 mm for

1.0 mole% CuO-added KNN and 6.5 mm for 1.5 mole% CuO-

added KNN). A similar trend was also observed by other

researchers [24]. Since pure KNN has a bimodal grain size

distribution, this drastic grain growth process is believed to be a

result of Ostwald ripening process where large grains (or

particles) grow at the expense of finer grains (or particles) in a

system with a distribution of sizes. Further growth of large

grains is driven by the difference in surface free energies

between the advancing plane of large grains and the fine matrix

grains. The presence of a liquid phase in especially the

1.5 mole%CuO-added KNN facilitates and accelerates the

kinetics of this process. This is understandable considering the

fact that the rate of diffusion by solid state processes ranges

from 10�9 to 10�12 cm2/s, whereas in the liquid it ranges from

10�4 to 10�5 cm2/s [25]. Thus, a liquid forming sintering aid

such as CuO has a very critical role to fabricate dense KNN

ceramics with a uniform and narrow grain size distribution

compared to pure KNN.

3.2. Dielectric and ferroelectric properties

In the investigation of the electrical properties 1.5 mole%

CuO-added ceramics were taken into consideration and

compared with the pure and 0.5 mole% CuO-added KNN.

The effect of CuO on electrical properties would be several

folds and should be listed here before presenting and discussing

the results of the electrical measurements. The main effect of

CuO is the formation of a liquid phase as a sintering aid, and
thereby, enhancing the sintering efficiency, increasing the

density of the KNN ceramics and decreasing the porosity. This

is clearly visible from Fig. 2 and from the density

measurements, and discussed in detail in the preceding section.

In the literature, increased density of KNN has been reported

[4,8] to yield better electrical properties, i.e. higher values of Pr,

Qm, etc. Another effect of CuO is on the grain size of KNN, as

seen in Fig. 2, where increasing CuO content led to a drastic

increase in the grain size and a shift from bimodal grain size

distribution to a more narrow and uniform one. From a

microstructural point of view, smaller grains with submicron

sizes, such as those of pure KNN in Fig. 2(a), may have a higher

domain wall density, which in turn results in higher extrinsic

contribution on the electrical properties [26]. But on the other

hand, smaller grains may lead to higher stresses inside the

grain, absence of 908 domain walls and decreased domain

mobility [26,27]. Therefore, the effect of grain size on the

electrical properties is of a complex nature with competing

effects. It also requires a detailed microstructural investigation

of the domain structure in polycrystalline samples. A second

microstructural effect of CuO is the formation of a secondary

grain boundary phase, which is especially more pronounced

and clearly identifiable in 1.5 mole% CuO content (Fig. 2(d)).

Depending on the extent, continuity and the electrical

properties of this secondary phase, its effect might be

significant. If, particularly, the conductivity of this phase is

higher than the KNN grains, then its effect might be deleterious.

Finally, the CuO-added to KNN would not only act as a

sintering aid, but some of the Cu2+ ions will enter into the ABO3



Fig. 3. Temperature dependent dielectric constant of KNN ceramics.

Fig. 4. Polarization vs. electric field hysteresis loops of KNN ceramics sintered

at 1090 8C for 4 h before DC poling.
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perovskite structure. Taking Shannon’s [28] ionic radii into

consideration, Cu2+ will occupy B site and replace Nb5+ as an

acceptor dopant and produces positively charged oxygen

vacancies to maintain the charge neutrality according to the

following defect equation [4,22,24].

NbNb þ
3

2
OO þ CuO!Cu000Nb þ

1

2
Nb2O5 þ

3

2
V��O (1)

The Cu2+ ion accommodated at the Nb5+ site and the oxygen

vacancy may form a defect dipole that can provide a domain

pinning effect transforming KNN into a hard piezoelectric

ceramic [22,24]. The electrical properties of CuO-added KNN

ceramics will be presented and tried to be explained in the light

of the preceding discussion on the possible and competing

effects of CuO addition on KNN.

The temperature dependence of dielectric constant of pure

and CuO-added KNN ceramics at 100 kHz from 100 to 500 8C
is shown in Fig. 3. All samples showed two peaks; one above

200 8C and another above 400 8C which corresponds to the

orthorhombic–tetragonal phase transition (Tot) and tetragonal-

cubic phase transition (Curie temperature-Tc), respectively. It is

clearly seen that, Tc has shifted from 480 to 435 8C and Tot from

255 to 220 8C with increasing CuO ratio. The peaks of all three

ceramics at the Curie temperature are sharp, indicating that the

ceramics are showing a normal ferroelectric behavior and that

CuO addition does not change this character [29]. The low

temperature dielectric constant of KNN in the orthorhombic

phase was also found to decrease as a function of increasing

CuO content. This is thought to be a due to a shift in the

behavior of KNN towards a hard piezoelectric material by

increasing pinning of domains and lower contribution from to

the domain wall motion to the low voltage dielectric properties

with increasing CuO content, as explained above.

In Fig. 4, polarization vs. electric field hysteresis (P–E)

loops of CuO-added KNN samples are given. The P–E loops of

pure KNN samples could not be included in this figure because

this measurement could not be taken from pure KNN samples

due to the leakage current of the insufficiently densified

samples, similar to the observation of Matsubara et al. [4] The

most striking feature of these P–E loops is the constricted

nature of the 0.5 mole% CuO-added KNN’s curve and the
antiferroelectric-like appearance of the 1.5 mole% CuO-added

KNN’s curve.

In the literature similar constricted and antiferroelectric-like

double hysteresis curves were also observed in CuO-added

KNN ceramics by Chan’s [21,29] and Tsurumi’s [22] groups.

Double P–E hysteresis curves have also been observed in aged

PblCa1�lTiO3 [30] and Mn-doped BaTiO3 [31]. The observa-

tion of double P–E curves in the aged ferroelectric titanates has

been attributed to the acceptor doping and formation of defect

dipoles. In the case of Cu-doped KNN, the point defects Cu000Nb

and V��O created in the KNN perovskite lattice were cited as the

reason for the observation of the double hysteresis loops

[21,22,29,32]. Tsurumi’s [22] group suggests that some of these

point defects releases electrons and holes which develops a

space charge. After a long aging, these space charges were

speculated [22] to accumulate at the domain boundaries

creating an internal electric field (Ei) along the direction of the

spontaneous polarization (Ps). During the P–E measurements

this Ei was reported [22] to force the polarization to switch back

to its original orientation when the externally applied field is

removed, thus, reducing the remnant polarization (Pr) to zero.

Chan’s [32] work, on the other hand, states that the requirement

of aging process to observe the double hysteresis loop depends

on the temperature of the orthorhombic-tetragonal transition. In

their work, it was reported that if the temperature is high

(�206 8C) [32], then the oxygen vacancies can migrate during

the crystal transformation and settle in a distribution with the

same symmetry as the crystal after the transformation. As a

result, defect dipoles (Cu000Nb�V��O ) along the polarization

direction are suggested [32] to form and provide restoring

forces to reverse the switched polarizations, and thus,

producing a double hysteresis (P–E) loop. Aging was cited

as a requirement if the transition temperature is low (�175 8C)

[32], where the defect symmetry may not correct to the crystal

symmetry completely after the fabrication process due to the

low migration rate of the defect dipoles, and thus the P–E loop

is not constricted significantly. However, after aging, these

ceramics were also reported [32] to exhibit the double

hysteresis loops.



Fig. 5. (a) Polarization vs. electric field hysteresis loops of 1.5 mole% CuO-added KNN ceramics sintered at 1090 8C for 4 h before and after DC poling, (b)

polarization vs. electric field hysteresis loops of 1.5 mole% CuO-added KNN ceramics sintered at 1090 8C for 4 h before DC poling and (c) admittance vs. frequency

spectra of 1.5 mole% CuO-added KNN ceramics sintered at 1090 8C for 4 h.
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The constricted and antiferroelectric-like double hyster-

esis P–E loops observed in our study will be discussed in the

light of these mechanisms from literature [21,22,29,32]

presented in the previous paragraph. In our study, the

transition temperatures Tc and Tot are rather high (from

Fig. 3, 435–480 and 220–255 8C, respectively) and the

double hysteresis behavior was observed right after firing

above the Curie temperature without any aging process.

Therefore, aging was not believed to be involved in the case

of this study. The P–E behavior was investigated further.

Fig. 5(a) compares the P–E loops of unpoled and DC poled

samples. Applying DC poling causes the double hysteresis

behavior to disappear and resulted in a normal ferroelectric

P–E loop. The asymmetry observed in the loops is due to the

imprint developed as a result of DC poling. The stability of

the defect dipoles at room temperature were investigated by

taking the P–E measurements at different frequencies from

10 Hz down to 0.1 Hz. From Fig. 5(b), as the frequency

decreases, low field region of the double P–E loop gradually

swells and starts to resemble a normal, single but constricted

P–E loop characteristic of hard piezoelectric ceramics. From

this observation, it can be concluded that if the switching

period is long enough (e.g., 0.1 Hz), the vacancies will have
enough time to migrate, allowing the defect dipoles to rotate

with the electric field. As a result of this rotation, the

restoring force decreases and the reversal of the switched

polarization cannot be completed, leading to a single P–E

loop.

The piezoelectric activity of the 1.5 mole% CuO-added

KNN ceramics at various stages were investigated through

admittance vs. frequency and piezoelectric charge coefficient

(d33) measurements and the results were correlated with the net

polarization developing during the P–E measurements. From

Fig. 5(c), unpoled sample with double hysteresis loop and zero

remnant polarization does not display any resonance behavior

in the admittance spectrum, indicating no piezoelectric activity.

The d33 coefficient of the sample at this stage was zero, as

expected. The admittance spectra of the poled sample with a

normal, single P–E loop, on the other hand, displays a clear and

sharp resonance behavior, signature of a strong piezoelectric

activity. The d33 coefficient of the sample at this stage was

approximately 120 pC/N, accordingly. However, as discussed

above, measuring the P–E hysteresis at low frequencies

(0.1 Hz) led to a swelling of the P–E curve at low fields and

development of a remnant polarization. In parallel with this

development, the admittance spectrum of the sample at this



Fig. 6. Polarization vs. electric field hysteresis loops of KNN ceramics sintered

at 1090 8C for 4 h after DC poling.
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stage displays a small but visible resonance behavior, indicative

of a weak piezoelectric activity. The d33 coefficient of the

sample at this stage was supportive of this development and was

measured as 60 pC/N.

The effect of increasing CuO content on the P–E hysteresis

loops of CuO-added KNN ceramics after DC poling were

compared in Fig. 6. From this figure, increasing CuO content

was found to increase the remnant polarization of CuO-added

KNN, whereas, the coercive field was found to remain

unchanged. A similar increase of Pr with increasing Cu

content was observed by Li et al. [22] and Matsubara et al. [8].

An explanation has not been offered in the literature for this

observed increase. However, in our case, this increase is

believed to be due to the increased density and grain size of the

ceramics with increasing CuO content.

Finally, the mechanical quality factor (Qm) and planar

coupling coefficient (kp) of CuO-added KNN samples have

been investigated through admittance vs. frequency measure-

ments. A high Qm value is desirable for resonant piezoelectric

devices to suppress heat generation during the operation of the

device [8,22]. In the literature [8,22], the kp and Qm values of

undoped KNN are reported to be 35–39 and 85–90%,

respectively. The kp and Qm values were determined using

the relationships [8]

1

k2
p

¼ 0:395
f r

f a � f r

þ 0:574 (2)

Qm ¼
1

2p f rR1Cff1� ð f r= f aÞ2g
(3)

where f r: resonance frequency, fa: antiresonance frequency, R1:

resonance impedance, Cf: capacitance at 1 kHz. From our

measurements and using the relationships given above, the

kp values of 0.5 and 1.5 mole% CuO-added KNN ceramics

were calculated as 28.4 and 26.6%, respectively. The Qm

values, on the other hand, were found to increase from 398

to 772 with the additions of 0.5 and 1.5 mole% CuO to the
KNN. In the literature, increase in Qm values was associated

with an increase in elastic properties of the ceramic [4], i.e. the

density and a hardening of piezoelectric properties [22,29].

From Fig. 2 and the results of density measurements, densifi-

cation of KNN with increasing CuO content is obvious. Addi-

tionally, hardening of the piezoelectric properties due to

domain pinning by the defect dipoles have been demonstrated

through the constriction and, even, observation of double

hysteresis behavior in the P–E loops. Thus, the increase in

Qm with the addition of CuO is justifiable. Additionally, from

Eq. (3), Qm is inversely proportional to the impedance and

capacitance. The impedance at resonance of 0.5 and 1.5 mole%

CuO-added KNN ceramics are 55 and 90 V, respectively. The

capacitance, on the other hand, drops from 320 to 100 pF. Thus,

the increase in Qm can mostly be attributed to the decrease in

the dielectric properties with increasing CuO addition.

4. Conclusion

The effect of CuO addition on both the microstructural and

the electrical properties of the KNN ceramics were investigated

in this study. A significant difference has not been observed

between the XRD patterns of pure and CuO-added KNN.

However, increasing CuO ratio was found to cause drastic

changes on the microstructure. The main effect of CuO is the

formation of a liquid phase at the grain boundaries as a sintering

aid, and thereby, enhancing the sintering efficiency and

increasing the density of the KNN ceramics. Especially, 1.0

and 1.5 mole% CuO caused grain growth, a narrowing of the

grain size distribution, further densification and formation of a

liquid phase at the grain boundaries. All samples showed two

peaks in the temperature dependent dielectric measurements;

the orthorhombic–tetragonal phase transition (Tot) and tetra-

gonal–cubic phase transition (Curie temperature-Tc). It is

observed that, Tc has shifted from 480 to 435 8C and Tot from

255 to 220 8C with increasing CuO ratio. The peaks of pure and

added KNN ceramics at the Curie temperature are sharp,

indicating that the ceramics are showing a normal ferroelectric

behavior and that CuO addition does not change this character.

The low temperature dielectric constant of KNN in the

orthorhombic phase was also found to decrease as a function of

increasing CuO content. This is thought to be a due to

increasing pinning of domains and lower contribution from to

the domain wall motion to the low voltage dielectric properties

with increasing CuO content. The most striking feature of the

polarization vs. electric field hysteresis loops are the constricted

nature of the 0.5 mole% CuO-added KNN’s curve and the

antiferroelectric-like appearance of the 1.5 mole% CuO-added

KNN’s curve. This was believed to be due to domain stabilizing

effect of the defect dipoles that were formed as a result of Cu2+

cations replacing Nb5+ and oxygen vacancies forming to

balance the electroneutrality. The d33 coefficient of the

1.5 mole% CuO-added poled sample was approximately

120 pC/N. The Qm value of KNN was found to increase from

398 to 772 with the additions of 0.5 and 1.5 mole% CuO to the

KNN. In conclusion, dense KNN ceramics were obtained

through CuO addition.
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