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bstract

n this study, (Na0.5K0.5)NbO3 + xCuO (NKNCx, where x  = 0–1 mol%) were separately prepared using the two-step calcination process (BO method)
nd a conventional mixed oxide method (MO method). The microstructure of NKNCx ceramics prepared using the MO method exhibited obviously
nhomogeneous microstructure. In contrast, the BO method improved the compositional homogeneity as well as the electrical properties. A high

m value of 2100 was obtained for NKNCx ceramics prepared using the BO method. The ceramics prepared using the BO method exhibited the

ormation of more oxygen vacancies, resulting in an increase in the internal bias field. The value for the activation energy of the samples supports
he presence of oxygen vacancies. The bulk density, dielectric loss, kp, Qm, d33 and ε33

T/ε0 of the NKNCx ceramics prepared using the BO method
ere 4.488 g/cm3, 0.15%, 41.5%, 2100, 95 pC/N and 280, respectively.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Piezoelectric ceramics have been widely investigated because
hey can be used on piezoelectric actuators, ultrasonic motors,
nd piezoelectric transformers.1,2 Lead zirconate titanate-based
PZT-based) ceramics are conventionally used materials, which
xhibit excellent piezoelectric properties, such as high elec-
romechanical coupling coefficient (kp, kt and k33), piezoelectric
oefficient (d33), dielectric constant (ε33) and mechanical quality
actor (Qm).3,4 However, high volatilization of PbO causes con-
amination during the sintering process and its toxicity is harmful
o both human health and the environment. With increasing

he environmental consciousness, the development of a lead-
ree material to replace the Pb-based ceramics is required. To
eet such need, (Bi1/2M1/2)TiO3 (where M = Na, K; BMT) and

∗ Corresponding author. Tel.: +886 6 2757575x62381; fax: +886 6 2345482.
E-mail address: chusy@mail.ncku.edu.tw (S.-Y. Chu).

c
H
1
u
e

t

955-2219/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2011.12.008
l bias field; Activation energy

Na, K)NbO3 (NKN) lead-free piezoelectric ceramics have been
ndergone rapidly development in the past decade because of
heir superior piezoelectric characteristics, especially in NKN-
ased systems. NKN ceramics have a perovskite structure with a
igh Curie temperature (Tc ∼  420◦) and a high electromechan-
cal coupling coefficient. However, it is difficult to synthesize
ure NKN as a dense ceramic at high sintering temperatures
n air.5 To overcome this problem, different methods includ-
ng hot-pressing and spark plasma sintering (SPS) techniques
ave been used.6,7 In addition, two different compound systems
iBO3 (where B = Nb, Ta and Sb) and CuO-based compounds,
ave been added into NKN ceramics to improve the coupling
oefficient and the mechanical quality factor, respectively.8–13

owever, most studies have achieved Qm values are between
200 and 2000. To synthesize the samples of higher Qm val-

es, process-modified methods may offer an alternative for the
nhancement of piezoelectric characteristics.

In the 1980s, Swartz and Shrout reported a two-stage calcina-
ion method (columbite method) that depressed the pyrochlore

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.12.008
mailto:chusy@mail.ncku.edu.tw
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hase and thus improved the electrical properties.14 Later,
im et al. proposed using the two-step calcination process

BO method) to prepare PZT ceramics and thus improved
he homogeneous microstructure and piezoelectric properties.15

oreover, some experimental results have been reported for the
ielectric, piezoelectric and dynamic aging properties of PZT-
ased system synthesized by the BO method. These results
how superior electrical properties due to the fine-grain and
omogeneous microstructure of ceramics.16–18 Similarly, this
ethod has also used for the preparation of lead-free piezo-

lectric ceramics. Wang et al. reported the initial mixing and
alcination of Nb2O5 and Ta2O5 to form a B-site oxide precur-
or, and the subsequent addition of Li2CO3, K2CO3, Na2CO3
owders into the solid solution oxide of Nb2O5 and Ta2O5,
o form (Li, K, Na)(Nb, Ta)O3 ceramics. This two-step calci-
ation process thus improved the compositional homogeneity
nd piezoelectric properties of the samples.19 It is believed
hat the BO method is a more comprehensive and generic
echnology, which allows superior behaviors, than the conven-
ional mixed oxide method (MO), or the columbite precursor

ethod.20

Past studies have shown that the oxygen vacancy plays an
mportant role in “hard” piezoelectric ceramics. The Qm value
f samples is significantly affected by the concentration of oxy-
en vacancies, which prevent the domain walls from moving.
owever, it is not easy to explain the concentration of oxy-
en vacancies in the ceramics. In this study, the ceramics were
repared by the two-step calcination process (BO method) and
onventional mixed oxide method (MO method) and the effect
f the different methods on the physical and electrical proper-
ies of the ceramics was investigated. An internal bias field and
ole–Cole plots were used to illustrate the concentrations and
resence of oxygen vacancies in the samples. A high Qm value of
ver 2000 was obtained for CuO-doped NKN ceramics prepared
sing the BO method.

.  Experimental  procedures

Ceramics composed of (Na0.5K0.5)NbO3 + xCuO (NKNCx,
here x  = 0–1 mol%) were prepared using the MO and BO meth-
ds, with pure oxides of Na2CO3, K2CO3, Nb2O5 and CuO
owders (>99% purity) as the starting materials. For the MO
ethod, Na2CO3, K2CO3 and Nb2O5 powders were ball-milled

n a polyethylene jar with ZrO2 balls, for 24 h using ethanol as
he medium. Then, the slurries were dried and calcined twice (to
nhance the compositional uniformity), at 900 ◦C for 5 h, in air.
fter calcination, CuO was doped into the NKN powders and the
KN-CuO powders were then ball-milled for another 24 h. For

he BO method, Nb2O5 and CuO powders were firstly calcined
t 1000 ◦C for 5 h twice as a B-site precursor. Then the Na2CO3,
2CO3 and (Nb, Cu) precursors were weighed according to the

toichiometric formula and ball-milled together for 24 h. After
◦
rying, the powder was calcined at 900 C for 5 h twice in air

nd then re-milled for 24 h. These two powder batches were sep-
rately mixed with PVA aqueous solution and then pressed into

 disk (12 mm in diameter and 1.2 mm in thickness) at a pressure

A
x
N
o

eramic Society 32 (2012) 1643–1650

f 100 MPa. All the specimens were sintered at 1100 ◦C for 2 h,
n air, at a heating rate of 5 ◦C/min.

The crystallographic profile was determined by X-ray diffrac-
ion (XRD) using CuK� (λ  = 0.15406 nm) radiation with a
igaku MultiFlex X-ray diffractometer operated at 30 kV and
0 mA. In order to confirm the exact diffracted angles, sili-
on powders were used for calibration. The microstructure was
bserved using scanning electron microscopy (SEM) with a
itachi S-4100 microscope. Bulk densities were measured using

he Archimedes method with distilled water as the medium. The
iezoelectric properties were measured with an HP 4294A pre-
ision impedance analyzer and an APC P/N 90-2030 d33 meter.
o measure the electrical properties, silver paste was painted
n both sides of the samples to form electrodes. The samples
ere then fired at 800 ◦C for 30 min and then poled by a DC
eld (30 kV/cm) at 125 ◦C for 30 min, in a silicone oil bath.
he electromechanical coupling factor in planar (kp) mode and

he mechanical quality factor (Qm) were calculated using the
esonance–anti-resonance method.11

1

k2
p

=  0.395 × fr

fa −  fr

+  0.574 (1)

m = 1

2πfrRzCs[1 −  (fr/fa)2]
(2)

here fr is the resonance frequency, fa is the anti-resonance fre-
uency, Rz is the resonance impedance, and Cs is the capacitance
t 1 kHz.

Both the real and imaginary parts of the impedances of the
amples were measured at temperatures from 723 K to 1023 K
nd frequencies from 100 Hz to 100 MHz using an HP 4294A
recision impedance analyzer. Ferroelectric hysteresis loops
P–E) were obtained in an AC of 3–4 kV at 60 Hz using a
odified Sawyer–Tower circuit.21

.  Results  and  discussion

In the present paper, it is important to obtain the precursors of
re-reacted Nb2O5 and CuO. Therefore, XRD and EDS analysis
ere used to confirm the reaction of Nb2O5 and CuO pow-
ers. However, Nb2O5 with CuO doping and Nb2O5 powders
howed the same XRD patterns because of a low concentration
f CuO doping (<1 mol%). The B-site oxide precursors (Nb2O5
ith CuO doping) could be still demonstrated by EDS analy-

is, as shown in Fig. 1. Fig. 1 shows it can be observed that
b2O5 powders contain Cu atoms after the Nb2O5 and CuO
owders are calcined at 1000 ◦C for 5 h. Therefore, the B-site
xide precursors are definitely obtained from Nb2O5 and CuO
owders after calcining. Fig. 2 shows the XRD profile of NKNCx
eramics prepared using the BO method. All the samples of
KNCx ceramics have a perovskite structure but no secondary
hase, implying that the BO method does not cause any sig-
ificant change in the structure of CuO-doped NKN ceramics.

s seen in Fig. 2, the diffracted angles shift to lower angles, as

 ≥  0.25 mol%. This is because the Cu ionic radius is close to the
b ionic radius so Nb5+ ions are substituted by Cu2+ ions. More-
ver, the variation in the diffracted angles in NKNCx  ceramics
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Fig. 1. SEM and EDS images of CuO-doped Nb

Fig. 2. XRD profiles of NKNCx  ceramics prepared using the BO method. (a)
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with sintering. The two-step calcination process was first
 mol% CuO, (b) 0.25 mol% CuO, (c) 0.5 mol% CuO, (d) 0.75 mol% CuO, and
e) 1 mol% CuO (�: Si powder).

ccurs because the ionic radius of Cu2+ (0.73 Å) exceeds that of
b5+ (0.64 Å), which leads to an increase in the lattice constant

nd an expansion of the lattice volume. According to Bragg’s
aw, λ  = 2d  sin θ, and since NKN ceramics have an orthorhombic
tructure at room temperature (an orthorhombic structure was

lso observed in the split of (2 2 0) and (0 0 2) of XRD profiles),
1/d2) =  (h2/a2) +  (k2/b2) +  (l2/c2) was obtained. These two
quations above indicate that the lattice constant is inversely

u
a
t

Fig. 3. SEM images of CuO-doped NKN powders after calcina
2O5 powders calcined at 1000 ◦C for 5 h.

roportional to the diffracted angle. Therefore, the diffracted
ngles shift to lower angles, as the lattice constant increases.
uO-doped NKN ceramics using the MO method also exhib-

ted a similar XRD profile (XRD profiles are not shown in this
aper).

SEM images of NKNCx  powders after calcination at 900 ◦C
or 5 h, using the MO and BO methods, are shown in Fig. 3.
he SEM image of CuO-doped NKN powder obtained using

he BO method also shows smaller grain size and much better
ompositional homogeneity, giving samples with a fine-grain
tructure, after sintering. The microstructures of NKNCx  ceram-
cs prepared using MO and BO methods are shown in Fig. 4.

any researchers have reported that it is difficult to obtain dense
KN ceramics at high sintering temperatures in air. As seen in
ig. 4(a), pure NKN ceramics with some pores were obtained
y this study. When CuO dopants were doped into NKN ceram-
cs (see Fig. 4(b)), the samples showed a dense grain structure
ecause copper oxide acts as a sintering aid and facilitates the
ovement of grains. However, the liquid phase is not obvious

n Fig. 4(b), because the liquid phase formed by CuO has a
igh solubility during the sintering process. Hence, its pres-
nce in NKN ceramics is not permanent and it disappears along

22,23
sed to prepare PZT ceramics, in order to enhance their density
nd the piezoelectric properties, owing to the fine-grain struc-
ure and better homogeneity.15 The microstructures of NKNCx

tion at 900 ◦C for 5 h using (a) MO and (b) BO methods.
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ig. 4. SEM images of the surface microstructures of NKNCx  ceramics prepare
ethod, and (c) 0.25 mol% CuO, (d) 0.5 mol% CuO, (e) 0.75 mol% CuO, and (
eramics prepared using the BO method exhibited a pronounced
hange, showing a more homogeneous microstructure compared
han that of NKNCx  ceramics synthesized by the MO method
as compared Fig. 4(b)–(f)). The distribution of grain size for

N
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Fig. 5. The range of grain size for NKNCx  ceramics prepared using (a) MO a
g MO and BO methods. (a) 0 mol% CuO and (b) 0.5 mol% CuO using the MO
ol% CuO using the BO method.
KNCx  ceramics prepared using MO and BO methods are
hown in Fig. 5 (the number of grain is more than 200 in the cal-
ulation of grain size distribution). NKNCx  ceramics prepared
sing the BO method exhibit a range of grain sizes between 0.5

nd (b) BO methods at x = 0.5 mol% (calculated from Fig. 4(b) and (d)).
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Fig. 6. Lattice volumes of NKNCx  ceramics were calculated from the plane
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volumes, as seen in XRD profiles (x  = 0–0.5 mol%). Moreover,
ndex of XRD profiles of samples using the BO method.

nd 4 �m, which is smaller than that for grain sizes between
.5 and 7 �m, obtained for ceramics prepared using the MO
ethod. This result illustrates that NKNCx  ceramics with more

omogeneous microstructure are obtained using the BO method.
n addition, the grain size of NKNCx  ceramics prepared using
he BO method is smaller than that of ceramics synthesized by
he MO method. For the BO method, it is understood that both
uO and Nb2O5 are pre-reacted and that CuO has been incorpo-

ated into Nb2O5 (see in Fig. 1). Therefore, CuO dopants cannot
orm a liquid phase, which results in the production of NKN
eramics with small grain size by the BO method. The composi-
ional homogeneity is also related to the thermodynamic stability
nd diffusion kinetics. Wang et al. reported that reducing the
iffusion distance of the compositional elements (by mechan-
cal methods) or depressing the thermodynamically preferable
rouping of A- and B-site (using the BO method) are crucially
mportant to improving the homogeneity of ceramics.19 In addi-
ion, the oxide mixture is not properly processed, which results
n both volumetric expansion and morphological transforma-
ions leading to the formation of ceramics with inhomogeneous
ensification.15 In this study, NKNCx  ceramics with homoge-
eous structure were obtained using the BO method.

As x ≥  0.75 mol%, some grains of NKNCx  ceramics prepared
sing the BO method become suddenly greater (arrowheads), as
een in Fig. 4(e) and (f), suggesting that the solubility limit
f CuO incorporated into Nb2O5 reaches saturation. Conse-
uently, the residual CuO react with K2CO3 and Nb2O5 to form

 liquid phase, which improves the densification of NKNCx
eramics. However, the secondary phase with copper oxide was
ot detected in XRD profiles, owing to the resolution of the
-ray diffraction. The solubility limit of the CuO incorporated

nto the Nb sites is still demonstrated, as seen in Fig. 6. The
attice volumes of NKNCx  ceramics prepared using the BO
ethod is shown in Fig. 6. As can be seen, the lattice volumes

ncreases as the amount of CuO doping increases, reaching satu-

ation at a value of x  between 0.5 and 0.75 mol%. Excessive CuO
emains as x  ≥  0.75 mol%, causing the formation of the liquid
hase. In order to confirm the formation of the liquid phase, EDS

t
f
p

ig. 7. SEM and EDS images of NKN + 0.75 mol% CuO ceramics prepared
sing the BO method.

nalysis of NKNCx  ceramics prepared using the BO method was
erformed and the results are shown in Fig. 7. As can be seen,
he morphology of the NKN ceramics exhibited square grains
spot A), and the formation of a compound (K, Nb, Cu) liquid
hase in the grain boundary (spot B). Such observations again
erify that the use of excessive CuO in the BO method causes
2CO3 and Nb2O5 to form a liquid phase, as x  ≥  0.5 mol%.
rom these results, it can be seen that when CuO dopants are
oped into NKN ceramics, Cu ions replace Nb ions, because the
iffracted angles shift to lower angles under changes in lattice
he solubility limit for CuO doping occurs at x  = 0.5 mol% and
urther doping of CuO contributes to densification of the sam-
les, because the residual CuO and K2CO3, Nb2O5 form a liquid
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ig. 8. Bulk density of the NKNCx  ceramics prepared using MO and BO meth-
ds.

hase. Fig. 8 shows the bulk density of NKNCx  ceramics pre-
ared using the MO and BO methods. The density of NKNCx
eramics prepared using the MO method increases as the amount
f CuO doping increases and then drops at x  = 0.75 mol%. The
aximum density of 4.444 g/cm3 is obtained in NKNCx  ceram-

cs synthesized by the MO method. However, the greater bulk
ensity value of 4.488 g/cm3 was obtained when using the BO
ethod. This is probably because the microstructure of NKNCx

eramics prepared using the BO method exhibits a homoge-
eous microstructure. In general, compositional homogeneity
ith small-grain structure facilitates the formation of dense

eramics, because pores are easily formed in the inhomogeneous
icrostructure of ceramics. Therefore, the maximum density of
KNCx ceramics prepared using the BO method is higher than

hat of those prepared using the MO method. In Fig. 8, the den-
ity of NKNCx  ceramics synthesized by the BO method shows
wo obvious changes at x = 0–0.25 mol% and x  = 0.5–0.75 mol%.
irstly, at values of x  between 0 mol% and 0.25 mol%, pure NKN
eramics exhibit an inhomogeneous structure and many pores,
hich lead to a lower density. When CuO dopants are doped into

he NKN ceramics, the bulk density increases, because of the
ompositional homogeneity (see Fig. 4(c)). Secondly, at values
f x  between 0.5 mol% and 0.75 mol%, the maximum density
f NKNCx  ceramics synthesized by the BO method is obtained
t x  = 0.75 mol%. The higher density is not only the result of

 homogeneous microstructure, but the liquid phase also con-

ributes to the formation of a dense ceramic. As seen in the
EM images, the liquid phase is formed when the amount of
uO doping reaches 0.75 mol% or above, leading to a decrease

c
f
E

able 1
iezoelectric characteristics of CuO-doped NKN ceramics prepared using MO and B

uO-doped NKN ceramics Density (g/cm3) 

KN + 0.5 mol% CuO (MO method) 4.434 

KN + 0.75 mol% CuO (MO method) 4.316 

KN + 0.5 mol% CuO (BO method) 4.345 

KN + 0.75 mol% CuO (BO method) 4.488 
ig. 9. P-E hysteresis loops of CuO-doped NKN ceramics prepared using MO
nd BO method.

n the number of pores in the NKNCx  ceramics. The optimum
mounts of CuO doping for NKN ceramics prepared using the
O method and BO method were 0.5 mol% and 0.75 mol%,

espectively, due to the different reaction mechanisms.
The piezoelectric characteristics of NKNCx  ceramics synthe-

ized by the MO and BO methods are listed in Table 1. NKNCx
eramics exhibit a higher Qm value than pure NKN ceram-
cs (Qm: 67), because Nb5+ ions are substituted by Cu2+ ions
nd induce the oxygen vacancies. Many studies have reported
hat the formation of oxygen vacancies improves the Qm value
ecause oxygen vacancies prevent domain walls from moving,
esulting in “hard” piezoelectric materials.24–26 Qm values of
ver 2000 in NKN-based ceramics are seldom encountered.
owever, a Qm value of 2100 in NKNCx  ceramics prepared
sing the BO method was obtained. The presence and concentra-
ion of oxygen vacancies are important for “hard” piezoelectric
eramics with a high Qm value. In order to define the relation-
hips between Qm and oxygen vacancy, the internal bias field
Ei) and activation energy in the ceramics prepared using MO
nd BO methods were calculated from P-E hysteresis loops and
ole–Cole plots, respectively. Fig. 9 shows the P-E hysteresis

oops for CuO-doped NKN ceramics prepared using MO and BO
ethods. The built-in internal bias field causes the P-E hystere-

is loops to be asymmetrical. The Ei values of CuO-doped NKN

eramics prepared using MO and BO methods were calculated
rom the P-E hysteresis loops and are shown in Table 2. The
i value for CuO-doped NKN ceramics prepared using the MO

O methods.

kp Qm ε33
T

/ε0 tan δ (%)

0.396 1685 231 0.74
0.343 1765 228 0.86
0.41 1147 276 0.56
0.415 2100 280 0.15
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ig. 10. Complex impedances and relaxation frequency of CuO-doped NKN 

emperatures. The red line is a linear fit to Eq. (3). (For interpretation of the referen

ethod is 1.45 kV/cm. However, the ceramics prepared using the
O method have a greater Ei value (3.5 kV/cm), corresponding

o a higher Qm value (2100) than samples prepared using the
O method. Qm is proportional to Ei, because the internal bias

eld reduces hysteresis loss, especially by preventing the motion
f domain walls.27 In addition, the Ei value is affected by the
oncentrations of oxygen vacancies. The formation of more oxy-
en vacancies induces a greater Ei value and thus increases the
m value. In this study, the ceramics prepared using the BO
ethod had a greater Ei value, as the in the number of oxygen

acancies increased. Therefore, a higher Qm value was obtained
or the ceramics prepared using the BO method. On the other
and, the activation energy also explains the presence of oxy-
en vacancies in CuO-doped NKN ceramics. Fig. 10(a) and (b)
hows the Cole–Cole plots for CuO-doped NKN ceramics pre-
ared using MO and BO methods. The activation energies are
alculated from the relaxation frequency (ω) at the apex of the
ole–Cole semicircle of the CuO-doped NKN ceramics and sat-
sfy the condition, ωRC = 1 (ω  = 1/τ). The relaxation frequencies

able 2

m value and internal bias field of the CuO-doped NKN ceramics prepared using
O and BO methods.

rocess Qm Ei (kV/cm)

KN + 0.5 mol% CuO (MO method) 1685 1.15
KN + 0.75 mol% CuO (BO method) 2100 3.50

c
a
t
i
t
d
s
u
t
a

ics prepared using (a) and (c) MO and (b) and (d) BO methods at different
 color in this figure legend, the reader is referred to the web version of the article.)

ere plotted as a function reciprocal temperature for CuO-doped
KN ceramics in Arrhenius format as28:

 =  ω0 exp

( −Ea

KBT

)
(3)

here ω0 is the pre-exponential factor, Ea is the activation energy
f relaxation, KB is the Boltzmann constant and T  is the absolute
emperature. The activation energy is obtained from the gradient
f ln(ω) versus 1/T  in Fig. 10(c) and (d), using Eq. (3). The acti-
ation energies of CuO-doped NKN ceramics prepared using
O and BO methods are 1.03 eV and 0.95 eV, respectively.

slam reported that the activation energy for oxygen vacancy
igration is around 1 eV, by performing a computational simula-

ion of ionic transport in perovskite oxides.29 Consequently, the
resence of oxygen vacancies was verified in CuO-doped NKN
eramics. The activation energies of samples vary according to
he concentration and type of oxygen vacancy.28 The ceram-
cs prepared using MO and BO methods produce the different
oncentrations of oxygen vacancies, which caused the different
ctivation energies for the samples. The ceramics prepared using
he BO method have a greater number of oxygen vacancies, lead-
ng to a lower activation energy than that of those prepared using
he MO method. Therefore, a high Qm value is obtained for CuO-
oped NKN ceramics prepared using the BO method. In this

T
tudy, the Qm and ε33 /ε0 values for NKNCx  ceramics prepared
sing the BO method were improved by 25% and 21%, respec-
ively, in comparison with those using the MO method. There
re three possible reasons for this. Firstly, NKNCx  ceramics
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ynthesized by the BO method exhibit a homogeneous
icrostructure; both Pb-based and lead-free piezoelectric

eramics with homogeneous microstructure exhibited better
iezoelectric properties in previous studies.15,19 Secondly, the
recursor of pre-reacted CuO and Nb2O5 causes the Cu ions to
ccupy the Nb sites more easily in NKNCx  ceramics, thus pro-
oting the formation of oxygen vacancies and increasing the
m value when using the BO method. Finally, the effect of oxy-
en vacancies on the Qm value reaches a limit at x  = 0.5 mol%
the solubility limit of Cu ions incorporated into the B-site is
eached) and the Qm value then increases at x  = 0.75 mol%,
ecause the bulk density is enhanced by the liquid phase when
sing the BO method (see Figs. 7 and 8). Ceramics of higher
ensity often exhibit better electrical properties. In this study,
xcellent piezoelectric properties were obtained using the BO
ethod. In addition, the BO method improved the microstruc-

ure and electrical properties of not only “soft”,19 but also “hard”
iezoelectric materials.

.  Conclusions

CuO-doped NKN ceramics synthesized by the BO method
xhibited greater compositional homogeneity than samples pre-
ared by the MO method. The expansion of the lattice volumes
n NKNCx  ceramics changes because the Nb sites are occu-
ied by Cu ions. For the NKNCx  ceramics prepared using the
O method, a liquid phase is formed as x  > 0.5 mol%, as the

esidual CuO dopants are introduced, leading to an improve-
ent in the bulk density and electrical properties. The ceramics

repared using the BO method exhibit a higher Qm value than
hose prepared using the MO method, because of the forma-
ion of more oxygen vacancies. In addition, both internal bias
eld and activation energy verified the formation and concentra-

ions of CuO-doped NKN ceramics prepared using MO and BO
ethods. The mechanical quality factor, Qm, and dielectric con-

tant, ε33
T/ε0, of this system were increased by 21% and 25%,

espectively, when using the BO method was used.
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