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a  b  s  t  r  a  c  t

Lead-free  (Na0.5K0.5)NbO3 (NKN)  ceramics  doped  with  1 mol%  CuNb2O6 (CN)  ceramics  were  prepared
using  the  conventional  mixed  oxide  method,  with  a sintering  temperature  of  1075 ◦C.  Microstructural
analyses  of  the  NKN–01CN  ceramics  were  carried  out  and  compared,  using  X-ray  diffraction  (XRD).
NKN–01CN  ceramics  sintered  at 1075 ◦C  not  only  exhibited  excellent  ‘hard’  piezoelectric  properties  of
kp = 40%,  kt = 45%,  k33 =  57%,  a ferroelectric  property  of Ec =  23  kV/cm,  and  an  extraordinarily  high  mechan-
eywords:
KN
eramic
ead-free

ical  quality  factor  (Qm) of 1933  but also showed  excellent  stability  with  temperature  (TCF = −154  ppm/◦C).
The piezoelectric  transformer  was  simplified,  using  an equivalent  circuit,  and  analyzed,  using  MATLAB;
the simulation  data  agreed  well  with  the experimental  results.  An  efficiency  of  95.7%  was  achieved  for
the NKN–01CN  piezoelectric  transformer  with  load  resistance  of  20  k�.  An  8 W  T5  fluorescent  lamp  was
successfully  driven  by  the  NKN–01CN  piezoelectric  transformer.
iezoelectric

ransformer

. Introduction

Piezoelectric transformer (PT), which combines piezoelectric
ctuators and piezoelectric transducers, are good substitutes for
raditional magnetic transformers. Piezoelectric transformers have

any advantages, including their high voltage gain, high power
ensity, high electromechanical efficiency and small size. Since the

nvention of the first PT was invented by Rosen [1],  various types of
T have been developed, such as the disk-type, ring-type and multi-
ayer [2–4]. Recently, piezoelectric transformers have been used in

any applications, such as AC/DC converters, electronic ballasts for
uorescent lamps and inverters for driving CCFL (LCD backlights)
5,6].

Lead zirconate titanate (PZT) and PZT-based multi-component
iezoelectric ceramics with a perovskite structure have been
idely used in actuators, sensors, resonators, transducers and

ransformers because of their excellent piezoelectric and electri-
al properties [7,8]. However, the high volatilization of PbO, a

ain component of PZT ceramics, limits the use of these materials,

ecause it contaminates the environment and harms human health,
ue to its toxicity. Lead-free materials have attracted increasing

∗ Corresponding author at: Department of Electrical Engineering, National Cheng
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ax: +886 6 2345482.
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© 2011 Elsevier B.V. All rights reserved.

attention, as replacements for PZT-based piezoelectric ceram-
ics. Sodium potassium niobate ((Na0.5K0.5)NbO3, NKN) ceramic is
considered to be a good candidate for lead-free piezoelectric ceram-
ics because of its strong piezoelectricity and ferroelectricity [9].
However, it is very difficult to synthesize ceramics with a dense
microstructure, so many researchers have reported the addition
of (Li, Sb, Ta) compounds to NKN ceramics, to improve the den-
sification and enhance the piezoelectric properties of the samples
[10–15]. In addition, CuO, or CuO compounds serve as good dopants
for enhancing the Qm value of NKN ceramics because of the forma-
tion of oxygen vacancies. A high Qm is required for actuator and
high-power applications, such as PT. Therefore, the microstructure,
crystal and electrical properties of NKN ceramics, with CuO or CuO
compounds have been widely investigated [16–20].

In this work, a small amount of Cu compound (CuNb2O6, CN)
was selected as a dopant for NKN ceramics, to replace CuO. The
results show that the CN-doped NKN specimens sintered at 1075 ◦C,
display excellent ‘hard’ piezoelectric properties and ferroelectric
properties. The mechanical quality factor (Qm) of NKN ceramics
with CN additive is extraordinarily high. CN improves the ability
to be sintered and the electrical properties of NKN ceramics. The
addition of a small amount of CN improves both the ability to be
sintered and Qm of NKN ceramics.
2. Experimental procedure

In a previous study [21], the authors found that Na0.5K0.5NbO3 ceramics doped
with  1 mol% CuNb2O6 have excellent piezoelectric properties. The samples of

dx.doi.org/10.1016/j.jallcom.2011.10.062
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:chusy@mail.ncku.edu.tw
dx.doi.org/10.1016/j.jallcom.2011.10.062
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were detected. Fig. 4 shows the SEM images of NKN and NKN–01CN
ceramics, sintered at 1075 ◦C. Both of the ceramics have a dense
structure and the grains are generally rectangular in shape. For
the NKN ceramic, the grains arrange in size from 1 to 2 �m.  After
Fig. 1. Structure of a disk-type piezoelectric transformer.

tarting materials of Na0.5K0.5NbO3–xCuNb2O6 (NKN–xCN, for x = 0, and 1 mol%) pro-
essed using a conventional mixed-oxide method were pure reagent-grade Na2CO3

SHOWA, 99.5%), K2CO3 (SHOWA, 99.5%), Nb2O5 (SHOWA, 99.5%) and CuO (SHOWA,
9.5%) powders. Na0.5K0.5NbO3 (NKN) and CuNb2O6 (CN) were weighed in the
esired compositions, respectively. The starting materials were individually trans-
erred to a 100-mm-diameter cylindrical plastic jar, partially filled with 10 mm
iameter ZrO2 grinding balls. Sufficient ethanol (99.5%) was added to cover the
owders. Ball milling was  performed for 24 h, followed by drying at 130 ◦C, and
hen grinding, using an alumina mortar and pestle, to break up large agglomerates
ormed during drying. The stoichiometric NKN and CN powders were first syn-
hesized, using a solid-state reaction method, at 850 ◦C, for 5 h and 900 ◦C, for 5 h,
espectively. After the calcination, NKN and CN powders were weighed according
o  the formula of NKN–xCN and ball milled for 24 h. These powders, milled with

 wt.% PVA aqueous solution, were uni-axially pressed into a disk of 18-mm diam-
ter, at a pressure of 25 kg/cm2 and subsequently sintered in air at 1075 ◦C, for

 h.
Bulk densities were measured using the Archimedes method, with distilled

ater as the medium. The microstructure was observed using field emission
canning electron microscopy (FESEM), with a Hitachi S-4100 microscope. The
rystallographic study was  confirmed by X-ray diffraction (XRD) using Cu K�

� = 0.154 nm)  radiation with a Siemens D-5000 diffractometer, operated at 40 kV
nd 40 mA.  The dielectric and piezoelectric properties were measured with an
P  4294A precision impedance analyzer. To measure the electrical properties,

ilver paste was  painted on both sides of the samples, to form electrodes;
he samples were subsequently fired at 150 ◦C, for 20 min. Then, the samples
ere poled, in silicone oil, in a 30 kV/cm DC field at 150 ◦C for 30 min. The

lectromechanical coupling factor of thickness (kt) and planar (kp) mode was  cal-
ulated using the resonance–antiresonance method. The piezoelectric coefficient,
33, was measured using a Wide-Range d33 Tester 90-2030 (APC International,
td.). The coercive electric field (Ec) and the remnant polarization (Pr) were
btained in a 50 kV/cm 60 Hz AC field, using a modified Sawyer–Tower circuit
22].  In order to prevent arcing, the samples were submerged in 150 ◦C silicon
il.

In  this experiment, an NKN–01CN piezoelectric disk of a 15-mm outer diame-
er,  a 3-mm inner diameter and a 1-mm thickness was designed and evaluated as a
isk-shaped PT. As shown in Fig. 1, the piezoelectric disk has silver electrodes. The
idth of the gap circle is 1-mm and the poling direction is the thickness direction.

he characteristics of the transformer, under a variable load resistance, were inves-
igated using the experiment setup shown in Fig. 2. The transformer was  driven by a

OTECH FG-708S function generator and an NF BA4825 high speed bipolar ampli-

er. The voltage, current and power, at the input and output, were measured using

 Tektronix TCP A300 current probe and a DPO 2024 digital phosphor oscilloscope.

ig. 2. Experimental setup for measurement of the characteristics of the piezoelec-
ric  transformer.
Fig. 3. XRD patterns of the CN powder, NKN–01CN ceramics, and NKN ceramics
sintered at 1075 ◦C, for 3 h.

3. Results and discussion

The XRD patterns of the CN-modified NKN piezoelectric ceram-
ics, sintered at 1075 ◦C, and CN powder are shown in Fig. 3. A
homogeneous, pure NKN phase was well developed for 1 mol% CN
additive. The main identified phase matches orthorhombic NKN
with space group Amm2, at room temperature [23]. The results
reveal that the orthorhombic perovskite structure is preserved
(JCPDS card No. 32-0822). None of the phases ascribed to CuNb2O6
Fig. 4. SEM images of (a) NKN and (b) NKN–01CN ceramics, sintered at 1075 ◦C.
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Table 1
Comparison of the properties of pure NKN and NKN–01CN ceramics.

NKN NKN–01CN

Density, � (g/cm3) 4.08 4.47
Relative density (%) 91 99
Dielectric constant, εr 457 432
Poisson ratio, � 0.26 0.25
kp (%) 36 40
kt (%) 37 45
k33 (%) 50 57
d33 (pC/N) 80 93
Qm 227 1933
Ec (kV/cm) 9 26
P (�C/cm2) 13.6 22.6
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he doping of CN, the grains are obviously larger and the ceramic
ecomes denser. The abnormal grain growth usually occurs in the
resence of the liquid phase and it may  happen because of the low
elting point of K4CuNb8O23 (1050 ◦C). Because of the formation

f a liquid phase, the sintering temperature for NKN ceramics is
educed and the densification is improved [21]. Meanwhile, the
enser structure of NKN–01CN enhances the piezoelectric proper-
ies.

The material parameters of the NKN and NKN–01CN ceramics
re summarized in Table 1. The density of NKN–01CN ceramics
4.47 g/cm3) is much higher than that of NKN ceramics (4.08 g/cm3).
t is important that a piezoelectric transformer has a high elec-
romechanical coupling factor (kp) and mechanical quality factor
Qm). In Table 1, the experimental results show that the kp and
m values of pure NKN ceramics are 36% and 227, increasing

o 40% and 1933, respectively, with the addition of 1 mol% CN.
ure NKN ceramics exhibit the typical features of ‘soft’ piezo-
lectric ceramics, whereas NKN–01CN exhibits ‘hard’ piezoelectric
roperties. The strong ‘hardening’ of the electrical properties can
e attributed to the acceptor-doping effects of Cu ions. There-
ore, Cu-substitution gives NKN ‘hard’ piezoelectric characteristics
19,20,24]. In the case of PZT, the addition of acceptor ions, such as

g2+, Sc3+, and Fe3+, increases the density of oxygen vacancies;
his enhances the value Qm. Cu2+ is considered to be a substi-
ute for Nb5+ and behaves as an acceptor [19]. On the other hand,
ith the addition of CN, Cu2+ and Nb5+ may  increase B site ions.

 lower A/B ratio might increase the number of the oxygen vacan-
ies and reduce the resonance impedance. Therefore, both Cu ion
ddition and excess B site ions are improve Qm. A higher A/B ratio
nd the excess of the B site ions (A/B < 1) improve the mechani-
al quality factor (Qm), electromechanical coupling factor (kp) and
he ability to be sintered [27,28].  Moreover, the Qm value of all
KN–01CN ceramics is much higher than that of pure NKN ceram-

cs.
In piezoceramic-based resonant devices, such as transducers,

esonators and oscillators, the temperature coefficient of frequency
TCF) parameter is so important that it is usually used as a key
ndex to evaluate the quality of these devices. To measure the values
f TCF, samples were placed in a temperature-controlled furnace
t temperatures from 0 ◦C (T1) to 80 ◦C (T2). The TCF values were
alculated using:

CF = frT2 − frT1

frT1 × (T2 − T1)
(1)

Fig. 5(a) shows the dependence of temperature on the rate
f change of the resonant frequency (fr) of pure NKN and

KN–01CN ceramics. As the temperature increases, from 0 ◦C to
0 ◦C, the rate of change of the resonant frequency of NKN–01CN
eramics becomes lower than that for NKN ceramics. When the
emperature reaches 80 ◦C, the rate of change of the resonant
Fig. 5. Rate of change of (a) resonant frequency (fr), (b) electromechanical coupling
factor (kp) and (c) mechanical quality factor (Qm), for various temperatures.

frequency is calculated as −1.23% for NKN–01CN ceramics and
−2.94% for pure NKN ceramics; the TCF values of NKN–01CN
and NKN ceramics are −154 ppm/◦C and −368 ppm/◦C, respec-
tively. Fig. 5(b) and (c) shows the rate of change of the values
of Qm and kp, with temperature, from 0 ◦C to 80 ◦C. The rate of
change of the characteristics of NKN–01CN ceramics are lower
than those of NKN ceramics and in this temperature range, NKN
ceramics with CN are much more stable than pure NKN ceram-

ics.

Piezoelectric transformers, comparing pure NKN and
NKN–01CN ceramics, were produced. Only the NKN–01CN
transformer is discussed, because the impedance of the pure NKN
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Fig. 6. Impedance of the NKN–01CN PT at the first vibration mode resonance: (a)
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c d
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Iout
(4)
he input with the output short-circuited and (b) the output with the input short-
ircuited.

T was too large and the current was too small to be measured,
hen an AC voltage was applied. The impedances of the NKN–01CN

T are shown in Fig. 6. The input impedance was measured with the
utput short-circuited and the output impedance was measured
ith the input short-circuited. The transformer operated in the
rst vibration mode. The first resonant frequencies (fr) of the input
nd output are the same (223 kHz), but the anti-resonant frequen-
ies (fa) are different. In order to analyze the effect of the output
oad on the input impedance, the magnitude and the phase of the
nput impedance of the transformer was measured for various load
esistances, around the operating frequency of the transformer.
ig. 7 shows the resonant and anti-resonant frequencies increase,
s load resistance increases. There exists a maximum efficiency,
ith an optimal load resistance, RL, of 20 k�, which demonstrates a
aximum damping ratio in the input impedance, when compared
ith the other load resistances [27].

In order to investigate the PT, it was simulated using an equiv-
lent circuit, shown in Fig. 8 [3,27].  Using an impedance analyzer
4294A, Agilent, Inc., Palo Alto, CA), the equivalent circuit constants
ere obtained and calculated as shown in Table 2. In this circuit R, L
nd C are the equivalent resistance, inductance and capacitance; Cd1
nd Cd2 are the damped capacitance of the input and output, respec-

able 2
arameters of the NKN–01CN piezoelectric transformer equivalent circuit.

fr .(kHz) Cdl (pF) R (�)  C (pF) L (mH) Cd2 (pF) n

PT 223.125 374 15 41 10 30 11.91
Fig. 7. Input impedance at various load resistances.

tively; n is the transformation ratio of the PT, which is calculated
using [28,29]:

n  =
√

Lout

Lin
(2)

The voltage gain and efficiency are the most important charac-
teristics of a transformer. The two-port networks method was used
to analyze the equivalent circuit:

[
Vin

Iin

]
=

[
1 0

jwCd1 1

] [
1 R
0 1

] [
1 jwL
0 1

] [
1 1/jwC
0 1

]

×
[

1/n 0
0 n

] [
1 0

jwCd2 1

] [
Vout

Iout

]
(3)

Eq. (3) can be simplified as follows:

[ ] [ ] [ ]
Cd2Cd1

R L C
1 : n

Vin Vout

Iin Iout

Fig. 8. Equivalent circuit for the input and output of the piezoelectric transformer.
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Fig. 9. Simulated voltage gain for various frequencies and load resistances.

Connecting the two-port networks with the load resistance, RL,
he voltage gain (G) and efficiency (�) are

 = Vout

Vin
=

∣∣∣ RL

a · RL + b

∣∣∣ (5)

 = Pout

Pin
= RL∣∣a · RL + b

∣∣ ·
∣∣c · RL + d

∣∣ · cos �
(6)

here � is the power factor angle. The voltage gain and efficiency,
or various frequencies and load resistances, were simulated with

ATLAB, using (5) and (6). As shown in Fig. 9, the voltage gain
ncreased from 1 to 43 and the peak frequency slowly changed from
27.4 to 228.5 kHz, when the load resistance was  increased from

 k� to 100 k�. Fig. 10 shows the simulated efficiency, using (6).
he efficiency at peak frequency increased with load resistance;
he maximum value was 91.4%, at the optimal load resistance,
L = 23.3 k�.  This result is in good agreement with the experimental
esult shown in Fig. 7.

Fig. 11 shows the experimental results for voltage gain and
fficiency, as functions of the load resistance (RL), measured at
in = 10 Vrms (the simulation results is indicated by red lines). For
his measurement, the frequencies were adjusted so that the volt-

ge gain and efficiency attained maximums, for the given load
esistance. It can be seen that the maximum voltage gain increases
ith load resistance, with a maximum value of 49, for RL = 100 k�.

ig. 11(b) shows the effect of load resistance on the efficiency of the

Fig. 10. Simulated efficiency for various frequencies and load resistances.
Fig. 12. 8 W T5 fluorescent lamp driven by an NKN–01CN PT.

NKN–01CN PT. A maximum efficiency of 195.7% was obtained, for
RL of 20 k�. The experimental results are in good agreement with
the simulation results. The maximum efficiency was 91.4%, with
voltage gain at RL = 23.3 k�; this is the optimal operating point of
the PT.

Table 3 shows a comparison of NKN–01CN and PZT-based
(PNW–PMN–PZT) piezoelectric transformers. The ring/dot area
ratio is the input electrode area divided by the output electrode

area of PTs. The piezoelectric characteristics of PZT-based ceram-
ics are superior to those of NKN–01CN ceramics. These properties
influence their use as a piezoelectric transformer. Table 3 lists that
the efficiency of PZT-based PT is higher than that of NKN–01CN PT.

Table 3
Comparison of NKN–01CN and PZT-based piezoelectric transformers.

NKN–01CN PZT-based

Density, � (g/cm3) 4.47 7.68
Dielectric constant, εr 432 1680
kp (%) 40 52.3
Qm 1933 1814
Ring/dot area ratio 23.22 1.83
Maximum efficiency (%) 95.7 97.57
Gain (V/V) 14 ∼1
Reference Our sample [6]
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he efficiency is the most important property of a PT and PZT-based
eramics with lower impedance yield a higher efficiency. The 8 W
5 fluorescent lamp, lit by the piezoelectric transformer, is shown
n Fig. 12;  the efficiency was 46%. The efficiency was low, because
he resistance of the fluorescent lamp did not match the optimal
oad resistance of the PT. This problem can be solved by the use of

 tracking control system [30].

. Conclusions

Na0.5K0.5NbO3 + 1 mol% CuNb2O6 (NKN–01CN) lead-free ceram-
cs with an extraordinarily high mechanical quality factor, Qm,
nd density, were prepared using an ordinary ceramic pro-
ess. The NKN–01CN ceramics exhibit excellent properties, with
p = 40%, kt = 45% and k33 = 57% and have ‘hard’ characteristics of
c = 23 kV/cm and Qm = 1933. The ceramics also have an excellent
emperature coefficient (TCF = −154 ppm/ ◦C), making them suit-
ble for use in lead-free material for piezoelectric transformers.
he simulation results were calculated by MATLAB, using an equiv-
lent circuit. These show a maximum efficiency of 91.4%, at a load
esistance, RL = 23.3 k�. The experimental results show a maximum
fficiency of 95.7% at a load resistance of RL = 20 k�; the experiment
esults are in good agreement with the simulation results. Simula-
ion with MATLAB allows a prediction of the efficiency, gain and
ptimum load resistance of the PT and shows these predictions in

 3D model. An 8 W T5 fluorescent lamp was successfully driven
sing the NKN–01CN PT, but the efficiency was low, because the

mpedance of the T5 lamp did not match the PT.
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