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bstract

ultilayered ceramics (MLCs) laminated with 20 layers of CuO-added (Na0.5K0.5)NbO3 (CNKN) tape were well sintered at 960 ◦C with an average
rain size of 5.0 �m. They exhibited good piezoelectric properties of εT

33/ε0 =  709, d33 = 114 pC/N, kp = 0.34 and Qm = 793. The 80Ag/20Pd
◦
lectrodes were well formed on the CNKN MLCs when they were co-fired at 960 C for 2 h. A piezoelectric speaker fabricated using 6-layer

NKN MLCs exhibited an average sound pressure level (SPL) of 75 dB in the range between 300 and 20,000 Hz with a maximum SPL of 90 dB.
his value is comparable with that of a loud stereo radio, indicating that the CNKN MLC is a good candidate material for piezoelectric speakers.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Pb(Zr,Ti)O3 (PZT)-based ceramics have outstanding dielec-
ric and piezoelectric properties and are widely used
or actuators, sensors, transformers and other piezoelectric
evices.1 However, the 60 wt% Pb content in these materi-
ls presents an environmental problem. Therefore, extensive
nvestigations have been conducted to find lead-free piezoelec-
ric materials for the replacement of PZT-based ceramics.2–6

n particular, (Na1−xKx)NbO3 (NKN) ceramics have attracted
onsiderable attention because of their high piezoelectric
roperties and a high Curie temperature.7–9 However, the sin-
ering temperatures of NKN-based ceramics are generally high
≥1050 ◦C).10–13 Therefore, for the application to multilayer
evices, which are required to achieve a low driving force,
s well as miniaturization and hybridization of the piezoelec-
ric devices, the sintering temperature of NKN-based ceramics
eeds to be reduced to below 1000 ◦C. In particular, since Ag

r 80Ag/20Pd is generally used as the electrode of the mul-
ilayer device, the NKN-based ceramics should be sintered at
emperatures below1000 ◦C, which is the melting temperature

∗ Corresponding author. Tel.: +82 2 3290 3279; fax: +82 2 928 3584.
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peaker

f the 80Ag/20Pd electrode. The CuO-added and the CuO and
nO co-doped NKN ceramics were reported to be sintered
t 960 ◦C and 900 ◦C, respectively.14,15 A V2O5 additive was
lso used to decrease the sintering temperature of the NKN
eramics to 900 ◦C. However, since the KVO3 secondary phase,
hich was dissolved in the water, was formed, it was diffi-

ult to form the homogeneous NKN phase.16 However, even
hough the displacement of the 0.95NKN–0.05LiTaO3 multilay-
red ceramics (MLCs) was reported,17 systematic investigations
n the microstructure and the piezoelectric properties of the
KN-based multilayered ceramics and the properties of the
KN-based MLCs devices have not been reported. Therefore,

n this work, NKN-based MLCs were fabricated under various
rocess conditions and their microstructures and piezoelec-
ric properties were systematically investigated. Moreover, the
eaction between the NKN-based MLCs and the 80Ag/20Pd
lectrode was also studied. Finally, piezoelectric speakers were
roduced using the six-layers CuO-added NKN (CNKN) MLCs
nd their sound properties were evaluated.
. Experimental  procedures

Oxide compounds of K2CO3, Na2CO3, and Nb2O5 (all from
igh Purity Chemicals, >99%, Saitama, Japan) were mixed for

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.11.020
mailto:snahm@korea.ac.kr
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3.  Results  and  discussion

F
t

ig. 1. Schematic diagram of the piezoelectric speaker consisting of six layers
f CNKN tape.

4 h in a plastic jar with zirconia balls and then dried. The dried
owders were calcined at 950 ◦C for 3 h. After re-milling with
he CuO additive, the powders were dried and milled for 24 h
ith a polyvinyl alcohol solution (PVA, 20 wt% solution) to form

 slurry, which was used to make thick films with a thickness
f 40.0 �m. The thick films were produced by the doctor-blade
ethod. The green sheets were cut into 25 mm ×  25 mm pieces

nd an 80Ag/20Pd electrode was printed on the 40.0-�m thick
NKN green sheet using the screen-printing method. Six layers
f sheets were laminated and the alternative internal electrodes

ere connected to the external electrode to synthesize piezo-

lectric speakers. The schematic diagram of the piezoelectric
peaker is shown in Fig. 1. Moreover, 20 layers of CNKN green f

ig. 2. SEM images of the fractured surface of the CNKN MLCs laminated with 

emperatures for various times: (a) 940 ◦C for 4 h, (b) 960 ◦C for 4 h, (c) 960 ◦C for 3
ramic Society 32 (2012) 1085–1090

heets were also laminated without an internal electrode for the
nalysis of the microstructure and the piezoelectric properties of
he CNKN MLCs. The organic substances in the piezoelectric
peakers and the 20 layers of MLCs were burned out at 500 ◦C for
0 h and they were subsequently sintered at various temperatures
n the range 940–1000 ◦C. The microstructures and composi-
ion of the specimens were investigated by scanning electron
icroscopy (SEM: Hitachi S-4300, Osaka, Japan) and an energy

ispersive X-ray (EDX: Horiba EMAX, Kyoto, Japan) spectro-
cope that was attached to the SEM. The densities of the sintered
pecimens were measured by a water-immersion method using
he Archimedes principle. The specimens were poled in silicone
il at 120 ◦C by applying a DC field of 4.0 kV/mm for 60 min
nd the oil was then allowed to cool to room temperature while
aintaining the applied voltage. The piezoelectric and dielec-

ric properties of specimens were determined using a d33 meter
Micro-Epsilon Channel Product DT-3300, Raleigh, NC) and
n impedance analyzer (Agilent Technologies HP 4294A, Santa
lara, CA) according to IEEE standards. The sound pressure

evel (SPL) of the piezoelectric speaker was measured using
 sum of squares of regression (SSR) analyzer (Agilent Tech-
ologies AP240, Santa Clara, CA) at 5 V. The distance from
he microphone was 10 cm. The sample was prepared to the KS
IEC 60268-5 standard.
Fig. 2(a) and (b) shows SEM images of the fractured sur-
ace of the CNKN MLCs that were laminated with 20 layers

20 layers of CNKN green tape without inner electrodes, sintered at various
0 min, and (d) 960 ◦C for 2 h.
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Fig. 3. Relative density, εT
33/ε0, d33, kp, and Qm values of the CNKN MLCs sin-

t
a

l
n
t
a
b
a
g
k

C
i
a
f
i
t
t
o
M
a
t
t

I.-T. Seo et al. / Journal of the Europe

f CNKN green tape without inner electrodes and sintered
t various temperatures for 4 h. For the MLC sintered at
40 ◦C, an inhomogeneous microstructure consisting of large
nd small grains was formed [see Fig. 2(a)], indicating the occur-
ence of incomplete grain growth. However, when the sintering
emperature increased to 960 ◦C, a homogeneous and dense

icrostructure with large grains was developed, as shown in
ig. 2(b). SEM images of MLCs sintered at 960 ◦C for vari-
us times are shown in Fig. 2(c) and (d). An inhomogeneous
icrostructure was observed for the MLC sintered at 960 ◦C for

0 min, whereas a dense microstructure was developed for the
LC sintered for 2 h, indicating that the CNKN MLC needs to

e sintered at 960 ◦C for more than 2 h for the formation of a
omogeneous and dense microstructure. It is important to note
hat the size of the grains that developed in the MLC produced in
his work was approximately 5.0 �m, which is much larger than
hat of the CNKN bulk ceramic (∼2.0 �m) sintered at 960 ◦C for

 h.14 Green tape is considered to have more pores than the green
ody of the bulk ceramics because organic materials were used
o synthesize the green tape during the tape casting, whereas
o organic materials were used to form the green body of the
ulk ceramics. It is generally accepted that grain growth is expe-
ited by the presence of pores.18 Therefore, the larger grain size
bserved in the MLCs over bulk ceramics could be due to the
resence of more pores in the green tape. The effect of the pores
n the grain size of the tape was also explained in the previous
ork.19

The relative density, εT
33/ε0, d33, kp, and Qm values of the

NKN MLCs sintered at various temperatures are shown in
ig. 3. The relative density of the MLC sintered at 940 ◦C for 4 h
as 94.1% of the theoretical density. This value increased with

he increase of the sintering temperature and a high relative den-
ity, which was larger than 95.0% of the theoretical density, was
btained for MLCs sintered at temperatures ≥960 ◦C. Moreover,
he MLC sintered at 960 ◦C for 2 h also exhibited a high relative
ensity of 95.0% of the theoretical density, which is similar to
hat of the bulk CNKN ceramics with dense microstructures that
ere sintered under the same conditions.14 The εT

33/ε0 value
f the MLCs sintered at 940 ◦C for 4 h was about 716 and it
ncreased slightly with increasing sintering temperature. A max-
mum value of 778 was observed for the MLC sintered at 960 ◦C
or 4 h. The MLC sintered at 960 ◦C for 2 h also exhibited a high
T
33/ε0 value of 709. On the other hand, the bulk CNKN ceramic
intered at 960 ◦C for 2 h exhibited a small εT

33/ε0 value of 229.
ince the grain size of MLCs was much larger than that of the
ulk ceramics, the large εT

33/ε0 value observed in the MLCs
ould be explained by the increased grain size. The d33 value of
ll the MLCs ranged between 114 and 126 pC/N. This value is
lso larger than that of the bulk ceramics (∼90 pC/N) and it may
e partially contributed by the larger grain size of the MLCs. The
p value of the MLC sintered at 940 ◦C was low, approximately
.28, probably due to the inhomogeneous microstructure and the
ow relative density. The kp value increased with the sintering

◦
emperature to 0.36 for the specimen sintered at 960 C for 4 h,
hich is comparable to that of the bulk ceramics (∼0.37).14 In

ddition, the MLC sintered at 960 ◦C for 2 h also exhibited a large
p value of 0.34. The Qm value of the MLC sintered at 940 ◦C was

M
i
a
8

ered at various temperatures for various times and the NKNC ceramics sintered
t 960 ◦C for 2 h.

ow at about 285, probably due to the low density and inhomoge-
eous microstructure. The Qm value increased with the sintering
emperature and the MLC sintered at 960 ◦C for 2 h exhibited

 high Qm value of 793, which is comparable to that of CNKN
ulk ceramics (∼844).14 Therefore, the CNKN MLC sintered
t 960 ◦C for 2 h, which exhibited a dense microstructure, had
ood piezoelectric properties of εT

33/ε0 =  709, d33 = 114 pC/N,
p = 0.34 and Qm = 793.

The 80Ag/20Pd electrodes were printed on the surface of the
NKN MLCs and sintered at various temperatures; their SEM

mages are shown in Fig. 4(a)–(d). For the specimen sintered
t 940 ◦C for 4 h, the 80Ag/20Pd electrode was homogeneously
ormed on the surface of the MLC, as shown in Fig. 4(a), indicat-
ng that the shrinkage of the 80Ag/20Pd electrode was similar
o that of the CNKN MLC sintered at 940 ◦C for 4 h. When
he sintering temperature exceeded 940 ◦C with a sintering time
f 4 h, some of the 80Ag/20Pd electrode disappeared and the
LC surface not covered by the electrode was exposed to the

ir, as shown in Fig. 4(b) and (c). According to previous works,
he sintering temperatures of the pure Ag and 70Ag/30Pd elec-
rodes were measured to be 800 ◦C and 830 ◦C, respectively.20,21

oreover, for the Ag electrode, obvious shrinkage behav-

or and partial coverage of the Ag electrode on the ceramic
ppear at 900 ◦C.21 Therefore, it was considered that for the
0Ag/20Pd electrode, which was used in this work, the sintering
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ig. 4. Surface SEM images of CNKN MLCs with 80Ag/20Pd electrodes, w
60 ◦C for 4 h, (c) 980 ◦C for 4 h, and (d) 960 ◦C for 2 h.

emperature is close to 820 ◦C and significant shrinkage with
artial coverage of this electrode might occur near 950 ◦C.
herefore, it is considered that the partial coverage of this
lectrode, which was observed for the specimens sintered at
emperatures above 940 ◦C for 4 h, occurred due to the greater
hrinkage of the electrode. However, it is also possible that the
artial coverage of the electrode could be due to the de-wetting
f the electrode. On the other hand, for the specimen sintered
t 960 ◦C for 2 h, the 80Ag/20Pd electrode completely covered
he surface of the MLC [see Fig. 4(d)]. Therefore, the shrinkage
f the 80Ag/20Pd electrode is influenced by the sintering time

s well as the sintering temperature. Fig. 5(a) and (b) shows the
ross-sectional SEM images of the MLCs sintered at 960 ◦C for

 and 4 h, respectively, and the inner electrode of the MLCs is

a
d
i

Fig. 5. Cross-sectional SEM images of the CNKN MLCs with 
ere sintered at various temperatures for various times:(a) 940 ◦C for 4 h, (b)

hown in these figures. For the specimen sintered for 2 h, the
0Ag/20Pd electrode was well formed without disconnects; the
nlarged image also illustrates the good development of the elec-
rode in this case. On the other hand, for the specimen sintered at
60 ◦C for 4 h, some part of the electrode was disconnected, as
ndicated by the arrowheads in Fig. 5(b). Therefore, for the for-

ation of a homogeneous and continuous 80Ag/20Pd electrode,
he CNKN MLCs should be sintered at 960 ◦C for 2 h.

EDX analysis was also conducted on the MLC sintered at
60 ◦C for 2 h, as shown in Fig. 6(a). The interface between the
0Ag/20Pd electrode and the CNKN tape was well developed

nd diffusion of Ag or Pd atoms into the CNKN tape was not
etected. Furthermore, the XRD pattern of this specimen, shown
n Fig. 6(b), did not show any peaks for secondary phases related

inner electrodes sintered at 960 ◦C for (a) 2 h and (b) 4 h.
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NKN tape used in this work was calculated to be 15–17 nF.
On the other hand, the capacitance of the MLCs with 6 lay-
ers was measured to be 67 nF, indicating that the capacitance
Fig. 6. (a) EDX line scan images and (b) XRD patterns of CNKN

o the Ag and Pd metals. Therefore, it is considered that the
LCs with 80Ag/20Pd electrodes were well formed when they
ere sintered at 960 ◦C for 2 h. Furthermore, the 6-layers MLCs

ynthesized under these conditions show a high capacitance of
7 nF, confirming that the 80Ag/20Pd internal electrodes were
ell developed inside the MLC.
A piezoelectric speaker was fabricated using a MLC with six

ayers of CNKN tape and its schematic diagram is shown in
ig. 1. Fig. 7 shows the SPL curve of this piezoelectric speaker
t 5 V and a maximum SPL of 90 dB was obtained at a resonance
requency of 7000 Hz. The SPL of the speaker is expressed by
he following equations22:

PL =  10 log 10

(
I

Iref

)

here I  is the intensity of the sound and Iref is the intensity of
he reference, which is 20 �Pa. Moreover, I  = (Pm/21/2)2/(ρc),

here Pm is the maximum amplitude of the sound wave which

s generated by the vibrating plate, i.e. the piezoelectric ceram-
cs, while ρ  is the density of the medium and c is the velocity of
he sound wave in the medium. Therefore, SPL was increased F
s with the 80Ag/20Pd inner electrodes sintered at 960 ◦C for 2 h.

ith the increase of the amplitude of the vibration of the
iezoelectric ceramics, which can be expressed by the d33 val-
es of the piezoelectric materials. The capacitance of a single
ig. 7. SPL curve of the piezoelectric CNKN MLC speaker obtained at 5 V.



1 an Ce

o
s
c
v
d
t
t
o
t
o
p
a
a
i
m

4

n
≥
m
c
v
7
s
u
t
g
f
t
t
a
o
A
s
w
a
3
a

R

1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

1999;58:419–42.
090 I.-T. Seo et al. / Journal of the Europe

f MLCs was approximately 4 times larger than that of the
ingle NKN tape. Moreover, the d33 of the MLCs was also
onsidered to be 4 times amplified. Therefore, the high SPL
alue of our MLC device could be explained by the amplified
33 value of the MLCs, which also showed increased capaci-
ance. Moreover, the average SPL of this device was 75 dB in
he frequency range between 300 and 20,000 Hz, which is part
f the audible frequency range. This SPL value is comparable
o that of a loud stereo radio and it is also very similar to that
f Pb-based piezoelectric speakers.23,24 Therefore, the CNKN
iezoelectric MLC speaker is a good candidate for lead-free
udible sound devices. However, the SPL was relatively low
t the frequencies below 2000 Hz. This low SPL value can be
ncreased by changing the size and the shape of the speaker but

ore investigation is required to understand this behavior.25

.  Conclusions

CNKN MLCs were well formed with a dense and homoge-
eous microstructure when they were sintered at temperatures
960 ◦C. The average grain size of these MLCs was approxi-
ately 5.0 �m, which is much larger than that of bulk CNKN

eramics sintered under the same conditions. The kp and Qm
alues of the MLC sintered at 960 ◦C for 2 h were 0.34 and
93, respectively, which are similar to those of CNKN ceramics
intered under similar conditions. Their d33 and εT

33/ε0 val-
es were114 pC/N and 709, respectively, which are higher than
hose of bulk ceramics, and this is probably due to the increased
rain size. The 80Ag/20Pd electrodes were not homogeneously
ormed on the MLCs when they were co-fired with MLCs at
emperatures ≥960 ◦C for 4 h due to the large shrinkage of
he 80Ag/20Pd electrode. However, when they were sintered
t 960 ◦C for 2 h, the 80Ag/20Pd electrodes were well devel-
ped without diffusion of Ag or Pd ions into the CNKN layer.

 piezoelectric speaker was fabricated using an MLC that con-
isted of six layers of CNKN tape. A maximum SPL of 90 dB
as obtained at a resonance frequency of 7000 Hz and the aver-

ge SPL of this device was 75 dB in the frequency range between
00 and 20,000 Hz. Therefore, the CNKN MLC is considered to

 good Pb-free piezoelectric material for piezoelectric speakers.
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