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Abstract The piezoelectric properties of a solid solution based
on three components of bismuth sodium titanate (Bi;,Na;.)
TiO; (BNT), bismuth potassium titanate, (Bij;K;,)TiO;
(BKT), and barium titanate, BaTiO5 (BT), that is x(Bi;,»Na;,)
TiO3_y(Bi1 /2K| /2)Ti03_ZBaTiO3, [x +y+z= 1, abbreviated
as BNBKy:z(x)] and potassium niobate, KNbO; (KN) based
ceramics, that is KN+MnCOsx wt.%, [abbreviated as KN—-Mn
x], were studied as a lead-free piezoelectric material. In the
case of BNBK2:1 system, high piezoelectric properties were
obtained near the MPB composition, and the highest
electromechanical coupling factor, k33 and piezoelectric con-
stant, d3;, were 0.58 for BNBK2:1(0.89) and 181 pC/N for
BNBK2:1(0.88). Nevertheless, the depolarization temperature,
T, shifts to lower temperature around the MPB compositions,
and the 7,’s of BNBK2:1(0.88-0.90) are only about 100 °C.
On the tetragonal side, the T, shifts to higher temperature with
increasing the lattice anisotropy, c¢/a. As T, higher than 200 °C
was obtained in the range of x<0.78, with a k33 and ds3 for
BNBK2:1(0.78) being 0.45 and 128 pC/N, respectively. In the
case of Mn doped KN ceramics, dense and non deliquescence
KN ceramic were successfully obtained via ordinary firing
technique in air by optimizing the fabrication process. Mn
doping for KN ceramics was effective to obtain full poling state
easily under poling conditions of high temperature and high
electric field. As a result, we obtained the excellent piezoelectric
properties of k33=0.507 for KN-Mn0.2.
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1 Introduction

The piezoelectric property plays an important role for
electric materials. The most widely used piezoelectric
materials are based on the PbTiO;—PbZrO; system (PZT)
[1, 2]. However, it is desired that lead-free materials be
used for environmental protection. For example, the
legislation will be enforced in the EU as the draft Directives
on Waste from Electrical and Electronic Equipment
(WEEE), Restriction of Hazardous Substances (RoHS)
and End-of Life Vehicles (ELV) [3]. Therefore, lead-free
piezoelectric materials have been attracting attention as new
materials in place of PZT materials. To replace PZT systems,
it is necessary to consider specific application such as
actuators, ultrasonic, filter, transducer or resonators etc. For
high power applications, perovskite type ceramics seem to
be high potential materials to replace PZT ceramics.
Candidate materials for lead-free piezoelectric ceramics with
the structure are BaTiOs; (BT), (Bij,Na;,)TiO; (BNT),
(Bil/zKl/z)TiO3 (BKT), and KNbO3 (KN) etc.

BT, BNT and BKT are well known ferroelectrics with
the perovskite structure. BT is expected to be one of the
superior candidates for lead-free piezoelectrics, however,
the Curie temperature, 7, of BT is too low at 135 °C,
limiting the working temperature range. BNT [4—6] also has
high potential for lead-free piezoelectrics, however, the
depolarization temperature, 7, occurs at about 200 °C.
BKT has a tetragonal symmetry at room temperature and
relatively high 7, [7, 8]. However, this ceramic is difficult
to fabricate in a dense body. To improve problems such as
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Fig. 1 Phase relationship of ternary system between (Bi;;;Na;,,)TiO3
(BNT), (Bil/zKl/z)TiO3 (BKT) and BaTlO3 (BT), where the bold solid
line was investigated here as follows; x(Bi;,»Na;,)TiO3;—y(Bi; 2K ,)
TiO;—zBaTiO;, [, y:z=2:1, BNBK2:1(x);]

low T, and inferior piezoelectric properties, binary systems
of BaTiOs;—(Bi;»Na;»)TiO;, (BijNay)TiOs—(Bi; 2K /2)
TiO3 and BaTiO;—(Bi;;K;,;)TiO; solid solution systems
have been reported [9—11]. Moreover, dielectric and piezo-
electric properties of a solid solution based on three
components of BaTiOz;—(Bi;;»Na;»)TiO3—(Bi;»K;/»)TiO;
near the morphotropic phase boundary (MPB) were recently
investigated [12], and electromechanical coupling factor, k33
of 0.56 and piezoelectric constant, d33, of 191 pC/N were
obtained in 0.852BNT-0.120BKT—-0.028BT. These values
were relatively high among lead-free piezoelectric
ceramics without grain orientation process, and the T
near MPB was higher than 300 °C. Nevertheless, the
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Fig. 2 X-ray diffraction patterns and density ratios of the ternary system,
X(Bi1/2N3.1/2)Ti03_y(Bi1/2K1/2)Ti03_ZBaTiO3, [x +y+z= 1, y:Z=2:1,
BNBK2:1(x);]
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depolarization temperatures, 7, must be taken into consid-
eration. In this paper, piezoelectric properties and the
working temperatures (7,) in the ternary system between
BNT, BT, and BKT, shown in Fig. 1 are described as the
first topic. Compositions on the bold solid line in Fig. 1
were investigated as follows.

1. X(Bi1/2N8.]/2)Ti03*y(Bi1/2K1 /2)TiO3*zBaTiO3, [x—|—
y+z =1, yiz=2:1, abbreviate as BNBK2:1(x);]

Figure 1 also shows the phase relationship between BNT,
BT and BKT. This system has a MPB between rhombohedral
(BNT) and tetragonal (BKT and BT) phase, respectively. In
this study, compositions near the MPB were mainly
investigated.

KNbO; (KN) is also well known lead-free piezoelectric
material having a large piezoelectricity and high 7; [13-15],
so that KN is picked up as the second topic in this paper.
KN single crystal shows a large electromechanical coupling
factor of the thickness-extensional mode, k,, of 0.70 for the
49.5° rotated X-cut to the Y-axis, which is the highest
among the present lead free piezoelectrics [14, 15].
However, in terms of KN ceramics, there are few papers and
limited number of reports on electrical properties because of a
deliquescence behavior and a poor sinterability of KN
ceramics by conventional firing in air [16-21]. In this paper,
we proposed a developed preparation procedure to improve
the deliquescence and sinterability behavior of KN ceramics.
Prepared compositions in this study are described as follows.
(2) KNbO;3;+MnCOj; x wt.% [abbreviate as KN—Mn x]

KN-Mn x ceramics were basically prepared using the
conventional ceramic fabrication process. To fix the problems
of deliquescence and poor sinterability behavior, we optimized
two conditions in whole sample preparation process. The first
one is a cacination process for improvement of the deliques-
cence behavior, and the second one is a milling process for
achieving fine KN powders and dense KN ceramic bodies.
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Fig. 3 Compositional dependence of the piezoelectric constant, ds3,
for BNBK2:1(x)
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0.0k | Ceramic samples were prepared by using conventional
0.6 - sintering. Reagent-grade oxide powders of oxide and
' C carbonate with 99+% purity were used as the starting
B materials. These materials were mixed by ball milling and
045 calcined at 600—1,000 °C for 1-4 h. After calcining, the
) ground powders were ball-milled for 20 h and then pressed
B into discs of 20 mm diameter and 10 mm thickness by
02F uniaxial pressing and subjected to a cold isostatic pressing
) (CIP) treatment at 150 MPa. These disks were sintered at
B 900-1,250 °C for 2-4 h in air. The crystal structure was
0.0 & confirmed by X-ray diffraction analysis using CuKo
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Fig. 4 Temperature dependence of electromechanical coupling factor,
k33, of a thombohedral side of x=0.92-0.98, b MPB composition of
x=0.88-0.90, c tetragonal side of x=0.30-0.84 in BNBK2:1(x)
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Fig. 5 Compositional dependence of the depolarization temperature,
T, and the temperature, 7, determined by the maximum dielectric
constant, €,, from the measurement of temperature dependence of &,

radiation at a scanning speed of 1 deg/min. Densities of
obtained ceramics were measured using the Archimedes
method. Samples were polished and thermally etched for
microstructural examination by scanning electron micros-
copy (SEM, HITACH S-2400). The weight loss during the
sintering process was analyzed by TG-DTA spectrometer
(Rigaku, Thermo Plus 2).
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Fig. 7 Previous and optimized calcination pattern
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Fig. 8 SEM micrographs of
powder milled by a only

2 mmg¢ balls and b 2 and

10 mm¢ balls, before sintering

Electrodes comprised of fired-on Ag-Pd paste were
formed for electrical measurements, such as dielectric
properties. The temperature dependence of dielectric con-
stant, €, and dielectric loss tangent, tand, were measured at
1 MHz using an automatic dielectric measurement system
with a multifrequency LCR meter (HP 4275A) in the
temperature range from RT to 500 °C. D—E hysterisis loops
were observed using a virtual ground system (Toyo
Corporation; Model 6252 Rev. C) at 50 Hz. Resistivity, p,
was measured using a high-resistance meter (YHP 4329A
and 4339B). The E-field strain behavior at room tempera-
ture was determined using a contact-type displacement
sensor (Millitron; Model 1240) at 0.1 Hz.

Specimens for piezoelectric measurements were poled in
stirred silicone oil at an applied field of £,=7-12 kV/mm, a
temperature of 7,=RT-200 °C, and a time of £,=7-10 min.
Piezoelectric properties were measured by the resonance-
antiresonance method on the basis of EMAS standards,
using an impedance analyzer (YHP 4192A and 4194A).
The longitudinal vibration of the (33)-mode was measured
using a rectangular specimen of 4x2x2 mm’. The
electromechanical coupling factor, k33, was calculated from
the resonance and antiresonance frequencies. The free
permittivity, £/, was determined from the capacitance at
1 kHz of the poled specimens. The elastic constants, s}j,
were caluculated from the frequency constant, Nj;, and the

Fig. 9 SEM micrographs of
sintered KN ceramics milled by
a only 2 mme balls and b 2 and
10 mm¢ balls, before sintering
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measured density, po. Finally, the piezoelectric constants,

d,;, were calculated from £;j, 85 and sg . For example, the ds3

was calculated from the following formula,

_ T E
d33 = k33 \/ €33 " 533

3 Results and discussion

3.1 X(Bil/zNal/z)TiO37y(Bi 1/2K1/2)Ti03—zBaTiO3,
[x+y+z=1, yiz=2:1, abbreviate as BNBK2:1(x);]

The sintering temperatures shifted to lower temperatures
and the sintering temperature range gradually became
narrower with increasing ratio of BKT content, owing to
he relatively low sintering temperature of BKT <1,060 °C.
Figure 2 shows X-ray diffraction patterns and density ratios
of BNBK2:1(x), [0.86—0.92]. The patterns for BNBK2:1
(0.3-0.98) show a single phase of perovskite structure with
rhombohedral, tetragonal or complex rhombohedral and
tetragonal symmetries, where the MPB exists in BNBK2:1
(0.89-0.90). The ceramics bodies were found to be more
than 95% of the theoretical densities and were easily
obtained in the BNBK2:1(0.3—0.98) system.

The compositional dependences of the piezoelectric
coefficients, ds3, for BNBK2:1(x) are shown in Fig. 3.

b 2mmg¢& 10mmg

»
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Fig. 10 D-E hysteresis loops of KN and KN—Mn0.2
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High ds3 values were obtained near the MPB composition
being highest just on the tetragonal side. For BNBK2:1(x),
ds3 values >181 pC/N were obtained in BNBK2:1(0.88).
On the tetragonal side, the d33 of BNBK2:1 decreased, as
does both of k33 and £15. The d3’s of BNBK2:1(0.98) and
BNBK2:1(0.30) were found to be 80.3 and 79.9 pC/N,
respectively.

It is important for BNT based solid solutions to
investigate the actual working temperature for use in
practical applications. For that reason, 7, was accurately
determined from the depolarization temperature. The
temperature dependences of k33 are shown in Fig. 4 for
(a) rhombohedral side of x=0.92-0.98, (b) MPB composi-
tion of x=0.88-0.90, (c) tetragonal side of x=0.30-0.84 in
BNBK2:1(x). It is recognized that the rhombohedral and
tetragonal side exhibit a more stable k33 with temperature
than for compositions around the MPB. The 7y and the
temperature with maximum dielectric constant, 7,,, of
BNBK2:1(x) was summarized in Fig. 5. The T, is
determined by the temperature of the maximum dielectric

constant, €,, from the measurement of temperature depen-
dence of g,. The 7},,’s of BNBK2:1(x) were approximately
the same as 300 °C, however, T, was largely decreasing
near the MPB composition, and 7 increased with decreas-
ing the amount of BNT(x) content. It is thought these
results indicate the Td is dependent on lattice anisotropy
(tetragonality), c/a. Figure 6 displays the relationship
between T, and d;3 of the tetragonal side and the
rhombohedral side. It is necessary for actual applications
to obtain the value in the right upper corner (high d;; and
high T,) of this figure. However, the d53 and T indicated a
trade-off relationship. The ds; as a function of 74 on the
tetragonal side is higher than that on the rhombohedral side.

3.2 KNbO3;+MnCOj3; x wt.% [abbreviate as KN—Mn x]

Figure 7 shows previous and optimized calcination patterns.
Before the calcinations, powders were pressed into pellets
(30 mm diameter) with 80 MPa, after a drying of these
pellets at 150 °C for 6 h. These pellets were heated with a
rate of 100 °C/h till 600 °C and kept at that temperature for
4 h on the purpose for eliminating residual carbon and
reacting potassium and niobium ions each other. Then it
was heated till 1,000 °C and kept at that temperature for 4 h
to be reacted completely. Cooling rate was 200 °C/h. After
calcination, the ground powder was ball-milled for 24 h in
ethanol with zirconia balls. In the milling process, two
combinations of zirconia ball size were examined as (a)
2 mm¢ balls which is previous process and (b) 2 &
10 mmg¢ balls which is new process in this study.

All of prepared samples were exposed to the water with
ultrasonic vibrations. Any samples have no deliquescence.
For this result, densities of obtained ceramics could be
measured using Archimedes method. The dense ceramics
bodies more than 95% of the relative densities to the
theoretical densities were obtained. Obtaining dense KN
ceramic by conventional method is basically difficult
because potassium oxide (K,O) is a volatile component

Fig. 11 Frequency dependence

of impedance on the longitudi- 106 90 17 b KN-Mn0.2

nal (33)-mode for a KN and b

KN-Mn0.2 a
= 45 - 5
N S
g 10 0 10} <
) 7 -45 F =
Q. Ay
k=

104 . ) -90 103
470 480 490 500 510 470 490 510 530 550
Frequency, f [kHz] Frequency, f [kHz]
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Table 1 Piezoelectric properties of KN systems based on several previous reports.

composition k, k; k33 ds3[pC/N] Onm Omax[deg.] method
KNbO3- KNbO; (this study) - - - 0.295 66.4 106 OF
system  KNbO3;+MnCOj; 0.2 wt.%, (this study) - - 0.507  85.7 282 87.2 OF
KnbO3+MnCOj3 0.8 wt.%, (this study) - - 0.43 71.5 482 87.3 OF
KnbOj3 [23] 0.25 0.18 - - - - OF(O, rich
atmosphere)
KnbO3+Bi,03 0.5 wt.%+MnCO3 0.3 wt.% [13] - - 0.31 89 - 70 OF
96(KNbO3)—4{(Bi gsNa ¢5)TiO5} [24] - - 0.16 - - about —70 OF
(Ko.998 La.002)(Nb 0,908 Fe0.002)03 [25] 0.17 - - *98 - - OF(K,O rich
atmosphere)
(Ko.998 Lag.002)(Nbo 908 F€0.002)03 [26] 0.17 0.48 - *98 - - OF(KO rich
atmosphere)
(Ko.998 Lag.002)(ND ¢.998 Fe0,002)03+MnO, 0.12 0.47 - *90 - - OF(K,O rich
0.25 wt.%[26] atmosphere)

*d33 meter value.

over 800 °C and evaporation from the system is accelerated
by the humidity in the sintering environment [22]. This report
indicates that K,O is not a volatile component at 600 °C.
Powders were calcined at 600 °C for 4 h as the first step in
Fig. 7 to react each other and form a KNbO; structure
without vaporization of potassium ions. We confirmed X-ray
diffraction pattern of this samples showing single phase of
perovskite structure. However, un-reacted potassium ions are
still in the ceramics at this moment. The residual potassium
ions act as key ions for absorbing humidity. That means this
KN ceramic still has a problem of deliquescence. To solve
this problem, these pellets were calcined at 1,000 °C for 4 h
as the second step to react residual K ions completely with
Nb ions. At the same time, the two step calcination process
has a good advantage for preventing the vaporization of K
ions during the second stage calcination at 1,000 °C because
of the existence of the first step calcination at 600 °C. From
the TG analysis, we did not see any weight losses of K ions
in the same soaking pattern (600 °C and 1,000 °C) of two
step calcination process in this experiment.

The sintering temperatures shift to lower temperature
and available sintering temperature range gradually
becomes wider with increasing the amount of the MnCO;
content. Figure 8 shows SEM micrographs of powders
milled by (a) only 2 mm¢ balls and (b) 2 and 10 mm¢

balls, before the sintering. The powders milled by 2 and
10 mm¢ balls shown in Fig. 8b showed fine particles as
compared with Fig. 8a. This result brought that dense KN
ceramic was obtained by ordinary sintering technique. The
crystal structures of KN-Mn x (x=0.0~0.8) were con-
firmed by the X-ray diffraction patterns showing the single
phase of perovskite structure and orthorhombic peaks
splitting in the all sintered samples. Figure 9 shows the
microstructures of KN ceramics prepared by (a) only 2 mme
balls and (b) 2 and 10 mme¢ balls. The dense ceramics
bodies more than 95% of density ratio were obtained for KN
ceramics prepared by (b) process. Preparation of fine particle
powder is the key point of obtaining dense KN ceramics
which is also reported by Birol et al [23].

Figure 10 shows D-E hysteresis loops of KN and
KN—-Mn0.2 ceramics. Remanent polarization, P,, and
Coercive field, E., were 23 uC/cm2 and 18 kV/cm for
KN, 21 uC/cm2 and 12 kV/em for KN—Mn0.2, respective-
ly. The shape of D-E hysteresis loop in the KN ceramic is
leaky. On the other hand, well saturated loop was obtained
for the KN—Mn0.2 ceramic under high electric field. This
result indicates that Mn doping is effective to obtain high
resistance specimens under high electric field.

Figure 11 shows the frequency dependences of imped-
ance on the longitudinal (33)-mode for (a) KN and (b)KN—

Table 2 Physical, electrical and piezoelectric properties of KN, and KN—Mn x (x=0.2~0.8).

Samples Relative Resistivity €337/€0  Oumax Qe k33 [%]  Om Ni3 553 []7’”2/ N } dy3 [pC/N] g3 [><1073
density[%]  p [Q:cm] [Hz'm] Vm/N]
KN 96.7 1.8x10' 580 644 2.1 29.5 106 2499 9.8 66.4 13
KN-Mn0.2  95.7 1.1x10" 321 872 203 507 282 2754 10.0 85.7 30
KN-Mn0.4 95.6 6.0x10" 343 851 11.6 485 185 2748 9.8 83.7 28
KN-Mn0.6  95.5 1.8x10" 313 873 212 447 455 2729 9.5 72.5 26
KN-Mn0.8  96.1 3.5x10" 340 873 21.0 43.0 482 2742 9.2 71.5 24
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Mn0.2 samples. Note that the resonance wave of Fig. 1la
was far from full poling state. The poling state was judged
by the maximum phase, 6,.,x of impedance in the
inductance region between resonance and anti-resonance
frequency. The 6,,,,, shown in Fig. 11a was 64.4° which is
small comparing with Mn-doped samples (b). Nevertheless
we obtained k33=0.295, d33=66.4 pC/N in pure KN
ceramic which was poled under 4 kV/mm at 120 °C. On
the other hand, the resonance wave of Fig. 11b shows the
well saturate poling state in the KN—Mn0.2 ceramic. This
poling treatment was carried out under 6 kV/mm at 150 °C.
As a result, 0,,,,=87.2° and the highest k33 of 0.507 were
obtained for KN—MnO0.2. It is estimated that difference of
poling state between KN and KN—Mn0.2 depends on
resistivity under high temperature and high electric field.
The shapes of D-E hysteresis loops of KN and KN—Mn0.2
in Fig. 10 also are supporting this speculation.

Table 1 shows piezoelectric properties of KN systems
based on several previous reports. The compositional
dependences of electromechanical coupling factor, k33 for
KN—-Mn x were shown in Table 2. The high k33 were
obtained for Mn-doped compositions. In Mn-doped KN
ceramics, the highest k33 value of 0.507 was obtained at
KN—-Mn0.2. In addition, high k33 value of 0.492 was
obtained at KN—MnO0.8. On the other hand, d;; values were
not so high in the other KN systems because free
permittivities were about half of other KN systems. The
d3z of KN, KN-Mn0.2 and KN-Mn0.8 are 66.4 pC/N,
85.7 pC/N and 84.2 pC/N, respectively. In contrast,
mechanical quality factor Q,, were relatively higher than
the other KN systems. The O, of KN, KN-Mn0.2 and
KN—-Mn0.8 are 106, 282 and 349, respectively. O,, tended
to increase with increasing the amount of Mn content.

4 Conclusions

Dielectric ferroelectric and piezoelectric properties of lead-
free perovskite type ceramics were investigated as candi-
dates for a new group of lead free piezoelectric materials to
reduce environmental damage. In the case of ternary system,
that iS, X(Bi1/2N&1/2)Ti03_y(Bi1/2K1/2)Ti03_ZBaTiO3,
[x +y+z =1, abbreviate as BNBKy:z(x)], high piezoelec-
tric properties were obtained near the MPB composition,
and the highest electromechanical coupling factor, k33 and
piezoelectric constant, d33, were 0.58 for BNBK2:1(0.89)
and 181 pC/N for BNBK2:1(0.88). Nevertheless, the
depolarization temperature, 7, shifts to lower temperature
around the MPB compositions, and 7,,’s of BNBK2:1(0.88—
0.90) are about 100 °C. On the tetragonal side, the 7, shifts
higher with increasing lattice anisotropy, c/a. T,’s higher
than 200 °C were obtained in the range of x<0.78, with the
ky3’s and ds3’s volume for BNBK2:1 being 0.45 and

128 pC/N, respectively. This ternary system seems to be a
high potential to clear the requirements and specifications
for actuator applications such as large d33>200 pC/N and
high 7.>200 °C. In the case of Mn doped KN ceramics,
dense and non deliquescence KN ceramic were successfully
obtained via ordinary firing technique in air by optimizing
the fabrication process. Excellent piezoelectric properties of
k33=0.507 was obtained for KN— Mn0.2. This optimization
of the process for making dense KN ceramics will be able to
apply the other lead-free systems including potassium ions.
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