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bstract

ensification of tetragonal tungsten-bronze (TTB) structured KBa2Nb5O15 ceramics was studied as a function of extra K2CO3 amounts (δ) ranging
rom 0 to 5 mol%. The lattice constant c-axis, which corresponds to the spontaneous polarization direction for TTB structure, was remarkably
ncreased compared to a-axis, when δ was increased up to 3. In this case, both of the sintered density and tetragonality of KBa2Nb5O15 ceramics
ere also enhanced, but were deteriorated in the specimens with higher δ than 3, because of the secondary phase precipitation and inhomogeneous
icrostructure. The enhanced tetragonality observed in the δ = 3 sample resulted in the increase of the Curie temperature (T ) i.e., the δ = 3 sample
c

emonstrated the highest Tc (376 ◦C) which corresponds to about 96% of Tc for the single crystal. Furthermore, diffuse phase transition at Tc was
uppressed for the δ = 3 sample, because the optimized amount of excess K2CO3 could compensate effectively for the K-loss defect formed in the
TB structure during sintering process.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Alkaline-niobate systems based on KNbO3 family has been
onsidered to be the most attractive ceramic system in the
esearch field of lead-free piezoceramics, since the pressure-less
intering finally became possible and excellent piezoelectric
roperties were reported.1–3 However, the center of the interest
as been paid to perovskite type compounds, while the study
n tungsten-bronze type systems has been limited. The most
ritical reason is that the tungsten-bronze structure is inferior
n crystallographic symmetry to perovskite structure, resulting
n a difficulty in the domain control of the ceramics only by
xternal electric field in the poling process. Therefore, the
vailable piezoelectric properties are inferior to perovskite type
n most cases, and are not good enough to become candidates
or lead-free piezoceramics. But, the physical properties of
ungsten-bronze type ceramics are possible to be controlled and
trengthened by the application of grain orientation techniques
sing their inherent anisotropic grain shape.
We first reported that alkaline-niobate KBa2Nb5O15 ceram-
cs, showing single phase tetragonal tungsten-bronze (TTB)
tructure, could be densified by the careful treatment of powder

∗ Corresponding author. Tel.: +81 52 735 7734; fax: +81 52 735 7734.
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reatment and its milling procedure under ordinary pressure-less
intering.4 The derived ceramics demonstrated an anisotropy
n the grain orientation against the pressing direction, which
esulted in the expected anisotropic electrical properties.4,5 For
his success, the amount of extra K2CO3 added to the starting
omposition played an important role to compensate volatile
2O loss in the TTB crystal structure without accompanied by

he second phase precipitation and abnormal grain growth.
In this paper, the process that decides the optimum quantity

f the extra K2CO3 content for the crystal structure and property
f KBa2Nb5O15 piezoceramics is reported for the first time.

. Experimental

High-purity powders of K2CO3, BaCO3 and Nb2O5 were
sed as the starting chemicals. These powders were weighed
o obtain the compositions according to the formula of
Ba2Nb5O15 + δ K2CO3, where δ is varied from 0 to 5 mol%.
he weighed powders were mixed and crashed by planetary
all-milling with zirconia balls in acetone medium. The dried
ixture was calcined at 900 ◦C for 10 h, then pelletized disk

as calcined again at 930 ◦C for 10 h. The calcined disk was
rounded again with planetary ball-milling, followed by siev-
ng and uniaxially forming into a disk with 12 mm in diameter.
he disk was further cold-isostatic-pressed under 200 MPa, then

mailto:kakimoto.kenichi@nitech.ac.jp
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intered at 1280 ◦C for 4 h. All the above heat treatments were
arried out under K2O-riched atmosphere.

The bulk density of the sintered ceramics was measured by the
rchimedes method using distilled waster as a medium. Powder
-ray diffraction (XRD) technique was used for phase identifi-

ation and its accurate lattice parameters were calculated by the
hole-powder-pattern decomposition (WPPD) methods6 based
n the step scanning measurement technique using Si as an inter-
al standard. The microstructure was observed by a scanning
lectron microscope (SEM).

Temperature dependence of the dielectric property was mea-
ured for the polished and specimens using an LCR meter at
kHz. The electromechanical coupling factor of the electrically
oled specimen was evaluated by the resonance-antiresonance
ethod on the basis of IEEE standards using an impedance

nalyzer. The piezoelectric d33 constant was measured by a
uasi-static d33 meter.

. Results and discussion

Fig. 1 plots the refined lattice parameters for the sample with
ifferent δ. It is possible to estimate the lattice distortion of
erovskite subunit in the TTB structure by calculating the axial
atio of

√
10c/a. The lattice constants of KBa2Nb5O15 slightly

ncrease when δ is increased to 3, and the increase of c-axis
s more remarkable than a-axis. As the result, the

√
10c/a ratio

ncreased to 1.014 at highest for the δ = 3 sample. This fact means
hat the tetragonality of KBa2Nb5O15 is enhanced when extra

2CO3 amount is fixed to be 3 mol%.
The variation in the sintered density for the samples with

ifferent δ is shown in Fig. 2, and demonstrates a close√

esemblance in shape to the change in the 10c/a ratio as

function of δ. The sintered density increases with increas-
ng δ up to 3, and demonstrated the highest relative density
f 93.2%. Powder X-ray diffraction confirmed that a slight

ig. 1. Lattice constants and their axial ratios measured for KBa2Nb5O15 + δ

2CO3 ceramics.
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Fig. 2. Sintered density of KBa2Nb5O15 + δ K2CO3 ceramics.

mount of secondary phase was formed in the specimens with
of 4 and 5, although the specimens with δ of 0–3 showed
Ba2Nb5O15 single phase. Fig. 3 presents the microstructures
f the samples with different δ. Compared with the sample
ith δ of 0, grain growth by sintering advances in the sample
ith δ of 3, but a larger amount of K2CO3 (δ = 5) deterio-

ates its microstructure that contains abnormally grown grains
nd small particles. Rietveld analysis confirmed that the struc-
ural formula of KBa2Nb5O15 ceramics could be represented as
K1−x/2 Bax/4�x/4)(Kx/2 Ba1−x/4)2 Nb5(O15−x/2�x/2), when no
xtra K2CO3 (δ = 0) was utilized in the starting composition.
t can be therefore considered that excess K2CO3 up to 3 mol%
eem to have contributed as a defect compensator to the A1
ite (K1−x/2 Bax/4�x/4), in the TTB structure, but more excess
2CO3 formed a secondary phase and lowered sintering density
nally.

Fig. 4 presents the temperature dependence of dielectric con-
tant and loss for the sample with δ of 0, 3 and 5. When the
urie temperature (Tc) is roughly estimated as the tempera-

ure showing the maximum peak in dielectric constant, the Tc
f KBa2Nb5O15 increases from 365 ◦C for the δ = 0 sample to
76 ◦C for the δ = 3 sample, as summarized in Fig. 5. Fig. 5 also
hows a linear relationship between Tc and lattice distortion. In
eneral, higher tetragonality induced higher Tc; therefore, the
= 3 sample demonstrated the highest Tc which corresponds to
bout 96% of Tc observed in the single crystal. On the other
and, the dielectric loss of δ = 3 and 5 samples is drastically
educed under the half value of the sample with δ = 0 at Tc and
bove temperatures, indicating that extra amounts of K2CO3
ould compensate effectively for the K-loss defect in the A1 site
nd reduced ionic conduction in the paraelectric state.

The dielectric anomaly in the paraelectric state above the
urie temperature was evaluated using a modified Curie-Weiss
xpression (1/ε − 1/εmax) version (T − Tc)γ /C, where 1/ε is the

ielectric constant inverse, Tc is the temperature at which ε(T)
eaches the maximum value (εmax), γ is the degree of diffuseness
f the transition, and C is the Curie-Weiss constant. Table 1 lists
he constants derived from the logarithmic plot (Fig. 6) by fit-
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Fig. 3. SEM micrographs of KBa2Nb5O15 + δ K2CO3 ceramics.

Fig. 4. Temperature dependence of dielectric constant and loss for
KBa2Nb5O15 + δ K2CO3 ceramics.

Fig. 5. Relationship between Curie temperature and axial ratio for
KBa2Nb5O15 + δ K2CO3 ceramics.

Table 1
Diffuse phase transition at Curie temperature for KBa2Nb5O15 + δ K2CO3

ceramics

δ (mol%) C × 105 Tc Tcw − Tc γ

0 3.11 366 16 1.29
3 2.06 376 7 1.02
5 2.02 374 9 1.07

Fig. 6. Linear fitting of logarithmic plots in a modified Curie-Weiss expression
(1/ε − 1/εmax) vs. (T − Tc) for KBa2Nb5O15 + δ K2CO3 ceramics.
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ing a straight-line equation. When the starting temperature that
an follow the linear approximation was defined as Tcw, the δ = 3
ample demonstrated the smallest deviation i.e., Tcw − Tc = 7 ◦C.
urthermore, it is noted that the value of γ for the δ = 3 sample
pproaches 1.00 which denotes a normal Curie-Weiss behavior.
n the other hand, the highest γ equals to 1.29 was calcu-

ated for the δ = 0 sample. This seems to have been caused by
ow sintered density involving inhomogeneous microstructure.
uch a diffuse phase transition was also observed in other TTB-
tructured ferroelectrics including defects or fluctuation in A-site
ations.7,8

The electrical resistivity was much improved by addition of
he proper amount (δ = 3) of excess K2CO3, and high-voltage
xternal field poling would be possible.5 As shown in Fig. 3,
olumnar grains with its longitudinal direction matching to c-
xis tended to be oriented comparatively easy to the radial
irection of the palletized specimen during uniaxial pressing
irection. Therefore, a variety of piezoelectric properties, rang-
ng from 32 to 36 pC/N in longitudinal piezoelectric constant
d33) and from 0.27 to 0.43 for thickness-mode electromechani-
al coupling ratio (kt), were measured for the test pieces prepared
rom the δ = 3 specimen in which the cutting azimuth from the
ellet was controlled among 90 degrees. Especially, the variation
f kt is surprisingly wide and therefore its anisotropic piezoelec-
ric properties can be expected to become attractive to a variety
f piezoelectric application.

. Conclusion

The effect of extra K2CO3 content for the crystal struc-
ure and dielectric property of TTB-structured KBa2Nb5O15
iezoceramics has been investigated. KBa2Nb5O15 ceramics is

asically difficult in sintering, but the addition of extra amounts
3 wt%) of K2CO3 to the stoichiometric starting mixture ratio
ould work effectively in (1) the K-loss compensation, (2) the
ncrease of sintered density and Tc and (3) the stabilization

8
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f TTB structure to an ideal tetragonality without secondary
hases. These improvements enhanced the dielectric properties
f KBa2Nb5O15 piezoceramics.
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