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Abstract

Dense ceramics of potassium tantalate niobates (KTa;_yNbyO;: X =0.4) with a perovskite-type structure were prepared using powders
including excess K,O and surrounding powder, and by applying vibration to the surrounding powder prior to firing. Excess K,O was inevitable for
increasing density, and the use of surrounding powder reduced density fluctuation to a considerable extent. Furthermore, the powder including
8 mol% excess K,O fired at 1150 °C led to dense ceramics with relative density higher than 90%. The chemical composition of the resulting dense
ceramics prepared here was confirmed to be that of a desired perovskite, KTag ¢Nbj 403. The KTa; _xNbyxO5 ceramics obtained here showed almost
the same dielectric properties as those prepared by delicate, costly, and time-consuming methods.
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1. Introduction

Ferroelectric materials such as lead-based PZT ceramics
have been widely used for many applications such as electric
filters, resonators, sensors, and actuators because of their
excellent dielectric, piezoelectric, electromechanical, electro-
optical, and pyroelectric properties [1]. However, lead is known
to be toxic and to cause headaches, constipation, nausea,
anemia, and serious nerve or brain damage [2]. Thus, the
replacement of PZTs with lead-free ferroelectric materials has
been extensively researched, and a series of alkaline niobates
has been found to be among the most promising lead-free
ferroelectric materials [3]. In particular, potassium tantalate
niobates (KTa; _xNbxO3) has received much attention due to its
excellent ferroelectric properties and the controllability of the
Curie temperature by varying the value of X [4]. However, it has
been widely reported that the sinterability of materials
containing alkali elements is low and that alkaline niobate
ceramics with near-full density are particularly difficult to
fabricate [5]. Furthermore, the difficulty in sintering alkaline
niobates has been attributed to the volatilization of alkali metals
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at firing temperatures [6]. In order to overcome the volatiliza-
tion of alkali metals, pressure-assisted sintering methods such
as hot-pressing and plasma-sintering have been employed [7].
Recently, Kakimoto et al. revealed that simultaneous substitu-
tion of La and Fe for K for Nb, respectively, is quite effective for
producing dense KNbOj; ceramics by sintering in air [8—10]. Xu
et al. has found that the addition of Ti enables potassium
niobates to be sintered to near-full density because Ti
suppresses the vaporization of potassium in potassium niobates
[11].

In the present study, the effects of excess K,O on the
sinterability of K(Ta;_xNbyx)O; powder were examined, and a
new, simple, and effective way of producing dense
K(Ta; _xNbyx)O; (hereinafter “KTN”’) ceramics was proposed.
The starting composition was selected to be X = 0.4, of which
the ceramic was expected to show the maximum permittivity
just around room temperature [12-14].

2. Experimental

High-purity commercial K,COj3, Nb,Os and Ta,O5 powders
were chosen as starting materials. Preliminary TGA measure-
ments on potassium carbonate revealed that the weight loss
caused by the decomposition of carbonate and the concomitant
release of carbon dioxide are not observed up to 880 °C [15].
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Thus, only the evaporation of absorbed water was considered
while weighing the starting materials. The chemicals were
weighed with high precision at the desired proportion, mixed
thoroughly in an alumina mortar and pestle using ethanol, and
calcined at 850 °C for 4 h. In addition to the stoichiometric
composition powder, several powders containing various
amounts of excess K,O were prepared. The calcination
conditions employed were the same as those used by DiAntonio
and Pilgrim [12]. After calcination, the powders were ball-
milled in order to pulverize agglomerates and to reduce the
particle size of the powder to 1-2 pm. Calcination/pulveriza-
tion was repeated at least three times to ensure that the reaction
was complete. Ball-milled powders were uniaxially pressed at
100 MPa into pellets, followed by firing in a sealed alumina
crucible. In order to suppress volatilization of K,O, the pellets
were surrounded with powders having the same composition as
the pellets during firing. In some cases, the crucible containing
the pellets and surrounding powder was tapped repeatedly to
measure the tap density. Vibration was employed to ensure that
the pellets were tightly embedded in the surrounding powder
and thus to suppress the sublimation of potassium as much as
possible. The vertical moving distance of the crucible was fixed
at 1.0 x 107> m.

The phases present in the fired samples were identified by X-
ray diffractometry (XRD), and the microstructures were
observed by scanning electron microscopy (SEM). Sinterability
of the powders was evaluated by bulk densities calculated from
the weights and dimensions of the sintered specimens. The
chemical composition of the resulting ceramics were deter-
mined using X-ray fluorescence spectroscopy (XRF), and
energy dispersive X-ray spectroscopy (EDX) was conducted
for detecting excess K,O. Lattice parameters were computed
with a least-square fit of high-angle diffraction lines, using SN-
purity Si powder as an internal standard. The sintered pellets
were polished using #1000 polishing paper, and a silver paste
was fired on both surfaces of the polished samples at 500 °C for
dielectric measurements.

3. Results and discussion

The crystal structure of KTN (KTa;_xNbyxOs;, where
0 <X < 1.0) has been reported to vary according to the
composition, X [14]. Fig. 1 depicts the XRD diagram of the
sample prepared from stoichiometric powder, showing a
cubic perovskite rather than tetragonal structure. Increasing
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Fig. 1. XRD pattern of KTN ceramics fired at 1000 °C.
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Fig. 2. Density of KTN ceramics fired for 5 h. Bars indicate deviation.

firing temperature did not affect the phases or the compositions
in the samples. Bursik et al. have demonstrated that the
crystal structure of their potassium tantalate niobate films
(KTaxNb; _xO3, where 0 < X < 1.0) is entirely cubic, probably
because of their nano-crystalline nature [16], while Lu and
Kuang have demonstrated that the crystal structure of
KTa;_xNbxOs5 thin films depends on the substrate materials
[5]. On the other hand, Triebwasser [ 14] has found that the Curie
temperature of KTN ceramics increases linearly with increasing
X, and that the Curie point of KT ¢Nbg 4O5 ceramics is around
room temperature. The cubic structure of the samples prepared
here implied that the Curie temperature of the sample was lower
than room temperature. As will be shown later in Fig. 8, the
Curie temperature of the sample was found to be just below room
temperature, as expected from the phase diagram of KTN [12].

Fig. 2 shows the relative density of ceramics made from a
stoichiometric powder. The density varied widely; the deviation
from the average is shown in the figure. Firing was performed
below 1250 °C because all pressed samples were completely
melted when fired at or above 1250 °C. The density increased
with firing temperature, first gradually, then sharply at 1200 °C.
The trend is probably real, but the validity of the density values
is difficult to justify because Fig. 2 shows some scatter. To
reduce the scatter, several experimental conditions were varied:
the firing time was reduced and the heating/cooling rates were
varied, but none of these had any effect. The pressed pellets
were then surrounded with a stoichiometric powder before
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Fig. 3. Density of KTN ceramics prepared using the same powders as shown in

Fig. 2. Firing was performed using a stoichiometric surrounding powder. Bars
show deviation.
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Fig. 4. Density of KTN ceramics fired at 1150 °C for 5 h using surrounding
powders of the same composition as the pellets.

firing. The densities of the pellets fired at 1150 °C for 5 h in this
manner are shown in Fig. 3. The density scarcely varied, and the
fluctuations were greatly reduced. These results indicate that
the use of the surrounding powders was effective for reducing
density variation. Thus, all subsequent firing runs were
performed using surrounding powders; deviation bars are not
shown in upcoming figures.

Fig. 4 shows the density of samples fired at 1150 °C for 5 h
using surrounding powders of the same composition as the
pellets. The density increased with increasing amounts of
excess K,O; the increase was sharp at 8 mol% K,O. A
comparison with Fig. 3 reveals that excess K,O in the
surrounding powder promoted densification. These results
indicate that it is preferable to use surrounding powders of the
same composition as the sample, and subsequent firing runs
were therefore performed using the surrounding powders.

In tap density measurements, the vibration applied ensures
that the smaller powders work their way into the spaces
between the large powders. Thus, it is expected that a vibration
similar to that used in tap density measurements can pack the
surrounding powders as densely as possible and suppress the
vaporization of K,O during heat treatment. Fig. 5 shows the
density of ceramics prepared from a stoichiometric powder and
a powder containing 6 mol% excess K,O. All specimens were
fired after a vibration cycle. Density increased with increasing
numbers of vibration cycles and stayed nearly constant after 50
cycles, irrespective of the amount of excess K,O. On the basis

80
o _
5 70 L i 3
2z - —o—(b)
= |
§ |~ (a)
3 |
,QZ) 60 - AA/A-——A———Q VAN
=
=
2
o
50 1 1 1 1
0 100 200 300 400 500

Vibration(cycle)

Fig. 5. Effect of the vibration cycle on the density of KTN specimens made
from (a) a stoichiometric powder and (b) the powder containing 6 mol% excess
Kzo.
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Fig. 6. Effects of the firing temperature and the amount of excess K,O on the
density of KTN ceramics containing (a) 0%, (b) 2%, (c) 4%, (d) 6%, (e) 7%, (f)
8%, (g) 9%, and (h) 10% excess K,O fired at 1150 °C.

of these results, 50 vibration cycles were employed before each
firing run.

Fig. 6 shows the effects of the amount of excess K,O and
firing temperature on the density. The density increased with
increasing amounts of excess K,O up to 8 mol%, as well as with
increasing firing temperature. The duration of firing was fixed
at 5 h because the density did not increase on further heating.
Bulk densities higher than 90% of the theoretical density were
obtained using powders containing 8 mol% of excess K5O.

The microstructures of the sintered samples varied with the
quantity of excess K,O. Fig. 7 shows the fractured surfaces of
samples containing 0, 4, 8, or 10 mol% K,O fired at 1150 °C for
5 h. In the sample free of excess K,O, the grain size did not
increase, indicating that sintering scarcely proceeded, irre-
spective of firing temperature as shown in Fig. 7(a). By contrast,
cubic particles along with irregular-shaped fine (submicron)
particles were clearly visible in samples containing excess K,0,
and the particle size of the cubes increased with increasing
amounts of excess K,O (Fig. 7(b) and (c)). EDX measurement
revealed that the fine particles were composed primarily of
potassium, and all fired samples containing 10 mol% excess
K;O completely fragmented soon after contact with air
(Fig. 7(d)). These results indicate that small particles composed
primarily of K,O were transformed into KOH or K,COs;,
causing total fragmentation of the fired samples [17].

Fig. 8 shows the dielectric constants of samples containing
various amounts of excess K,O. Dielectric properties were
measured on the cooling portion of the temperature cycle. The
temperature at which the dielectric constant attained its
maximum value decreased with increasing amounts of excess
K,0, and the maximum dielectric constant of 3500 was
observed for the sample containing 8 mol% excess K,O [18].
The dielectric constant is thought to reach its maximum value at
the Curie temperature, which for the KTN ceramics prepared
here is confirmed to be just below the room temperature. This
finding leads to the assumption that the KTN ceramics here
have nearly the expected mol fractions of Ta and Nb, which is
almost the same composition as the starting material. More-
over, X-ray fluorescence spectroscopy demonstrated that the
above assumption was reasonable.
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Fig. 7. Microstructures of KTN specimens containing (a) 0%, (b) 4%, (c) 8%, and (d) 10% excess K,O fired at 1150 °C.
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Fig. 8. Dielectric constants of KTN specimens containing (a) 0%, (b) 4%, (c)
8%, and (d) 10% excess K,O fired at 1150 °C.
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Fig. 9. Dielectric constants of KTN specimens containing 8% K,O fired at
1150 °C measured at frequencies of (a) 1 kHz, (b) 10 kHz, and (c) 100 kHz.

Fig. 9 shows the frequency dependence of the dielectric
constant for the sample containing 8 mol% of excess K,O. As
expected, the dielectric constant decreased with frequency. The
chemical composition of the specimens was analyzed by X-ray
fluorescence spectrometry, which confirmed that the specimens
fabricated from powder containing 8 mol% excess K,O were
almost stoichiometric. Furthermore, specimens made from the
powder containing 4 mol% excess K,O were depleted in
potassium, while that made from powder containing 10 mol%
K,O0 had excess potassium. These results suggest that the other
peak in the dielectric constant of the sample containing 10 mol%
K,0 in Fig. 8 depends on the existence of a small amount of
impurity phase and the compositional fluctuation of B-site ions in
the perovskite phase. Finally, the loss tangents of the sample in
Fig. 9 are shown in Fig. 10. The values are relatively low, scarcely
varying between —100 and 50 °C. The results are almost
identical to those reported by Lanfredi et al. [19].
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Fig. 10. Dielectric losses of KTN specimens containing 8% K,O fired at
1150 °C measured at the same frequencies as shown in Fig. 9.



K. Yoshikawa et al./Ceramics International 34 (2008) 609-613 613

4. Conclusions

Dense KTN ceramics were prepared using powders
containing excess K,O and surrounding powder, and by
applying vibration to the surrounding powder prior to firing.
The use of powder containing excess K,O was indispensable to
obtaining KTN ceramics because the content of potassium
decreased during firing. The surrounding powder greatly
reduced density fluctuation, while the vibration proved rather
effective in increasing the packing density of the powder bed
and thereby suppressing the volatilization of potassium.
Furthermore, the dielectric properties of the dense ceramics
prepared here were identical to results reported earlier.
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