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Abstract The tetragonal tungsten bronzes of Ba5—x-
Na, Nb;gO39 (BNN, 0.5 £ x < 1.3) ceramics were syn-
thesized using the solid state reaction method. The
sintering behavior and dielectric characteristics of the
BNN ceramics, as a function of the Ba-Na ratio, were
examined. Densification of the samples with excess
compositions of Ba and Na was higher than that of the
stoichiometric BNN sample. The maximum dielectric
constant and the Curie temperature showed highest
values at the stoichiometric composition and decreased
as the composition shifted away from the stoichiometry.
in order to obtain a quantitative evaluation of the diffuse
phase transition (DPT) behavior of the BNN ceramics, y
and C/iy.x were calculated. The weakest DPT behavior
was observed in the stoichiometric composition. An in-
crease in the DPT is in correlation with the increase in
the number of ways of cation distribution by the disor-
dered occupation of Ba and Na and the vacancies in the
A1l and A2 sites of the tungsten bronze structure.
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Introduction

The tungsten bronze structure consists of [1, 2] a
skeleton framework of the MOg octahedral, sharing
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corners to form three different types of tunnels parallel
to the c-axis in the wunit cell formula of
[(A1)2(A2)4C4][(B1),(B2)g]O3p. Various tungsten bronze
families exist. One of the basic differences between the
tungsten bronze families is the attributed to A-site and/
or C-site cation occupancy, which is determined by the
ionic valence, coordination number, and radius.
Among the various tungsten bronze families, the empty
bronzes have the partially filled A-sites. This type is
characterized by Sr;_.Ba ,Nb,O4x(SBN), which has five-
sixth occupancy (i.e., one-sixth vacancy) in the A-site
and an empty C-site. There are other family members
that have all A-site positions occupied, which are
known as filled bronzes. These are characterized by
Ba,NaNbsO;5 (BNN) and K3Li,NbsO;5 (KLN); how-
ever, the C-site of BNN is empty, while KLN is com-
pletely filled, where K™ occupies both the Al and A2
sites, Li ™ occupies the C-site, and Nb>* occupies both
the B1 and B2 sites. These various cation occupation
formule are believed to affect their physical and
chemical properties greatly.

In the case of ferroelectric BNN ceramics, which have
high electro-optic, piezoelectric, and nonlinear optical
efficiencies,[3-5] the space of the Al site is smaller than
that of the A2 site. Therefore, it has been generally ac-
cepted that Ba occupies the A2 site, and Na occupies the
Al site, since the Na ion radius is smaller than that of
Ba.[6, 7] In this case, when the Ba—Na ratio varies, the
occupancy, distribution, and ordering of Ba, Na and the
vacancy at the Al and A2 sites in the unit cell of tung-
sten bronze will be changed accordingly. This obviously
will affect the dielectric characteristics of the BNN
ceramics.

In this study, the sintering behavior, microstructure
evolution, dielectric characteristics, Curie temperature
and the DPT behavior of the BNN ceramics as a func-
tion of the Ba—Na ratio were examined. The diffuseness
of the dielectric constant, which is a measure of the de-
gree of DPT, and the number of possible ways of cation
distribution (distribution possibilities), which is also
related to the degree of DPT, were calculated. The



theoretical calculations of the cation site occupation and
the experimental results are compared and discussed.

Experimental procedure

The starting powders of Bas. Na, Nb;(Os3y, where
x=0.5-1.3, were prepared using high purity raw mate-
rials of BaCOs3 (99.95%), Na,COs (99.5%), and Nb,Os
(99.9%) by the general solid state reaction process. The
compositions of the starting powders were divided into
Ba excess (x=0.5-0.9), Na excess (x=1.1-1.3), and the
stoichiometric Ba4Na,Nb;oO3y (BNN, x=1.0). The
weighed powders were wet mixed for 24 h in a plastic jar
with zirconia balls and ethanol. After drying, the mix-
tures were calcined at 1,200 °C for 2 h. The calcined
powders were wet ball-milled again for crushing. After
drying, the powders were formed into pellets by a
sequential process of uniaxial pressing followed by cold
isostatic pressing (CIP) at 100 MPa for 3 min.

Samples were sintered in the temperature range of
1,200-1,375 °C for 2 h with a heating rate of 5 °C/min.
The crystal structure and phase evolution were identified
by an X-ray diffractometer (M03XHF, Mac Science,
Japan) using Cu-K, radiation. The density of the sin-
tered samples was determined by the Archimedes
method and the microstructure of the polished samples
was observed using a scanning electron microscope
(SEM; JEOL, JML5400, Tokyo, Japan) after thermal
etching. The average grain size of the sample was
determined by the linear intercept method[8]. For
dielectric measurements, an Ag electrode was screen-
printed on the both surfaces of the sintered samples, and
fired at 600 °C for 10 min. The dielectric properties were
analyzed by an impedance gain phase analyzer
(HP4194A, U.S.A.) with a frequency increment in step
from 1 kHz to 1 MHz in the temperature range from
100 °C to 700 °C, with temperature increments of 2 °C.

Results and discussion

Figure 1 shows the powder X-ray diffraction patterns of
the samples calcined at 1,200 °C for 2 h as a function of
the Ba—Na ratio. The typical diffraction patterns of
BNN were observed. In the case of x=0.5 and 1.3,
however second phases of BaNb,Og and NaNbO;,
which were anticipated to appear from the phase dia-
grams of the NaNbO;-BaNb,O¢ system [9, 10] were
observed, respectively.

Figure 2 shows the variation of lattice parameters
and the axial ratio with the compositions over the range
from x=0.5 to 1.3. The lattice parameters « and ¢, and
the axial ratio of °C10- ¢/a decreased with an increase in
the Na content from x=0.5 to 1.1. They then increased
slightly with a further increase of x to 1.3. The decrease
in the lattice parameters a and c is believed to be caused
by the different ionic radii of Ba’™ (1. 47A, CN = 9) and

* (. 32A, CN= 9). Although excess Ba creates Na

19

| Tungsten Bronze Structured BNN bl
© BaNb,O,
© NaNbo,

|
by x=1.3

x=1.2

x=1.1

x=1.0

x=0.9

Relative Intensity

x=0.8
x=0.7
x=0.6

x=0.5

20 25 30 35 40
26 (degree)

Fig. 1 X-ray diffraction patterns of BNN samples calcined at
1,200 °C for 2 h with different x in Bas_,Na, Nb;(O3q

vacancies in the structure, the influence on the lattice
constant seems insignificant.

Figure 3 shows the relative density of the samples
sintered at 1,300 °C for 2 h as a function of the Ba—Na
ratio. Even though the stoichiometric BNN showed low
density, around 88%, Ba excess or Na excess composi-
tions resulted in a higher density of 95% and 91%,
respectively, in that the stoichiometric BNN, as the
content of excess, increased. The higher densification of
the Ba excess composition compared with the stoichi-
ometric composition is believed to be caused by the
generation of cation vacancies in the structure, which
provides easier diffusion paths. When one excess Ba®*
ion is added, two Na ™ ions will come out in order to
satisfy charge neutrality. In this case, cation vacancies
can be produced in the lattice. Since the vacancies
accelerate mass transfer, the improved densification is
believed to arise from increased diffusivity or lowered
activation energy for atomic diffusion. In the case of Na
excess samples, since all of the excess Na cannot be
squeezed into the crystal of the tungsten bronze struc-
ture, as the number of A sites is limited to six, some of
the Na ions must remain in the sample, which is thought
to produce second phases with low melting tempera-
tures. According to the phase relationship in the Na,O-
Nb,Os5 system[11], the melting temperature of the phases
ranges from 975°C (Na excess composition) and
1,220 °C  (Nb excess composition) to 1,412 °C
(Na:Nb=1:1 composition). The liquid phase from the
second phases seems to contribute to the densification of
the Na excess samples.

Table 1 shows the variation of occupancy at the Al
and A2 sites of tungsten bronze structured BNN as a
function of the Ba—Na ratio. In the stoichiometric BNN,
two Al and four A2 sites are completely filled with Na
and Ba ions, respectively. When excess Ba is added, for
example, when one excess Ba?" ion substitutes for two
Na™ ions at the Al site, one Na* ion among the two
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Fig. 3 Relative density of BNN samples sintered at 1,300 °C for
2 h as a function of x in Bas_,Na, Nb;(Os3q

Table 1 Variation of occupancy at the Al, A2 sites of tungsten
bronze structure with different x in Bas_,Na, Nb;,039

X A2 site Al site Remain
Occupancy Vac.  Occupancy Vac.
Ba Na Ba Na Ba Na
0.6 4 0 0 0.4 1.2 04 0 0
0.8 4 0 0 0.2 1.6 0.2 0 0
1 4 0 0 0 2 0 0 0
1.2 3.8 02 0 0 2 0 0 0.2

will be expelled, introducing a Na vacancy at the Al site.
In the case of Na excess compositions, when x=1.2,
there should remainsome Na " ions which cannot enter
the crystal structure.

Figure 4 shows the microstructure of the samples
sintered at 1,300 °C for 2 h as a function of the Ba—Na
ratio. In the case of Ba excess composition, the relative
density was over 95% and the average grain size
was about 2.6-3.2 um. In the case of Na excess and

04

B S e e e S e e A R s m e e
05 06 07 08 09 1.0 1.1 1.2 13

X in Ba, Na K Nb, O

10730

14

stoichiometric compositions, the relative density was
around 87-88% and the average grain size was about
2.4-3.2 um. It was found that the vacancies in the Ba
excess composition did not contribute to grain growth
very significantly even though they promoted densifica-
tion. Moreover, the liquid phase which might be formed
in the Na excess composition also did not contribute to
the grain growth.

Figure 5 shows the temperature dependence of the
dielectric constant of BNN as a function of the Ba—Na
ratio. DPT behavior was observed in every composition
and the phase transition temperature, as well as the
maximum dielectric constant were dependent on the Ba—
Na ratio.

The phase transition temperature (Curie tempera-
ture) and the maximum dielectric constant at the Curie
temperature of the samples as a function of the Ba—Na
ratio are presented in Fig. 6. The maximum dielectric
constant shows the highest value at the stiochiometric
BNN (x=1.0) and it decreased as the composition
shifted away from the stoichiometry. The Curie tem-
perature shows the highest temperature at the stoichi-
ometric BNN and it, too, decreased as the composition
shifted away from the stoichiometry.

The degree of DPT behavior of the BNN samples can
be quantified from Fig. 5. Uchino and Nomura [12] at-
tempted quantification of DPT behavior in terms of the
Gaussian distribution of the dielectric constant, using
the following equation.

11 (T-T)

L - 1
K Kmax c m

where k is the dielectric constant, k., 1S the maximum
dielectric constant, T is the temperature, T is the Curie
temperature, y is the diffuseness coefficient, and C is the
Curie-like constant. By taking the logarithm on both
sides of the equation, the relationship between
log(T—T.) and log(1/k —1/Kk max) can be illustrated, and
from the gradient of the graph we can read off the y
value. A high correlation of the y value with the plane
transformation diffuseness was found [12, 13]. The value
of 7 is accepted empirically as representing a first-order
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Fig. 4 SEM photographs of BNN
samples sintered at 1,300 °C for
2 h with different x in
BaS_xNa2be10030. (a) X= 05,

(b) x=0.7, (¢) x=0.8, (d)

x=1.0, (e) x=1.2 and (f) x=1.3
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Fig. 5 A comparison of dielectric constant of samples sintered »
at 1,300 °C for 2 h measured at 100 kHz with different x in  Fig. 6 Variation of the Tc and k.« of samples sintered at 1,300 °C
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Fig. 7 Variation of the
diffuseness coefficient (y),
diffuseness (C/kpnax) of samples
and the number of ways of
distribution of samples sintered
at 1,300 °C for 2 h as a function
of x in Ba5_XNa2be10030
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phase transformation when it is 1 and a second-order
phase transformation when it is 2 [12]. Equation lcan be
expressed as follows.
Kmax Kmax y
» _1+C(T 7c) (2)

Let the value of y obtained from Equation 1 be
substituted into Equation 2. Then, the relationship be-
tween Kpax/k and (T—T¢)” can be derived. From the
gradient of the graph, the reciprocal gradient C/iy.x 1S
obtained and this represents the measure of the dif-
fuseness, as the fall-off rate of x/Kyax.

The Variation of y and C/k ., values with respect to
the Ba—Na ratio are summarized in Fig. 7. The lowest
value of y was exhibited by the stoichiometric BNN, but
this increased when the Na content went further from
the stoichiometry. The value of C/k,,x Was also marked
at its lowest at the stoichiometric BNN. This signifies
that the stoichiometric BNN approaches first-order
phase transformation and the degree of DPT decreases
as well. The degree of DPT can be explained by the
degree of disorder of Ba and Na ion in the Al and A2
sites, because the degree of disorder is directly related
with the DPT behavior[14, 15].

In the stoichiometric BNN ceramics, six A sites (four
A2 sites and two Al sites) are fully occupied by four Ba
and two Na ions. In the case of Ba excess compositions
(x=0.9-0.5), the disordering of the Al sites will be in-
creased due to the incorporation of Ba ions together with
the Na vacancies. In the case of Na excess compositions
(x=1.1-1.3), however, surplus cations for the A sites will
remain. When some of the excess Na ions are substituted
for Ba ions in the A2 sites, the disordering of the A2 sites
will be increased. Therefore, we can estimate the degree
of disordering in the BNN ceramics from the occupation
behavior of the cations, which will be increased as the
composition goes away from the stoichiometry.

The degree of disorder can be expressed by the
Boltzmann equation, which was designed to evaluate
lattice entropy. In the case of a large degree of disorder,
we can anticipate that lattice entropy increases when the
DPT degree increases.

xinBa, Na, Nb O

S=klnWw = kln(WA1 X WAZ) = k(ln Wai + In VVAz)7
(3)

Where S is the entropy of the system, k is the
Boltzmann constant, and W, Wj,; and W4, are the
number of ways of distribution of the total A site, Al
site, and A2 site, respectively. The numbers W4; and
W A» can be calculated theoretically by using the number
of Ba and Na ions and vacancies in the A1l and A2 sites.
Consequently, the entropy can be calculated by the Ba—
Na ratio [16].

The number of ways of distribution of the total A
sites with respect to the Ba—Na ratio is also expressed in
Fig. 7. The number of ways of distribution was calcu-
lated for 1,000 unit cells. In this system, the number of
distributions marked the minimum value at the stoichi-
ometry of x=1.0. This tendency shows a similarity with
the DPT behavior as depicted in Fig. 7.

Conclusion

In tungsten bronze structured Ba,NaNbsO;s ceramics,
densification of the Ba excess samples was higher
than that of the Na excess samples due to the cation
vacancies in Ba excess samples, which provided
easier diffusion paths. On the other hand, the maxi-
mum dielectric constant and the Curie temperature
show the highest values at the stoichiometric compo-
sition and those values decreased as the composition
went away from the stoichiometry. For a quantitative
evaluation of DPT behavior of the BNN ceramics, 7y
and CJikn.c were calculated. The weakest DPT
behavior was observed in the stoichiometric composi-
tion. An increased DPT is in correlation with the in-
crease in the number of ways of distributions by the
disordered occupation of Ba, Na and vacancies in the
Al and A2 sites.
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