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In general, dielectric materials for microwave applica-
tion should satisfy three requirements: high permittivity
(εr), high quality value (Q × f) or low loss, and small
temperature coefficient of resonant frequency (τ f ).
Most microwave materials with high quality value were
focused on the complex perovskite compounds, such as
Ba(Mg1/3Ta2/3)O3 (BMT) [1–3] and Ba(Zn1/3Ta2/3)O3

(BZT) ceramics [4–8]. The complex perovskite ox-
ide Ba(Zn1/3Ta2/3)O3 ceramic had been largely stud-
ied for its good microwave dielectric properties. This
Ba(Zn1/3Ta2/3)O3 ceramic possessed a suitable εr ∼ 30,
a relatively high quality value (Q∼ 7000 at 11 GHz),
and a stable temperature coefficient of resonant fre-
quency (τ f ∼ 0±5 ppm/◦C). Unfortunately, the solid-
state reaction of BaCO3, ZnO, and Ta2O5 was not
the most appropriate method, because a high sinter-
ing temperature was required to achieve high-density
Ba(Zn1/3Ta2/3)O3 materials (>1500◦C), which was too
high for industrial applications [9, 10]. Many efforts
had been investigated to lower the sintering temperature
of Ba(Zn1/3Ta2/3)O3 ceramics by the addition of sinter-
ing agent [11]. In this paper, Ba(Zn1/3Ta2/3)O3 powder
calcined at 1200◦C for 3 h was used as the precursor
and 0.1 mol BaTi4O9 was used to improve the sintering
characteristics of Ba(Zn1/3Ta2/3)O3 ceramics. It was
found that the addition of BaTi4O9 would lower down
the sintering temperatures of Ba(Zn1/3Ta2/3)O3 ceram-
ics. Relationships among the sintering temperatures
and the microstructure evolution, the phase formation,
and microwave dielectric characteristics of 0.1 mol
BaTi4O9-0.9 mol Ba(Zn1/3Ta2/3)O3 ceramics were
developed.

Ba(Zn1/3Ta2/3)O3 and BaTi4O9 were synthesized by
solid state reaction using reagent-grade purity precur-
sors of BaCO3, ZnO, Ta2O5, and TiO2. Precursor pow-
ders were according to the stoichiometric compound
of Ba(Zn1/3Ta2/3)O3 (BZT) and BaTi4O9 (BT4). The
mixed precursors were ball-milled with deionized wa-

ter and agate balls. After mixing, the mixed precur-
sors were dried before being calcined. Then both the
Ba(Zn1/3Ta2/3)O3 and BaTi4O9 powders were calcined
at 1150 ◦C for 2 h. The crystal structure of calcined
powders was examined by using an X-ray powder
diffractometer. X-ray diffraction (XRD) patterns were
taken at 2 θ= 4◦ per minute using CuKα radiation. The
calcined Ba(Zn1/3Ta2/3)O3 and BaTi4O9 powders were
used as precursor and mixed in accordance with 0.1 mol
BaTi4O9-0.9 mol Ba(Zn1/3Ta2/3)O3 (BT4-BZT) by ball
milling with deionized water for 1 h. After drying,
the powder was pressed into pellets uniaxially in a
steel die. Sintering of these pellets was carried out at
the temperatures between 1240 and 1360 ◦ C under
ambient conditions for 2 h. The crystalline phases of
BT4-BZT ceramics were also investigated using X-
ray powder diffractometer. The BT4-BZT densities of
sintered specimens as a function of sintering tempera-
ture were measured using the Archimedes method. The
morphology of the sintered specimens were observed
by using the scanning electronic micrograph (SEM).
Dielectric characteristics at microwave frequency were
measured by Hakki and Coleman’s dielectric resonator
method [12], which was improved by Courtney [13].
An HP8720ET network analyzer was used for the mi-
crowave characteristic measurements. The dielectric
constant could be accurately determined by measuring
the resonant frequency of the TE011 mode and verified
by the TE01δ resonant modes. The temperature coef-
ficient of the resonant frequency (τ f ) was defined as
follows:

τ f = ( f85 − f20)/( f20 ∗ 65) (1)

Where f20 and f85 were the resonant frequency at 20
and 85◦ C, respectively.

SEM micrographs of BT4-BZT ceramics are
investigated under the sintering temperature of

0022-2461 C© 2005 Springer Science + Business Media, Inc.



Figure 1 Sintered morphologies of BT4-BZT ceramics, sintered at (a) 1240 ◦C, (b) 1280 ◦C, and (c) 1320 ◦C.

1240—1320◦C, and the results are shown in Fig. 1.
With the addition of BaTi4O9, a much easier den-
sification of Ba(Zn1/3Ta2/3)O3 ceramics is evidenced
in Fig. 1. Using calcined Ba(Zn1/3Ta2/3)O3 powder
as the precursor and sintered at 1450◦C, isolated
Ba(Zn1/3Ta2/3)O3 particles and pores are easily ob-
served (not shown here). Sintered at 1240◦C, the BT4-
BZT ceramic shows a porous structure and the isolated
particles are observed (Fig. 1a). Sintered at 1280◦C,
the pores of BT4-BZT ceramic decrease apparently but
still exist in the sintered ceramics and grain growth has
been observed (Fig. 1b). As 1320◦C is used as sintering
temperature, the size of pores can be easily eliminated
and the microstructures of BT4-BZT ceramics illustrate
a homogeneous bar-typed grains (Fig. 1c).

For BaTi4O9 composition (Fig. 2a), the calcina-
tion process leads to form BaTi4O9 phase only.
The Ba(Zn1/3Ta2/3)O3 composition has hexagonal
perovskite-typed structure with Zn and Ta showing
1:2 order in B site. If the Zn and Ta are in disorder,
the compound has a cubic perovskite- typed struc-
ture. For Ba(Zn1/3Ta2/3)O3 composition (Fig. 2b), the
only the disordering phase is revealed in the calcin-
ing Ba(Zn1/3Ta2/3)O3 powder. The initial phases of
ZnO and Ta2O5, the satellite secondary phases, and
the ordering Ba(Zn1/3Ta2/3)O3 phase are not detected
in the calcined powder. The X-ray patterns of BT4-
BZT ceramics are also shown in Fig. 2 for com-
parison. The X-ray patterns of 1240◦C- (Fig. 2c),
1280◦C- (Fig. 2d), and 1320◦C-sintered (Fig. 2e)

Figure 2 The X-ray patterns for (a) 1150◦C-calcined BaTi4O9 powder,
(b) 1150◦C-calcined Ba(Zn1/3Ta2/3)O3 powder, and BT4-BZT ceramic
sintered at (c) 1240◦C, (d) 1280◦C, and (e) 1320◦C. (+: disordering
Ba(Zn1/3Ta2/3)O3, x: ordering Ba(Zn1/3Ta2/3)O3, o: BaTi4O9).

BT4-BZT ceramics show that the disordering and or-
dering Ba(Zn1/3Ta2/3)O3 phases and BaTi4O9 phase
coexist. As the sintering temperatures increase, the
crystal intensity of ordering Ba(Zn1/3Ta2/3)O3 phase
increases and the crystal intensity of disordering
Ba(Zn1/3Ta2/3)O3 phase decreases. Compared the crys-
tal phases of calcined Ba(Zn1/3Ta2/3)O3 powder with
those of sintered BT4-BZT ceramics, the 2θ values of



Figure 3 The bulk densities and the dielectric constants of BT4-BZT
ceramics, as a function of sintering temperature.

sintered BT4-BZT ceramics are shifted to higher 2θ

values. The appearance of ordering Ba(Zn1/3Ta2/3)O3

phase is thought as the reason. As the sintering temper-
atures are higher than 1360◦C, the BT4-BZT ceramics
will be melted. This result suggests that some types
of eutectic phases may exist between BaTi4O9 and
Ba(Zn1/3Ta2/3)O3, and the eutectic phases will improve
the elimination of sinterability of Ba(Zn1/3Ta2/3)O3 ce-
ramics.

Fig. 3 plots the densities of BT4-BZT ceramics as
a function of sintering temperature. As Fig. 3 shows,
the Ba(Zn1/3Ta2/3)O3 and BaTi4O9 will crystal as inde-
pendent phases. The theoretical densities of BT4-BZT
ceramics are calculated from the values of BaTi4O9

ceramics of 4.525 g/cm3 [14] and Ba(Zn1/3Ta2/3)O3

ceramics of 7.675 g/cm3 [4]. The theoretical densities
are calculated using following equation:

D = (W1 + W2)/(W1/D1 + W2/D2) (2)

where W1 and W2 are the weight percent of the
Ba(Zn1/3Ta2/3)O3 ceramics and BaTi4O9 ceramics in
the mixtures, and D1 and D2 are the densities of
the Ba(Zn1/3Ta2/3)O3 and BaTi4O9 ceramics, respec-
tively. The calculated theoretical densities of BT4-
BZT ceramics are 6.975 g/cm3. BT4-BZT ceramics
with a bulk density higher than 99.5% theoretical
density is obtained with ease at a sintering temper-
ature of 1320◦C. As the sintering temperatures are
higher than 1320◦C, the densities of BT4-BZT ceram-
ics increase slightly. The dielectric constants (εr val-
ues) of BT4-BZT ceramics are also shown in Fig. 3.
As the sintering temperatures increase from 1240 to
1320◦C, the εr values critically increase. The de-
crease in pores and the increase in grain growth are
thought as the reason. For BT4-BZT ceramics sin-
tered at 1320◦C, the εr value is saturated at 31.5,
which is higher than the those of Ba(Zn1/3Ta2/3)O3

ceramics reported, and the higher εr values are thought
to be related to the crystal phases. From Fig. 2,
the BaTi4O9 (εr ∼ 38.0) and Ba(Zn1/3Ta2/3)O3 (εr

Figure 4 The quality values and temperature coefficients of resonant
frequency of BT4-BZT ceramics, as a function of sintering temperature.

∼29.5) phases coexist in the sintered BT4-BZT ce-
ramics, the higher εr values of BT4-BZT ceramics are
caused by the higher dielectric constants of BaTi4O9

ceramics.
The quality values (Q × f) of BT4-BZT ceramics are

investigated as a function of sintering temperature, and
the results are shown in Fig. 4. As the sintering temper-
atures increase from 1240 to 1320◦C, the Q × f values
also increase critically. The Q × f values of BT4-BZT
ceramics reach a saturation value of 68500 at 1320◦C-
sintered ceramics, then the Q × f values of BT4-BZT
ceramics slightly increase with the further increase of
sintering temperature to 1360◦C. The τ f values of BT4-
BZT ceramics are also shown in Fig. 4. As the sin-
tering temperatures change from 1240 to 1320◦C, the
τ f values of BT4-BZT ceramics linearly change from
−1.5 ppm/◦C to 4.1 ppm/◦C.

The addition of 0.1 mol BaTi4O9 into the
Ba(Zn1/3Ta2/3)O3 composition will improve the sin-
terability of Ba(Zn1/3Ta2/3)O3 ceramics. The needed
sintering temperatures of BT4-BZT ceramics are about
1320◦C, the temperature is similar to BaTi4O9 ceramics
but it is much lower than Ba(Zn1/3Ta2/3)O3 ceramics.
The BT4-BZT ceramic sintered at 1320◦C had the mi-
crowave dielectric property of εr = 31.5, Q × f value
of 68500, and temperature coefficient of resonant fre-
quency τ f = 4.1 ppm/◦C.
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