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Abstract

The effects of B,Os-doping on the sintering behavior and dielectric properties of BaNd,Tis0;4 (BNT) ceramics were investigated
in this study. The addition of B,Oj significantly enhanced the sinterability of BNT and lowered the required sintering temperatures.
When the doping amount of B,O; was < 2.0 wt.%, BNT was well densified via a liquid-phase sintering mechanism. The dielectric
constants of these samples markedly increased with an increase in the doping amounts of B,Os. However, when 5.0 wt.% B,O3 was
doped, BNT was partially decomposed to form large pillar-like Ba,TigO, grains, causing the samples to expand and thereby
reducing the sintering density. The expansion of samples and the low dielectric constant of Ba,TigO, phase both contributed to the
reduction in the dielectric constant of the over-doped samples. It reveals that the doping amounts of B,O3 should be well controlled
for facilitating the sintering process and increasing the dielectric constants of BNT ceramics.
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1. Introduction

Recently microwave dielectric materials are exten-
sively investigated because of their growing potential for
the applications to mobile communication systems [1—
5]. The desirable characteristics of the microwave
materials include low dielectric loss, high quality factor,
high dielectric constant and small temperature coeffi-
cient of resonant frequency [6,7]. The compounds
existing in Ba—Nd-Ti—O system have been reported
to possess excellent dielectric properties and temperature
stability, and can be used in microwave devices [8—11].
This system is composed of mixed compounds such as
BaNdzTi5014 (BNT), BaNdzTi4012, and BaNdzTigolo
[12]. BNT has been known as an important microwave
dielectric material; however, its sinterability is insuffi-
cient. Therefore, the sintering of BNT at a temperature
as high as 1380 °C is required [13]. To cofire BNT with
inner metal electrodes (such as silver) which have low
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melting points, lowering the sintering temperatures of
BNT is necessary [14].

In the present study, we adopted the concept of
liquid-phase sintering to facilitate the sintering process
of BNT [15-19] and utilized B,Oj; as a sintering-aid. The
effects of doping amounts of B,Os; and sintering
conditions on the densities of BNT ceramics were
investigated. The phase formation and microstructural
variation during the sintering process were examined. In
addition, the relation between the sintering conditions
and the dielectric properties of B,Os;-doped BNT was
also investigated.

2. Experimental

The solid-state reaction method was employed to
synthesize BNT powders. Reagent-grade powders of
BaCOj; (> 99% pure), Nd,O3 ( > 99.9% pure) and TiO,
(>99.9% pure) were mixed stoichiometrically with
ethanol (C,HsOH) as the starting materials. These
materials were ball-milled with ZrO, balls for 24 h.
After drying, the ball-milled materials were calcined at
1200 °C for 3 h. Then the calcined powders were
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pressed at 25 kgem 2 to form pellets, followed by
sintering at 1300—1400 °C for 3 h to yield the single
phase of BNT. After pure BNT powders was synthe-
sized, 0.5-5.0 wt.% of the densification reagent-boron
oxide (B,O3;) was doped into BNT powders. Then the
B->Os-doped samples were sintered at temperatures
ranging from 900 to 1300 °C in air.

The density and shrinkage of the sintered samples
were measured, and the phases in the sintered samples
were analyzed via X-ray diffraction (XRD) using CuKa
radiation. The effects of B,O; doping on the micro-
structures of BNT were examined by scanning electron
microscopy (SEM). The dielectric properties of the
sintered ceramics were measured at 1 MHz from 25 to
150 °C.

3. Results and discussion

The relation of the densities of undoped and B,Os-
doped BNT ceramics vs. the sintering temperatures is
depicted in Fig. 1. It was found that pure BNT was very
difficult to sinter. The density of pure BNT slightly
increased with a rise in sintering temperatures. Even
with 1200 °C sintering, the density of the sintered
samples was 3.75 g cm ~* which was only around 68%
of the theoretic value (5.64 gcm—>) of BNT. On the
other hand, once B,O; was doped into BNT, the
sinterability of the samples greatly improved. When
0.5 wt.% B,O; was added into BNT, the relative
densities of the sintered samples sintered at 1000 and
1200 °C were 77 and 92 %, respectively. The amounts of
B,O; also had significant impacts on the sintering
behavior of BNT. For the 1000 °C-sintered samples,
when the doping amount of B,O; was under 2.0 wt.%,
the density of the samples was positively correlated with
the amount of B,O;. When 2.0 wt.% B,O3; was doped,
the density reached 90%. This demonstrates that adding
B,O; can lower the required sintering temperature of
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Fig. 1. Sintering densities of BNT ceramics doped with various
amounts of B,Os.

BNT ceramics. However, as the doping amounts of
B,0; increased to 5.0 wt.%, the density of the samples
markedly declined to 82%. It was also found that the
density of the 5.0 wt.% B,Os-doped sample greatly
depended on the sintering temperature. The density
reached a maximum value after 1000 °C-sintering, and
then gradually decreased with a rise in temperature.
Fig. 2 illustrates the XRD patterns of the 1000 °C-
sintered samples having various contents of B,O3. Only
BNT was detected when the doping amount of B,O3 was
< 1.0 wt.%. When the doping amount of B,Oj3 increased
to 1.5 wt.%, a secondary phase-Ba,TisO,y was found to
coexist with BNT. The more B,O3; was added into BNT,
the more Ba,TigO, was formed. The phases formed in
2.0 wt.% B,03-doped BNT during the sintering process
are shown in Fig. 3. When this sample was sintered at
900 °C, BNT was the only existing compound in the
sample. Once the sintering temperature reached
1000 °C, the secondary phase Ba,TigO,o started to
form. The amount of Ba,TiyO,, monotonously in-
creased with a rise in the sintering temperatures. Based
on the above XRD results, it is demonstrated that B,O;
doping led to partial decomposition of BNT to produce
Ba,TiyO,, at elevated temperatures. Either increasing
the doping amounts of B,Os or raising the sintering
temperatures will promote the decomposition of BNT.
The microstructural evolution of BNT ceramics is
shown in Fig. 4. When pure BNT was sintered at
1000 °C, the resulting microstructure was loose and a
large numbers of pores existed among particles (Fig.
4(a)). No obvious densification occurred in this sample.
When B,0; was doped, a significant morphological
difference was observed. As shown in Fig. 4(b), 2.0 wt.%
B,0O3 doping resulted in significant densification of the
1000 °C-heated samples and the grain growth of BNT
particles. In addition, large pillar-like grains with a size
of around 6 pm were observed. According to the results
of XRD analysis shown in Fig. 3, these grains were
determined to be Ba,TigO,. When 5.0 wt.% B,O5; was
doped, the morphology of BNT further varied. As
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Fig. 2. XRD patterns of 1000 °C-sintered BNT ceramics with various
doping amounts of B,Os.
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Fig. 3. XRD patterns of 2.0 wt.% B,O;-doped BNT ceramics sintered
at various temperatures.

shown in Fig. 4 (c), an obvious axial grain growth
occurred and columnar BNT grains with an axial length
of 1-2 pm were formed. The pillar-like Ba,TigO»( grains
also grew further to be around 10 pm. When raising the
sintering temperature to 1200 °C, this axial growth of
BNT particles became more apparent and the pillar-like
Ba,TigO, grains further grew as indicated in Fig. 4 (d).

Since B,0Oj; exhibits a low melting point at 450 °C, it
serves as a sintering agent. Adding B,Os3 can signifi-
cantly improve the sinterability of BNT (Fig. 1) via a
liquid-phase sintering mechanism. The liquid-phase
formed by the melting of B,Oj3 results in the densifica-
tion and grain growth of BNT as shown in Fig. 4(b).
However, over-doping of B,O; leads to the formation of
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Fig. 4. SEM micrographs of undoped and B,O3-doped BNT ceramics. (a) The undoped sample sintered at 1000 °C, (b) 2.0 wt.% B,Os-doped
samples sintered at 1000 °C, (c) 5.0 wt.% B,O3-doped samples sintered at1000 °C, and (d) 2.0 wt.% B,O3-doped samples sintered at 1200 °C.
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Fig. 5. Temperature dependence of the dielectric constants of
1000 °C-sintered BNT ceramics doped with various amounts of B,Os.

the large pillar-like Ba,TigO,, grains (Fig. 4(c)) that
cause the samples to expand and create pores in the
samples. In addition, the theoretical density of Ba,-
TigOy (4.62 g cm %) is much smaller than that of BNT
ceramics (5.64 g cm ~°). Because of the expansion of the
samples caused by the formation of pillar-like grains
and the low density of Ba,TigO,,, the density of the
sintered samples are decreased. For the 5.0 wt.% B,Os-
doped samples, raising the sintering temperature results
in more pillar-like Ba,TigO,y grains which in turn
decrease the density of the samples (Fig. 1).

The temperature dependence of the dielectric con-
stants of the 1000 °C-sintered samples is illustrated in
Fig. 5. It was found that the dielectric constants of the
sintered samples did not significantly depend on tem-
perature. The dielectric constants of undoped BNT
samples were relatively small. Within the temperature
range measured (25-150 °C), the dielectric constants
were merely around 25. When B,0; was doped into
BNT, the dielectric constants of the samples signifi-
cantly increased. When the doping amounts of B,Oj3
were between 0.5 and 2.0 wt.%, the dielectric constants
increased with a rise in the doping amounts of B,Os.
The dielectric constant of 2.0 wt.% B,0O;-doped samples
markedly increased to around 76. As shown in Fig. 1,
B,0O3 doping significantly improved the sinterability of
BNT. The increase in the sintering density contributed
to an increase in the dielectric constants of the sintered
samples. On the other hand, when the doping amount of
B,O5 was as large as 5.0 wt.%, the dielectric constants
were markedly declined. In this sample, the pillar-like
Ba,TisO,, grains caused the sample to expand and
reduced its density as shown in Fig. 4. Moreover, the
dielectric constant of Ba,TigO,o is smaller than the
constant of BNT [20]. Therefore, the reduction in
sintering density and the coexistence of the Ba,TigO»
phase having low dielectric constants resulted in the

decrease in the dielectric constants of 5.0 wt.% B,Os-
doped sample. It reveals that adding appropriate
amounts of B,Oj; substantially influences both the
sintering behavior and dielectric properties of BNT
ceramics.

4. Conclusions

Pure BNT was difficult to be densified even the
sintering temperature was as high as 1200 °C. Once
B,0O3 was added into BNT, the sinterability of the B,Os-
doped samples was greatly improved. When the doping
amount of B,O; was <2.0 wt.%, BNT was well
densified through a liquid-phase sintering process, and
the sintering temperature was effectively lowered to
1000 °C. On the other hand, when 5.0 wt.% B,O3z was
doped, partial decomposition of BNT occurred and
large pillar-like Ba,TigO,, grains were produced. The
formation of these pillar-like grains resulted in the
expansion of the samples and a decrease in the sintering
density. The doping amounts of B,O; were also found to
substantially influence the dielectric constants of BNT
ceramics. When the content of B,O3 in BNT was < 2.0
wt.%, the dielectric constants of the samples signifi-
cantly increased with a rise in the doping amount of
B,Os3. However, 5.0 wt.% B,O3; doping caused the
dielectric constants to reduce because of the expansion
of the samples and the coexistence of Ba,TigO,o phase
having a low dielectric constant. Therefore, controlling
the contents of B,Oj is crucial to facilitate the sintering
process and increase the dielectric constants of BNT
ceramics.
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