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a  b  s  t  r  a  c  t

Nanosized  BaO–B2O3–SiO2 glass  powders  are  directly  prepared  by flame  spray  pyrolysis.  The  mean  size
of  the  BaO–B2O3–SiO2 glass  powders  with  amorphous  phase  and  spherical  shape  is  30  nm.  The effects
of  glass  powders  on  the  sintering  characteristics  of  the  BaTiO3 pellet  formed  from  the  nanosized  BaTiO3

powders  are investigated.  The  mean  size  and  BET  surface  area  of  the  BaTiO3 powders  prepared  by spray
pyrolysis  are  110  nm  and 9.1 m2/g. The  BaTiO3 pellet  with  glass  additive  has  large  grain  size  with  several
eywords:
arium titanate
lass powder
pray pyrolysis
ielectric material

microns,  dense  structure  and  pure  tetragonal  crystal  structure  at  a sintering  temperature  of  1000 ◦C.  The
XRD  pattern  of the pellet  has  distinct  split  of  (2 0 0)  and  (0 0 2) peaks  at 2� ≈  44.95◦. The dielectric  constant
of  the  pellet  without  glass  additive  is 2180.  However,  the  dielectric  constants  of  the  pellets  with  1,  3,  5
and 7  wt%  glass  additive  with  respect  to BaTiO3 are  2496,  2514,  2700  and  2225,  respectively.

© 2011 Elsevier B.V. All rights reserved.

ano powders

. Introduction

Barium titanate (BaTiO3)-based ceramics are widely used in
ultilayer ceramic capacitors (MLCCs) owing to their good dielec-

ric properties [1–4]. However, in order to achieve BaTiO3 with a
igh density and high dielectric constant, high sintering tempera-
ures above 1300 ◦C is required. At present, adding glass with a low

elting point is an effective and inexpensive way  to reduce the
intering temperature of BaTiO3-based ceramics [3–9]. Jeon et al.
howed the effects of BaO–B2O3–SiO2 glass additive on densifi-
ation and dielectric properties of BaTiO3 ceramics started from
ydrothermally synthesized nano-sized BaTiO3 powders (∼60 nm)
5]. Addition of an optimal amount of the BaO–B2O3–SiO2 glass
o BaTiO3 compacts accelerated densification with a limited grain
rowth. Hsiang et al. investigated the effects of various glasses
BaO–B2O3–SiO2, PbO–B2O3–SiO2, and ZnO–B2O3–SiO2) addition
n both the sintering behavior and dielectric properties of BaTiO3
6]. The results indicated that ZnO–B2O3–SiO2 glass could be used
s a sintering aid to reduce the sintering temperature of BaTiO3
rom 1300 ◦C to 900 ◦C without the formation of secondary phase.

To fabricate miniature MLCCs with high performance and low
lectric power consumption, the number of active dielectric lay-

rs is increased, while the thickness of these layers is decreased.
hus, the mean sizes of the dielectric and glass powders are
ecreased [10]. Nanosized BaTiO3 powders have been widely stud-
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E-mail address: yckang@konkuk.ac.kr (Y.C. Kang).
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ied in various liquid-solution and gas phase preparation processes
for ceramic powders [11–14].  In recent, spray pyrolysis has been
successfully applied to synthesize the nano-sized BaTiO3 powders
[15–17]. The precursor powders prepared from the spray solutions
with organic additives by spray pyrolysis had hollow and porous
morphology. After milling process followed the post-treatment
process, nano-sized BaTiO3 powders with non-aggregation charac-
teristics could be obtained [15,16]. However, micron or submicron
size glass powders with irregular morphology prepared by con-
ventional melting process have been mainly used to decrease the
sintering temperature of BaTiO3 ceramic [3–9]. Nanosized glass
powders have not been applied as the sintering agent for BaTiO3
ceramics.

In recent, nanosized glass powders with various compositions
were prepared by high-temperature flame spray pyrolysis [18–21].
Nanosized glass powders were formed from the evaporated vapors
by chemical vapor deposition (CVD) process. The mean size of
the Bi-based glass powders prepared by flame spray pyrolysis
increased from 37 to 52 nm as the concentration of spray solution
was changed from 0.05 to 1 mol/L [21].

In this study, nanosized BaO–B2O3–SiO2 glass powders were
directly prepared by flame spray pyrolysis. The effects of nanosized
BaO–B2O3–SiO2 glass powders on the sintering characteristics of
the nanosized BaTiO3 powders, which are prepared by spray pyrol-
ysis, are investigated.
2. Experimental procedure

Glass powders with a 30 wt%  BaO-60 wt% B2O3-10 wt% SiO2 composition were
directly prepared by high-temperature flame spray pyrolysis. The system of flame

dx.doi.org/10.1016/j.jallcom.2011.05.053
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:yckang@konkuk.ac.kr
dx.doi.org/10.1016/j.jallcom.2011.05.053


7980 S.H. Choi et al. / Journal of Alloys and Compounds 509 (2011) 7979– 7984

 and f

s
l
r
d
p
o
w
B
o
i
w

c
t
o
fi
T
c
h
w

o
g
B
a
n

w
�
a
m
F
a
(
s

3

p

Fig. 1. Schematic diagram of flame spray pyrolysis

pray  pyrolysis has a droplet generator, flame nozzle, quartz reactor, powder col-
ector, and blower as shown in Fig. 1. A 1.7 MHz  ultrasonic spray generator with 6
esonators is used to generate droplets, which are carried into the high-temperature
iffusion flame by oxygen, as the carrier gas. Droplets or powders evaporate, decom-
ose, and melt inside the diffusion flame. Propane as the fuel and oxygen as the
xidizer create the diffusion flame. The flow rates of fuel, oxidizer and carrier gases
ere each 5, 40, and 10 L min−1. The spray solutions were obtained by adding
a(NO3)2, H3BO3, tetraethyl orthosilicate (TEOS) and nitric acid to the mixed solvent
f  distilled water and ethyl alcohol. Ethyl alcohol was  added to the spray solution to
ncrease the temperature of diffusion flame. Volume ratio of ethyl alcohol to distilled

ater was 30:70. The total concentration of Ba, B and Si components was  0.25 M.
Nanosized BaTiO3 powders were prepared by spray pyrolysis [15,16]. Barium

arbonate and titanium tetra-iso-propoxide (TTIP) were used as starting materials
o  prepare BaTiO3 powders. The starting materials were added into a mixed solution
f  water and nitric acid to form a clear solution. The concentration of Ba and Ti was
xed at 0.1 M.  The concentration of citric acid used as an organic additive was 0.4 M.
he preparation temperature of BaTiO3 powders was 900 ◦C. The flow rate of the
arrier gas was  40 L min−1, in which the residence time of the powders inside the
ot wall reactor was 0.45 s. The as-prepared powders obtained by spray pyrolysis
ere post-treated at 900 ◦C for 2 h in air atmosphere.

The BaTiO3 and glass powders were thoroughly wet-mixed with the addition
f  ethanol in an agate bowl and then small amount of PVA solution was added for
ranulation. The amount of glass powders were changed from 1 wt% to 7 wt% of
aTiO3 powders. The mixed powders were pelletized at 250 kg cm−2 pressure into

 10 mm diameter. The pellets were then sintered at 1000 ◦C for 3 h and cooled
aturally to room temperature while furnace power was off.

The crystal structures of the BaTiO3 and glass powders and sintered pellets
ere investigated by using X-ray diffraction (XRD, RIGAKU, D/MAX-RB) with Cu K

 radiation (� = 1.5418 × 10−10 m). The morphological characteristics of the BaTiO3

nd glass powders were investigated by using field emission scanning electron
icroscopy (FE-SEM, HITACHI, S-4300) and transmission electron microscopy (TEM,

EI,  TECHNAI 300 K). The composition of the glass powders and morphological char-
cteristics of the pellets were investigated by using scanning electron microscopy
SEM, JEOL, JSM-6060) with energy dispersive spectroscopy (EDS). Dielectric mea-
urements of the samples were performed by using a LCR meter at 1 kHz.
. Results and discussion

The morphologies of the BaO–B2O3–SiO2 glass powders pre-
ared by flame spray pyrolysis are shown in Fig. 2. The glass
ormation mechanism of nanosized glass powders.

powders had nanometer size and spherical shape. The mean
size of the glass powders measured from the TEM image was
30 nm.  Submicron size glass powders were not observed from the
SEM and TEM images. Complete evaporation of glass components
occurred inside the high temperature diffusion flame. Nanosized
BaO–B2O3–SiO2 glass powders were formed by chemical vapor
deposition process from the evaporated vapors. The formation
mechanism of the nanosized glass powders is shown in Fig. 1.

Fig. 3 shows the XRD pattern of the BaO–B2O3–SiO2 glass pow-
ders prepared by flame spray pyrolysis. The XRD pattern reveals
the amorphous nature of these prepared glass powders. However,
small peaks of crystals are observed from the XRD pattern. Fig. 4
shows the EDS spectrum of the glass powders. The molar ratios of Ba
to Si components in the spray solution and the glass powders were
each 100:85 and 100:92. The molar ratio of Ba to Si components in
the spray solution was  well maintained in the glass powders.

The morphological characteristics of the BaTiO3 powders are
shown in Fig. 5. The BaTiO3 powders used in this work were pre-
pared by citric acid assisted spray pyrolysis [15]. The precursor
powders prepared by spray pyrolysis from the spray solution with
citric acid had hollow and porous structure [15]. The precursor
powders prepared by spray pyrolysis were converted to nanosized
BaTiO3 powders after post-treatment at 900 ◦C. The mean size of
the BaTiO3 powders measured from the TEM image was 110 nm.
The BET surface area of the BaTiO3 powders was 9.1 m2/g.

The effects of glass powders on the sintering characteristics of
the BaTiO3 pellets are investigated. Fig. 6 shows the surface mor-
phologies of the sintered pellets containing various amounts of
glass, ranging from 0 to 7 wt% with respect to BaTiO3. The pel-
lets were sintered at a temperature of 1000 ◦C. The BaTiO3 pellet

without glass powders had fine grain size and porous structure.
The relative densities of the BaTiO3 pellets with 0, 1, 3, 5 and
7 wt%  glass measured by Archimedes’ principle were 74, 91, 97,
98, and 95%. Addition of glass powders improved the sintering



S.H. Choi et al. / Journal of Alloys and Compounds 509 (2011) 7979– 7984 7981

Fig. 2. SEM and TEM images of the BaO–B2O3–SiO2 glass powders prepared by flame
spray pyrolysis.
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Fig. 3. XRD pattern of the BaO–B2O3–SiO2 glass powders prepared by flame spray
pyrolysis.

Fig. 4. EDS spectrum of the BaO–B2O3–SiO2 glass powders prepared by flame spray
pyrolysis.

Fig. 5. SEM and TEM images of the BaTiO3 powders prepared by spray pyrolysis.
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Fig. 6. SEM images of the BaTiO3 pell

haracteristics of the powders. The BaTiO3 pellet with 1 wt% glass
ad fine grain size with several hundreds nanometers. On the other
and, the BaTiO3 pellets with 3, 5 and 7 wt% glass had large grain
izes with several microns and dense structure. Fig. 7 shows the
esults of dot mapping of the BaTiO3 pellet with 5 wt% glass. Some of
lass material was segregated between the BaTiO3 grains as shown

y arrows in Fig. 7. However, the Si component of glass material
as uniformly distributed between the BaTiO3 grains. Well distri-

ution of the glass powders in the pellet improved the sintering
haracteristics of BaTiO3 even at a low sintering temperature.
mpounds 509 (2011) 7979– 7984

th different amounts of glass content.

Fig. 8 shows the XRD patterns of the sintered pellets with
and without glass additive. The glass content was 5 wt% with
respect to BaTiO3. The pellet with glass additive had pure
tetragonal crystal structure. The XRD pattern of the pellet with
glass additive had distinct split of (2 0 0) and (0 0 2) peaks at
2� ≈ 44.95◦. The impurity peaks originated from the glass pow-

ders were not observed from the XRD pattern of the pellet. On
the other hand, the split of (2 0 0) and (0 0 2) peaks at 2� ≈ 44.95◦

did not occur in the XRD pattern of the pellet without glass
additive.
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were 2496, 2514, 2700 and 2225, respectively. The high densities
Fig. 7. Results of dot mapping of th

Fig. 9 shows the dielectric constants of the BaTiO3 pellets with

arious amounts of the glass additive. The sintering temperature
as 1000 ◦C. The dielectric constant of the pellet without glass

dditive was 2180. However, the dielectric constants of the pel-
ets with 1, 3, 5 and 7 wt% glass additive with respect to BaTiO3

Fig. 8. XRD patterns of the BaTiO3 pellets with and without glass.
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O3 pellet with 5 wt% glass content.
and improved tetragonality of the BaTiO3 pellets containing glass
additive resulted in an increase in the dielectric constants of the
pellets.
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Fig. 9. Dielectric constants of the BaTiO3 pellets with different amounts of glass
content.
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. Conclusion

The effects of nanosized BaO–B2O3–SiO2 glass powders on the
intering characteristics of the nanosized BaTiO3 powders are
nvestigated. Nano-sized glass powders prepared by flame spray
yrolysis had good characteristics as the sintering additive to obtain
he BaTiO3 pellet with dense structure and high dielectric constant.

ell distribution of the glass powders in the pellet improved the
intering characteristics of BaTiO3 even at a low sintering tem-
erature. The high densities and improved tetragonality of the
aTiO3 pellets containing glass additive resulted in an increase in
he dielectric constants of the pellets.
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