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bstract

he effect of dopants on BaTi4O9 (BT4) and Ba2Ti9O20 (B2T9) ceramics by the reaction-sintering process was investigated. CuO addition is more
ffective in lowering the sintering temperature of BT4 and B2T9 ceramics. MnO2 and CuO addition are effective to obtain temperature stable BT4
eramics. With MnO2 addition, Q × f of BT4 ceramics could be raised. ZrO2 addition is effective to obtain B2T9 ceramics with higher dielectric

onstant. With CuO addition, τf of B2T9 ceramics shifted toward negative values and 0 ppm/◦C could be obtained. Optimum properties in BT4
oped with MnO2 of εr = 37.1, Q × f = 51,200 GHz (at 7 GHz) and τf = 0 ppm/◦C and in B2T9 doped with ZrO2 of εr = 37.9, Q × f = 39,700 GHz
at 7 GHz) and τf = 5.9 ppm/◦C were obtained.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Dielectric ceramics operated at microwave frequency have
een widely investigated for the use of resonators and fil-
ers in the satellite and mobile communication systems.
aTi4O9 (BT4) ceramics were first reported by Rase and Roy1

nd Ba2Ti9O20 (B2T9) ceramics were first investigated by
onker and Kwestroo.2 O’Bryan and Thomson found excel-
ent microwave dielectric properties of these materials for
esonator applications.3 However, a very high sintering tem-
erature >1300 ◦C is needed to obtain dense BT4 and B2T9
eramics by conventional solid-state reaction process.4–7 Yang
t al. reported that lowered sintering temperature for dense BT4
nd B2T9 was observed by adding MgO–CaO–SiO2–Al2O3
MCAS) glass powder.5,6 Kim et al. obtained good microwave
ielectric properties: εr = 33, Q × f = 27,000 GHz at 9 GHz and
f = 7 ppm/◦C in BT4 ceramics with Zn–B–O glass addition
fter 900 ◦C/2 h sintering.8 Huang et al. found B2T9 with 5 wt%
2O3 can be sintered to achieve 95% of theoretical density at

200 ◦C and gives εr = 36.5 and Q = 6700 (at 6 GHz).7 Chemi-
al processes were also used to reduce the sintering temperature.
hoy and Han9 prepared BT4 ceramics of εr ∼ 36, Q ∼ 4900 at
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0.3 GHz and τf ∼ 16 ppm/◦C via citrate route at 1250 ◦C. Weng
t al. produced BT4 ceramics of εr = 35.6, Q × f = 42,600 GHz at
GHz and τf = 12 ppm/◦C by the polymeric precursor method
nd sintered at 1250 ◦C.10 B2T9 ceramics were also investi-
ated to lower the sintering temperature to 1200 ◦C by using the
ol–gel process.11

Liou et al. reported a simple and effective reaction-
intering process in preparing Pb(Mg1/3Nb2/3)O3 (PMN),
b(Mg1/3Nb2/3)O3–PbTiO3 (PMN-PT) and Pb(Fe0.5Nb0.5)O3
PFN) ceramics.12–17 These are the first successful synthesis
f perovskite relaxor ferroelectric ceramics without any calci-
ation involved. PMN ceramics with a density of 8.09 g/cm3

99.5% of the theoretical value) and high dielectric con-
tant 19,900 (1 kHz) were obtained. This reaction-sintering
rocess had also been used to produce other complex per-
vskite relaxor ceramics successfully. In the recent studies,
e also prepared dense and pure phased BaTi4O9, NiNb2O6

nd CaNb2O6 ceramics by this process successfully.18–20 In
his study, the effect of CuO, MnO2 and ZrO2 dopants on
T4 and B2T9 ceramics by the reaction-sintering process was

nvestigated.
. Experimental procedure

BaTi4O9 doped with 0.1 wt% MnO2 (BT4M); 0.5 wt% CuO
BT4C) and Ba2Ti9O20 doped with 0.2 wt% ZrO2 (B2T9Z);

mailto:ycliou@mail.ksu.edu.tw
dx.doi.org/10.1016/j.jeurceramsoc.2006.11.039
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Fig. 1. XRD patterns of BaTi4O9 ceramic
.5 wt% CuO (B2T9C) are compositions investigated. Reagent-
rade carbonate and oxides BaCO3 (99.8%), TiO2 (99.9%),
nO2 (99.9%), ZrO2 (99.9%) and CuO (99%) were weighted

nd milled in acetone with zirconia balls for 12 h. After the
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Fig. 2. SEM photos of BaTi4O9 ceramics doped with 0.1 wt% MnO2 and sint
d with 0.1 wt% MnO2 and 0.5 wt% CuO.
lurry was dried and pulverized, the powder was pressed into
ellets 12 mm in diameter and 1–2 mm thick (6–7 mm thick
or microwave properties measurement). The pellets were then
eated at a rate 10 ◦C/min and sintered in covered alumina cru-

ered at (A) 1150 ◦C, (B) 1200 ◦C, (C) 1250 ◦C and (D) 1300 ◦C for 4 h.
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and TiO2 into BT4 phase even the calcination stage is bypassed.
SEM photos of BT4M ceramics sintered at 1150–1300 ◦C for
4 h are illustrated in Fig. 2. An 1150 ◦C is not high enough for
the densification and pores can be easily found. Dense pellets
ig. 3. Influence of sintering temperature and soak time on the density of
aTi4O9 ceramic doped with 0.1 wt% MnO2 and 0.5 wt% CuO.

ible at temperatures ranging from 1000 to 1400 ◦C for 4 and
h in air.

The sintered pellets were analyzed by X-ray diffraction
XRD) to check the reflections of the phases. Microstructures
ere analyzed by scanning electron microscopy (SEM). The
ensity of sintered pellets was measured by the water immer-
ion method. The dielectric constants (εr) were calculated by
he sizes of sample and the frequency of TE0 1 1 mode using
he Hakki–Coleman dielectric resonator method. 21 The tem-
erature coefficient of resonant frequency (τf) at microwave
requency was measured in the temperature range from 25 to
5 ◦C, and calculated by the following equation:
f = f85 − f25

f25 × 60
× 106 (ppm/◦C)

ig. 4. εr and Q × f of BaTi4O9 ceramics doped with 0.1 wt% MnO2 and 0.5 wt%
uO.

F
0
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here f85 and f25 are TE0 1 δ resonant frequency at 85 and 25 ◦C,
espectively. N5230A network analyzer (Agilent) was employed
n the measurement.

. Results and discussions

The XRD patterns of sintered BT4M and BT4C ceramics are
hown in Fig. 1. It can be seen that all the reflections match
ith those of BT4 phase in ICDD PDF # 340070. Weng et al.
roposed that BT4 phase associated with Ba4Ti13O30 and B2T9
hases were obtained after sintered at 1250 ◦C for 3 h by the
onventional mixed oxide method. B2T9 phase is still detected
ven after 3 h sintering at 1300 ◦C.10 Xu et al. reported that a
ixture of BT4, Ba4Ti13O30 and B2T9 phases were observed

n the 1100 ◦C/4 h heated BT4 precursor prepared by a sol–gel
ethod using EDTA as a chelating agent. Single phase BT4 can-

ot be synthesized even after heating the precursors for 2 h at
200 ◦C. B2T9 phase was still detected.22 Therefore reaction-
intering process can efficiently transform the mixture of BaCO3
ig. 5. XRD patterns of Ba2Ti9O20 ceramics doped with 0.2 wt% ZrO2 and
.5 wt% CuO.
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ould be obtained at sintering temperatures above 1200 ◦C. At
250 and 1300 ◦C, rod grains were formed. This is the same as
n BT4 ceramics prepared by the reaction-sintering process.18

nfluence of sintering temperature and soak time on the den-
ity of BT4M and BT4C ceramics is shown in Fig. 3. Density
aturated at temperatures above 1200 and 1050 ◦C in BT4M
nd BT4C, respectively. High sintered density >98% of theo-
etical value 4.55 g/cm3 could be obtained. This proves highly
ense BT4M and BT4C ceramics can be prepared by reaction-
intering process easily even without the calcining stage. In our
revious study, a maximum density 4.45 g/cm3 was found in
T4 ceramics sintered at 1200 ◦C.18 Also from Fig. 3, CuO
ddition is more effective in lowering the sintering temperature
f BT4 ceramics. Lu et al. obtained a maximum density about
7% of theoretical value in BT4 ceramics with ZnO–B2O3 glass

◦ ◦
hase after 1100 C/2 h calcining and 1250 C/2 h sintering by
he conventional mixed oxide method.23

Fig. 4 shows εr and Q × f of BT4M and BT4C ceram-
cs sintered at various temperatures and soak time. εr in a

t
s
a
p

Fig. 6. SEM photos of Ba2Ti9O20 ceramics doped with 0.2 wt% ZrO2 and sin
eramic Society 27 (2007) 3027–3032

ange 36.5–37.5 and Q × f of 30,400–51,200 GHz (at 7 GHz)
ere obtained in BT4M. While in BT4C, εr of 36.1–37.5

nd Q × f of 25,500–43,200 GHz (at 7 GHz) were found.
he temperature coefficient of resonant frequency τf of all
T4M and BT4C ceramics are 0 ppm/◦C. In BT4 ceram-

cs prepared by the reaction-sintering process, εr = 37–38,
× f = 34,200–44,600 GHz (at 7 GHz) and τf = 4–6 ppm/◦C
ere found after 2–6 h sintering at 1200–1280 ◦C. It implies
nO2 and CuO addition are effective to obtain temperature sta-

le BT4 ceramics. With MnO2 addition, Q × f of BT4 ceramics
ould be raised. Optimum property was obtained in BT4M of
r = 37.1, Q × f = 51,200 GHz (at 7 GHz) and τf = 0 ppm/◦C after
h sintering at 1300 ◦C.

The XRD patterns of sintered B2T9Z and B2T9C ceramics
re shown in Fig. 5. It can be seen the reflections match with

hose of ICDD PDF # 350051 for B2T9. Therefore, reaction-
intering process can efficiently transform the mixture of BaCO3
nd TiO2 into B2T9 phase. Minor BT4 phase appeared in these
ellets except B2T9Z at 1300 ◦C/6 h sintering. ZrO2 addition is

tered at (A) 1200 ◦C, (B) 1250 ◦C, (C) 1300 ◦C and (D) 1350 ◦C for 4 h.
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ig. 7. Influence of sintering temperature and soak time on the density of
a2Ti9O20 ceramic doped with 0.2 wt% ZrO2 and 0.5 wt% CuO.

ore effective in obtaining pure B2T9 ceramics. BT4 phase was
ften observed in forming B2T9 by the solid-state reaction. Fang
t al. reported that BT4 phase appeared in the calcined mixture of
aCO3 and TiO2 at temperatures between 900–1200 ◦C. B2T9
hase appeared after 3 h calcined at 1200 ◦C but could not be
ompletely formed even after calcined for 12 h.24 While in the
nvestigation of Yang et al., BaTi5O11 and TiO2 minor phases
ere formed along with BT4 major phase in the calcined mix-

ure of BaCO3 and TiO2 at 1150–1200 ◦C for 2 h. B2T9 phase
ompletely formed after calcined at 1200 ◦C for 70 h.6 SEM
hotos of B2T9Z ceramics sintered at 1200–1350 ◦C for 4 h are
llustrated in Fig. 6. A 1200 ◦C is not high enough for the den-
ification and pores can be easily found. Dense pellets could be
btained at sintering temperatures above 1250 ◦C and the mor-
hology of grains is similar to B2T9 ceramics prepared by the
eaction-sintering process. The influence of sintering tempera-
ure and soak time on the density of B2T9Z and B2T9C ceramics
s shown in Fig. 7. Density saturated at temperatures above 1300
nd 1150 ◦C in B2T9Z and B2T9C, respectively. High sintered
ensity >98% of theoretical value 4.577 g/cm3 could be obtained
n B2T9Z and a maximum 4.56 g/cm3 appeared at 1300 ◦C.
ower density is observed in B2T9C. Also from Fig. 7, CuO
ddition is more effective in lowering the sintering temperature
f B2T9 ceramics. Huang et al. obtained a maximum density
.42 g/cm3 after 1200 ◦C/3 h calcined and 1380 ◦C/3 h sintered.7

ang and co-workers obtained a highest density 4.495 g/cm3

fter 1200 ◦C/10 h calcining and 1380 ◦C/4 h sintering.6 Wang et
l. obtained a density 4.55 g/cm3 in B2T9 ceramics with 4 wt%
rO2 added after 1300 ◦C/4 h sintered.25 Therefore, reaction-
intering process is a simple and effective method to produce
ighly dense B2T9 ceramics.

Fig. 8 shows εr and Q × f of B2T9Z and B2T9C
eramics sintered at various temperatures and soak time.
r = 25.8–40.7, Q × f = 25,400–40,300 GHz (at 7 GHz) and
f = 2.8–12.1 ppm/◦C were obtained in B2T9Z. While in
2T9C, εr = 31–34.5, Q × f = 13,900–27,300 GHz (at 7 GHz)
nd τf = −8.5 to 0 ppm/◦C were found. In B2T9 ceram-
cs prepared by the reaction-sintering process, εr = 36–38,

◦
× f = 25,500–41,300 GHz (at 7 GHz) and τf = 0–11.8 ppm/ C
ere found after 4 and 6 h sintering at 1280–1350 ◦C. It implies
rO2 addition is effective to obtain B2T9 ceramics with higher
ielectric constant. With CuO addition, τf of B2T9 ceram-

i
h
c
o

ig. 8. εr and Q × f of Ba2Ti9O20 ceramics doped with 0.2 wt% ZrO2 and
.5 wt% CuO.

cs shifted toward negative values and 0 ppm/◦C could be
btained. Optimum property was obtained in B2T9Z of εr = 37.9,
× f = 39,700 GHz (at 7 GHz) and τf = 5.9 ppm/◦C after 4 h sin-

ering at 1300 ◦C.

. Conclusions

Pure BaTi4O9 phase were obtained successfully by a
eaction-sintering process in BaTi4O9 doped with MnO2
nd CuO. High sintered density >98% of theoretical value
.55 g/cm3 could be obtained. CuO addition is more effective
n lowering the sintering temperature of BaTi4O9 ceramics.

nO2 and CuO addition are effective to obtain tempera-
ure stable BaTi4O9 ceramics. With MnO2 addition, Q × f of
aTi4O9 ceramics could be raised. Optimum property was
btained in BT4M of εr = 37.1, Q × f = 51,200 GHz (at 7 GHz)
nd τf = 0 ppm/◦C after 4 h sintering at 1300 ◦C.

Minor BaTi4O9 phase appeared in B2T9Z and B2T9C ceram-
cs except B2T9Z at 1300 ◦C/6 h sintering. High sintered density
98% of theoretical value 4.577 g/cm3 could be obtained in
2T9Z and a maximum 4.56 g/cm3 appeared at 1300 ◦C. Lower
ensity is observed in B2T9C. CuO addition is more effective
n lowering the sintering temperature of Ba2Ti9O20 ceram-

cs. ZrO2 addition is effective to obtain B2T9 ceramics with
igher dielectric constant. With CuO addition, τf of B2T9
eramics shifted toward negative values and 0 ppm/◦C could be
btained. Optimum property was obtained in B2T9Z of εr = 37.9,
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× f = 39,700 GHz (at 7 GHz) and τf = 5.9 ppm/◦C after 4 h sin-
ering at 1300 ◦C.
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