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bstract

he effect of B2O3 addition on the sintering, microstructure and the microwave dielectric properties of LiNb0.6Ti0.5O3 ceramics have been investi-
ated. It is found that low-level doping of B2O3 (≤2 wt.%) can significantly improve the densification and dielectric properties of LiNb0.6Ti0.5O3

eramics. Due to the liquid phase effect of B2O3 addition, LiNb0.6Ti0.5O3 ceramics could be sintered to a theoretical density higher than 95% even
t 880 ◦C. No secondary phase was observed for the B2O3-doped ceramics. There is no obvious degradation in dielectric properties for the ceramics

ith B2O3 additions. In the case of 1 wt.% B2O3 addition, the ceramics sintered at 880 ◦C show good microwave dielectric properties of εr = 70,
× f = 5400 GHz, τf = −6.39 ppm/◦C. It represents that the ceramics could be promising for multilayer low-temperature co-fired ceramics (LTCC)

pplications.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Recently, much attention has been paid to the development
f multilayer microwave devices due to the rapid progress on
he satellite and mobile communications such as cellular phone,
hasers and GPS.1,2 Several layers of dielectric ceramics and
nternal electric metal conductors constitute these microwave
omponents. For the fabrication of miniature multilayer devices
nvolving the co-firing of dielectric and highly conductive metal,
uch as silver or copper, the development of low-temperature
o-fired ceramics (LTCC) has been received increasing attention
nd represented a key position in a high frequency application.3,4

enerally, low sintering temperature co-fired ceramics (LTCC)
an be realized through developing new materials, chemical pro-
essing method and using additives which was nowadays an
ffective and low-cost method in fabricating LTCC. This paper

eports on a new family of low sintering temperature dielectric
ompositions based on the M-phase LiNb0.6Ti0.5O3 system.

∗ Corresponding author. Tel.: +86 21 5241 1408; fax: +86 21 5241 3903.
E-mail address: liweiran@sh163.net (W. Li).
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In the case of the so-called M-phase compounds, Villafuerte-
astrejón et al.5 have first described them as forming a series of
solid solution, Li1+x−yNb1−x−3yTix+4yO3, with 0.05 ≤ x ≤ 0.3,
≤ y ≤ 0.182. Since the excellent microwave dielectric prop-
rties of the Li1+x−yNb1−x-3yTix+4yO3 system (εr = 78–55, a
unable τf, Q × f up to 9000 (6 GHz)) reported by Borise-
ich and Davies,6 the Li1+x−yNb1−x−3yTix+4yO3 solid solu-
ions have been known as potential candidate materials for
TCC applications. Although this materials could be sintered
o essentially full density at 1100–1150 ◦C without sintering
ids, further investigations are still required for lowering their
intering temperature to about 900 ◦C so that they could be
o-fired with Cu or Ag electrode. Borisevich and Davies7 first
eported that the V2O5-doped Li1.0Nb0.6Ti0.5O3 ceramic could
e sintered at 900 ◦C, and showed the microwave dielectric
roperties of εr = 66, Q × f value = 3800 GHz, τf = 11 ppm/◦C.
ecently, Kang et al.8 lowered the sintering temperature of
i1.0Nb0.6Ti0.5O3 ceramic to 850 ◦C by adding 0.5 wt.% of 0.17
i2O–0.83V2O5, and obtained better dielectric properties of

r = 64.5, Q × f value = 5933 GHz, and τf = 9.4 ppm/◦C.

B2O3 has been reported as a good flux former to lower
he sintering temperature for many materials. With 0.3 wt.%

2O3, the 0.84 Ba5Nb4O15–0.16 BaNb2O6 ceramics sintered

mailto:liweiran@sh163.net
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t 900 ◦C showed excellent dielectric properties of εr = 42,
× f = 28,000 GHz, and τf = 0 ppm/◦C.9 In the present work,

2O3 has been added to lower the sintering temperature of
iNb0.6Ti0.5O3 ceramics. The influence of B2O3 additions on

he densification, microstructure and microwave dielectric prop-
rties of LiNb0.6Ti0.5O3 ceramics have been investigated.

. Experimental

The ceramics were prepared using the conventional mixed
xide route. High-purity oxide powders (>99.5%) of Li2CO3,
b2O5 and TiO2 were used as starting materials. They were
ixed according to the desired stoichiometric composition
iNb0.6Ti0.5O3 and ball-milled in enthanol using zirconia balls
s milling media for 24 h. The wet mixture was dried and pre-
nnealed at 700 ◦C to expel CO2, then reground and calcined at
50 ◦C for 8 h. The calcined powder was then divided into two
arts. One part was ball-milled without additives in enthanol.
fter drying and sieving, the powder was uniaxially pressed

nto disks measuring 16 mm in diameter and 6–8 mm in thick-
ess. The disks were covered with crucibles and sintered at
100 ◦C. Another part was re-milled with different amounts
f B2O3.Then, following the same drying and forming proce-
ures, the B2O3-contaning pellets were sintered at temperatures
t 840–920 ◦C.

The bulk densities of the sintered ceramics were measured
y Archimedes method. The crystalline phases of sintered sam-
les were examined by X-ray diffraction (XRD) analysis with
igaku RINT2000 (Cu K� radiation generated at 40 kV and
0 mA). The well-polished and etched surfaces of the samples
ere investigated by the electron probe X-ray microanalyser

EPMA) (JXA-8100) and energy dispersive spectra (EDS). The
ielectric constant (εr) and the quality values Q at microwave
requency were measured using the Hakki–Coleman’s dielectric
esonator method, as modified and improved by Courtney.10,11

n Advantest E8363 network analyzer was employed in the
easurement. The temperature coefficient of resonant frequency

τf) was measured in the temperature range of −25 to +85 ◦C.
he τf value was defined as follows:

f = (f85 − f−25) × 10−6

110 × f25
(ppm/◦C) (1)

here f85, f−25, and f25 are the resonant frequencies at 85, −25
nd 25 ◦C, respectively.

. Results and discussions

Fig. 1 shows the bulk densities of LiNb0.6Ti0.5O3 with vari-
us contents of B2O3 as a function of sintering temperature from
40 to 920 ◦C. As shown in Fig. 1, the samples with 0.5 wt.%
2O3 achieve a relatively high density only when the sintering

emperature reached 920 ◦C. When the B2O3 content increased

o above 1 wt.%, the samples could reach high densities even at
40 ◦C. The highest density could be obtained for the 1.5 wt.%
2O3-doped ceramic. There is an obvious decrease in the den-

ity as the B2O3 content increased to 2 wt.%, which means this

b
d
s
t

ig. 1. The bulk density values of the LiNb0.6Ti0.5O3 ceramics with B2O3 addi-
ions as a function of sintering temperature.

ontent is overweighed to the ceramics. From Fig. 1 it could be
lso observed that the sintering curves of 1–2 wt.% B2O3-added
amples are similar, i.e., their densities slightly increase initially
nd then decrease with increasing temperature. All these results
how that B2O3 is very effective in enhancing the sintering abil-
ty of LiNb0.6Ti0.5O3 ceramics.

The SEM micrographs of LiNb0.6Ti0.5O3 ceramics doped
ith (a) 0 wt.% B2O3 sintered at 1100 ◦C and (b) 1 wt.%, (c)
.5 wt.%, and (d) 2 wt.% B2O3 sintered at 880 ◦C are shown in
ig. 2. Long-platelet shaped grains could be observed in all these
icrographs, but due to the much lower sintering temperatures,

he grain sizes of the B2O3-doped samples are much smaller
han those of pure LiNb0.6Ti0.5O3 ceramic. Besides, uniform
icrostructures with grains densely connected could be found in

he samples doped with 1 and 1.5 wt.% B2O3 (Fig. 2(b) and (c)).
owever, in Fig. 2(d) it could be seen that when the B2O3 content

ncreases to 2 wt.%, some abnormally-grown large grains would
xist, which is probably the main reason for the low density
f these samples shown in Fig. 1. Moreover, the EDS results
how that no secondary phase could be detected in all these
amples.

Fig. 3 shows the X-ray diffraction patterns of LiNb0.6Ti0.5O3
eramics with (a) 0 wt.% B2O3 sintered at 1100 ◦C and (b)
wt.%, (c) 1.5 wt.%, and (d) 2 wt.% B2O3 sintered at 860 ◦C for
h. A series of distinctive satellite reflections originated from

he superstructure of the M-phase solid-solution are observed,
hich are agreed with the previous reports.12,13 And no sec-
ndary phases could be detected for the B2O3-doped ceramics
resumably because of its low mass fraction, which is coincident
ith the EDS results. In addition, it is found that the diffraction
eak positions of the B2O3-doped ceramics have small shift
ompared with the pure LiNb0.6Ti0.5O3 ceramic. With the B2O3
ontent increasing from 0 to 1.5 wt.%, the peak positions shift to
ower 2θ angles. This phenomenon is similar with that reported

y Kang et al.8 However, the peak positions shift towards higher
iffraction angles when 2 wt.% B2O3 added. For the specimens
intered at other temperatures, the similar tendency of XRD pat-
erns has also been observed.
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ig. 2. The SEM micrographs of LiNb0.6Ti0.5O3 ceramics doped with (a) 0 wt.%
t 880 ◦C.

The microwave dielectric properties of LiNb0.6Ti0.5O3
eramics doped with B2O3 as a function of sintering tempera-
ure are shown in Figs. 4–6. In these figures, plots on the vertical
xis show the properties of undoped LiNb0.6Ti0.5O3 ceramic
intered at 1100 ◦C. The relationship between εr values and

intering temperature show the similar trend as that between
ensities and sintering temperature. This result suggests that the
ulk density of the sintered ceramics determine, to an extent,
he dielectric constant of the sintered ceramics. Probably due to

ig. 3. X-ray diffraction spectra of (a) the undoped LiNb0.6Ti0.5O3 ceramic
intered at 1100 ◦C and the ceramics with (b) 1 wt.%, (c) 1.5 wt.%, and (d)
wt.% additions sintered at 860 ◦C.
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3 sintered at 1100 ◦C and (b) 1 wt.%, (c) 1.5 wt.%, and (d) 2 wt.% B2O3 sintered

he uniform microstructures and high densities, higher dielec-
ric constant than that of the undoped LiNb0.6Ti0.5O3 ceramic
intered at 1100 ◦C could be obtained for 1 and 1.5 wt.% B2O3-
oped specimens sintered at 840–880 ◦C.

Fig. 5 shows the Q × f values of B2O3-doped LiNb0.6Ti0.5O3
eramics as a function of sintering temperature. The Q × f val-
es of all the samples with B2O3-doped had some decrease than
hat of undoped LiNb0.6Ti0.5O3 ceramic. With 1–2 wt.% B2O3

ddition, the Q × f value variation revealed similar tendency
ith the apparent density and dielectric constant as shown in
igs. 1 and 4. In Fig. 5 it could also be found that the Q × f
alues of LiNb0.6Ti0.5O3 ceramics with 2 wt.% B2O3 is much

ig. 4. The dielectric constant values of LiNb0.6Ti0.5O3 ceramics with B2O3

dditions as a function of sintering temperature.
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ig. 5. The Q × f values of LiNb0.6Ti0.5O3 ceramics with B2O3 additions as a
unction of sintering temperature.

ower than that with 1 and 1.5 wt.% B2O3 additions. As we
now, the microwave dielectric loss includes not only intrinsic
osses which were mainly caused by the lattice vibrational modes
ut also extrinsic losses dominated by densification/porosity,
he secondary phases, grain sizes and oxygen vacancies.14

ome investigations15,16 also reported that the Q × f value is
ndependent of the density and the porosity for a theoretical
ensity higher than 90%. As for the 1–2 wt.% B2O3-doped
iNb0.6Ti0.5O3 ceramics, the densities are all higher than 90%,
nd the secondary phase and charge unbalance are also not pos-
ible, so the grain morphology is suggested to dominate the
× f values. More uniform grain morphology for 1 and 1.5 wt.%

2O3 addition than that for the 2 wt.% B2O3 addition in Fig. 2
ay mean reductions in lattice imperfection as well as dielectric

oss.14 From Figs. 4 and 5, it could be seen that the good dielec-
ric properties of ε = 70 and Q × f = 5400 GHz could be obtained
r
t 880 ◦C when 1 wt.% B2O3 added, which is superior to that
f pure LiNb0.6Ti0.5O3 ceramic (εr = 66, Q × f = 5432 GHz) sin-
ered at 1100 ◦C.

ig. 6. The τf values of LiNb0.6Ti0.5O3 ceramics doped with different amount

2O3 additions sintered at 880 ◦C.

f
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R
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The τf values of the B2O3-ceramics sintered at 880 ◦C are
llustrated in Fig. 6. From Fig. 6 it could be found that the
f value was first decreased from 9.7 to −7.1 ppm/◦C as the
2O3 content increased from 0 wt.% B2O3 to 1.5 wt.%, which

s similar as the results when 0.17Li2O–0.83V2O5 was used as
dditives reported in Ref. 8. However, the τf value then increases
o 6.5 ppm/◦C when B2O3 content increases to 2 wt.%. These
trange results could be attributed to the tendency of XRD peak
hift which have been introduced in Ref. 8. Kang et al.8 found
hat the τf value shifted to negative direction with the XRD
eak shifting to lower angles. Combining Figs. 4 with 6, the
imilar consistency of the variation of τf values and the ten-
ency of XRD peak shift could also be observed. Although the
easons for the variation of the τf values are unclear now, it
ould be reasonably believed that the liquid phase and distor-
ion of crystal lattice should be responsible for the variation of
he τf value. Moreover, it implies that the addition of appropriate

2O3 content could adjust the τf value of pure LiNb0.6Ti0.5O3
eramic close to zero. In general, the LiNb0.6Ti0.5O3 ceramics
ith small amount of B2O3 additions such as 1 wt.% B2O3 addi-

ion have good dielectric properties of εr = 70, Q × f = 5400 GHz,
nd τf = −6.39 ppm/◦C.

. Conclusions

The sintering characteristics, microstructure and microwave
ielectric properties of the M-phase LiNb0.6Ti0.5O3 ceramic
ith different B2O3 additions have been investigated sys-

ematically in this study. By adding 1–2 wt.% B2O3, the
iNb0.6Ti0.5O3 ceramic could be successfully sintered at low

emperatures around 880 ◦C. These low-fired LiNb0.6Ti0.5O3
eramics exhibit good microwave dielectric properties. Typi-
ally, the good dielectric properties of εr = 70, Q × f = 5400 GHz,
f = −6.39 ppm/◦C are obtained for the LiNb0.6Ti0.5O3 ceram-
cs with 1 wt.% B2O3 sintered at 880 ◦C, which are promising
or the application of multiplayer microwave components using
g as an inner electrode.
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