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Glass-ceramic for low temperature co-fired dielectric ceramic materials
based on La2O3–B2O3–TiO2 glass with BNT ceramics
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Abstract

Low-temperature co-fired ceramic (LTCC) materials with a sintering temperature of <900◦C were developed using rare earth derived
borate glass (La2O3–B2O3–TiO2) and a conventional BNT (BaO–Nd2O3–TiO2) ceramic. The sintering behavior, phase evaluation, sintered
morphology, and microwave dielectric properties were investigated. It was found that increasing the sintering temperature from 750 to 850◦C
led to increases in shrinkage and microwave dielectric properties (≈20 for εr and >8000 GHz forQ∗f0) but a decrease in porosity. The final
crystal phases of the sintered samples were identified as HT-LaBO3 and TiO2.
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. Introduction

Due to the limited sintering temperature capability of
etal electrodes such as Ag or Cu, low temperature co-fired

eramics (LTCCs) with sintering temperature below 900◦C
ave been in great demand. LTCCs are also of great impor-

ance to the electronic industry for building smaller RF mod-
les, and fulfilling the necessity for miniaturization of devices

n the wireless communication industry.1–6,12–14 However,
ost of the known commercial ceramic materials possess-

ng a high quality factor and large dielectric constant usually
eed high sintering temperatures.16–18 To solve this prob-

em, oxide type powders such as B2O3, SiO2 and Li2O and
ow-melting glass frits are generally mixed with ceramic ma-
erials to reduce the sintering temperature to below 900◦C
s is required.5,7,8 Typical glass systems for low-melting
re borosilicate and lead borosilicate glasses. However, if

he amount of frit is large the network formers contained in
he remaining glass materials such as B2O3 and SiO2 can
rofoundly absorb the microwave power at high frequen-

cies, causing degradation of the quality factor of the
materials.1,7

Compared with liquid phase sintering and low-melt
glass frits in which the glass phase remains, another app
using a ‘glass-ceramic’ produces different results since
frits crystallize during the sintering stage. The advant
offered by this glass-ceramic approach include shape s
ity after sintering, improved dielectric properties, mechan
strength and controlled thermal expansivity.2,3,10 Although
there are some previous studies related to the use of
ceramic for LTCC materials, these studies are mostly foc
on the substrate materials which posses a low dielectric
stant (<10).4,9 There are few studies concerning the us
glass-ceramic materials with a mid-range dielectric con
(>15).7,10,11

Given this background with glass-ceramics, in this s
the glass composition La2O3–B2O3–TiO2, as an alternativ
glass composition, and commercial BaNd2Ti5O14 as a ce
ramic material were used. The sintering characteristic o
composite, the mechanism of how the glass and cerami
terials interact with each other under different sintering co
∗ Corresponding author. Tel.: +82 61 750 3555; fax: +82 61 750 3550.
E-mail address:hskim@sunchon.ac.kr (H.-S. Kim).

tions and finally how the microstructure of the sintered com-
posites affects the dielectric properties are discussed in detail.

955-2219/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
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2. Experimental procedure

The starting ceramic material used was a commercial BNT
(BaO–Nd2O3–TiO2) ceramic powder (MBRT90, Fuji Tita-
nium Ind. Japan,d50: 2.9�m), which was found to be ther-
mally stable in the single BaNd2Ti5O14 phase using XRD
(X-Ray Diffractometer, Philips, X’PERT).15 The raw mate-
rials for the glass frit were La2O3, H3BO3 and TiO2 which all
have high purity (Aldrich, USA). The batches were melted
in a platinum crucible at 1300◦C for 1 h. The glass melt was
quickly poured and quenched on a copper plate and pulver-
ized in a vibration mill for 4 h (mean diameter: 6–8�m). For
the preparation of bulk specimens, the melts from the furnace
were poured into a graphite mould and heated to the temper-
ature of 10◦C above the glass transition temperature (Tg) of
each glass. The mould was then moved back into the furnace
to anneal the glass for 1 h and then cooled very slowly in the
furnace. The glass powder (60 wt.%) and ceramic materials
(40 wt.%) were mixed by a ball mill for 48 h and then dried
for making pellets (1.5 cm in diameter and 8 cm in height) by
cold isostatic pressing (under 200 MPa). The pellets were sin-
tered in the temperature range of 750–900◦C for 10–120 min
at a heating rate of 10◦C/min.

The bulk density of the sintered samples was determined
by the Archimedes method. The glass transition temperature
(T ) and crystallization peak (T ) were determined with a dif-
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Table 1
Compositions of melts La2O3–B2O3–TiO2 glass system (in mol%) melting
at 1300◦C for 1 h and the results of glass state after quenching at room
temperature

Glass no. La2O3 B2O3 TiO2 Notes

L1 20 40 40 Crystallized
L2a 20 60 20 Glassy
L3 20 55 25 Glassy
L4 20 50 30 Glassy
L5 25 60 15 Glassy
L6 25 55 20 Glassy
L7 30 40 30 Crystallized
L8 20 35 45 Crystallized
L9 25 35 40 Crystallized
L10 25 30 45 Crystallized
L11 10 50 40 No melting
L12 15 50 35 Partially crystallized

a Glass composition which was used in this study.

TiO2 had to be limited to below 30 mol% for glass formation.
Among these glasses, 20La2O3·60B2O3·20TiO2 (in mol%)
was chosen for the present experiment, which was then mixed
with BNT ceramic powder.

To confirm whether the glass frits could properly fuse with
the ceramic materials while keeping the temperature below
900◦C (as required) needed several additional thermal re-
sults of the glass to be considered. The DTA result of L2
(20La2O3·60B2O3·20TiO2 (in mol%)) glass inFig. 1shows
that an exothermal peak indicating crystallization occurred at
a higher temperature with increasing frit size. The crystalliza-
tion of the glass resulted from surface crystallization rather
than bulk crystallization in the glass system, which can be
seen inFig. 2. The crystal growth rate dramatically increased
as the temperature increased (Fig. 2). The glass transition
temperature (Tg = 657◦C) of L2 glass was found at the same
temperature for all frit sizes. The glass also showed the Little-
ton softening point (Ts, η = 107.6 dPa) at 722◦C and the melt-
ing point at 1043◦C. The thermal expansion coefficient was
7.6× 10−7 K−1 and dielectric constant was 12–13 (Table 2).

F .
(
c

g p
erential thermal analyzer (DTA-TA 1600, TA Instrumen
SA) under 10◦C/min heating rate. From the glass, Gl
bers of 0.5–0.75 cm in diameter and 23.5 cm in length w
ade for the test ofTs (Littleton softening point); the poin
t which the fiber elongates under its own weight at a ra
mm/min. The thermal expansion coefficient was exam
y TMA (TA Instruments). The shrinkage rate of the sa
les was determined by samples diameter before and
intering. The porosity was measured by automated me
orosimeter (AutoPore IV 9510, Micromeritics, USA). T
icrostructure of the thermally etched samples was exam
sing a scanning electron microscope (SEM, HITAHC
apan) and Energy Dispersive X-Ray Microanalysis Sy
EDAX, Phoenix60). The microwave dielectric propertie
lass was measured by impedance analyzer (4194Es

ent, USA) at 1 MHz and network analyzer (8720Es, A
ent, USA) at 4.7 GHz. The microwave dielectric proper
f glass/ceramic was measured by network analyzer (87
gilent, USA) at 7–8 GHz.

. Results and discussion

.1. Characteristics of glass (La2O3–B2O3–TiO2)

The formation of all glasses studied, based
a2O3–B2O3–TiO2 ternary system is given inTable 1. For
lass forming, glasses with smaller amounts of the glas
er B2O3 (below 55 mol%) could not be made becaus

ast devitrification during quenching. Also the amoun
ig. 1. DTA curves for different frit sizes heated at 10◦C/min heating rate
Tg, glass transition temperature;Tc, onset point of crystallization;Tp, peak
rystallization temperature.)
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Fig. 2. Surface crystal growth rate at different heating temperatures and the
image of surface crystal appearing in a bulk glass.

Table 2
Dielectric and thermal characteristics of L2 glass

Characteristic Dielectric constants CTE
(×10−6 K−1)

Ts (◦C) Tm (◦C)

At 1 MHz At 4.7 GHz

L2 12.6 11.5 7.4 722 1043

The overall conclusion regarding this LBT glass compo-
sition is that the glass showed a low viscosity characteristic,
as shown by lowTg andTs points, and suitable crystalliza-
tion for LTCC application as crystallized glass. Particularly
regarding the lowerTs point of the glass than the required
sintering temperature for LTCCs (∼900◦C), this glass can
critically aid the sinterability of the composites. Compared
to silicate and borosilicate glasses, the relatively higher di-
electric constant of bulk glass (εr > 10) could be beneficial
for dielectric properties, notwithstanding the possibility for
crystallization of the glass.

3.2. Properties of co-fired glass/ceramics

As shown inFig. 3, the shrinkage of the L2 glass/ceramic
(BNT) rapidly increased until the temperature reached

F tem-
p

850◦C, thereafter it slightly decreased. There was no sig-
nificant difference in the shrinkage with different sintering
times. This suggests that the reactions such as a rearrange-
ment, crystallization and diffusion between glass frit and the
ceramic material was dependent the significant temperature
(Tg, Ts andTp). The significant increase of shrinkage can be
explained together with the change of microstructure and de-
crease in porosity as the temperature increased. InTable 4,
the porosity at 750 and 800◦C was about 15% but it became
noticeably smaller (5%) at up to 850◦C because the low glass
viscosity would be effect.

According to the DTA result inFig. 4, a different pro-
file of the mixture of glass and ceramic was obtained com-
pared to the previous, glass only, thermal analysis (Fig. 1).
There are three recognizable exothermic peaks at 767, 803
and 850◦C, respectively, unlike the one exothermic peak for
glass. These three peaks are related to the occurrence of three
crystal phases. The XRD analysis data showed that the first
peak occurred at the formation of the low temperature form-
ing LT-LaBO3 phase (JCPDS no. 72-0074), the second was
for the high temperature forming HT-LaBO3 phase (JCPDS
no. 12-0762) and the third was for the TiO2 phase (JCPDS
no. 76-0649).

To study the interaction between LBT glass materials and
BNT ceramics (60:40 wt.%), the mixture was well mixed and
then sintered at 750–900◦C for 1 h. There had to be two initial
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ig. 3. Shrinkage of glass-ceramic composites as a function sintering

erature and under different sintering time.
hases such as glass and ceramic phases at room temp
ut as the samples underwent sintering, different phases
ormed. At lower temperatures (<750◦C), the glass started
use causing slight shrinkage and then, until the temper
eached the starting point of crystallization (Tc = 750◦C),
he fused glass worked as a typical liquid-phase sinte
id, coating the ceramic materials.

As shown in the thermally etched microstructure ima
Fig. 5), it seems that a small reaction had already start
50◦C and occurred more rigorously after 850◦C. At tem-
eratures of 750–800◦C, grain sizes were relatively sm
ompared with the specimens sintered at higher tem
ures (850–900◦C) because of the relatively poor react
etween glass and ceramic. However, grains became
s the temperature increased.

In the magnified backscattered images (Fig. 6) and EDX
nalysis (Table 3), the black area labeled A indicates a TiO2-
ich ceramic while the white area labeled B represents c
licated phases which were composed of glass and diss
eramic. In the case of the black area (A), La, B and Ti
ere dominant and Bi, Ba and Nd remained as minor c
onents. The byproduct of the reaction between glass an
amic materials should be the phase labeled B (white a

able 3
he EDX analyses for regions A and B inFig. 6

lements O Ti Nd Bi Ba B La Tota

(black area) 69.57a 27.18 2.68 0.57 – – –
(white area) 25.31 6.32 1.69 0.12 0.83 65.08 2.65
a Values are in at.%.
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Fig. 4. DTA result of glass-ceramic composite heated at 10◦C/min heating rate.

Fig. 5. SEM images of glass-ceramic composites after sintering at different temperature: (a) 750◦C, (b) 800◦C, (c) 850◦C and (d) 900◦C.

Fig. 6. Back scattered (a), normal secondary electron (b) and magnified image (c) of a glass-ceramic composite after 850◦C firing.
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Fig. 7. Pore size distribution of sintered glass-ceramic composites: (a) 750◦C, (b) 800◦C, (c) 850◦C and (d) 900◦C.

It seems that Ba and Nd from the ceramic components (Ba,
Nd, Ti, and O) migrate to the glass matrix and play as key
elements to form a new phase.

Regarding porosity and pore size distribution, as the sin-
tering temperature increased the intrusion of Hg gradually
decreased, which meant the rapid reduction of porosity in
the sintered samples (Fig. 7). However, interestingly, large
pores over 100�m appeared at 800 and 850◦C as shown in
Fig. 7b and c. The formation of larger pores at high temper-
ature resulted from vigorous crystallization of glass frits at
high temperature.

The density of the composites (sintered samples) ranged
from 4.0 to 4.2 g/cm3 (Table 4), which was a comparatively
low value compared to the density of the pure ceramic ma-
terial (5.6 g/cm3). The slight decrease in density as the sin-
tering temperature increased (Table 4) can be explained by
the formation of phases with lower density (Table 5). Assum-
ing that the microstructure of the sintered samples at 850◦C
is composed of 50% of HT LaBO3, 50% of TiO2 and 5%
of porosity and at 750◦C, 40% of LT-LaBO3, 40% of ce-
ramic (BaNd2Ti5O14) and 20% of glass with 5% of porosity
based on results of the density and porosity, theoretically the
predicted densities based onTable 5give 4.3 and 4.0 g/cm3

for 750 and 850◦C, respectively, as the experimental appar-

Table 4
P

S

A
A
A
A

ent densities revealed lower values 4.266 and 4.059 g/cm3 in
Table 4.

The XRD results, inFig. 8, made it clear that the crys-
tal from glass only (LaB3O6) was completely different from
crystals from glass/ceramic composites (LaBO3). As far as
glass/ceramic composites are concerned, at 750◦C various
phases existed including ceramic phase, low temperature
forming LT-LaBO3 and amorphous (glassy) phase which was
not yet crystallized. As the temperature increased to 800◦C,
LT-LaBO3 completely changed to high temperature form-
ing HT-LaBO3 and a different type of ceramic phase was
formed. Finally, at 850–900◦C, HT-LaBO3 emerged as the
main phase and a small amount of TiO2 phase was detected.

Table 6shows the dielectric properties of the composites;
the dielectric constant ranged from approximately 18–20 with
no significant change was shown with an increasing sintering
temperature. However, quality factor and temperature coeffi-
cient (TCF) both gradually increased with the increasing tem-
perature. The sudden decrease in the quality factor at 900◦C
can be ascribed to the extreme grain growth and increase of
porosity at this temperature (Figs. 5 and 7).

Table 5
Comparison of density of crystal phases

Phases JCPDS no. Density (g/cm3)
L
H
N
T
L
C
P

roperties of sintered glass-ceramic composites

intered samples Apparent density (g/cm3) Porosity (%)

t 750◦C 4.266 15.1
t 800◦C 4.065 15.6
t 850◦C 4.059 5.1
t 900◦C 4.001 8.9
T-LaBO3 72-0074 5.107
T-LaBO3 12-0736 5.304
d4TiO24 33-0943 5.171
iO2 (rutile) 76-0649 4.251
aB3O6 72-2095 4.189
eramic (BaNd2Ti5O14) 33-0166 5.643
ure glass 4.058



3192 B.-H. Jung et al. / Journal of the European Ceramic Society 25 (2005) 3187–3193

Fig. 8. X-ray diffraction patterns showing different phases according to the material and sintering temperature.

The change of dielectric constant is attributed to the crystal
phases occurrence particularly the HT-LaBO3 phase. Unlike
the dielectric constant, it is well known that the quality fac-
tor (reciprocal of dielectric loss) is primarily a response to
the network structure of the remnant glass phase4 and mostly
affected by porosity, because the pores in the microstruc-
ture increase dielectric loss. At 750◦C, the quality factor was
lower than for the others because the remaining amorphous
phase affected the quality factor. At the higher firing tempera-
ture a higher quality factor was obtained since the increase in
firing temperature removed the remaining amorphous phase,
resulting in more reaction between the glass and ceramic ma-
terials and the formation of a second phase (LaBO3 and TiO2
phases). As shown inTable 6, the highest quality factor was
obtained at 850◦C because of the highest shrinkage (Fig. 3)
and the lowest porosity (Table 3). Thus 850◦C could be de-
scribed as the optimized sintering temperature.

This study is a preliminary investigation of the LBT glass
and BNT ceramic composite material and will be continued

Table 6
Microwave dielectric properties of sintered pure ceramic and glass/ceramic
composites and phases at different temperature

Samples Microwave dielectric
properties

εr Q∗f0 (GHz) τcf

P

G

by bringing in different ceramic materials, in order to achieve
more applicable microwave dielectric properties.

4. Conclusion

The glass-ceramic based on La2O3–B2O3–TiO2 (LBT)
glass composition was used as an alternative LTCC mate-
rial after mixing with commercial BaO–Nd2O3–TiO2 (BNT)
based ceramic material. Through the sintering process, one
of the most significant sintering behaviors was the forma-
tion of HT-LaBO3 and TiO2 as final phases reacted between
the BNT ceramic and LBT glass. The products played posi-
tively to improve the microwave dielectric properties of BNT
ceramic. As a result, the sintering temperature of the com-
mercial BNT ceramic could be reduced to 850◦C with the
composite and the microwave dielectric properties were 20
for εr, 8000 forQ∗f0 (GHz) and 76.8 for TCF at 6–7 GHz. The
results suggested the composite could be an optimal LTCC
dielectric material.
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