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a b s t r a c t

In this work, a low-temperature co-fired ceramic (LTCC) composite based on the eutectic system
BaO–ZnO–SiO2–B2O3 is fabricated. The phase formation in the LTCC composite is investigated by XRD,
SEM and DSC technologies. Dielectric and thermal properties are discussed in terms of the phase composi-
tion. The results indicate that major mineral phases of the LTCC composite are barium silicate, willemite,
SiO2 crystal phases and additional quartz. Due to the peculiar physical characteristics of these min-
eywords:
eramics
intering
hermal expansion
ielectric property

eral phases, the LTCC composite can express different dielectric and thermal properties along with the
evolution of the major mineral phases.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

With further miniaturization of electronic devices, low-
emperature co-fired ceramic (LTCC) materials, in recent years, are
idely attracted to the application of semiconductor devices [1,2].

pecially, in order to achieve a thermal match between substrates
nd metallized wiring layers, a considerable CTE (not <10 ppm ◦C−1)
3] is expected to achieve. So far, glass–ceramics and ceramic/glass
omposites [4,5] have been widely researched for LTCC applica-
ion due to their tailored physical properties and low sintering
emperature. Nevertheless, the manufactures of glass materials are
sually complex processes including melting, cooling and crystal-

ization. The cost is also relatively high. Consequently, it should
e considered by choosing more convenient methods to obtain
TCC materials. At present, a low-temperature sintering method
6,7] based on the eutectic system has the potential to improve the
omplex processes. The eutectic system with melting temperature
ot exceeding 1000 ◦C can supply a liquid-phase sintering aid for

he fabrication of LTCC materials. On the basis of the liquid-phase
intering aid, the mineral phases with particular physical proper-
ies [8,9] can be availably fabricated. Also, dielectric and thermal
roperties of LTCC materials can be designed in terms of their
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phase composition. It is well known [10] that quartz is charac-
terized by excellent dielectric characteristics (permittivity: 3.58)
and high CTE (13.2 ppm ◦C−1, in the temperature range of 20 ◦C
to 300 ◦C). Thus, quartz can be used to adjust the dielectric and
thermal properties of LTCC materials as filler. In this work, we
study the LTCC composite containing quartz based on the eutec-
tic system BaO–ZnO–SiO2–B2O3. The main objective of the work is
to investigate the correlation between the phase composition and
the dielectric and thermal properties, and to develop a convenient
method to fabricate LTCC materials.

2. Experimental

Reagent-grade raw materials of silicon acid, boric acid, zinc oxide, barium
hydroxide octahydrate and quartz powder with purity higher than 99% were used
as the starting materials. In this work, the de-ionized water was used.

According to the designed composition in Table 1, the above materials were
weighed and milled with water for 7 h. The ratio of the water to solid was regulated
to 3:2. Upon treatment, the slurries were dried and then were pre-sintered at 700 ◦C
for 3 h. Subsequently, the pre-sintered powders with the particle size of 0.5–1.0 �m
were molded into the specimens under a compressive stress of 25 MPa. Finally, the
specimens were sintered continuously at 400 ◦C for 3 h, 700 ◦C for 3 h and selected
densification temperature for 15 min. The as-sintered specimens were analyzed
by using a scanning electron microscope (JSM-6490LV, Japan), an X-ray powder
diffraction patterns and a differential scanning calorimetry (NETZSCH STA449C, Ger-

◦ −1
many, heating at a rate of 10 C min ). The X-ray powder diffraction patterns were
recorded on a D/Max-IIIA machine (Rigaku Industrial Corporation, Japan) using Cu
K� radiation (40 kV, 30 mA) with a scanning rate of 2◦ min−1. The CTE of the spec-
imens were tested by a dilatometer (NETZSCH DIL402PC, Germany, heating at a
rate of 3 ◦C min−1). Permittivity and dielectric loss were tested (1 MHz, at room-
temperature) by a PRECISION LCR METER instrument (Agilent 4284A, U.S.A.).
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Table 1
The composition of the matrixes and the composites.

Specimen Matrix composition (wt.%) Addition of quartz (wt.%)

Z1 45BaO–5ZnO–40SiO2–10B2O3 –
Z2 40BaO–10ZnO–40SiO2–10B2O3 –
Z3 40BaO–15ZnO–35SiO2–10B2O3 –
Z4 40BaO–20ZnO–30SiO2–10B2O3 –
Z5 40BaO–25ZnO–25SiO2 –10B2O3 –
Z6 20BaO–35ZnO–30SiO2–15B2O3 –
Z7 40BaO–10ZnO–35SiO2–15B2O3 50
Z8 40BaO–15ZnO–30SiO2–15B2O3 50
Z9 40BaO–20ZnO–25SiO2–15B2O3 50
Z10 45BaO–30ZnO–10SiO2–15B2O3 30
Z11 45BaO–30ZnO–10SiO2–15B2O3 45
Z12 45BaO–40ZnO–0SiO2–15B2O3 30
Z13 45BaO–40ZnO–0SiO2–15B2O3 45
Z14 20BaO–35ZnO–30SiO2–15B2O3 20

3

3

o
o
p
t
t
m
A
p
i
Z
b
e
t
D
m
t
a

Z15 10BaO–40ZnO–30SiO2–20B2O3 20
Z16 0BaO–50ZnO–30SiO2–20B2O3 20
Z17 45BaO–5ZnO–40SiO2–10B2O3 30

. Results and discussion

.1. XRD and SEM analyses

The physical properties, e.g. dielectric and thermal properties,
f LTCC materials are determined by the physical characteristics
f major mineral phases. Due to the close correlation between the
hysical properties and the phase composition, the phase forma-
ion mechanism of the eutectic system BaO–ZnO–SiO2–B2O3 needs
o be examined. Fig. 1 represents the XRD patterns of the speci-

ens Z1, Z4, Z17 and the slurry of the specimen Z1, respectively.
s seen in Fig. 1, the slurry mainly contains a barium borate hydrate
hase, a small quantity of a zinc borate phase and a residual bar-

um hydroxide. Major mineral phases of the specimens Z1, Z4,
17 are barium silicate and SiO2 crystal phases whereas a barium
orate phase and other borate compounds are not detected. It is
stimated that the barium borate hydrate phase have completely

ransformed into a melting phase during sintering. Fig. 2 gives the
SC curves of two barium borate hydrates. It appears that the ther-
al evolution of the two barium borate hydrates basically covers

hree stages, i.e., dehydration, a serial of chemical combinations
nd melting at the temperature below 900 ◦C. The results indicate

Fig. 1. XRD patterns of the specimens Z1, Z4,
Fig. 2. DSC curves of two barium borate hydrates.

that a barium borate hydrate is characterized by low-melting char-
acteristics. Due to the characteristics, barium borate can be usually
used as a flux agent to improve the sintering behavior of ceramic
materials [11]. Consequently, the phase formation in the eutectic
system BaO–ZnO–SiO2–B2O3 can be understood as the mechanism
that, by a melting phase, various ions and polymer molecules are
ineluctably dispersed and chemically combined with each other to
form new polymorphs, the formation of the new bonds for the poly-
morphs also involves the structural rearrangement of the crystal
particles to achieve a thermodynamic stability. Of these minerals,
the occurrence of a SiO2 crystal phase should be attributed to the
crystallization of residual SiO2 polymer molecules. It means that
the phase formation depends on the chemical constitute.

For the investigation of the phase evolution dependence of the
chemical constitute, the additional quartz and the oxide compo-
nents in the eutectic system are examined in terms of their content
in the specimen. As the specimens with high BaO and B2O3 content

and high quartz content, Fig. 3 gives the XRD patterns of the speci-
mens Z7, Z8 and Z9, respectively. The XRD patterns show that their
major phases are only quartz and a small quantity of SiO2 crystal
phases. The results indicate that the high content of BaO and B2O3
in the composition can increase the amounts of the melting phase

Z17 and the slurry of the specimen Z1.
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Fig. 5. XRD patterns of the specimens Z11 and Z13.
Fig. 3. XRD patterns of the specimens Z7, Z8 and Z9.

f barium borate in the composites. In turn, the other chemical
onstitutes in the eutectic system can also transform accordingly
nto an amorphous phase via the dissolution of them to the melting
hase. Usually, the presence of a melting phase in ceramic com-
osites is beneficial to achieve a low-temperature sintering. Fig. 4
hows the correlation between the densification temperature and
he composition. As is seen in Fig. 4, the specimens with high BaO
nd B2O3 content (such as the specimens Z1–Z5) have a low den-
ification temperature. It can be believed that the achievement of
he low-temperature sintering mainly originated in the presence of
he melting phase of a barium borate in the eutectic system. Conse-
uently, the matrixes containing sufficient amounts of the melting
hases have better ability to host quartz particles. In contrast to
aO and B2O3, adding quartz to the matrix can urge a higher den-
ification temperature (such as the specimens Z7, Z8, Z9, Z11, Z13
nd Z17). Therefore, in order to achieve a low-temperature sinter-
ng, the content of quartz in the composite materials needs to be
easonably regulated.

While the SiO2 content in the matrixes of the specimens Z11and
13 is up to 10 wt.% and 0 wt.%, respectively. As seen in Fig. 5, major

ineral phases of the specimens Z11 are quartz and zinc silicate.
enerally, the formation of the zinc silicate phase is due to the
hemical combination of Zn ion and SiO2 polymer molecule in the
utectic system. However, a high ZnO content in the composition

Fig. 4. Density and densification temperature
Fig. 6. XRD patterns of the specimens Z14, Z15 and Z16.

may result in the dissolution of the additional quartz to a melting
phase and the formation of new silicate phases. In the XRD pattern
of the specimen Z13, a zinc silicate phase and SiO crystal phases
2
can be observed. With the results, it indicates the fact that is the
dissolution of quartz to a melting phase and the participation in the
solid stat reactions for the phase formation.

of the matrix and composite specimens.
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Fig. 7. SEM images of the matrix and composite specimens.



S. Chen et al. / Journal of Alloys and Compounds 498 (2010) 185–190 189

on of t

m
a
a
p
s
t
t
w
i
f
n
t
a
i
s
w

Fig. 8. Coefficient of thermal expansi

As the phase evolution dependence of the ZnO content in the
atrix, Fig. 6 gives the XRD patterns of the specimens Z14, Z15

nd Z16 with ZnO fraction in the amounts of 35 wt.%, 40 wt.%
nd 50 wt.%, respectively. The results indicate that major mineral
hases of the three specimens are willemite and quartz. The inten-
ity of the diffraction spectra of willemite is getting stronger with
he increase of ZnO fraction in the matrix. Under this variation,
he intensity of the diffraction spectra of quartz become gradually
eak, indicating that the dissolution of quartz to the melting phase

s occurring during sintering. Bunting and Sang [12,13] reported the
ormation of a willemite phase is attributed to the chemical combi-
ation of zinc silicate and SiO2 crystal particles. Thus, adding quartz

o the matrix and increasing ZnO fraction can cause the formation of
willemite phase. Because of the fact that the content of the melt-

ng phases increases as the content of BaO and B2O3 in the eutectic
ystem increases, the addition of quartz has been greatly decreased
ith the decrease of the BaO content in the three specimens.

Fig. 9. Dielectric properties of the ma
he matrix and composite specimens.

Fig. 7 shows the SEM images of several specimens. As shown in
Fig. 7, the SEM images of the specimens Z8, Z11 and Z13 exhibit
a compacted microstructure. It indicates that the barium borate
hydrate phase plays an important role in the improvement of the
sintering behavior of the composite. The micrographs of the spec-
imens Z14, Z15 and Z16 appear that, with the increase of the ZnO
content, a willemite phase is gradually formed from the eutectic
system during sintering. In addition, the porosity is observed in the
SEM image of the specimen Z1 that contains BaO and B2O3 fraction
in the amounts of 55 wt.%. It is estimated that, due to a low soften
point of the melting phase, the porosity is caused by the thermal
swell of the specimen with excessive melting phase during sinter-

ing. Naturally, it results in a low density. Meanwhile, some dots are
observed in the SEM images of the specimens Z1, Z8, Z13 and Z14.
In contrast with the XRD results of the specimens, the dots could
be SiO2 crystal particles that originated form the crystallization of
residual SiO2 polymer component. Furthermore, the occurrence of

trix and composite specimens.
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he SiO2 crystal particles in the specimen Z13, which does not con-
ain the SiO2 polymer component, is correlated with the dissolution
f quartz to a melting phase. However, the micrograph of the spec-
men Z11 with the SiO2 polymer component in amounts 10 wt.%
oes not show the dots. It suggests that the origination of the SiO2
rystal phase is complicated and should be relevant with the pro-
ortion of the oxides in the composition [14]. In the case of the
rigination of the SiO2 crystal phase, the further work will be done
n future.

.2. Dielectric and thermal properties of the composite

CTE values and dielectric properties of the specimens are rep-
esented in Figs. 8 and 9, respectively. As is shown in Figs. 8 and 9,
he specimens with a high SiO2 and BaO content possess high CTE
alue whereas the specimens with a high SiO2 content express
xcellent dielectric properties. However, the influence of the ZnO
omponent on the CTE and the dielectric properties is not clearly
hown on the correlation between the composition and the prop-
rties. It means that the physical properties are relevant with
he phase composition. Major mineral phases of the eutectic sys-
em BaO–ZnO–SiO2–B2O3 are barium silicates, willemite and SiO2
rystal phases. Of these mineral phases, barium silicates possess
igh CTE value (up to 12.5 ppm ◦C−1, in the temperature range of
0–300 ◦C) [15]. Thus, it is widely applied to glass–ceramic mate-
ials with high CTE (patent No. 3,467,534 U.S.A.). It can be seen
hat the specimens (such as Z1 and Z4) containing a barium silicate
hase show a considerable CTE value. It is well known [10,16] that
ristobalite is characterized by prominent CTE (up to 50 ppm ◦C−1,
n the temperature range of 20–300 ◦C). Due to the presence of a
ristobalite phase, the specimen Z17 has higher CTE value than the
ther specimens. As one of the major mineral phases, willemite
ossesses low CTE and permittivity (εr = 6.6, �f = −61 ppm ◦C−1)
17–20]. Therefore, the permittivity and the CTE value of the speci-

ens Z14, Z15 and Z16 are decreasing with increasing the amounts
f the willemite phase in the composites. On the other hand, the
pecimens (Z7, Z8 and Z9) with high quartz content express high

TE value and excellent dielectric properties. In consequence, it can
e concluded that thermal and dielectric properties of the compos-

te are decided mainly by the phase composition.
In general, because of the eutectic system with the wide eutec-

ic areas and the multitude mineral phase areas, not only the

[
[

[
[

mpounds 498 (2010) 185–190

design of the physical properties but also the process is very
convenient.

4. Conclusions

The present work has investigated the phase formation and the
physical properties of the LTCC composite based on the eutectic sys-
tem BaO–ZnO–SiO2–B2O3. It indicates that dielectric and thermal
properties depend mainly on their major mineral phases. The pres-
ence of a barium silicates phase in the eutectic system is advantage
to achieve a considerable CTE whereas the formation of a willemite
phase can availably lower the permittivity of the composite. The
difference is that the addition of quartz to the eutectic system and
the emergence of SiO2 crystal phases in the composite is not only
helpful to increase CTE, but also is advantage to obtain excellent
dielectric properties. According to the particular physical charac-
teristics of these major mineral phases, the dielectric and thermal
properties of the LTCC composite can be availably regulated.
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