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a b s t r a c t

In this work, the LTCC composite materials containing fused silica and monoclinic zirconia ceramic par-
ticles, respectively, which based on the composite matrix composed of the barium borate glassy matrix
and �-alumina ceramic particles, were prepared by traditional solid-state preparation process at a sin-
tering temperature of 900 ◦C. Sintering mechanism and physical properties, e.g. dielectric properties and
coefficient of thermal expansion (CTE), of the LTCC composite ceramics are investigated and discussed in
detail in terms of their mineral phase composition. The results indicate that a barium borate glassy phase
can be easily formed from a barium borate compound, which is obtained by the chemical combination
of barium hydroxide octahydrate and an aqueous solution of boric acid, at a sintering temperature of
900 ◦C. In turn, the barium borate glassy melts can supply a liquid phase sintering aid for the fabrication
intering

ielectric properties
used silica
irconia

of the LTCC composite ceramics with the sintering temperature of 900 ◦C during sintering. The introduc-
tion of the �-alumina ceramic particles to the barium borate glassy matrix can improve the sintering
behavior whereas the presence of fused silica or monoclinic zirconia particles in the composite ceramics
is important to adjust the dielectric, thermal and mechanical properties of the LTCC composite materials.

ced
The work may be referen
properties.

. Introduction

Low temperature co-fired ceramic (LTCC) is a well-established
ulti-layer technology that has the ability to embed passive ele-
ents, such as resistors, capacitors and inductors into the ceramic

ackage minimizing the size of the completed module [1]. Nowa-
ays, with further miniaturization of electronic devices, the LTCC
aterials with excellent physical properties, such as dielectric,
echanical and thermal properties need to be developed to sat-

sfy the requirements of high signal propagation speed and high
eliability [2]. In particular, the LTCC materials can be fired with
ow melting conductors such as sliver (M.P. 961 ◦C) [3]. In most of
TCC materials used presently, glass-ceramics and glass/ceramic
omposites are widely applied to LTCC multi-layer structures due
o their low sintering temperature and tailored physical properties
4,5]. Nevertheless, the manufactures of glass-ceramics are gener-
lly complex processes including preparations and diversifications

f glass materials. The cost is also relatively high. Consequently,
t should be considered by choosing more convenient and effi-
ient methods to fabricate LTCC materials. It is well known that
arium borate can be used usually to decrease the densification

∗ Corresponding author. Tel.: +86 28 83208048.
E-mail address: chengdu20100@163.com (S. Chen).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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for the fabrication of multi-layer LTCC structures with tailored physical

© 2011 Elsevier B.V. All rights reserved.

temperature of ceramic materials as a flux agent due to its low-
melting characteristics (United States Patent: P.N. 4,897,249 and
P.N. 4,931,133). Accordingly, barium borate can also be used to fab-
ricate LTCC composite ceramics as a LTCC matrix [6,7], since the
appropriate BaO–B2O3 compositions have the potential to trans-
form into a glassy form at a relative low sintering temperature
(800–900 ◦C) [8,9]. Especially in order to achieve a densification
sintering, the introduction of the �-alumina ceramic particles to
the barium borate glassy matrix can offer more possibilities to
set a proper sintering behavior and maximize mechanical strength
[10–14]. With this understanding, the composite matrix (BBA) of
the barium borate glassy matrix and the �-alumina ceramic parti-
cles can be well combined with other functional ceramic particles
and consequently achieve tailored physical properties and dense
microstructure. In the present work, we try to examine dielectric,
thermal and mechanical properties of the dense LTCC composite
materials containing fused silica particles and monoclinic zirconia
particles, respectively. Fused silica is a high purity synthetic amor-
phous silicon dioxide that combines a very low thermal expansion
coefficient and therefore is resistant to thermal shock, whereas

monoclinic zirconia is a stable form of zirconia and has good
mechanical properties. The introduction of two ceramic particles
to the BBA matrix is to develop the LTCC composite ceramics with
low thermal expansion coefficient and good mechanical proper-
ties. Accordingly, sintering behavior and physical properties of the

dx.doi.org/10.1016/j.jallcom.2011.01.188
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. The XRD pattern and the picture of the resulting product of the specimen BB
intered at 900 ◦C for 60 min.

omposite ceramics are investigated in terms of their chemical
ompositions.

. Experimental

Reagent-grade raw materials of boric acid, barium hydroxide octahydrate, �-
lumina, fused silica and monoclinic zirconia with purity higher than 99% were
sed as the starting materials. According to the designed chemical composition of
he matrix specimens in Table 1, the above starting materials were weighed and
illed with de-ionized water for 12 h. The ratio of the water to solid was regulated
o 3:1. Upon treatment, the slurries were dried and then pre-sintered at 700 ◦C
or 3 h. In turn, the composite ceramics powders were made by mixing the pre-
intered BBA matrix powders with fused silica powders and monoclinic zirconia
owders, respectively, and then by milling them in an alcohol medium for 12 h.
ubsequently, all treated powders with the particle size of 0.5–1.0 �m were molded

Fig. 2. The DSC-TG curves of the BBA matrixes with dif

Fig. 3. The cross-section SEM of the sp
pounds 509 (2011) 4848–4853 4849

into green bodies (disc and bar) under a compressive stress of 20 MPa. Finally, the
specimens were obtained by continuously sintering the green bodies at 400 ◦C for
3 h and 900 ◦C for 20 min. The as-sintered specimens were analyzed by using an X-
ray powder diffraction patterns (D/Max-IIIA, Rigaku Industrial Corporation, Japan), a
scanning electron microscope (Philips, FEI INSPECT F, U.S.A.) and a differential scan-
ning calorimetry (NETZSCH STA449C, Germany, heating at a rate of 10 ◦C min−1).
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 scan-
ning rate of 2◦ min−1 from 5◦ to 70◦ (2�). Coefficient of thermal expansion (CTE) of
the specimens was tested (in the temperature range of 25–400 ◦C) by a dilatometer
(NETZSCH DIL402PC, Germany, heating at a rate of 3 ◦C min−1). Dielectric proper-
ties were tested (1 MHz, at room-temperature) by a Precision LCR Meter instrument
(Agilent 4284A, U.S.A.).

3. Results and discussion

Due to low melting characteristics, barium borate is widely
used to decrease the densification sintering temperature of ceramic
materials as a flux agent. According to the phase diagram of the
binary system BaO–B2O3 [8,9], the onset of a liquid phase in the
binary system BaO–B2O3 can be observed at least 869 ◦C. Specially,
in the phase diagram of the binary system BaO–B2O3, a low tem-
perature liquid-phase zone is located at a composition range of
about 50–70 mol.% B2O3 content, which consequently supplies a
reference for the design of the barium borate glassy matrix with
low melting characteristics. Furthermore, considering the volatility
of B2O3, the B2O3 content of the BaO–B2O3 composition designed
in the work is inclined to a high level in the low temperature
liquid-phase zone. A convenient method to obtain barium borate

compounds (United States Patent: P.N. 4,897,249) is to chemically
combine barium hydroxide octahydrate with an aqueous solution
of boric acid. In the method, the barium borate glassy forms can be
easily obtained by heating the hydrated barium borate, which has
been designed in terms of the composition located at the low tem-

ferent dosage of the �-alumina ceramic particles.

ecimens BBF, BBAF1 and BBAF2.
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Table 1
The chemical composition of the matrixes and the composite ceramics.

Name Specimen Composition (wt.%) Composition (mol.%)

Matrixes BB 50BaO–50B2O3 32BaO–68B2O3

BBA 60BB + 40�-Al2O3 62BB + 38�-Al2O3

BBF 40BB + 60 fused silica 29BB + 71 fused silica
BBZ 60BB + 40 monoclinic zirconia 66BB + 34 monoclinic zirconia

Composite BBAF1 50BBA + 50 fused silica 34BBA + 66 fused silica
BA + 6
BA + 2
BA + 4
BA + 5
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not supply sufficient liquid phase to help the achievement of the
densification sintering so as to remain more porosity in the spec-
imen. Fig. 6 gives the XRD patterns of the composite ceramics
containing monoclinic zirconia. According to the XRD pattern of
the specimen BBZ, it is found that the monoclinic zirconia can be
ceramics BBAF2 40B
BBAZ1 80B
BBAZ2 60B
BBAZ3 50B

erature liquid-phase zone in the diagram of the binary system
aO–B2O3. Fig. 1 shows the XRD patterns and the picture of the
pecimen BB with a 50BaO–50B2O3 composition by mass percent-
ge, which has been obtained by the above preparation method
lus a 60 min sintering process at 900 ◦C. As shown on the pic-
ures, it can be seen that the BaO–B2O3 composition treated at
00 ◦C has basically transformed into a glassy form, indicating that
he binary BaO–B2O3 composition has the potential to fabricate
he low-temperature sintering composite ceramics as a sintering
gent. On the other hand, it is believed that the �-alumina ceramic
articles with the optimal addition to most of LTCC materials, typ-

cally ranging from 30 to 50 wt.%, is known to further maximize
echanical strength and improve sintering behavior of composite

eramics. Fig. 2 gives the DSC-TG curves of the BBA matrixes with
ifferent dosage of the �-alumina ceramic particles. As shown on
he DSC-TG curves, an obvious chemical effect between the barium
orate glassy matrix and the �-alumina ceramic particles can be
bserved at the specimen BBA with 40 wt.% alumina additions at
bout 760 ◦C. It is estimated that the endothermic peak at about
60 ◦C is caused by the dissolution or the eutectic of the alumina
eramic particles to barium borate melts, which can offer more
ossibilities to improve the sintering behavior of the LTCC com-
osite materials. In addition, it is found that the total mass loss
f the three specimens is increasing with the increase of the B2O3
ontent in BBA matrix, suggesting that the volatility of an exces-
ive B2O3 in the composition is occurring during sintering. Based
n the BBA matrix with low melting characteristics, fused silica or
onoclinic zirconia particles can be introduced to the BBA matrix

nd consequently fabricate the LTCC composite materials with tai-
ored physical properties. Fused silica is a high purity synthetic
morphous silicon dioxide, which is characterized by a low ther-
al expansion coefficient and a low permittivity. Therefore, the

ddition of the fused silica particles to the BBA matrix is helpful to
chieve the preparation of the LTCC materials with a low permit-
ivity and a low thermal expansion coefficient, which can be well
pplied to the packages of semiconductor devices.

In order to investigate the sintering behavior of the LTCC com-
osite materials containing fused silica particles, Fig. 3 shows the
ross-section SEM of the specimens BBF, BBAF1 and BBAF2. As
hown on the SEM of the three specimens, the porosity in the spec-
mens BBF and BBAF1 are higher than that in the specimen BBAF2,
ndicating that the addition of the alumina ceramic particles to the
arium borate glassy matrix can availably improve the microstruc-
ure of the fused silica composite ceramics. Also, the high content
f the BBA matrix in the composite ceramics can also lead to the
ccurrence of the porosity due to the thermal swelling of the super-
uous melting phase during sintering. Fig. 4 gives the XRD patterns
f the matrixes and the composite ceramic specimens containing

used silica particles. It shows that, besides the formation of small
luminum barium compounds in the BBA matrix, the introduc-
ion of the alumina ceramic particles to the barium borate glassy
oes not obviously change the original constituent of the matrix,
hereas the fused silica particles dispersing to the BBA matrix also
0 fused silica 29BBA + 71 fused silica
0 monoclinic zirconia 84BBA + 16 monoclinic zirconia
0 monoclinic zirconia 66BBA + 34 monoclinic zirconia
0 monoclinic zirconia 56BBA + 44 monoclinic zirconia

does not result in the appearance of the second phase. Therefore,
the chemical reaction activity between the matrices and the inclu-
sions is lower. As a result, the fabrication of the LTCC composite
materials based on the combination of the BBA matrix and fused
silica particles can be well achieved. The other ceramic particles
added to the BBA matrix, zirconia, is a very important industrial
ceramic for structural applications because of its high toughness,
which has proven to be superior to other ceramics. The thermody-
namically stable, room temperature form of zirconia is monoclinic
zirconia [15], which are widely applied to improve the mechanical
properties of ceramics materials such as toughness and bending
strength [16–18]. In the present work, the introduction of mono-
clinic zirconia to the BBA matrix is expected to develop the LTCC
composite materials with good mechanical properties. Similarly,
dielectric properties and thermal expansion coefficient need to be
concerned. Fig. 5 represents the cross-section SEM of the specimens
BBZ, BBAZ1, BBAZ2 and BBAZ3. As shown on the micrographs of the
specimens, it is found that the specimens BBZ and BBAZ1, which
contain 40 wt.% and 20 wt.% monoclinic zirconia, respectively, have
undergone a serious over-firing during sintering whereas the spec-
imens BBAZ2 and BBAZ3 have more dense microstructures. The
results indicate that the introduction of the alumina ceramic par-
ticles to the BB matrix can availably improve the microstructure of
the zirconia composite ceramics but the high content of the BBA
matrix in the composite ceramics can also result in the occurrence
of an over-firing. Additionally, the microstructure of the specimen
BBAZ2 is denser than that of the specimen BBAZ3, implying that
the low content of the BBA matrix in the composite ceramics can-
Fig. 4. The XRD patterns of the matrixes and the composite ceramic specimens
containing fused silica particles.
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Fig. 5. The cross-section SEM of the

issolved to the BB glassy matrix and consequently urge the forma-
ion of a BaZr(BO3)2 compound. In contrast to the specimen BBZ, the
ntroduction of the monoclinic zirconia particles to the BBA matrix
oes not obviously result in the formation of new compounds. The
esults could be correlative to the relative low content of BB matrix
n the specimens BBAZ2 and BBAZ3, consequently the monoclinic
irconia particles can stably exist in the BBA matrix. In consequence,

he fabrication of the LTCC composite materials based on the com-
ination of the BBA matrix and monoclinic zirconia particles can
lso be well achieved.

ig. 6. The XRD patterns of the composite ceramic specimens containing monoclinic
irconia.
ens BBZ, BBAZ1, BBAZ2 and BBAZ3.

The physical properties, e.g. dielectric and thermal properties,
of LTCC materials are mainly determined by the physical charac-
teristics of their major mineral phases and the microstructures. In
order to examine the correlation between the physical properties
and the microstructures and mineral phases, a series of the tests for
the dielectric properties and the thermal properties are carried out
and the results are represented in Figs. 7–9, respectively. As shown

in Fig. 7, the thermal expansion curves of several composite ceram-
ics dependence of temperature (25–400 ◦C) are basically closed to
a linear rule, indicating that the composite ceramics have stable
thermal properties. The CTE of the composite ceramic specimens is

Fig. 7. The thermal expansion curves of the composite ceramics.
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Fig. 8. The CTE and the bending strength of the composite ceramics.

iven in Fig. 8. It shows that the specimens BBAF1 and BBAF2 have
he CTE of about 3.5–3.8 ppm ◦C−1 whereas the specimens BBAZ2
nd BBAZ3 have a moderate CTE (about 6.7–6.8 ppm ◦C−1). Fig. 9
ives the dielectric properties of the composite ceramic specimens;
t shows that the permittivity of the zirconia composite ceramics
s totally higher than that of the fused silica composite ceramics.
ccording to the literatures [19,20], the CTE and the permittivity
f the fused silica glasses are 0.5 ppm ◦C−1 (0–200 ◦C) and 3.91 (at
kHz), respectively, whereas the CTE and the permittivity of zir-
onia ceramics are 10 ppm ◦C−1 and 22 (at 1 MHz), respectively. It
an be estimated that the low CTE and permittivity of the specimens
BAF1 and BBAF2 should be originated from the physical charac-
eristics of the fused silica. Also, the zirconia ceramic particles, as
n inclusion, similarly have a great influence on the physical prop-
rties of the specimen BBAZ2 and BBAZ3. In fact, the correlations
etween the compositions of the composite ceramics and the CTE
s well as the permittivity can be expressed approximately by Eq.
1) [20] and Maxwell-Wagner equation (2), respectively.

= ˛ + (˛2 − ˛1)V2E2(1 − 2�1)
(1)
1 V1E1(1 − 2�2) + V1E1(1 − 2�1)

Fig. 9. The dielectric properties of the composite ceramics.
pounds 509 (2011) 4848–4853

where ˛ is the CTE, V the volumetric content, E the elasticity mod-
ulus, � the poisson’s ratio, and 1 and 2, the matrix, inclusions

εf = εh
2εh + εl + 2Vl(εl − εh)
2εh + εl − Vh(εl − εh)

(2)

where ε is the permittivity, V the volumetric content, and h and l, the
phase with a high permittivity, the phase with a low permittivity.

Although Eqs. (1) and (2) give the calculation expresses for the
CTE and the permittivity of a mixture of two phases, the physi-
cal properties of the composite ceramics with multi-phases are
still depended mainly on their major phases. Therefore, the CTE
and the permittivity of the LTCC composite materials containing
fused silica and monoclinic zirconia particles are still controlled
by the physical characteristics of the inclusions and their content
in the composite ceramics. It is observed that, due to the content
of the inclusions in the composite ceramics, the CTE of the speci-
men containing 60 wt.% fused silica (BBAF2) is lower than that of
the specimen containing 50 wt.% fused silica (BBAF1). On the other
hand, the microstructures of the composite ceramics have a great
influence on the mechanical properties. The bending strengths of
the composite ceramic specimens are given in Fig. 8. It is found that
the mechanical properties of the zirconia composite ceramics are
better than that of the fused silica composite ceramics. Especially,
the specimen BBAZ2 has the highest bending strength in all speci-
mens (up to 135 MPa). The excellent mechanical properties of the
zirconia ceramics are responsible for the good mechanical prop-
erties of the zirconia composite ceramics. However, the bending
strength of the specimen BBAZ3, which contains more the zirconia
ceramic particles than the specimen BBAZ2, is lower than that of the
specimen BBAZ2. It is believed that the deterioration of the mechan-
ical properties of the specimen BBAZ3 resulted from the existence
of the porosity in the specimen. The emergence of the remaining
porosity in the specimens can be explained by the fact that the
amount of the liquid phases is too small to fill all pores. In turn, the
existence of the porosity in the specimen can also influence on the
other physical properties such as dielectric properties.

In general, the present method in this work to fabricate the
LTCC composite ceramics is very convenient by the combination
of the ceramic particles with peculiar physical characteristics and
the matrix with low melting characteristics. Especially, the physical
properties of the composite ceramics can be designed and tailored
availably in terms of the peculiar physical characteristics of the
inclusions whereas the densification sintering can also be achieved
without the addition of glass materials.

4. Conclusions

In the present work, we have successfully fabricated the
composite ceramics with multi-phases by traditional solid-state
preparation process at a sintering temperature of 900 ◦C. It is
believed that the hydrated barium borate with an appropriate
B2O3 content, which is located at a low temperature liquid-phase
area in the binary BaO–B2O3 diagram, can transform into a glassy
form at least 900 ◦C. It, consequently, can availably supply a liq-
uid phase sintering aid for the fabrication of the LTCC composite
ceramics with the sintering temperature of 900 ◦C. In addition,
the introduction of the �-alumina ceramic particles to the bar-
ium borate glassy matrix can improve the sintering behavior
and the microstructures of the composite ceramics. On the con-
ditions, the addition of fused silica particles to the composite
ceramics can achieve excellent dielectric properties (permittiv-

ity: 4.43 dielectric loss: 6 × 10−4) and low thermal expansion
(about 3.5–3.8 ppm ◦C−1), whereas the introduction of the mon-
oclinic zirconia particles to the composite ceramics can achieve a
considerable bending strength (135 MPa) and good dielectric prop-
erties. The composite ceramics with tailored physical properties
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