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Abstract

Glass–ceramic composites containing TiO2 (anatase, rutile) and modified borosilicate glasses were prepared and their sintering
behaviour, phase evolution, interface reactions, and microwave dielectric properties were investigated as new candidates for low-
temperature cofired ceramic (LTCC) materials. It was found that the addition of small amounts of borosilicate glasses lowered the

sintering temperature of TiO2 from 1400 to 900
�C. X-ray diffraction results showed that second phases, including Zn2SiO4, were

formed when TiO2+zinc-borosilicate glass was used, while no crystalline phase except rutile could be found using unmodified
borosilicate glass. High-density TiO2+zinc borosilicate glass material showed promising microwave dielectric properties: relative

dielectric constant ("r)=74, quality factor (Q�f)=8000 GHz, and temperature coefficient of resonant frequency (�f)=340 ppm/
�C.

The effect of borosilicate glasses on the anatase–rutile phase transition was also investigated.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Low-temperature cofired ceramic (LTCC) technology
offers benefits for high density, high RF and fast digital
applications requiring hermetical packaging and good
thermal management. To fill the need for various circuit
materials in RF ranges, a new lower loss, high dielectric
constant LTCC system is required. There are two
approaches to searching LTCC compositions sinterable
below 900 �C. The first consists of adding a low soft-
ening temperature glass to the ceramic dielectrics.1 The
second is the use of low melting temperature oxides as
sintering additives.2,3

TiO2 has been extensively studied in electronic applica-
tions including Type I capacitors. It has a high dielectric
constant ("r=104) and high quality factor (Q�f>40,000).4

TiO2 is also known for its polymorphism.
5,6 The most

common polymorphs are rutile and anatase. Rutile has
been identified as the room-temperature stable form of
TiO2, and anatase converts to rutile at the temperature
range of 400–1200 �C on heating.7

Borosilicate glasses (BSG) are the most commonly
used glass materials in glass+ceramic composites for
microelectronic packaging. It was reported that the
densification of glass+ceramic composites can be
described by conventional three-stage liquid phase sin-
tering.8 Depending upon the reactivity between glass
and ceramic, the densification of composites can be
classified as either nonreactive, partially reactive, or
completely reactive systems. It was previously demon-
strated that TiO2 with BSG was a nonreactive system.

8

In this study the sintering behaviour and microwave
dielectric properties of TiO2 +glass-based LTCCs were
investigated. Borosilicate and zinc borosilicate glass,
which have different viscosities during heating, were
used as additives. The sintering behaviour of the
TiO2+glass system was studied in conjunction with
phase transitions.
2. Experimental procedure

The starting materials used were anatase (Merck,
Germany) and rutile (Ferro, USA) powders with 99 and
99.8% purity, respectively. BSG and zinc borosilicate
glass (ZBSG) used as sintering agents were synthesized
using appropriate amounts of B2O3, SiO2, and ZnO.
The pellets were sintered in the temperature range of
850–1000 �C for 2 h at heating rates of 5 �C/min. The
bulk density of the sintered samples was determined by
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the Archimedes’ method. Shrinkage of the specimens
during heating was measured with a horizontal-loading
dilatometer with alumina rams and boats (DIL 402C,
Netzsch Instruments, Germany).
Quenching experiments were conducted in air. Phase

evolution was investigated by powder X-ray diffraction
(M18XHF, Macscience Instruments, Japan). Polished
surfaces of sintered samples were thermally etched at
850 �C for 30 min in order to examine their micro-
structures using a scanning electron microscopy (SEM,
Jeol-6330F, Jeol, Japan).
Microwave dielectric properties of sintered samples

were measured in the x band using a network analyser
(Model HP8720C, Hewlett Packard, USA).
3. Results and discussion

Fig. 1 shows the effect of a 20 wt.% BSG and ZBSG
addition on the shrinkage behaviour of anatase and
rutile samples. The results demonstrate that the onset of
shrinkage moves towards much lower temperatures with
the addition of glasses. The shrinkage onset temperature
of TiO2+BSG was around 700 �C, while that of
TiO2+ZBSG was around 600 �C. In the shrinkage of
anatase with glasses, a hump can be found at 850 and
700 �C for BSG and ZBSG, respectively. It is of interest
that the rutile+ZBSG specimen revealed a hump in its
shrinkage curve while the rutile+BSG specimen and
pure rutile did not. The hump in the rutile+ZBSG spe-
cimen is related to the crystallization of ZBSG.9 The
nodes found in the anatase system are related to the
phase transition from anatase to rutile.10 Similar beha-
viour was reported in the anatase TiO2–CuO system.
The temperature range of the hump in the anata-
se+ZBSG system is larger than that of anatase+BSG,
which can be also explained by the effect of crystal-
lization of ZBSG. Considering low-temperature sinter-
ing, shrinkage curves in Fig. 1 indicate that the
anatase+glass system is more suitable for LTCCs than
the rutile+glass system, which is confirmed by the sin-
tered densities in Fig. 2.
Fig. 2 shows the bulk density of TiO2 with BSG and

ZBSG as a function of temperature. Generally, TiO2 is
known to sinter only above 1200 �C,10 but bulk density
of TiO2 with BSG and ZBSG reached the relative high-
est value at 900 �C. SEM images in Fig. 3 demonstrate
that these specimens have dense microstructures.
In order to investigate the role of glass during sinter-

ing, dilatometric analyses of ZBSG and BSG were con-
ducted in the temperature range of 100–800 �C. These
results are shown in the Fig. 4. BSG and ZBSG started
to melt at around 600 �C, i.e. softening point. However,
the BSG softens more gradually than ZBSG. BSG and
ZBSG completely melt down at 700 and 600 �C,
respectively. In other words, melting temperature of
BSG is about 700 �C and that of ZBSG is about 600 �C.
The different shrinkage behaviour of TiO2 with BSG
and ZBSG shown in the Fig. 1 is related to the different
melting mechanism of BSG and ZBSG.
Fig. 5 shows the XRD patterns of the quenched sam-

ples. Anatase+BSG samples (Fig. 5a), the phase tran-
sition to rutile started near 850 �C and only the rutile
phase remained above 900 �C. A careful comparison of
Figs. 1 and 5 revealed that the hump in the shrinkage
curve of anatase+glass system is primarily related to
the anatase–rutile phase transition.
In order to investigate the reactivity between TiO2

and ZBSG/BSG, green compacts of BSG and ZBSG
were placed on the top of porous TiO2 green pellets and
Fig. 1. Shrinkage of (a) anatase and (b) rutile with 20 wt.% BSG and

ZBSG as a function of temperature.
Fig. 2. Bulk density of TiO2 with BSG and ZBSG as a function of

sintering temperature.
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cofired at 900 �C for 2 h in air. Fig. 6 shows the samples
before and after firing. BSG and ZBSG glass have dif-
ferent wetting behaviours with TiO2. BSG showed
nearly nonreactivity with TiO2, while ZBSG and TiO2
were completely reactive. That is, the wetting behaviour
of these two glasses is very different. This can also be
confirmed by interface SEM images in Fig. 7. ZBSG
infiltrated into the TiO2 body, while a negligible reac-
tion could be found in the anatase+BSG sample. These
phenomena might be related to the different viscosities
of ZBSG and BSG at the sintering temperature.
Microwave dielectric properties of low-temperature

sintered TiO2 using BSG and ZBSG is shown in the
Fig. 8. Quality factors of TiO2 using BSG are higher
than those of TiO2 using ZBSG. This difference in quality
factor might result from the low-Q secondary phase
Zn2SiO4 in the TiO2–ZBSG system; however, these
Fig. 3. SEM micrographs of the etched anatase with (a) BSG and (b)

ZBSG sintered at 900 �C for 2 h.
Fig. 4. Shrinkage of BSG and ZBSG as a function of temperature.
Fig. 5. X-ray diffraction patterns of quenched anatase with (a) BSG

and (b) ZBSG (a : anatase, r : rutile, and * : Zn2SiO4 ).
Fig. 6. Compact of glass and anatase (a) before firing, (b) BSG after

firing at 900 �C for 2 h, and (c) ZBSG after firing at 900 �C for 2 h.
Fig. 7. SEM micrographs and EDS line scan of interface between

anatase and (a) BSG / (b) ZBSG after firing 900 �C for 2 h.
Fig. 8. Microwave dielectric properties of low-temperature sintered

TiO2 with BSG and ZBSG as a function of sintering temperature: (a)

Quality factor (Q�f), (b) temperature coefficient of resonant frequency

(�f), and (c) relative dielectric constant ("r).
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samples sintered at 900 �C for 2 h had good overall micro-
wave dielectric properties: relative dielectric constant
("r)=74, quality factor (Q�f)=8000 GHz, and tempera-
ture coefficient of resonant frequency (�f)=340 ppm/

�C.
4. Conclusions

The sintering behaviour, phase transition, interface
reaction, and microwave dielectric properties of TiO2-
based LTCCs using modified borosilicate glasses were
investigated. Dense TiO2+glass composites can be
achieved at the sintering temperature of 900 �C.
Shrinkage of anatase and rutile with glass and XRD
results indicate that the melting temperature of glass
and phase transition of anatase–rutile determine the
sintering behaviour of TiO2+glass composites.
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