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Abstract

The densification and crystallization behaviors of MgO-B,03;-SiO, (MBS) glass with various amounts of TiO, additions (0-10 wt.%) were
investigated by means of thermal analysis, X-ray powder diffraction and scanning electron microscopy. A microwave dielectric characterization
was performed in order to evaluate the suitability of MBS glass—ceramics as a low-permittivity dielectric substrate. The densification of the MBS
glass started below 700 °C. The main crystalline phases of Mg,B,05 and MgSiO; appeared at 800 and 950 °C, respectively. The Mg;TiB,Og and
TiB 0240, phases additionally crystallized in TiO,-added MBS glass—ceramics at 1000 °C. The permittivity increased from 6.1 in pure MBS glass
t0 6.9 in MBS glass with 10 wt.% of TiO,. The addition of TiO, enhanced the crystallization and consequently increased the Qxf-values of the MBS
glass (11 300 GHz) up to 16 500 GHz. The improvement of the Qxf-values became the most evident at 1050 °C. Dense MBS glass—ceramics
sintered at 850 < T < 950 °C exhibited Qxf-values of 5000-8000 GHz (at ~12 GHz), which are comparable with the values of CaO-B,03-Si0,-

based glass—ceramics.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In the past 20 years wireless communications have become
one of the fastest-growing segments in the consumer-
electronics industry. The widespread usage of several different
wireless systems has required the development of materials and
process technologies that can provide the rapid production of
low-cost, lightweight, small, multifunctional and highly
reliable devices. Low-temperature co-fired ceramics (LTCC)
technology is one of the most promising approaches to realize
these goals. A typical LTCC module consist of several layers of
substrate material with buried passive components, such as
capacitors, inductors, resistors, resonators and filters, that are
interconnected with 3D stripline circuitry. The simultaneous
firing of the electrodes (Ag, Cu or Au) and the ceramic substrate
material requires a low sintering temperature with electrodes
that are compatible with ceramics. In addition to these basic
requirements, the LTCC substrate materials should exhibit a
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low permittivity (¢, < 8) to reduce the signal propagation delay,
low dielectric losses (tan §), i.e., a high quality factor (Q = 1/
tan §) [1-3], and a stable temperature coefficient of resonant
frequency (t¢).

The majority of low-permittivity, high-Q materials sinter at
much higher temperatures than that required by LTCC
technology. This is the reason why the methods that have
been developed for the preparation of low-permittivity LTCC
substrates include the addition of a low-melting glass. The
commercially available LTCC substrates fall into two major
categories: glass + ceramics (multiphase ceramics) [4-6] and
glass—ceramics (crystallizable glass) [7-9]. In the former
method, low-softening glass is mixed with filler ceramics where
the low-softening glass reduces the sintering temperature and
increases the densification. In the latter method the crystalline
phases are formed during firing. Complete densification and
sufficient crystallization are prerequisites for good mechanical
properties and high Q-values of the substrate materials. Due to
the higher O-values the glass—ceramic systems seem to be more
promising for applications in LTCC modules than glass and
ceramic mixtures. The glass + ceramic representatives are the
borosilicate glass + alumina system of Fujitsu [10] and the lead
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borosilicate glass + alumina system of Dupont [11]. Typical
glass—ceramic systems have been developed by IBM [12]
(crystallizable cordierite), Motorola [13] (crystallizable
anorthite) and Ferro [14] (crystallizable calcium silicates and
calcium borate).

Glass—ceramics based on the CaO-B,05-Si0O, system have
been widely investigated by several researchers. These glass—
ceramics are promising LTCC substrate materials because of
their low dielectric losses, low firing temperature and
compatibility with several metal electrodes [15-18]. The
commercial representative from the CaO-B,05;-SiO; system is
the Ferro A6 LTCC material [14]. To the best of our knowledge,
the crystallization of MgO-B,03;-Si0, (MBS) glass and the
dielectric properties of the corresponding glass—ceramics have
not been reported so far. Taking into account several low-
permittivity and high-Q compounds (Mg,SiO, [19], MgSiO;
[20], Mg5B,0¢ [21] and Mg,B,05 [22]) that crystallize in the
MgO-B,05-Si0, system, the glass—ceramics from this system
are expected to exhibit promising dielectric properties.

In this paper we introduce new MgO-B,03;-SiO,-based
(MBS) glass—ceramics with the composition 35 wt.% MgO-
43 wt.% B,03-22 wt.% SiO,. The main purpose of the work
was to study the sintering and crystallization behavior with
respect to the microwave dielectric properties. The influence of
the TiO, nucleating agent on the crystallization and microwave
dielectric properties of these glass—ceramics was also examined
and discussed.

2. Experimental procedure

A glass composition that contained 43 wt.% MgO, 35 wt.%
B,0O3 and 22 wt.% SiO,, was selected according to preliminary
studies and the MgO-B,05;-SiO, phase diagram [23]. The
initial reagent-grade raw materials of MgO (Sigma Aldrich,
98%), B,O; (Alfa Aesar, 99.98%), and SiO, (Alfa Aesar,
99.8%) were dried and weighed in the ratio described above.
After 1h of mixing and homogenization with zirconia balls
(d =5 mm) in a turbula mill the powder mixture was melted in a
platinum crucible for 30 min at 1350 °C in air and quenched by
pouring onto a graphite plate to minimize the possibility of
crystallization. The glass was then crushed with a vibration mill
and in order to ensure complete homogenization of the glass the
whole melting procedure was repeated. This melting regime
was found to be sufficient to yield homogeneous, transparent
and colourless quenched glass frit with no visible non-melted
remains and crystalline inclusions. The last of these was
confirmed by X-ray analyses. The glass powder for the sintering
was prepared by 2-h milling in acetone with Y-stabilized ZrO,
balls (d =3 mm) in a planetary mill. The glass powders were
uniaxially pressed at about 100 MPa to obtain green compacts
with a diameter of 12 mm and a thickness of around 4 mm. The
controlled crystallization of the glass was carried out in air in
the temperature range from 800 to 1050 °C at a heating rate of
10 °C/min for a duration of 5 h in the tube furnace. The MBS
glass with the addition of the TiO, nucleating agent was
prepared using a similar procedure. TiO,, in the amount of 1—
10 wt.%, was homogenized with the MgO, B,O3; and SiO,

powders before melting at 1500 °C. The sintering and melting
behavior of the glass—ceramics was examined with a heating
microscope (EM 201, Hesse instruments, Osterode, Germany)
at a constant heating rate of 10 °C/min. The differential thermal
analyses (DTA) of the glass powders were performed on a
Jupiter 449 simultaneous thermal analysis (STA) instrument
using the alumina crucible. The crystalline phases formed
during annealing were identified by powder X-ray diffraction
(XRD) analysis using a D4 Endeavor (Bruker AXS, Karlsruhe,
Germany) X-ray diffractometer with Cu Ko radiation
(1.5406 A). The chemical etching of the polished samples
was performed in an acid solution containing HNO3z and HF.
The microstructural studies of the etched samples were
conducted with a field-emission scanning electron microscope
(FE-SEM), JISM-7600, JEOL, Tokyo, coupled with an energy-
dispersive X-ray spectrometer (EDX) and software (Series II X-
ray microanalyzer, Tracor Northern, Middleton, WI). The
densities of the sintered glass—ceramic specimens as a function
of sintering temperature were evaluated by the Archimedes
liquid-displacement method using an analytical balance and
acetone as the reference liquid. The radio-frequency (RF)
dielectric measurements were performed at 1 MHz on Au-
plated disk capacitors using a high-precision LCR meter
(Agilent 4284 A). The permittivities measured in the RF
frequency range were used for the identification of the
corresponding TE(;5 mode in the microwave (MW) frequency
range (~12 GHz). The MW dielectric properties were
characterized using the dielectric resonator method, described
by Krupka et al. [24], using a network analyzer (HP 8719C).

3. Results and discussion

3.1. Crystallization, sintering and microstructure of MgO—
B,03-Si0, (MBS) glass—ceramics

The typical events that occurred during the transformation
from glass to glass—ceramics were clearly visible in the DTA
curve of the MBS glass in Fig. 1. The inflection at 660 °C was
attributed to the glass-transition temperature, while the
exothermic peak at 870 °C was ascribed to the crystallization
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Fig. 1. Differential thermal analysis (DTA) curve of MBS glass powder.
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Fig. 2. Sintering profile of the milled MBS glass powder (—) and MBS glass
powder with 10 wt.% of TiO, (- - - -).

of Mg,B,0s. The formation of Mg,B,05 was confirmed with
the XRD analysis of the powder after the DTA experiment and
also with the HT-XRD measurements of the MBS glass at the
temperature of the DTA peak.

The sintering kinetics was examined with heating-micro-
scope measurements (Fig. 2). Since the method monitors the
change of the pellet’s silhouette during heating, the shrinkage
and enlargement of the pellet results in a decrease and an
increase of its cross-sectional area, respectively. A comparison
between the DTA and heating-microscope measurements
showed that the intense shrinkage started above the glass-
transition temperature (Figs. 1 and 2). In the temperature range
where the crystallization occurred, no shrinkage was observed
(Figs. 1 and 2). This could be expected since it is known that the
formation of the crystalline phase at an early stage retards the
densification [25]. The increase of the cross-sectional area of
the pellet above 1100 °C indicates the beginning of the melting

1050 °C
-]

1000 °C

Intensity (a.u.)

(Fig. 2). The densification behavior of the glass powder did not
change significantly with the addition of the TiO, nucleating
agent (Fig. 2). Thus, the same annealing conditions as for pure
MBS glass—ceramics were applied also for the preparation of
the glass—ceramics with the addition of TiO, (1-10 wt.%).

The phase evolution during the isothermal annealing at
various temperatures from 800 to 1050 °C was followed by
powder XRD (Fig. 3). No crystallization occurred at
temperatures below 800 °C. Magnesium borate (Mg,B,05),
which has a triclinic crystal modification with the space group
S.G. P1, was the main crystalline phase in the XRD pattern of
the glass—ceramic powder annealed at 800 °C. The broad
diffraction lines indicate the small size of the crystallites. The
sharpening and increase of intensity of the majority of the
diffraction lines indicates the growth of the Mg,B,0Os5 crystal-
lites and the increase of the Mg,B,05 phase content with an
increase in the temperature. At annealing temperatures higher
than 950 °C the MgSiOj; phase appeared. The proximity of the
Mg,B,05 and MgSiOj; diffraction lines caused an apparent
broadening of some of the diffraction lines, especially in the 26
range from 34 to 36°.

The TiO, nucleating agent was added in order to promote the
crystallization of the MBS glass. TiO, is one of the most
commonly used nucleating agents since it has a twofold effect
on crystallization. Firstly, TiO, promotes a metastable liquid—
liquid phase separation, which acts as the starting point for the
internal crystallization of the glass [26]. Secondly, TiO, can
form small primary crystalline precipitates, which are
additional heterogeneous nucleation sites for the crystallization
[27]. In silica-containing glasses TiO, is easily miscible in the
glassy networks at high temperatures, but induces a phase
separation during the cooling of the melt [28].

The small additions of TiO, (1 wt.%) did not change the
phase constitution of the MBS glass. The Mg,B,0s5 pre-
dominantly crystallizes at 800-950 °C, whereas the MgSiO;
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Fig. 3. Powder XRD patterns of MBS glass—ceramics after annealing (10 h) at denoted temperatures.
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Fig. 4. Powder XRD patterns of the MBS glass—ceramics with various amounts of TiO,, annealed at 1050 °C for 10 h.

Fig. 5. SEM micrographs of MBS glass—ceramics with various amounts of TiO, sintered at 1000 °C.
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Fig. 6. SEM micrographs of pure MBS glass—ceramics sintered at 900 °C and 1050 °C.

appeared at 7> 950 °C. With an increasing amount of TiO,,
additional crystalline phases started to form. Diffraction lines
of warwickite (MgzTiB,Og) (PDF 75-1192) [29] and boron-
doped rutile (TiB 240,) (PDF 87-0921) [29] were identified at
T > 1000 °C. The peaks of warwickite and rutile doped with
boron were identified for the samples with TiO, contents
greater than 1 wt.%. The intensity of the crystal phase peaks
increases with the TiO, addition. The XRD patterns of the MBS
glass—ceramic with various amounts of added TiO, annealed at
1050 °C for 10 h are shown in Fig. 4. The intensity of the
diffraction lines evidently increases with the amount of TiO,,
indicating an increase of the crystalline-phase content. Due to
the prolonged heat treatment (10 h) at selected temperatures the
phase constitution of the isothermally annealed glass—ceramics
differed from that obtained after the single DTA run, where
only the Mg,B,0s5 crystallized, irrespective of the TiO, content.
The addition of TiO, in an amount of 1-10 wt.% was found to
have no significant effect on the grain size of the glass—ceramics
(Fig. 5). The glass—ceramics sintered at 1000 °C exhibited a
grain size in the range 70—190 nm. The increase in the sintering
temperature from 900 to 1050 °C resulted in an increase of the
grain size from 50 to more than 200 nm, respectively (Fig. 6).

3.2. Microwave dielectric characterization

In accordance with the densification behavior observed with
the heating microscope, the highest density of the MBS glass
was already achieved at 800 °C. With a further increase in
temperature the density slightly decreased (Fig. 7), which is the
main reason for a minor decrease of the permittivity (Fig. 8). A
larger decline of the density together with the permittivity was
observed for the MBS glass with 10 wt.% of TiO, sintered at

1050 °C. We believe the reason for such a drop in the values
could be attributed to the melting and thus to the faster growth
of the grains and pores. The pores grow by an Ostwald-ripening
mechanism due to the higher solubility of smaller pores in the
matrix than that of the larger pores. However, as a consequence
of differing solubilities, the larger pores grow at the expense of
the small pores. The permittivity could also alter due to the
variation in the crystalline-phase content, which changed with
the temperature and the time. Due to the similar low
permittivities of the MBS glass, Mg,B,05 (¢ = 6.6) [22] and
MgSiO; (¢ =6.7) [20], the small differences in the phase
composition are not believed to significantly influence the
permittivity. The addition of TiO, caused an increase in the
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Fig. 7. Density of MBS glass ceramics with various amounts of TiO, as a
function of sintering temperature: (ll) without TiO,, (@) 1 wt.%, (A) 3 wt.%,
(&) 5wt.%, (O) 7wt.%, and (@) 10 wt.% of TiO,.
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Fig. 8. Permittivity of MBS glass—ceramics with various amounts of TiO; as a
function of sintering temperature: () without TiO,, (@) 1 wt.%, (A) 3 wt.%,
(&) Swt.%, (O) 7wt %, and (@) 10 wt.% of TiO,.

density and the permittivity of the MBS glass (Figs. 7 and 8).
The permittivity changed from 6.9 to 6.1 for the MBS glass
with and without TiO,, respectively. The drop of the
permittivity with decrease of the TiO, content was expected
because of the higher dielectric polarizability of titanium
compared to the other constituting elements in the glass. TiO,
exhibits a permittivity of 105 and Qxf-values of 40 000 GHz
[30]. The contribution of the Mg;TiB,Og phase to the
permittivity of the TiO,-added glass could not be exactly
evaluated because its dielectric properties, to the best of our
knowledge, have not been reported so far. Like with pure MBS
glass, the TiO,-added glass also displayed a slight decrease of
permittivity with temperature, which coincided with the
lowering of the density. In contrast to the permittivity, the
Qxf-values increased with the sintering temperature and with
the amount of TiO, (Fig. 9). The increase of the crystalline-
phase content was recognized as the main reason for the
improvement of the Qxf-values. The highest Qxf-value above
16 500 GHz was measured for the MBS glass with 10 wt.% of
TiO,, sintered at 1050 °C. The annealing at such a high
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Fig. 9. Qxf-values of MBS glass—ceramics with various amounts of TiO, as a
function of sintering temperature: () without TiO,, (@) 1 wt.%, (A) 3 wt.%,
() 5wt.%, (O) 7wt %, and (&) 10 wt.% of TiO,.

temperature is excessive for the LTCC sintering with Ag, Cu
and Au electrodes. Furthermore, the MBS glasses sintered at
1050 °C exhibited a density that is lower than the maximum
density. However, the sintering of the MBS glass at 850-950 °C
led to dense glass—ceramics with Qxf-values of 5000-
8000 GHz, which are comparable with the values reported
for CaO-B,03-Si0,; glass—ceramics [25,31,32] Many attempts
were made to improve the densification behavior and the
dielectric properties of MBS glass—ceramics. Among them, a
two-stage sintering approach was applied to increase the
densification of the MBS glass—ceramics. In the two-stage
sintering process the pressed pellet of the glass was initially
heated to a temperature slightly above T, and annealed for 10 h
to enhance the densification and then heated to the final
temperature, where it was annealed for an additional 10 h.
Since we found that such an annealing procedure did not
influence the density and final dielectric properties, single-stage
sintering, as described in the experimental section, was used for
the preparation of the MBS glass—ceramics. With the
nucleation of the MBS glass at the temperature of the
maximum nucleation rate (688700 °C), which was determined
in the separate experiments, we tried to increase the crystalline
phase content and consequently to improve the Qxf-values.
However, no significant improvement in the Qxf-values was
achieved.

4. Conclusions

In this study, MgO-B,05;-Si0,-based (MBS) glass—cera-
mics were prepared by the controlled crystallization of the glass
with the composition MgO:B,05:Si0, = 43 wt.%:35 wt.%:22
wt.% and with TiO, additions of 0-10 wt.%. The glass—
ceramics that consist of two main phases, namely Mg,B,05 and
MgSiO;, were characterized in terms of their crystallization
behavior and microwave dielectric properties. The phase
compositions of the glass—ceramics strongly depended on the
annealing temperature. Mg,B,05 started to crystallize at
T~ 800 °C, while MgSiO; appeared at 950 °C. The
Mg;TiB,0g and TiBg 0,40, phases were additionally found
in the TiO,-added MBS glass—ceramics annealed at 1000-
1050 °C. Both the permittivity and Qxf values increased with
the TiO, content. The improvement of the Qxf-values was
attributed to the enhanced crystallization. The highest Qxf
value of 16500 GHz was measured for the MBS glass—
ceramics with 10 wt.% of TiO, sintered at 1050 °C. The MBS-
based glass—ceramics sintered in the range from 850 to 950 °C
exhibited somewhat lower Qxf-values of 5000-8000 GHz and
¢ =6.1-6.9. However, these values are comparable to the values
of similar glass—ceramic systems such as CaO-B,05;-SiO,.
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