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By adding eitherMoO3 or TiO2 as nucleating agents, glass at the eutectic point of cordierite (2MgO·2Al2O3·5SiO2)
and enstatite (MgSiO3) in the MgO–Al2O3–SiO2 ternary system was crystallized. Although bulk crystallization
required adding 10 wt% TiO2, approximately 0.1–0.5 wt% of MoO3 induced bulk nucleation when the parent
glass was melted under reducing conditions. For both TiO2- and MoO3-nucleated glasses, the glass-ceramics
containing both cordierite–enstatite as main crystalline phases were obtained by heat-treatment at 1200 °C.
The fracture toughness of the glass-ceramics nucleated by TiO2 was 1.5 times higher than that of sintered cordi-
erite ceramics. In addition to twomain crystalline phases, magnesium titanium oxide and rutile also precipitated
in TiO2-nucleated glass. The additional effects of TiO2 on the properties of the glass-ceramics were identified by
comparing the TiO2- nucleated glass-ceramics and MoO3- nucleated one. The addition of TiO2 slightly increased
the Young's modulus of the glass-ceramics. On the other hand, since TiO2 suppressed the precipitation of
enstatite, the thermal deformation of TiO2-nucleated glass-ceramic at 1100 °C was larger than that of MoO3-
nucleated one. Therefore, MoO3 is the preferable nucleating agent of the glass-ceramics for application which
requires high thermal endurance.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Glass-ceramics have found many industrial applications, including
as cookingware [1,2], cooktops [1,2], heat-resistant windows for stoves
or furnaces [1,2], building walls [2,3], and magnetic disk substrates [4].
Recently, new applications of glass-ceramics have also been proposed
such as for the components of portable electronic devices [5]. The
glass-ceramic Li2O–Al2O3–SiO2 (LAS) system, which precipitates
from β-quartz solid solutions or β-spodumene (Li2O·Al2O3·6SiO2),
is a commercially important glass-ceramic material because of its
low thermal expansion and transparency for some specific uses [1,2].
Glass-ceramics in the MgO–Al2O3–SiO2 (MAS) system have also been
studied and applied to industrial uses. Cordierite (2MgO·2Al2O3·5SiO2)
is one of the most important constituents of MAS glass-ceramics because
it has low thermal expansion and is highly refractory. It also has superior
electrical properties, such as a low dielectric loss. These superior charac-
teristics of cordierite have attracted significant research efforts in
cordierite-containing glass-ceramics. The first commercially successful
product involving cordierite glass-ceramics was “Pyroceram” (Corning
9606), which was designed in the 1960s for missile radomes [1,2,6]. In
the 1980s, glass-ceramic substrates were studied for use in electrical
applications as substitutes for alumina substrates [7]. In recent years,

cordierite glass-ceramics doped with NiO were investigated for applica-
tions involving infrared radiation [8]. Most recently, cordierite–enstatite
families of glass-ceramics were proposed for use as substrates for GaN
in light-emitting diodes, since those have good thermal stability (to
1100 °C), as well as good thermal expansion matching with GaN [9].
With a fracture toughness of 5 MPa m1/2, enstatite (MgSiO3) is also as
one of the toughest glass-ceramics known [10]. Although some of
the MAS glass-ceramics mentioned above are made by sintering
glass powders [7], bulk-crystallized glass-ceramics still attract sig-
nificant interest because their parent glass is easy to form by press-
ing or drawing techniques.

For both cordierite and enstatite, TiO2 and/or ZrO2 are often used as
nucleating agents for the bulk crystallization ofMAS glass-ceramics. The
process of nucleation via cordierite or enstatite has been studied exten-
sively [11–13]. Recently, a new approach involving the X-ray absorption
near edge structure technique has been used to investigate the nucle-
ation kinetics of MAS glass doped with TiO2 [14] and ZrO2 [15]. Such
sustained research into MAS glass-ceramics testifies to the significant
long-term scientific and industrial interests that these materials have
attracted.

One of the issues for glass-ceramics involves conventional nucleat-
ing agents, such as TiO2 and ZrO2, is that those are required several
wt% [1,6,9–12] for sufficient nucleation of the glass. These agents not
only provide nucleating sites for the main crystalline phases but also
precipitate themselves in crystalline form in the final material. These
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agents are thus expected to affect the microstructure of the resulting
glass-ceramics, and therefore, they are likewise expected to have non-
negligible effects on the physical properties of the final product. Unfor-
tunately, identifying these effects has proven to be difficult because the
bulk crystallinematerial inMAS systems is hard to obtainwithout using
such nucleating agents. In a recent study that addressed this question,
we found that 0.5 wt% of MoO3 is required to obtain bulk crystallization
in MAS glass when the parent glasses were melted in reducing condition
[16]. In the present work, to better understand the phase transition and
other physical properties of glass-ceramics, we further exploit this phe-
nomenon by comparing MoO3-nucleated glass-ceramics with glass-
ceramics nucleated by conventional nucleating agents.

For some applications of the glass-ceramics, the thermal endurance
of the material plays an important role [9,17]. Since less residual glassy
phase (high crystallinity) is preferable for this purpose, the parent glass
composition should be close to stoichiometric composition of the
crystalline phase, i.e., cordierite in MAS glass (Fig. 1). However, in
that cases the glass composition shows high liquidus temperature that
is undesirable for good glass formability.

For the present work, we use the glass composition of 55SiO2–
20Al2O3–25MgO (wt%), which is close to the eutectic point between
cordierite and enstatite (i.e., 57.3 wt% cordierite + 42.7 wt% enstatite;
see Fig. 1 [18]) to ensure low liquidus temperature. In addition, if
both cordierite and enstatite precipitate from the glass, the glass
can, theoretically, become 100% crystalline. The glasses in this study
were nucleated by either TiO2 or MoO3 and crystallized. The creep
behavior was evaluated at high temperature for both TiO2- and
MoO3-nucleated glass-ceramics. Density, thermal expansion coeffi-
cient, Young's modulus, and fracture toughness of these glass-
ceramics were also measured. The crystallization process and micro-
structures of the glass-ceramics were examined to understand the
effect of these nucleating agents.

2. Experiment

2.1. Preparation of parent glasses

The samples of parent glass were prepared by the conventional
laboratory-scale melting method. The nucleating agents comprised 5,
7.5, and 10 wt% TiO2 or 0.1, 0.2, and 0.5 wt% MoO3. Glass melts
(300 g) were obtained from reagent-grade SiO2, Al2O3, MgO, TiO2, or
MoO3 as startingmaterials. For glass containingMoO3, 0.1wt% of carbon
powder was mixed into the glass batches, which were then melted
under a reducing atmosphere (oxygen concentration below 1%) by in-
troducing a town gas burner flame into the electric furnace. In the
same furnace, TiO2-containing glasses were melted in air. The glass
batchesweremelted at 1550 °C for approximately 2 h in a platinumcru-
cible. The glass compositions and preparation conditions are summa-
rized in Table 1. The glass melts were homogenized by stirring with a
platinum stirrer during melting, following which they were poured
onto a carbon plate to form slab samples. These samples were annealed
at 800 °C for 30min in another furnace, followed by slow cooling (i.e., 1
°C/min) to room temperature.

2.2. Crystallization process

The glass transition temperature Tg and crystallization temperature
Tc of the glasses were measured by differential thermal analysis (DTA)
with a Bruker TG-DTA 200SA at a heating rate of 10 °C/min. Using
glass powders with particle sizes of 212–415 μm. Considering the
glass transition temperature and crystallization temperature of the
glasses, they were crystallized using the heat treatment depicted in
Fig. 2.

To acquire detailed data on the early stage of crystallization, the heat
treatment of some sampleswas stopped at 1000 or 1100 °C. These glass-
ceramic sampleswere cut and polished as required for characterization.

Fig. 1. Phase diagram of MAS [18] showing the glass composition of the present study.

Table 1
Glass compositions and melting conditions used in this study.

Sample A B C D E F

Glass
composition

wt% mol% wt% mol% wt% mol% wt% mol% wt% mo1% wt% mol%

Si02 52.4 51.0 511 50.2 50.0 49.3 54.9 52.9 54.9 52.9 54.7 52.9
Al2O3 19.0 10.9 18.6 10.7 18.2 10.6 20.0 11.3 20.0 113 19.9 11.3
MgO 23.8 34,6 23.3 34.0 22.7 33.4 25.0 35.8 24.9 35.8 24.9 35.7
TiO2 4.8 3.5 7.0 5.1 9.1 6.7
MoO3 0.1 0.04 0.2 0.08 0.5 0.2
Total 100 100 100 100 100 100 100 100.04 100 100.08 100 100.2
Melting temperature (°C) 1550 1550 1550 1550 1550 1550
Melting
Atmosphere

Air Air Air Gas burner⁎ Gas burner⁎ Gas burner⁎

⁎ Oxygen concentration b 1%.

Fig. 2. Heat treatment for crystallization of glasses.
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