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Abstract

The crystallization of glasses in the GeSe2–Sb2Se3–RbI system has been studied by using differential scanning calorimeter. Thermo-
dynamic study has permitted to determine the best nucleation time and temperature for the 60GeSe2–30Sb2Se3–10RbI glass composition.
RbI crystals with controllable size were reproducibly and homogeneously generated in the glassy matrix with appropriate annealing times
and temperatures. Mechanical properties and resistance to thermal shocks of glasses and transparent glass–ceramics were investigated.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Transparent glasses from 0.8 lm to 16 lm, synthesized in
the Ge–As–Se or Ge–Sb–Se systems such as GASIR [1],
could be an alternative solution to replace expensive single
crystalline Ge usually used for thermal imaging devices. It
has been demonstrated that ionic compound addition such
as alkali halide facilitates the controlled submicron crystals
growth in chalcogenide glasses [2]. The generation of crys-
tals inside a glass matrix is a proven technique for improv-
ing the mechanical properties of glasses such as the tenacity
and hardness and examples are often given for silicate
glasses and glass ceramics [3–7]. While the crystallization
of chalcogenide glasses have been intensively studied [8–
10], results of controllable and reproducible crystal growth
have only been recently reported [2].

In a previous study on the GeSe2–Sb2Se3–RbI glass
system, we have demonstrated that Sb2Se3 and RbI

crystals can be generated by heating a glass with a rate of
1 �C/min up to Tg + 50 �C, Tg being the glass transition
temperature [11]. Observations under scanning electronic
microscope and X-rays diffraction show however that
Sb2Se3 crystals are only on the glass surface, while the
RbI is homogeneously distributed inside the glass matrix.

In this paper, we will present a complete thermal study
on these glasses. The objective is to optimize the thermal
annealing process for controllable and homogenous
crystallization.

The thermal expansion coefficient and thermal conduc-
tivity of the glasses and glass ceramics have been measured
in order to evaluate their resistance to thermal shocks.

2. Experimental

Bulk glasses were prepared by melting the pure raw
materials (99.999% Ge, Sb, Se and 99.9% for the RbI)
under vacuum in a sealed silica tube of 10 mm inner diam-
eter. The sealed ampoule containing the mixture was
heated up to 750 �C in a rocking furnace for several hours
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and quenched in water. Samples were annealed 10 �C
below Tg for 6 h to minimize inner constrains. The purifica-
tion process by distillation under dynamic vacuum was
described elsewhere [11]. The obtained glass rods were
sliced into disks of 2 mm thickness and heat treated in a
ventilated furnace at different temperatures for different
durations.

The crystalline phases obtained by ceramization were
analyzed by X-ray diffraction on polished disk and powder,
and by scanning electronic microscope (SEM) coupled
with an energy dispersive spectrometer to analyze the
composition.

For transmission measurement, a double beam spec-
trometer (CARY 5) was used in the visible and near infra-
red region. A BRUKER Fourier transform infrared
spectrometer was used for mid and far infrared region.

Hardness (Hv) and toughness (Kc) were determined by
using a Vickers micro indenter with a charge of 100 g for
5 s. Image of nanocrystals were obtained using a scanning
electronic microscope (SEM). The technique to observe
sub-micron crystals and the methods used to calculate the
hardness and the toughness were described elsewhere [12].
The flash-laser method was used on 16 mm diameter and
2 mm thickness glass and glass–ceramics sample with a sur-
face precision of k/4 to measure thermal diffusivity. In the
flash-laser method, a flash of radiant energy is applied to
one surface of a small disk, and the temperature increase
of the opposite face is registered. The thermal diffusivity
is calculated from the sample thickness and the time
required for the opposite face temperature rise to reach a
known percentage of its maximum value. Heat capacity
was measured on glass slice by differential scanning calo-
rimetry experiments.

In order to determinate the evolution of the crystalliza-
tion rate versus annealing time, crucibles containing 10 mg
powder of the 60GeSe2–30Sb2Se3–10RbI base glass, which
has been identified as the best glass composition for con-
trolled crystallization [11] were annealed at 290 �C for dif-
ferent durations. As described in a previous paper, a
crystallization temperature from 30 �C to 40 �C above Tg

allows a controlled crystallization [2]. The heat treatment
of crucibles containing the sample is realized in a high pre-
cision ventilated furnace (±2 �C). The crucibles are cooled
down at a rate of about 50 �C/s to room temperature.
Finally, thermal analysis is performed with a heating rate
of 10 �C/min.

3. Results

The DSC curve of the 60GeSe2–30Sb2Se3–10RbI base
glass powder gives a glass transition temperature of
248 �C. This glass is stable against crystallization, as the
difference between the glass forming temperature and the
crystallization temperature is larger than 140 �C. We can
observe in the Fig. 1 that the base glass presents a large
crystallization peak at 395 �C. After 120 min of heat treat-
ment at 290 �C, the main peak splits up into two exother-

mal peaks. By increasing the heat treatment time, the
second crystallization peak shifts towards lower tempera-
ture while the Tx of the initial peak does not change and
the full width at half maximum strongly decreases. After
480 min of heat treatment, the second crystallization peak
totally disappears indicating the total crystallization of
the phase associated with this peak. According to the ther-
mograms, the dissociation of the two crystallization peaks
can be obtained by annealing samples for 300 min at
290 �C, keeping a very good thermal stability illustrated
by a large Tx–Tg.

As demonstrated by Ray et al. the height of the crystal-
lization peak permit to determine the evolution of the
nucleus number [13–15]. Hence, the height of the main
and initial crystallization peak versus heat treatment time
at 290 �C was reported in the Fig. 2. This curve permits
to determinate that the best nucleation time is around
300 min at 290 �C for the second peak.

By using the same method, it can be determined that the
best nucleation time at 290 �C, for the crystalline phase
corresponding to the 1st crystallization peak in Fig. 1, is
480 min. In this case, the second phase will be completely
crystallized. To avoid uncontrollable crystal growth, a
nucleation step of 300 min is the best compromise.

Now, in order to determine the best nucleation temper-
ature, a series of samples have been annealed at different
temperatures for 300 min. The DSC analysis for different
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Fig. 1. DSC curves of the base glass heat treated at 290 �C for different
times.
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Fig. 2. Crystallization peak height versus heat treatment time at 290 �C.
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