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Differential thermal analysis and scanning electron microscopy were used to determine the
influence of the addition of BaO on the crystallization mechanism of Li2O-ZrO2-SiO2 systems. As
the concentration of BaO in the samples increased, a transition occurred in the predominant
crystallization mechanism, which passed from superficial to volumetric. To determine the maximum
nucleation rate, the crystallization kinetics of the sample containing 20 mole % BaO, which showed
the most uniform crystallization, was studied by counting the nuclei with an image analyzer. The
first nuclei appeared at the first endothermic inflection point (at the start of Tg, at 440 °C), while
the maximum number of nuclei was counted at the midpoint of the glass transition region (446 °C).
These results are similar to those observed for other materials that crystallize in volume, and confirm
scanning electron microscopy data.
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1. Introduction

A variety of materials with specific properties can be
produced by controlling glass crystallization. By identify-
ing the crystallization mechanism of a glass-ceramic, its
potential uses can be controlled and evaluated. The crystal-
lization mechanism may be of three types: superficial,
volumetric or mixed. When superficial crystallization takes
place, a crystalline layer is formed on the surface of the
material1. The volumetric crystallization mechanism
causes crystallization of the material as a whole, while the
mixed crystallization mechanism results in a material with
the characteristics of both superficial and volumetric crys-
tallization.

The maximum nucleation rate, maximum crystal
growth rate and activation energy can be determined by
measuring the kinetics of crystallization. The process of
crystallization kinetics is favored by the different stages of
nucleation and crystal growth during cooling of the glass
or by a specific thermal treatment of the already cooled
glass under controlled conditions2. The nucleation and
crystallization processes are crucial to control the forma-

tion of glass-ceramics and to determine their technological
applications.

The crystallization mechanism and the kinetic process
can be identified through differential thermal analysis
(DTA), complemented by microscopy techniques2.

The purpose of this study is to verify the influence of
the addition of barium oxide on the crystallization mecha-
nism of Li2O-ZrO2-SiO2 systems and to determine the
maximum nucleation rate, using DTA and scanning elec-
tron microscopy (SEM).

From the standpoint of cost, these systems are very
interesting because of the low fusion temperature used in
the process and the fact that silica oxide is the most abun-
dant component in the composition.

2. Experimental

Glasses with general compositions of 30% Li2O: 5%
ZrO2: x% BaO: (65% - X SiO2), in which x = 0, 5, 10, 15
and 20 mole % of barium oxide, were synthesized as
described in previous reports3.

Differential thermal analysis of the powder and mono-
lithic samples was performed using a Netzsch Termische
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Analyze STA-409 Cell thermal analyzer with a 10 °C/min
heating rate, at temperatures ranging from 25 °C to 1250 °C
in a dry air atmosphere. The samples were analyzed in
powder form, with particle sizes of 0.315 mm to 0.500 mm,
and in monolithic form, using pieces of approximately
30 mg4.

For the microscopy study, the samples were placed on
a metal support and covered with a thin layer of gold in a
metallizer SEM coating unit E5000 (Polaron Equipment
Ltd). The surface morphology of the materials was ana-
lyzed through micrographs obtained by scanning electron
microscopy (SEM), with a Philips XL 30 microscope, and
energy dispersive spectroscopy (EDS), using an EDAX
spectroscope.

The samples were subjected to a 60 min. thermal treat-
ment at 600 °C to determine the crystallization mechanism.
The pieces were cut in cross sections with a diamond disc
and the samples subjected to scanning electron micros-
copy2.

The glass samples were subjected to a series of 60 min
thermal treatments, using nucleation temperatures of 430,
440, 450, 466, 470, 480, 490 and 500 °C, to determine the
maximum nucleation rate. The temperatures used for grain
growth were 560 °C for 30 min. After thermal treatment,
cross sections cut with a diamond disk were forced into an
unheated phenolic resin, and smoothed and polished using
an aluminum paste with a 1 µm grain size. The material was
chemically treated with a mixture of HCl (0.12 in mol.L-1)
and HF (0.50 in mol.L-1) for 15 s. The samples were
analyzed by SEM and the granules counted with an image
analyzer, using the software program AnalySis Pro Version
2.111.

3. Results and Discussion

DTA and SEM were used to determine the crystal-
lization mechanism of the glasses5, and DTA was also used
to verify the glass transition (Tg), crystallization (Tc) and
melting (Tm) temperatures.

The thermal analysis curves produced by DTA of the
samples in powder form are shown in Fig. 1. The glass

transition, crystallization and melting temperatures were
found to decrease with increasing BaO concentrations (Ta-
ble 1). These lower temperatures were ascribed to the fact
that the Ba2+ ions penetrated the material’s structure, weak-
ening the interaction between silicate lattices.

The DTA curves for the samples without BaO and with
5 mole % BaO (Figs. 1a and 1b, respectively) showed
similar characteristics: an exothermic peak below 200 °C,
associated with the loss of water, an endothermic inflection
at 475 °C, which is characteristic of glass transition, a
second exothermic peak between 630 °C and 650 °C,
associated with the crystallization temperature, and an en-
dothermic peak at close to 1000 °C, corresponding to the
melting temperature of the material. The curve of the
sample containing 10 mole % of BaO (Fig. 1c) shows a
tendency to form a third exothermic peak close to 800 °C,
suggesting the crystallization of a second phase.

The curves of the samples containing 15% and 20 mole
% of BaO (Figs. 1d and 1e, respectively) are longer, show-
ing new melting peaks at 900 °C and 1100 °C. The tendency
to form a second crystallization peak, the lengthening of
the curve and the appearance of new melting peaks indicate
a heterogeneous crystallization process, which is favored
by the higher concentration of barium oxide in the sam-
ples6.

Figure 2 illustrates the DTA curves of the monolithic
samples. These curves also show a decrease in glass tran-
sition, crystallization and melting temperatures as the con-
centration of BaO in the samples increased. None of the
DTA curves for the monolithic samples show an exother-
mic peak below 200 °C, indicating that the material in this
form does not adsorb water, probably because of its smaller
surface area than that of the powdered material.

The exothermic peak appearing in the DTA curves of
the non-powdered samples between 600 °C and 800 °C is
a strong indicator of volumetric crystallization5. The DTA
curves for monolithic samples of Li2O-ZrO2-BaO-SiO2

systems (Fig. 2) showed a better defined exothermic crys-
tallization peak and a decrease in the interval of the crys-
tallization temperature with higher concentrations of BaO.
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Table 1. Results obtained from DTA curves of the analyzed samples.

Samples % BaO Powdered glass samples Bulk Glass Samples

Tg °C Tc °C Tm °C Tg °C Tc °C Tm °C

CG-1 0 475 656 1011 487 826 1018

CG-2 5 473 635 1003 478 808 1010

CG-3 10 472 637 985 479 784 1014

CG-4 15 470 625 976 470 741 981

CG-5 20 465 619 950 460 647 920

Tg = glass transition temperature; Tc = crystallization temperature; Tm = melting temperature.



This behavior suggests that the predominant crystallization
mechanism tends to change from superficial to volumetric5.

A comparison of the crystallization temperatures of the
powdered samples with those of the monolithic samples
(Table 1) shows a variation of the Tc values. Although this
variation is characteristic of surface crystallization, the fact
that Tc variations decreased as the concentration of BaO
increased reinforces the assumption that a transition from
superficial to volumetric crystallization occurred.

Figure 3 shows a micrograph of the sample without
BaO obtained by SEM, while Fig. 4 shows the images of

the samples with 5% and 10 mole % BaO obtained by the
same method. These micrographs reveal the presence of
small crystals scattered over the surface of the sample
without BaO and, in the case of the sample with 5 mole %
BaO, a crystallized surface layer of about 66 µm. Increasing
the concentration of BaO from 5% to 10 mole % caused the
crystallized layer to grow to about 130 µm.

The SEM micrographs of the samples with 15% and
20 mole % BaO (Figs. 5a and 5b, respectively) show that
these samples crystallized completely. The excessive
growth of the crystals in the sample containing 15% BaO,
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Figure 1. DTA curves of the powdered samples. (a) 0% BaO, (b) 5% BaO, (c) 10% BaO, (d) 15% BaO, (e) 20% BaO.



which reached a size of 500 µm, caused it to break up into
fragments, while the sample with 20% BaO presented a
regular volumetric crystallization. The transition of the
crystallization mechanism from superficial to volumetric
became evident when the BaO concentration increased
from 10% to 15%, confirming the DTA results.

The material with 20% of BaO, whose volumetric crys-
tallization was uniform, was used to determine the maxi-
mum nucleation rate and to study the crystallization

kinetics. The image of a cross section of that sample after
being subjected to a 60 min nucleation temperature of
466 °C and to a 30 min grain growth temperature of 560 °C
(Fig. 6) reveals the formation of nuclei preceding the for-
mation of crystals.

The graphic representation of the maximum nucleation
rate for the sample with 20% BaO, shown in Fig. 7, was
obtained by counting the nuclei at different nucleation
temperatures. Signs of crystallization were found close to
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Figure 2. DTA curves of the monolithic samples. (a) 0% BaO, (b) 5% BaO, (c) 10% BaO, (d) 15% BaO, (e) 20% BaO.



the first endothermic inflection point at 440 °C, while the
greatest number of crystals was observed close to the
midpoint of the glass transition region at 466 °C. This
behavior has already been observed in similar materials that
crystallize in volume7.

4. Conclusion

The crystallization mechanism of Li2O - ZrO2 - SiO2

was directly related to the concentration of BaO in the
samples. A transition from superficial to volumetric crys-
tallization occurred as the concentration of BaO increased.

The measurement of the crystallization kinetics al-
lowed for the maximum nucleation temperature of 466 °C
to be determined for the sample with 20% BaO. This
maximum nucleation temperature was close to the mid-
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Figure 3. Micrographs of samples without BaO.

Figure 4. Micrographs of samples with (a) 5% BaO, and (b) 10% BaO.

Figure 5. Micrographs of samples with (a) 15% BaO, and (b) 20% BaO.

Figure 6. Micrograph of cross section of sample with 20% BaO submitted
to thermal treatment.

Figure 7. Number of nuclei at different temperatures after treatment at
560 °C.



point of the glass transition region, which is characteristic
of glasses that crystallize in volume.
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