
Microstructural characterization and crystallization kinetics of
(1ÿx)TeO2±xLiCl (x=0.6±0.4 mol) glasses

M.L. OÈ vecË ogÆ lu a,*, G. OÈ zen b, B. Demirata c, A. GencË a
aDepartment of Metallurgical and Materials Engineering, Faculty of Chemical and Metallurgical Engineering, Istanbul Technical University,

Maslak 80626, Istanbul, Turkey
bDepartment of Physics, Faculty of Science and Letters, Istanbul Technical University, Maslak 80626, Istanbul, Turkey

cDepartment of Chemistry, Faculty of Science and Letters, Istanbul Technical University, Maslak 80626, Istanbul, Turkey

Received 26 February 2000; received in revised form 1 June 2000; accepted 17 June 2000

Abstract

On the basis of DTA analyses, three (1ÿx)TeO2±xLiCl (x=0.3, 0.35 and 0.4 mol) glasses doped with 0.005 mol of Tm2O3 were
crystallized in the vicinity of 400�C. X-ray investigations for samples heated to 425�C (above the peak crystallization temperature)

followed by quenching in air, revealed the presence of the paratellurite (TeO2) as the only crystallizing phase in all glass compositions.
SEM investigations revealed that the paratellurite crystals formed in these glasses as a result of surface crystallization were trigonal
in shape, between 40 and 50 mm in length, 7 and 15 mm in width and 5 and 9 mm in depth. DTA analyses were carried out on the
0.7TeO2±0.3LiCl glass at di�erent heating rates and an activation energy value of 238 kJ/mol for surface crystallization was deter-

mined graphically from a Kissinger-type plot using the analysis of Matusita and Sakka (Matusita, K. and Sakka, S., Kinetic study
on crystallization of glass by di�erential thermal analysis Ð criterion on application of Kissinger plot. J. Non-cryst. Solids. 38&39,
741±746.). # 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In comparison with silicate1,2 and borate3 glasses,
tellurite glasses have more advantages as frequency
upconversion laser hosts due to their physical properties
such as low melting temperature, high dielectric con-
stant,4,5 high refractive index,4 large third order nonlinear
susceptibility5,6 and better infrared transmissivity.7 Fur-
thermore, they present large transparency between the
near ultraviolet to the middle infrared region. In addition,
they are resistant to atmospheric moisture and capable
of incorporating large concentrations of rare earth ions
such as Tm3+ into the matrix.8

Currently there exists a substantial amount of literature
which reported the thermal, optical and physical prop-
erties of TeO2 based glasses9ÿ24 and regarding the
structure of pure TeO2 and M2O±TeO2 (where M=Li,
Na, K, Rb and Cs) glasses19ÿ24 characterized by using X-
ray di�raction,19ÿ21 neutron di�raction, NMR,23 ZAFS21

and MoÈ sbauer spectroscopy techniques.21,22 However, no
reported literature is available on the formation of crys-
talline phases in TeO2±LiCl glass systems and thus no

detailed studies related to the crystallization kinetics have
been conducted. The present study aims to ful®ll this task.
The present paper focuses on the microstructural

characterization and the crystallization kinetics of the
crystallizing phase in the (1ÿx)TeO2±xLiCl (x=0.6±0.7
mol) binary system. Three di�erent glass compositions,
viz. the 0.6TeO2±0.4LiCl, 0.65TeO2±0.35LiCl and the
0.7TeO2±0.3LiCl glass doped with 0.005 mol of Tm2O3,
were investigated using DTA, X-ray di�ractometry and
SEM techniques. Further, DTA analyses at di�erent
heating rates were used to determine the activation
energy for surface crystallization.

2. Experimental procedure

2.1. Glass synthesis

Three tellurite glasses were prepared to constitute the
compositions of 60 mol% TeO2±40 mol% LiCl, 65 mol%
TeO2±35 mol% LiCl and 70 mol% TeO2±30 mol% LiCl
doped with 0.5 mol%Tm2O3 (now hereafter referred to as
the 0.6TeO2±0.4LiCl, 0.65TeO2±0.35LiCl and 0.7TeO2±
0.3LiCl glasses, respectively). Reagent grade TeO2

(99.999% purity, Aldrich Chemical Company), LiCl
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(99.999% purity, Aldrich Chemical Company) and
Tm2O3 (99.9% purity, Sigma Chemical Company)
powders were used in this investigation. Batches of 7 g
in size were thoroughly mixed and melted in air using a
Pt-crucible with a closed lid in an electrically heated
furnace at 700±750�C for 30 h. Following that, the melts
were removed from the furnace at 750�C and quenched
in air by casting and pressing between two rectangular
graphite slabs at room temperature. A series of wet
chemistry analyses were done on bulk as-quenched and
heat-treated TeO2±LiCl samples. These analyses have
shown that the initial elemental stoichiometry of the
bulk glass samples did not change after quenching and
heat-treating. Further, a Zmax 30 Boron-up light element
energy dispersive spectrometer (EDS) detector attached
to JEOLTM Model JSM-T330 scanning electron micro-
scope (SEM) was used to detect any compositional seg-
regation in the microstructure which did not take place.
Based on the wet chemistry and EDS analyses, it can be
stated that the volatilization losses were negligible during
melting due to using an inert Pt-crucible with a closed lid.
Bahgat et al.25 have also reported that using a Pt-crucible
is the most e�ective procedure against high volatilization
of TeO2 at high temperatures.

2.2. Thermal behaviour

Di�erential thermal analysis (DTA) scans of as-cast
glass specimens were carried out in a Rigaku Thermo¯ex
thermal analyzer equipped with a PTC-10A temperature
control unit in order to determine the characteristic
glass transition temperatures (Tg), crystallization (Tc) and
the peak crystallization temperatures (Tp). After pulver-
izing and grinding as-cast glass, static non-isothermal
DTA experiments were performed by heating 20 mg
glass powder at heating rates of 5, 10, 15 and 20�C in a
Pt-crucible and using the same amount of Al2O3 as the
reference material in the temperature range between 20
and 600�C. The crucibles used were matched pairs made
of platinum and the temperature precision was �1�C.
The Tg temperature is a selected as mid-point between the
onset and the minimum temperature. Whereas the Tc

temperature is measured at the onset of crystallization,
the Tp temperature is measured at the peak of crystal-
lization. Crystallization experiments of annealed glass
samples were carried out in a mu�e furnace which had an
approximate heating rate of 10�C/min.

2.3. Microstructural characterization

The microstructural characterization of the as-cast
and crystallized glass samples were carried out using both
electron microscopy and X-ray di�raction techniques.
Scanning electron microscopy (SEM) investigations were
conducted in a JEOLTMModel JSM-T330 operated at 25
kV and linked with a Zmax 30 Boron-up light element

energy dispersive spectrometer (EDS) detector. For the
SEM investigations, optical mount specimens were pre-
pared using standard metallographic techniques followed
by chemical etching in a HF solution (5%) for 1.5 min.
The etched optical samples were coated with carbon.
The X-ray di�raction investigations were carried out in

a PhilipsTM Model PW3710 using CuKa radiation at 40
kV and 40 mV settings in the 2� range from 10 to 90�. The
crystallized phases were identi®ed by comparing the peak
positions and intensities with those in the JCPDS (Joint
Committee on Powder Di�raction Standards) data ®les.

3. Results and discussion

Tanaka et al.9 reported that glass formation in the
binary (1ÿx)TeO2+xLiCl system takes place with LiCl
contents varying between 0.15 and 0.6 mol. The present
study is part of an ongoing investigation on the (1ÿx)
TeO2+xLiCl glasses doped with 0.005Tm2O3 (0.5 mol%
Tm2O3). After a series of preliminary DTA and X-ray
di�ractometry tests, three compositions, viz. x=0.3,
0.35 and x=0.4 mol, were chosen which yielded a
homogeneous glass matrix. The Tm3+ ion is doped to
exhibit absorption and luminescence transitions in the
TeO2±LiCl glasses intended for solid state laser appli-
cations.8 The thermal and optical properties of Tm3+

doped TeO2±LiCl glasses have been reported else-
where26 and is beyond the scope of the present work.
However, it should be mentioned here that the addition
of 0.005 moles of Tm2O3 has no e�ect on the micro-
structure and the crystallization behaviour of the TeO2±
LiCl glasses of the present investigation. Further, due to
its low content, the presence of Tm2O3 can not be veri®ed
in either SEM or X-ray di�ractometry analyses of the
present study.

3.1. Thermal analysis and microstructural
characterization

Di�erential thermal (DTA) investigations were con-
ducted on the as-cast TeO2±LiCl glasses. Fig. 1 shows
the respective DTA data of the as-cast 0.6TeO2±0.4LiCl,
0.65TeO2±0.35LiCl and 0.7TeO2±0.3LiCl glasses scanned
at a rate of 10�C/min between 25 and 600�C. As seen in
Fig. 1, the DTA scans exhibit small endothermic peaks
at 260�C for the 0.6TeO2 ±0.4LiCl glass, at 265�C for
the 0.65TeO2±0.35LiCl glass and at 272�C for the
0.7TeO2 ±0.3LiCl glass selected as the glass transition
temperature, Tg. Crystallization processes taking place
in the glass matrix are marked by exothermic peaks at
401�C for all glass samples, indicating that the crystal-
lization mechanism for the three samples are the same.
As expected, the area under the exothermic peak and its
height increase with decreasing LiCl content. The exo-
thermic peaks correspond to the peak crystallization
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temperatures, Tp for both materials. The Tg values of
the present investigation are higher than those reported
by Tanaka et al.9 for the (1ÿx)TeO2+xLiCl due to the
fact that they used a smaller heating rate of 2.5 �C/min
during their Tg measurements. In addition, as seen in
Fig. 1, Tg shifts to lower values and the height/area of
the exothermic peak decreases with the increasing LiCl
content. As discussed by Tanaka et al.9 this expected
behaviour is attributed to the fact that LiCl acts as a
network modi®er and breaks down the TeO4 network
structure with creating the non-bridging oxygen in
Li2O. On the other hand, with increasing contents of
TeO2 the formation of TeO3 trigonal pyramids is
enhanced.9

On the basis of DTA results, X-ray di�ractometry
scans were carried out to verify the nature of crystal-
lizing phase(s) in the glassy matrix at temperatures
above Tc for both materials. X-ray di�ractometry pat-
terns of the as-cast 0.6TeO2 ±0.4LiCl, 0.65TeO2 ±
0.35LiCl and 0.7TeO2 ±0.3LiCl glasses revealed no
detectable peaks, indicating the fact that they consist of
only amorphous glass matrix in the as-cast state. On the
other hand, X-ray di�ractometry scans of the as-cast
glass samples heated to 425�C (above the peak crystal-
lization temperature) at a rate of 10�C/min followed by
quenching in air showed the evidence of devitri®cation.
Fig. 2(a) and (b) show the X-ray di�raction patterns
taken from the 0.6TeO2±0.4±LiCl and 0.7TeO2±0.3LiCl
glass samples, respectively. All the peaks in Fig. 2(a)
and (b) matched the d-values of the paratellurite (TeO2)
phase which has a tetragonal crystal structure with lattice
parameters a=0.481 nm and c=0.761 nm.27 Only three
crystal peaks can be detected for the LiCl-rich sample,

i.e. for the 0.6TeO2 ± 0.4LiCl glass [Fig. 2(a)]. It can be
deduced that the paratellurite phase has crystallized in
small quantities in a predominantly glass matrix. On the
other hand, almost all the re¯ection planes of the para-
tellurite phase in the 0.7TeO2 ±0.3LiCl glass are detected
in the XRD scan of Fig. 2(b), an indication of wide-
spread crystallization in the glass matrix. The results of
Fig. 2(a) and (b) conform very well with the corre-
sponding shallow and steep crystallization peaks shown
in Fig. 1. As expected, the XRD di�ractometry pattern
of the heat-treated and quenched 0.65TeO2 ±0.35LiCl
glass revealed the presence of only the above-mentioned
paratellurite (TeO2) phase with less crystalline peaks
than that for the 0.7TeO2 ±0.3LiCl glass and more than
that for the 0.6TeO2 ±0.4LiCl glass.
To investigate the morphology of the resultant

microstructure after crystallization, SEM investigations
were conducted on the TeO2±LiCl glass samples heated
to 425�C followed by air quenching. Fig. 3(a) and (b)
are respective SEM micrographs of the 0.6TeO2±
0.4LiCl sample taken in the secondary electron imaging
(SEI) and the back-scattered electron (BEI) imaging
modes showing trigonal-shaped crystals between 40 and
50 mm in length and 7 and 15 mm in width. EDS analysis

Fig. 1. DTA plots of the 0.6TeO2±0.4LiCl, 0.65TeO2 ±0.35LiCl and

0.7TeO2 ±0.3LiCl glasses.

Fig. 2. X-ray di�raction pattern of the (a) 0.6TeO2 ±0.4LiCl glass and

(b) 0.7TeO2±3LiCl glass heated at a rate of 10�C/min to 425�C fol-

lowed by quenching in air.
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taken from these crystals [Region T in Fig. 3(a)]
revealed that they contained 33.3 at.% Te, 66.6 at.% O
and 0.1 at.% Cl. Thus, it is evident that these are para-
tellurite crystals and they are surrounded by [Region G
in Fig. 3(a) the amorphous glassy matrix. In addition, as
seen in the SEM-BEI micrograph [Fig. 3(b)], the depth
of the paratellurite crystals into the glass matrix is very
shallow. Thus, on the basis of Figs. 3(a) and (b), it can
be inferred that paratellurite crystals must have formed
as a result of surface nucleation. Fig. 4(a) is a SEM/SEI
micrograph of the 0.7TeO2 ±0.3LiCl glass showing the
presence of a cluster of large trigonal-shaped crystals
varying between 35 and 50 mm in length and 7 and 15
mm in width which were grown centrosymmetrically.
The shape of these crystals are almost identical to those
for the 0.6TeO2 ±0.4LiCl [Fig. 3(a)] sample. Fig. 4(b) is
a cross-sectional SEM/SEI micrograph taken at a tilt
angle of 75� from the same region in Fig. 4(a) which
reveals that these crystals [indexed as T and TT in Fig.
4(a)] extend longitudinally on the surface of the sample
and the crystal indexed as TT is in the vicinity of the
coss-section and has a depth of varying between 5 and 9
mm. The presence of such large crystals having shallow
depths with a distinct boundary into the glass matrix
indicates the fact that surface crystallization is also pre-
dominant in the 0.7TeO2±0.3LiCl sample. This is in

agreement with the ®ndings of Ray et al.,28 who
revealed that a distinct boundary existing between the
glass matrix and the crystallized region during surface
crystallization. EDS spectra taken from ®ve di�erent
locations on these crystals [Regions T in Figs. 4(a) and
T and TT in Fig. 4(b)] have shown that they contained
66.6�0.4 at.% O, 33.2�0.3 at.% Te and 0.1�0.0 Cl.
Thus, similar to the 0.6TeO2 ±0.4LiCl glass, the trigo-
nal-shaped crystals are composed of the paratellurite
(TeO2) phase surrounded by the amorphous glassy
matrix [Regions G in Fig. 4(a) and (b)] in the 0.7TeO2±
0.3LiCl glass, as expected. Overall, the morphology,
orientation and size of these crystals clearly indicate
that paratellurite crystals formed in both glass systems
as a result of surface crystallization. Same trigonal-
shaped paratellurite (TeO2) crystals are also detected in
the glass matrix of the 0.65TeO2±0.35LiCl material.
From these investigations, it can be stated that the

Fig. 3. Representative (a) SEM/SEI and (b) SEM/BEI micrograph of

the 0.6TeO2±0.4LiCl glass heated at a rate of 10�C/min to 425�C fol-

lowed by quenching in air.

Fig. 4. Representative (a) SEM/SEI and (b) cross sectional SEM/SEI

micrograph of the 0.7TeO2±0.3LiCl glass heated at a rate of 10�C/min

to 425�C followed by quenching in air.
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paratellurite TeO2 phase is the only crystallizing phase
for the xTeO2±(1ÿx)LiCl glasses in the composition
range between x=0.6±0.7 mol.
In the following section, the graphical determination

of the activation energy for surface crystallization of the
paratellurite phase in the 0.7TeO2±0.3LiCl system is
presented.

3.2. Activation energy determination

Fig. 5 shows the DTA thermogram of the as-cast
0.7TeO2 ±0.3LiCl glass sample scanned at the heating
rates of 5, 10, 15 and 20�C/min. The Tg and Tp values
for di�erent heating rates are listed in Table 1. As
expected, both the Tg and Tp temperatures shift to
higher values with increasing rate, a behaviour also
reported in the DTA studies of other glass systems.29ÿ33

The shift of peak temperatures with heating rate in a
nonisothermal DTA study was ®rst analyzed by Kis-
singer29,30 in the study of kinetics of chemical reactions.
DTA is suitable for studying the crystallization of
glass31ÿ33 and the DTA curves shown in Fig. 5 can be
used to determine the activation energy for crystal
growth by analyzing the peak crystallization tempera-
tures.34 As shown by Matusita and Sakka,35 if the
number of crystal nuclei formed at temperatures above
Tg can be assumed constant in a glass matrix, then the

rate of change of volume fraction of crystals can be
de®ned as:

dx

dt
� KBÿ nÿ1� � 1ÿ x� �kexp ÿmQ

RT

� �
�1�

with its maximum at T � Tp for any non-isothermal
DTA condition. Therefore, as stated by Matusita and
Sakka,35 Eq. (1) can be solved at d2x=dt2

ÿ � � 0 and re-
expressed as:

ln
Bn

T 2
p

 !
� ÿ mQ

RTp
� constant �2�

assuming that the term 1ÿ xc� �k is constant for
x � xc;T � Tp. Thus it seems that the three unknowns
in Eq. (2) can be calculated using the parameters B and
Tp given in Table 1 in four equations. As stated pre-
viously, the paratellurite (TeO2) crystals form as a result
of surface crystallization. Thus, n=m=1 for all heating
rates can be assumed which leads to the Kissinger
equation:29

ln
B

T 2
p

 !
� ÿ Q

RTp
� constant �3�

Fig. 6 is a graphical solution of the Eq. (3) where the Tp

and B values listed in Table 1 are used to plot ln�B=T 2
p�

as a function of 1=Tp to calculate the activation energy
for crystallization. As seen in Fig. 6, parameters mea-
sured in four di�erent non-isothermal DTA analyses
provide a linear ®t of data points and the slope is noth-
ing but Q/R (where R=8.31 J/K-mol, gas constant).
The activation energy, Q can then be calculated as 238
kJ/mol. Since paratellurite crystallization in TeO2-based
glasses and glass-ceramics have been not reported in the
literature, this value can only be compared to the acti-
vation energies of crystal growth in SiO2-based glasses
and glass-ceramics. This value is larger than the activation
energy value of 150 kJ/mol for surface crystallization of
the diopside phase in a SiO2-rich glass-ceramic nucleated

Table 1

Heating rate, glass transition and peak crystallization temperatures of

the 0.7TeO2-0.3LiCl sample detected during the DTA scansa

B (�C/min) Tg (�C) Tp (�C)

5 269 394

10 272 401

15 276 408

20 279 415

a The Tg values are measured at the mid-point between the onset

and the minimum temperatures of the glass transition endotherm and

the Tp are measured at the peak of the crystallization exotherm during

the DTA scans.

Fig. 5. DTA curves of the 0.7TeO2±0.3LiCl glasses scanned at heating

rates of 5, 10, 15 and 25�C/min.
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with TiO2 in the quaternary SiO2±MgO±Al2O3±CaO
system34 it is comparable to the activation energy values
of 256�11 kJ/mol for the MgTi2O5 phase and 275�6
kJ/mol for the mica phase crystallization in a SiO2-
based multicomponent glass.36

4. Conclusions

On the basis of the results reported in the present
investigation, the following conclusions can be drawn:

1. Devitri®cation of the (1ÿx)TeO2±xLiCl (with
x=0.3±0.4 mol) glasses doped with 0.005 mol of
Tm2O3 takes place in the vicinity of 400�C with the
formation of the paratellurite (TeO2) as the only
crystallizing phase in the glassy matrix.

2. The paratellurite crystals form in the (1ÿx)TeO2±
xLiCl (with x=0.3±0.4 mol) glasses as a result of
surface nucleation, they are trigonal in shape and
have a size range between 40 and 50 mm in length,
7 and 15 mm in width and they penetrate into the
glass matrix at depths varying between 4 and 9
mm.

3. Using the analysis of Matusita and Sakka, the
activation energy for surface crystallization in the
0.7TeO2 ±0.3LiCl glass was calculated as 238 kJ/
mole from the slope of the Kissinger plot.
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