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Abstract

The stability of 8-TeO, phase was studied in binary TeO,-WO;, TeO,—CdO and ternary TeO,-WO;-CdO glasses. The samples were prepared
by heating high purity powder mixtures of TeO,, WO3 and/or CdO to 800 °C in a platinum crucible with a closed lid, holding for 30 min and
quenching in water bath. Differential thermal analysis (DTA), X-ray diffraction (XRD) and scanning electron microscopy (SEM) techniques were
used to characterize the thermal, phase and microstructural properties of the 3-TeO, phase. The addition of CdO into the tellurite glasses increased
the stability range of the 8-TeO, phase up to higher temperature values and expanded the compositional 3-TeO, formation range. The formation
of 3-TeO, phase in the binary systems was observed for samples containing 5-10 mol% WO; and 5-15mol% CdO. However, for the ternary
TeO,-WO;-CdO system the formation of 8-TeO, phase was determined in a wider compositional range.
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1. Introduction

Comparing with silicate, borate and phosphate glasses, tellu-
rite glasses have superior properties, such as low-phonon energy,
high linear and non-linear refractive index, high dielectric con-
stant, thermal and chemical stability. Therefore, considerable
attention has been focused on tellurite based glasses for their
potential use in fiber optics, laser hosts and non-linear optical
materials.!~” TeO, is a conditional glass former which does not
transform to the glassy state under normal quenching conditions.
Therefore, addition of a secondary component such as heavy
metal oxides, alkalis or halogens increases the glass forming
ability.”

TeO, is known to exist in two polymorphs at ambient
conditions: tetragonal a-TeO (paratellurite) and orthorhombic
B-TeO, (tellurite).! Blanchandin et al.> determined two new
metastable polymorphs of TeO;, namely orthorhombic y-TeO>
and cubic 8-TeO;, which were obtained in the doped TeO,
glasses, depending on the amount of the added component. The
formation of 8-TeO; phase under special quenching conditions
was reported in several studies on tellurite based binary glass
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systems®>™ by a research group and under normal quenching
conditions on a ternary glass system® by another group. How-
ever, no studies exist solely on the formation of 8-TeO; phase
in binary and ternary tellurite systems.

The 8-TeO, polymorph was first detected for samples con-
taining about 5-10mol% WO3, however the preparation of
this metastable phase from pure TeO, glassy samples was
unsuccessful.2 In another study about the TeO,—NbyO5 sys-
tem, Blanchandin et al.> observed 8-TeO, phase, for samples
in the range 2.5-12.5 mol% Nb,Os. Mirgorodsky et al.* ana-
lyzed the Raman spectra of 8-TeO, phase, which was detected
in samples containing a little amount of WO3 (5-10 mol%)
and claimed that the 3-TeO; phase is an intermediate structure
between the crystalline and glass states. Noguera et al.> reported
that the Raman spectrum of 8-TeO, shows no difference com-
paring to the spectrum of the glass. Lastly, Tatar et al.® observed
8-TeO, phase in the ternary TeO,—CdF,—WOj3 glass system
for different compositions, however did not report the forma-
tion of 8-TeO; phase in the binary TeO,—WO3 and TeO,-CdF,
systems.

The present study, which is part of an ongoing research on
tellurite based systems, aims to investigate the formation of &-
TeO; phase in the TeO;-rich part of the binary TeO,—WO3,
TeO,—CdO and ternary TeO,—WO3—CdO glasses by applying
thermal and microstructural characterizations.
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Fig. 1. Compositions of the prepared samples, where () TW 10, (@) TC10, (x)
TWS5CS.

2. Experimental procedure

In the experimental studies, samples were prepared with dif-
ferent amounts of WO3 and CdO by keeping TeO» content
constant at 90% in molar ratio. Therefore, three differ-
ent samples with the compositions of 0.90TeO,-0.10WOs3,
0.90TeO02-0.10CdO and 0.90TeO,-0.05W0O3-0.05CdO (now
hereafter referred to as the TW10, TC10 and TWS5CS glasses,
respectively) were obtained as shown in Fig. 1.

High purity raw materials of TeO (99.99% purity, Alfa Aesar
Company), WO3 (99.8% purity, Alfa Aesar Company) and CdO
(99.95% purity, Alfa Aesar Company) were used to prepare the
samples. The powder batches of 5 g size were thoroughly mixed
in an agate mortar and melted in a platinum crucible with a closed
lid at 800 °C for 30 min to provide complete homogeneity of the
melts. Afterwards, the molten samples were removed from the
furnace and quenched in water bath and thermal characterization
experiments were realized by using differential thermal analy-
sis (DTA) technique. DTA scans of the samples were carried out
in a Perkin Elmer™ Diamond TG/DTA to determine the glass
transition and crystallization temperatures. The glass transition
onset temperatures (7) were taken as the inflection point of
the endothermic change of the calorimetric signal. Onset tem-
peratures were specified as the beginning of the reaction where
the crystallization or melting first starts and peak temperatures
represent the maximum value of the exotherm or endotherm.
The DTA scans were recorded by using 25 mg powdered sam-
ples. All thermal analyses were realized with a heating rate of
10 K/min from room temperature to 550 °C in a platinum cru-
cible in a flowing (100 ml/min) argon gas. According to the DTA
results, as-cast samples were heat-treated for 24 h above the first
and second exothermic onset temperatures for each composition
in order to achieve the thermal equilibrium of these crystalline
phases. Afterwards, X-ray diffraction (XRD) analyses were car-
ried out on as-cast and heat-treated samples to determine the
crystalline phases and scanning electron microscopy (SEM)
studies were conducted for microstructural characterization. The
X-ray diffraction investigations were carried out with powdered
samples in a Bruker™ D8 Advanced Series powder diffractome-
ter using Cu K, radiation in the 20 range from 10° to 90°. The
International Centre for Diffraction Data (ICDD) files were used
to determine the crystallized phases by comparing the peak posi-
tions and intensities. SEM investigations were conducted with
platinum-coated bulk samples in JEOL™ Model JSM 7000F
operated at 15 kV and linked with Oxford Inca energy dispersive
X-ray spectrometer (EDS) attachment.

Fig. 2. DTA curves of as-cast (a) TW10, (b) TC10 and (c) TW5CS5 samples.
3. Results and discussion

3.1. Thermal analyses

DTA curves of as-cast TW10, TC10 and TW5CS5 samples are
given in Fig. 2. In general, DTA scans show a glass transition
and several exothermic peaks corresponding to the crystalliza-
tion and transformation of different crystalline phases. The glass
transition onset (T), crystallization onset and peak (7¢/T}) tem-
perature values are listed in Table 1.

As can be seen from Fig. 2, an endothermic change between
304 and 320 °C corresponding to the glass transition tempera-
ture (Tg) was observed for all compositions indicating the glassy
nature of the as-cast samples. For TC10 sample, the glass transi-
tion onset temperature was determined at 304 °C, while in WO3
containing samples (TW10 and TWS5CS5) the glass transition
was detected at higher temperatures. Therefore, by comparing
the glass transition temperatures for all three samples, it can be
concluded that the addition of WO3 into TeO, based glasses
shifts the glass transition temperature to higher values, which is
in agreement with literature.?” However, the difference between
Ty and T¢y, i.e. AT=T. — Ty, indicating the thermal stability
against crystallization were found to be 53 °C and 39°C for
TW10 and TWS5CS5 samples, respectively is higher than TC10
sample showing a AT value of 23 °C.

Several exothermic peaks indicating different crystallization
steps were determined at higher temperatures. Four crystalliza-
tion steps were determined for TC10 and TW5CS5 samples, while
TW10 sample showed three crystallization steps. However, for
TW10 sample, the first broad exothermic peak indicates the crys-
tallization of three phases occurring at the same temperature
interval so that only one large exothermic peak was observed.

3.2. XRD results
On the basis of the DTA results, X-ray diffraction analy-

ses were conducted on as-cast and heat-treated samples. XRD
patterns of the as-cast samples are given in Fig. 3.
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Table 1

Values of glass transition onset, Tg, crystallization onset, T, crystallization peak, T}, thermal stability against crystallization, AT, temperatures of the as-cast samples.

Samples Ty (°C) Te1/Tp1 (°C) Teol/Tp (°C) Te3/Tp3 (°C) TealTps (°C) AT=Ty — T4 (°C)
TWI10 320 373/397 466/482 495/507 53
TC10 304 327/333 358/368 409/420 495/501 23
TWS5CS 313 352/360 420/433 488/497 —/528 39

—, undetermined values.

Fig. 3. X-ray diffraction patterns of as-cast (a) TW10, (b) TC10, (c) TW5C5
samples.

As can be seen from Fig. 3, XRD patterns of the as-cast sam-
ples revealed no detectable peaks, proving the amorphous glassy
structure of the as-cast samples. Therefore, as-cast samples were
heat-treated for 24 h above the first crystallization onset temper-
atures for each composition in order to obtain the first crystalline
phases. 390 °C, 335 °C and 365 °C were selected as annealing
temperatures for TW10, TC10 and TW5CS samples, respec-
tively. XRD patterns of the heat-treated samples above the first
crystallization onset temperatures are shown in Fig. 4.

Fig. 4. X-ray diffraction patterns of heat-treated samples for 24 h (a) TW10 at
390°C, (b) TC10 at 335°C, (c) TW5CS5 at 365 °C.

Fig. 5. X-ray diffraction patterns of heat-treated samples for 24 h (a) TW10 at
410°C, (b) TC10 at 370 °C and (c) TW5CS at 435 °C.

It can be seen in Fig. 4a, for TW10 sample heat-treated at
390°C for 24 h, the peak intensities of the crystalline phases
are weak due to the amorphous nature of the background. A
good match was found between the observed peak positions and
card values of two metastable phases, namely 8-TeO; which
has a cubic crystal structure and y-TeO, which has orthorhom-
bic crystal structure.” On the other hand, as seen in Fig. 4b
and c, X-ray investigations on the TC10 and TW5C5 sam-
ples heat-treated for 24 h at 335°C and 365 °C, respectively
revealed only the formation of 8-TeO; phase. 8-TeO, phase was
detected for the first time in the literature for TC10 and TW5C5
glasses.

In order to obtain a better understanding on the transforma-
tion behavior of the metastable 3-TeO; phase, as-cast samples
were heat-treated for 24 h above the second crystallization onset
temperatures. However, for TW 10 sample due the broad nature
of the first exothermic peak, which indicates three crystalliza-
tion mechanisms occurring at the same temperature interval, the
sample was heat-treated above the first exothermic peak tem-
perature. XRD patterns of the heat-treated samples above the
second crystallization onset temperatures are given in Fig. 5.

On the basis of Fig. 5a, for TW10 sample heat-treated at
410°C for 24h, it can be concluded that the observed peaks
matched the peak positions of orthorhombic y-TeO; and tetrag-
onal a-TeO, phases. There is no evidence of the metastable
8-TeO, phase due to the transformation of 8-TeO; — a-TeO».
Therefore, for TW10 sample, the formation of the 8-TeO; phase
was achieved at 390 °C and the transformation of this metastable
phase was completed at 410°C into a-TeO,, which matches
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Fig. 6. SEM micrographs of TW 10 sample (a) as-cast 10,000, (b) heat-treated at 390 °C for 24 h, 350 and (c) heat-treated at 390 °C for 24 h, 1000x.

with the results present in the literature.>3-® Blanchandin et al.>
obtained 8-TeO, phase by annealing 5 mol% WO3 containing
glassy samples for 24 h at 350 °C which transforms into the
a-TeO; phase at 380 °C. In another study, Blanchandin et al.3
also reported the formation of 8-TeO, phase in the TeO>,—Nb,O5
system for 5 and 10 mol% Nb,Os, at 350 °C and 370 °C, respec-
tively. The transformation of 8-TeO, phase was determined at
410 °C for 5 mol% Nb,Os containing sample and at 450 °C for
10 mol% Nb,Os containing sample. Tatar et al.® also observed
the formation of 8-TeO; phase at 420 °C and the transformation
of the metastable 8-TeO, phase into the stable a-TeO, at 560 °C
for the TeO,—CdF,-WO3 glass system.

As can be seen in Fig. 5b and c, the observed peak positions
for TC10 and TWS5CS5 samples heat-treated for 24 h at 370 °C
and 435 °C, respectively revealed the presence of 8-TeO; and
v-TeO, phases. However, the formation of a-TeO, phase was
not detected for CdO containing samples (TC10 and TWS5CS)
indicating the transformation of 8-TeO; was not completed and
requires higher temperatures. Therefore, it can be concluded
that the addition of CdO into the tellurite glasses, increases the
stability range of the 8-TeO, phase.

3.3. SEM/EDS investigations

To have a deep understanding on the morphology of the
8-TeO» crystalline phase, SEM/EDS investigations were con-
ducted on as-cast samples and heat-treated samples above the
first crystallization onset temperature. Fig. 6a—c represents a
series of SEM micrographs taken from the outer surface of
the as-cast and heat-treated TW 10 sample for different magni-
fications.

As can be seen in Fig. 6a, as-cast TW10 sample revealed no
crystallization, proving the glassy nature of the sample. How-
ever, TW10 sample heat-treated at 390 °C for 24 h showed the
presence of grain-like crystallites on the general structure and the
initial formation of centrosymmetric fan-like crystallites with
some small white crystallites on the surface (Fig. 6b and c).
According to the XRD pattern (see Fig. 4a), the dominant crys-
talline phase was 8-TeO, and y-TeO; formed in the structure
as a secondary crystalline phase. Therefore, the grain-like mor-
phology obtained in the SEM micrographs is thought to be due
to the formation of 8-TeO; phase on the surface. The initiation of
centrosymmetric fan-like crystallization on the surface must be
due to the formation of the y-TeO; crystalline phase, which was
also reported by Ovecoglu et al.” for 0.85Te0,—0.15WO3 sam-
ple heat-treated at 510 °C for 24 h. Besides, EDS spectra taken
from the white crystallites varying between 1-2 pum in size on
the surface showed that they are TeO;-rich crystals.

SEM micrographs showing the morphology of as-cast and
heat-treated TC10 sample above the first crystallization onset
temperature (335 °C) are given in Fig. 7a—c.

Fig. 7a shows that there is no crystallization for the as-cast
TC10 sample, which indicates the amorphous structure of the
sample. As can be seen from Fig. 7b and c, the micrographs
show grain-like crystallites on the surface with some small white
crystals. According to the XRD pattern (see Fig. 4b), 8-TeO,
phase was formed from the glassy matrix, therefore the grain-
like crystallites observed in the SEM micrographs must be due
to the formation of 8-TeO, phase on the surface. Additionally,
EDS spectra taken from the white crystallites with the sizes
under 1 pm on the surface revealed that they are TeO;-rich
crystals.
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Fig. 7. SEM micrographs of TC10 sample (a) as-cast 10,000, (b) heat-treated at 335 °C for 24 h, 5000 and (c) heat-treated at 335 °C for 24 h, 20,000 .

Fig. 8a—c shows the SEM micrographs taken from the outer
surface of the as-cast and heat-treated TW5CS5 sample at 365 °C
for different magnifications.

Fig. 8a shows that no crystallization occurs in the as-cast
TWS5CS5 sample, showing the glassy nature of the sample. It can
be seen in Fig. 8b and c, the SEM micrographs of TW5CS5 sample

are similar to the TC10 sample, having grain-like crystallites on
the surface and some small white crystals. According to the XRD
pattern (see Fig. 4c), 8-TeO; phase was formed from the glassy
matrix as observed in the TC10 sample. Hence, the grain-like
crystallites are thought to be due to the formation of §-TeO»
phase on the surface. Also, EDS spectra taken from the white

Fig. 8. SEM micrographs of TW5C5 sample (a) as-cast 10,000, (b) heat-treated at 365 °C for 24 h, 500 %, (c) heat-treated at 365 °C for 24 h, 20,000 x.
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crystallites with the sizes about 1-2 pwm on the surface revealed
that that they are TeO;-rich crystals.

4. Conclusions

Thermal, phase and microstructural investigations were real-
ized on the TW10, TC10 and TWS5CS samples in order
to characterize the metastable 3-TeO, phase in TeOj-rich
part of the binary TeO;-WOj3, TeO,—CdO and ternary
TeO,-WO3-CdO glasses. According to the XRD results, as-cast
samples showed amorphous structure, proving the glassy nature
of the samples. Therefore, as-cast samples were heat-treated
above the first and second crystallization onset temperatures to
identify the formation and transformation of the 8-TeO; phase.
For TW10 sample, both DTA and XRD results showed that the
metastable 8-TeO, phase forms at 390 °C and transforms into
the stable a-TeO; form at 410 °C, which is in agreement with
the literature. For TC10 and TWS5CS samples, the formation of
metastable 8-TeO, phase was observed at 335 °C and 365 °C,
respectively. The formation of a-TeO; phase was not observed
for CdO containing samples in the studied temperature interval,
showing that the transformation of 3-TeO; into a-TeO; phase
was not completed. 8-TeO; phase was detected for the first time
in the literature for CdO containing binary and ternary TeO,
based glasses. The addition of CdO into the tellurite glasses
increased the stability range of the 8-TeO; phase and in CdO
containing samples it was also proved that the formation of
8-TeO, phase occurred in a wider compositional range. SEM
images of the 3-TeO, phase were taken, revealing the formation
of 3-TeO, phase on the surface as grain-like crystallites.
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