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Abstract

The glass formation area in the CdO-WO;-TeO, ternary system was determined and thermal and structural features of the ternary glasses were
characterized by differential scanning calorimetry (DSC), X-ray diffraction (XRD) and Raman scattering methods and the variation of the glass
properties and structural transformations were discussed in terms of the glass composition comparing with the literature. For all ternary glass
samples, the glass transition (7}) and crystallization (T./T,) temperatures, glass stability (AT), activation enthalpy for glass transition (AH") and
fragility parameter (m) values were calculated from the DSC thermograms. Density (p), molar volume (V),) and oxygen molar volume (V) values
and the refractive indices (n) at a wavelength of 632 nm were measured. Raman spectra of the glasses were interpreted in terms of the structural
transformations on the glass network resulted by the changing WO; + CdO/TeO, ratio.

© 2011 Elsevier Ltd. All rights reserved.

Keywords: CdO-WO3-TeO,; Glass; Thermal properties; Spectroscopy

1. Introduction

Tellurite glasses have drawn considerable attention as
promising candidates for optical fibers and non-linear optical
devices on the account of their easy fabrication at low temper-
ature, relatively low-phonon energy, high refractive index and
dielectric constant, good infrared transmission, high thermal and
chemical stability and low crystallization ability.!~'® Further-
more, the structure of tellurite based glasses is also of interest,
because there are two types of basic structural units, i.e. TeO4
trigonal bipyramid (tbp) and TeOs trigonal pyramid (tp).>*

It is known that pure tellurium oxide (TeO;) does not have
glass forming ability under normal quenching rates; therefore
addition of network modifiers is needed to form tellurite-based
glasses.!*>~% Addition of WOs3, as a network modifier or
intermediate oxide network, to tellurite glasses provides advan-
tageous properties, such as doping with rare-earth elements in
a wide range, modifying the composition by a third, fourth,
and even fifth component, enhancing the chemical stability and
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devitrification resistance.!>>° Furthermore, tungsten—tellurite
glasses have slightly higher phonon energy and higher glass tran-
sition temperature compared to other tellurite glasses; therefore
they can be used at high optical intensities without exposure to
thermal damage.’”~%142! A considerable number of publications
have been published on tungsten—tellurite glasses by different
researchers because of its importance in optical applications.'~°
Apart from this, previous studies on tellurite glasses contain-
ing CdO suggest that the addition of CdO enhances the optical
properties.?> CdO, as a network modifier, stabilizes the glass
structure and improves the electrical properties by increasing
the dielectric constant.”3

First glasses in the CdO-WO3-TeO; system were obtained
by Imaoka and Yamazaki in their study on the glass formation
range of various tellurite based binary and ternary systems.?*
Later, Safonov reported the glass formation range of this ternary
system in his study on the liquidus surface projection of the
BaO(CdO)-WO3-TeO5 ternary systems.2> However, to the best
of author’s knowledge, the reported data available in the litera-
ture on the glass formation range is not detailed and there exist
no information on the thermal and structural properties of the
CdO-WO3-TeO, ternary glasses.

In order to develop tellurite based glasses for optical applica-
tions, an understanding of their thermal and structural behavior is
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crucial. Therefore, in the present study the authors aim to deter-
mine the glass formation area of the CdO-WO3-TeO, ternary
system and investigate the thermal and structural behavior of the
CdO-WO3-TeO, glasses by conducting detailed and systemat-
ical DSC, XRD and Raman analyses.

2. Experimental procedure

In the experimental studies, to determine the glass forma-
tion area, different compositions of the CdO—WO3-TeO; system
were prepared using a conventional melt-quenching technique.
High purity powders of TeO3 (99.99% purity, Alfa Aesar), WO3
(99.8% purity, Alfa Aesar) and CdO (99.95% purity, Alfa Aesar)
were thoroughly mixed and 5 g size powder batches were melted
in a platinum crucible with a closed lid at 750-800 °C for 30 min
in an electrical furnace and quenched in water bath.

The amorphous structure of the as-cast samples was checked
by XRD analyses, which were carried out with powdered glass
samples in a Bruker™ D8 Advanced Series powder diffractome-
ter using Cu K, radiation in the 26 range from 10° to 90°. After
determining the glass formation area, all thermal and structural
analyses were realized with the ternary glass samples. Origi-
nal and final compositions of the samples are given in Table 1.
The final compositions were calculated by performing chemical
analysis using a Perkin Elmer AAnalyst 800 atomic absorption
spectrometer with an error estimate of £2%.

To recognize the thermal behavior of the glass samples, dif-
ferential scanning calorimetry analyses were carried out in a
Netzsch DSC 204 F1 (limit of detection: <0.1 W, with an error
estimate of £1 °C) using a constant sample weight of 25 £ 1 mg
in aluminum pans, under flowing (25 ml/min) argon gas with a
heating rate of 10 °C/min. The glass transition (7), first crystal-
lization onset and peak (7./Tp) temperatures were determined
from the DSC thermograms. The glass transition temperatures
(Tg) were taken as the inflection point of the endothermic
change of the calorimetric signal. Crystallization onset temper-
atures were specified as the beginning of the reaction where the
crystallization first starts and peak temperatures represent the
maximum value of the exotherm. The temperature difference
between the glass transition (7) and the first exothermic peak
onset (T¢), AT=T. — Ty, indicating the value of glass stability
was calculated.

The fragility parameter, m, of the glass samples was cal-
culated (with an error estimate of 41) from the following
expression®®27:

AH*
m=|——
RT,

where m is the fragility parameter, AH " is the activation enthalpy
for glass transition, R is the gas constant and T is the glass
transition temperature.

To determine the fragility parameter, m, the activation
enthalpy for glass transition, AH", was calculated by running
DSC scans of glass samples at four different heating rates, g

ey

Table 1

Values of glass transition (7y), first crystallization onset and peak (T¢/T}), glass stability (AT), activation enthalpy for glass transition (AH"), fragility parameter (m), refractive index (n), density (p), molar volume

(V) and oxygen molar volume (V) of the ternary glass samples.

Vo

p theoretical
(gem™?)

T/T, (°C) AT(°C) AH  (KImol™)) m n(at632nm) pat25°C
(gem™)

T, (°C)

Final

Sample ID  Original

(cm? mol 1)

(cm? mol™1)

compositions
(mol%)

compositions
(mol%)
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TeO,

TeO, CdO WOs3

CdO WOs3

13.89
14.03
13.66
13.92
13.52
13.43
13.49

27.77

5.87
5.99
5.94
6.01
6.27
6.21

5.82
5.85
5.90
5.88
6.13
6.06
6.22

2.03
2.11

163
151

807
815
690
669
753
505

26
21

345/361
346/347
379/404
365/366
387/388
429/438
413/416

319
325
336
339
363
366
387

55 899

4.6

90
85
85

5

10

CWT1

27.37

52 85.6

124

9.2

CWT2

28.01

2.09
2.14
2.19
2.17
221

149

131

43

83.0

4.6

10
10
15
20
20

5
10

CWT3

27.84
27.04
28.20

26.98

26
24
63

102 80.7

9.1
13.9

80
70
70
60

CWT4

142

69.9

16.2

15

CWT5

142

68.8

22.3

8.9
18.3

10

CWT6

6.46

137

680

26

58.7

23.0

20

CWT7
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Fig. 1. Glass-formation area of the CdO-WO3-TeO, ternary system: () glass
and (@) crystalline.

(5, 10, 15, 20 °C/min), and plotting the linear fits of In 8 versus
1000/T according to the following expression®-28:

*

In 8= + const 2)

g
where f is the heating rate, R is the gas constant and T} is the
glass transition temperature.

Densities, p, of the glasses were determined at room temper-
ature by the Archimedes principle using distilled water as the
immersion liquid and a digital balance of sensitivity 10~* g. The
density values obtained by repeated measurements showed an
error of £0.2%.

The molar volume, Vj;, was calculated as a function of the
molar fraction of each of the three components and the oxy-
gen molar volume, Vp, was calculated by using the following

expression”’:

o= (Z Xiﬁ/li> <Zi5n,~) @

where x; is the molar fraction of each component i; M; is the
molecular weight; p is the glass density and »; is the number of
oxygen atoms in each oxide.

Refractive indices, n, at a wavelength of 632nm were
obtained at room temperature using a J.A. Woollam VASE and
Gaertner L116C Ellipsometer. Glass samples were run at an
incidence angle of 70°. The ellipsometer was calibrated using a
silicon wafer standard before each run.

Raman scattering spectra of the glasses were measured at
room temperature in the wave number range from 200 to
1000 cm~! using an Nd-YAG laser line at 1064 nm and a SPEX
Triplemate 1877 Triple grating monochromator.

3. Results and discussion

The glass formation area of the CdO-WO3-TeO, ternary
system determined in the present study is given in Fig. 1.
Compared with the reported glass forming regions by Imaoka
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Fig. 2. X-ray diffraction patterns of the CdO-WO3-TeO; glasses.

and Yamazaki>* and Safonov?, the glass formation area was
expanded under our experimental conditions. In our previous
study,” the vitrification behavior of the tungsten—tellurite glasses
were discussed and the glass formation range of the WO3-TeO;
binary system was reported as 4-35 WO3 mol%.° The glass for-
mation range of the CdO-TeO; binary system was reported in the
literature by Mochida et al.3% as5-10 CdO mol%, however in our
study on the phase equilibria of the CdO-TeO; system, the glass
formation range of this system was expanded to 5-15 CdO mol%
under our experimental conditions. In the present study, out of
thirteen ternary samples prepared to determine the glass form-
ing compositions of the CdO-WO3-TeO, system, seven as-cast
samples were obtained as glass (see Fig. 1). The obtained glass
samples showed a color change from yellowish to pale orange
with increasing WO3 + CdO/TeO; ratio.

X-ray diffraction analyses were carried out to verify the
glassy nature of the samples obtained as transparent bulk glasses
and the results are shown in Fig. 2. XRD patterns of these sam-
ples revealed no detectable peaks, proving the vitreous structure.
DSC analyses were carried out to determine the thermal behav-
ior of the ternary CdO-WO3-TeO; glasses. DSC thermograms
are illustrated in the temperature range of 300-550 °C in Fig. 3
and the thermal analysis details are given in Table 1.

For all samples, a shallow broad endothermic change of the
calorimetric signal corresponding to the glass transition, T, was
observed between 319 and 387 °C. The glass transition temper-
atures shifted to higher values with the substitution of WO3
and CdO for TeO,, which was also reported in the literature for
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Fig. 3. DSC curves of the CdAO-WO3-TeO, glasses, scanned at a heating rate
of 10 °C/min.

WO3 and CdO containing binary tellurite glasses.>”2? As can
be seen in Fig. 3, different number of exothermic peaks, indi-
cating crystallization reactions was observed with the change
in composition. The crystallization onset and peak temperature
values for the first exothermic reaction are given in Table 1.
The temperature difference between T, and the first exothermic
peak onset T;, AT, indicating a measure of the thermal stability
against crystallization was calculated for all glass samples and
listed in Table 1. The maximum AT value was found as 63 °C for
CWT6 sample. The AT values obtained in the present study for
CdO-WO3-TeO, glasses were found to be lower than the glass
stability values reported in the literature for tungsten—tellurite
based binary and ternary glasses.>%1%17:19 In general, the rea-
son for low glass stability values was due to the crystallization of
the 3-TeO, phase at lower temperatures. For CWT3 and CWT6
samples, which have lower CdO/WOj ratio than the other sam-
ples, the crystallization of the 8-TeO, phase was not observed;
therefore higher AT values were calculated for those samples.
This behavior can be explained as we reported in our previous
study that the addition of CdO into tellurite glasses promotes the
formation of §-TeO, phase which lowers the AT values of the
glasses.®

The activation enthalpy for glass transition, AH", and the
fragility parameter, m, values which are often used to deter-
mine the strong—fragile characters of glass forming liquids®®2’
are given in Table 1. The activation enthalpy for glass transi-

tion was calculated by running DSC scans of glass samples
at four different heating rates and AH" values of the ternary
glasses were found between 505 and 815 kJ/mol. The fragility
parameters, m, which were calculated by using the AH" values
showed a decrease from 163 to 131 with the decreasing TeO;
content. It was reported by Zhu et al.?° that there is no sharp
limit to characterize strong—fragile characters of liquids on the
basis of fragility parameters. However, it was mentioned that a
fragility value less than 90 can be attributed for strong liquids,
whereas a value greater than 135 is typical for fragile liquids.
Fragile liquids show a fast increase in their viscosity and a large
change in their heat capacity as the glass transition temperature
is approached; while the viscosity and heat capacity of strong
liquids show a small change in the glass transition region.26-27-31
Comparing the fragility values obtained in the present study with
the values reported by Zhu et al.?®, it can be concluded that the
CdO-WO3-TeO; melts have a fragile character.

The measured density of the glass samples (p), the molar
volume (Vjy), and oxygen molar volume (V) values for the
CdO-WO3-TeO, glasses are listed in Table 1. The density val-
ues determined at room temperature showed a regular increase
from 5.82 to 6.22 g/cm? with the decreasing TeO5 content.

As seen in Table 1, the highest molar volume, Vy,, cor-
responds to the CWT6 glass sample, which has the highest
percentage of oxygen atoms. The molar volume of glasses, V),
was found to increase with the substitution of TeO, by WOj3 for
constant CdO content. This behavior can be explained due to the
increase in the number of oxygen atoms in the ratio 3/2, which
was also reported in the literature for WO3-GeO,-TeO, and
PbO-WO3-TeO, ternary glass systems.!”?’ Similarly, increas-
ing the CdO/TeO; ratio for constant WO3 content decreased the
molar volume of the glasses.

In the present study, oxygen molar volume was observed to
decrease with the substitution of TeO, by WO3 for constant
CdO containing glasses as the glass structure becomes denser.
This was resulted due to the formation of more Te-O-W and
W-0O-W linkages and fewer Te—O-Te linkages with increasing
WOj3 content, where higher field intensity of WO+ ions with
respect to the field intensity of Te** ions yields a more compact
packing of the glassy structure network.?? However, for constant
WO3 content, Vp was found to increase with increasing CdO
content.

Refractive indices, n, of the glasses at a wavelength of 632 nm
are listed in Table 1. The obtained n values showed an increase
from 2.03 to 2.21 with decreasing TeO; content. This behav-
ior was observed due to the addition of WOs3 (2.68 10\3) and
CdO (2.91 A3) cations which have higher polarizability values
compared to TeO; cation (2.44 A3 3233

The structure of CdO-WO3-TeO, glasses was studied exten-
sively by using Raman scattering technique. CWT1, CWT4 and
CWTS glasses were selected to represent the shifts in Raman
peak intensities and frequencies according to the decreasing
TeO, content. Fig. 4 shows the Raman spectra of ternary
glasses in the spectral range of 200-1000cm ™! and the vibra-
tional properties of ternary glasses are summarized in Table 2.
Raman spectra of ternary glass samples showed broad peaks
and shoulders and the broadening of peaks are attributed to the
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Fig. 4. Raman scattering spectra of the CWT1, CWT4, and CWTS5 glasses.

disorderness. As seen in Fig. 4, the Raman spectra are dom-
inated by a broad peak at around 663 cm™! with a shoulder
at around 745cm™! and the peaks slightly shifted and broad-
ened with the decreasing TeO, content. Seven Raman peaks at
around 205, 354, 455,663,745, 810 and 923 cm~! were detected
for these glasses. To find out the exact mode of vibrations,
the Raman spectrum was deconvoluted into seven symmetrical
Gaussian functions, by taking into account the Raman scat-
tering spectra assignments for different tellurite based glasses
reported in the literature.!7-20-3+33 Deconvoluted Raman spectra
of CdO-WO3-TeO, glasses are given in Fig. 5 and the Raman
peaks are designated here as peaks A, B, C, D, E, F and G,
respectively.

Table 2
Vibrational properties of CdO-WO3-TeO; glasses.

Peak Raman band (cm™!) Vibrational mode

A ~205 Unidentified

B 352-372 Stretching vibrations of W—O-W in the
WOg units

C 460-480 Stretching vibrations of Te-O-Te
linkages

D 651-672 Stretching vibrations of TeOy tbp units

E 743-779 Stretching vibrations of TeO3/TeO34
units

F 798-853 Stretching vibrations of W—O-W in
WOy or WOg units

G 921-924 Stretching vibrations of W—O~and

W=0 bonds inWO,4 or WOg units

CWTS

Raman Intensity (a.u.)

200 300 400 500 600 700 800 900 1000
Wavenumber (cm)

Fig. 5. The deconvolution of the Raman spectra of the CWT1, CWT4, and
CWTS5 glasses.

In Fig. 5, the peak A at around 205cm™", observed in the
Raman spectrum for the CdO-WO3-TeO, glasses is attributed
in the literature to the heavy metal vibrational modes by Tatar
et al. for CdF,—-WO3-TeO, glasses.> Upender et al. reported
for WO3-GeO,-TeO; glasses that this peak might be assigned
as a boson peak associated to light scattering due to acoustic-
like vibrations of the disordered structure.!” However, the origin
of this peak remained not fully clear. The peak B at around
354-366 cm ™! belongs to the stretching vibrations of W-O-W
in the WOg units. The peak C at around 455-474cm™! cor-
responds to the stretching vibrations of Te—O-Te linkages in
between two TeO4 four-coordinate atoms. The peak D at around
663-673 cm™! is attributed to the Te—O stretching vibration
of TeO4 trigonal bipyramid (tbp) units corresponding to the
strong Raman band of crystalline a-TeO,. The peak E at
around 745-758 cm™! is due to [TeOs41]1*~, [TeO3]%> units.
The Raman peak F at around 810-849 cm™! corresponds to the
stretching vibrations of W—O-W in WO4 or WOg units. Finally,
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the peak G at around 923-925 cm ™! is assigned to the stretching
vibrations of W—O~ and W=0 bonds associated with WO, and
WOg units, respectively, which was also observed for the binary
WO3-TeO; glasses.

Equimolar substitution of TeO, by WO3 and CdO changed
the intensities and positions of the Raman peaks. The increasing
amount of WO3 and CdO in CdO-WO3-TeO, glasses resulted in
a decrease in the intensities of peaks C and D which correspond
to the stretching vibrations of Te—O-Te linkages and TeOy4 tbp
units in the glass network, respectively. This was resulted due
to the formation of more Te—~O-W linkages and fewer Te-O-Te
linkages with the increasing WO3 content. The intensity change
of peak E which is due to the presence of TeO3 units in the
glass network increased with the increasing WOj3 content. This
behavior can be explained due to the transformation of TeO4
units into TeOs units as the WOj3 content reaches to 20 mol%.
The intensity of peak F decreased and the peak shifted to higher
frequencies with decreasing TeO; content. The intensities of
peaks B (354cm™!) and G (921 cm™!) increased with increas-
ing WO3 content. As the WOj3 content increased, a shift in the
Raman peaks B and G toward higher frequencies was observed.
The observed shift in the Raman peak G toward higher frequen-
cies and increase in the intensity of the peaks is an indication of
the transformation of WOy, units toWQOg units. From all Raman
spectra analyses, it can be concluded that the equimolar substitu-
tion of TeO, by WO3 and CdO gives rise to structural transition
in TeO, network due to the formation of non-bridging oxygens
in the form of W—-O~, W=0, Te-O~ and Te=0 bonds and the
incorporation of Cd** ions does not originate new Raman bands.

4. Conclusion

The glass formation range of the CdO-WO3-TeO, ternary
system was investigated through DSC and XRD methods. The
glass forming region was expanded comparing with the exist-
ing range reported in the literature. The obtained glass samples
exhibited a color change from yellowish to pale orange with
increasing WO3 + CdO/TeO; ratio. DSC analyses showed that
the glass transition temperatures shifted to higher values with
the substitution of WO3; and CdO by TeO;. The maximum
glass stability value, AT, was found as 63 °C for CWT6 sam-
ple. CdAO-WO3-TeO; glasses showed a fragile character with
the calculated fragility parameters in the range of 163 and 131.
The measured density values increased from 5.82 to 6.22 g/cm?
with decreasing TeO, content. The molar volume of glasses was
found to increase with the increase in number of oxygen atoms.
The oxygen molar volume was observed to decrease as the glass
structure becomes denser. Refractive indices at a wavelength of
632 nm showed an increase from 2.03 to 2.21 with decreas-
ing TeO; content due to the addition of cations with higher
polarizability. The Raman results showed that the equimolar
substitution of TeO, by WO3 and CdO results in continuous
structural transition of TeOy4 units to TeOs units via TeOs34q
units and the increasing WO3 content lead the formation of
W-0-W and Te—O-W linkages, while that of Te-O-Te linkages
decreased.
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