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Abstract

As potential candidates for photonic devices, non-linear materials and coatings, 22 glasses in the TeO,—WO;-PbO system have been formulated
and prepared by conventional melting at temperatures ranging between 710 and 750 °C. The glass forming area has been determined for a wide
region of the corresponding ternary diagram. Structural characterisation of the glasses was conducted through FTIR spectrometry and the variation
of density values, which allowed calculation of the glass molar volume and the oxygen molar volume. UV-VIS spectra were recorded to determine
optical absorption/transmission and energy gap values. Likewise, such results were correlated with the glasses composition and their ability for
optical materials. DTA curves yielded data of transition temperature (7} ), onset crystallisation temperature (7¢.) and the thermal stability range of
glasses. Crystalline phases formed in devitrified and partially devitrified glasses were detected by X-ray diffraction. The properties and structural
features of glasses were discussed in terms of their relative proportion of former/modifier oxides. The main glass former oxide is TeO,, which
arranges [TeQ,] groups with tetrahedral coordination, while PbO plays as glass modifier oxide. Tungsten oxide is incorporated as network former,
alternating with TeO, and forming mixed linkages Te-O-W and W-O-W. WO; is the component that contributes most to increase the glass

transition temperature, and to decrease both the oxygen molar volume and the thermal expansion coefficient.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Among the glass families investigated for photonic appli-
cations, tellurite glasses are of great interest because of their
promising optical properties (high refractive index, low phonon
energy, wide transmission in the infrared range and high non-
linear behaviour, able for developing ultrafast switching in
optical devices), due to the high polarisability of the Te**-ions,
which possess a non-bonding electron lone pair 5s2. For enhanc-
ing the optical behaviour of tellurite glasses, other heavy metals
oxides or oxides with empty d orbitals, such PbO, Bi; O3, TiO,
and Nb,Os have been incorporated.

Following the research line of a former work,! the purpose
of this research is the study of properties of glasses in the
TeO,—WO3-PbO ternary system, on the basis of their possible
application as base materials for photonic devices. This system
allows, on the one hand, obtaining glasses with wide composi-
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tion range, since these three oxides are suitable to become glass
network formers. On the other hand, due to their high polaris-
ability, each one of these three components could contribute in
a great extent to the obtaining of high refractive index glasses
and enhanced non-linear optical properties.

Binary tellurite—tungstate glasses have been studied by Vogel
et al.,> Yakhkind,® Al-Ani et al.,* Dimitrov,’ El-Mallawani,®
Charton et al.,” Shaltout et al.3° and Sokolov et al.'? Ternary
tellurite—tungstate glass systems with alkaline oxides,!!~13 zinc
oxide,*15 bismuth oxide!®!7 or lanthanum oxide!318 as third
components, or other complex multicomponent glasses!2!
have demonstrated to be excellent hosts for Er’* and Yb*-
ions and very promising materials for developing broadband
integrated optical amplifiers.

First glasses in the TeO,—WO3-PbO system were obtained by
Stanworth?? in a wide preliminary study about tellurite glasses
of different compositions, including their properties. Then Heck-
roodt and Res?? studied some properties of these glasses as
matrices for incorporating high contents of ErpO3. More recently
the elastic moduli and the ultrasonic characterization of glasses
of this ternary system have been studied by Afifi et al.>+2>
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2. Experimental
2.1. Glasses composition and preparation

Ten grams batches of every sample (nominal compositions
are summarised in Table 1) were prepared by mixing the cor-
responding high purity oxides (TeO, Alfa 99.99; WO3 Aldrich
99.995 and PbO Aldrich 99.999) in an agate balls mill. The
powder mixture was put in a platinum crucible and heated
in an electrical vertical furnace Thermostar® at temperatures
in the 710-750°C range. Glass melts were homogenised by
using an electrical platinum stirrer and after 45 min the glasses
were poured onto a preheated brass mould. The obtained glass
blocks (about 1 cm? size) were immediately introduced into the
annealing furnace, kept for 15 min at temperatures ranging from
350 to 400 °C and then cooled down to room temperature at
3°Cmin~!. Sample nos. 3, 17, 18, 20 and 22 resulted partially
crystallised. All the other samples yielded from yellow to orange
homogeneous transparent glasses free of strains. The absence of
crystalline phases in all these transparent samples was confirmed
by X-ray diffraction. Only wide diffuse bands centred at about
26 =20-35° can be observed in all X-ray diffraction patterns.

2.2. Characterisation techniques

Crystalline phases of the devitrified glass samples prepared
were identified by X-ray diffraction (XRD). A Siemens D 5000
equipment was used (Ko of Cu, 40kV, 30mA, 26 =2-60°).

The densities of glasses (Table 1) were determined at 23 °C
by the immersion method using trichloroethylene as immersion
liquid. The experimental data obtained are affected by a maxi-
mum error of 0.4%. Thus, all the other values calculated from
densities (Vm, Vo) would have the same error.

Table 1
Composition (mol%) and densities of the prepared glasses.

Sample number TeO, WO3 PbO p(gem3) at 23°C
1 90 10 0 5.798
2 90 5 5 5.867
3 90 0 10 crystallised
4 85 15 0 5.890
5 85 0 15 6.090
6 80 20 0 5.951
7 80 15 5 6.056
8 80 10 10 6.128
9 80 5 15 6.184
10 80 0 20 6.282
11 75 15 10 6.221
12 75 5 20 6.410
13 70 20 10 6.313
14 70 10 20 6.488
15 60 30 10 6.519
16 60 20 20 6.663
17 60 10 30 crystallised
18 50 40 10 crystallised
19 50 30 20 6.831
20 50 20 30 partially crystallised
21 40 40 20 7.018
22 40 30 30 crystallised

Transition temperature 7, and thermal stability data were
obtained from differential thermal analyses (DTA), which were
carried out under N, atmosphere at a heating rate of 10 °C min™',
using a TA Instruments/SDT 600 system, with a maximum error
of 3°C.

The linear expansion coefficients «199_250°c were determined
from dilatometric curves recorded with a dilatometer model
TMA-Q400 of TA Instruments, at a heating rate of 10 °C min~".
The experimental values are affected by a maximum error of
0.5%.

From the glass blocks obtained, planoparallel slabs about
1 mm thick were cut and optically polished. Their optical absorp-
tion/transmission spectra were recorded in the 300-1000 nm
wavelength range, using an Ocean Optics spectrophotometer
model HR4000CG-UV-NIR. Transmittance values to be further
used for the energy gap (E,) calculations were corrected for the
standard thickness of 1 mm.

Infrared spectra were recorded with a 20SXC FT-IR spec-
trometer with a resolution of 2cm™! in the 300-1300cm™!
range. KBr pellets technique was used for recording spectra of
glasses.

3. Results and discussion
3.1. Glass forming area

For each composition system the limits of the glass form-
ing area depend on the preparation conditions, particularly on
the cooling down rate. This explains why in the binary sys-
tem TeO,—WO3, Vogel et al.> could prepare glasses containing
WOs3 in the 11.5-30.8 mol% range; El-Mallawany® between
11.0 and 33.3 mol% WOs3; Charton et al.” could introduce up
to 32.5mol% WO3, Al-Ani et al.® up to 33mol% WOs3 and
Shaltout et al. up to 50 mol% WOs;.

In the binary system TeO,—PbO the glass forming range
is smaller. Vogel et al.? determined the range 13.6-20.8 mol%
PbO, while El-Mallawany® determined the range 5.0-20.0 mol%
PbO and Silva et al.?® up to 50 mol% PbO.

Fig. 1 shows the composition of the samples prepared in the
ternary system TeO,—WO3—PbO. The glass forming area agrees
with that investigated by Heckroodt and Res?° for such system.
Black points correspond to devitrified glasses in which several
crystalline phases were identified by XRD (Table 2).

3.2. FTIR spectra

Both in crystalline TeO, and tellurite glasses, Te**-ions form
[TeO4] groups in trigonal bipiramyds (tbp).> In such structures
two oxygen ions are located in the axial vertices, while the
other two oxygen ions and the lone electron pair of tellurium
are located in the three equatorial positions. The equatorial
Te—O bonds are slightly shorter than the axial bonds, as indi-
cated Kim and Yoko.?” Trigonal bipiramyds are linked one each
other by sharing their vertices and forming a continuous three-
dimensional structure.

The spectrum of crystalline TeO, is dominated by two main
bands (Table 3): one of them is a wide asymmetric band at
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TeO,

Fig. 1. Ternary diagram for the TeO,—WO3-PbO system showing the compo-
sition of the samples prepared. Hollow (Q) points correspond to homogeneous
glasses and full (@) points to devitrified samples.

Table 2

Crystalline phases detected by XRD in devitrified samples.

Sample number Crystalline phases detected Formulae

3 Tellurium oxide a-TeO,

Tellurium tungsten oxide Teo.95Wo0.0502.05
Lead tellurium oxide Pb,Te; 07
Litharge PbO
Tungsten oxide WO3

17 Lead tellurate PbTe3;07

18 Tungsten oxide WO3

20 Stolzite PbWO4
Lead tellurate PbTe307

22 Stolzite PbWO4

650-660cm™~! and the other is a narrow symmetric band at
775cm~ !, Following Armand and Charton,2® the first band is
due to axial symmetric vibrations of Te—O,x bonds, while the
band at 775 cm~! is due to equatorial asymmetric vibrations of
Te—O¢q bonds.

In the spectra of tellurite glasses, the band at 650 cm™!
appears very much broader, due to their disordered structure,
which causes the 775 cm™! band to appear as a shoulder.

3.2.1. Binary glasses

The incorporation of network modifier ions into a tellurite
glass enhances the breaking of axial Te-O-Te linkages in the
trigonal [TeO4] bipiramyds (tbp). This causes the appearing of
[TeOs] (tp) units and the formation of non-bridging oxygens.

Table 3
Assignments of FTIR bands.

Wavenumber (cm™) Assignment

650-660 Te—O,x in [TeOq4]

775 Te—Ocq in [TeO4]

633, 695 (shoulders) Te-O~

700-800 W-0O-W

800-860 W-O-W

905-930 W-0 in [WO4] or [WOg]

Table 4
Coordination index, ionic radius and field intensity of the components of the
studied glasses.

Ton Coordination index Tonic radius (nm) Field intensity
Te** 6 0.097 0.71

Pb* 6 0.132 0.27

Pb** 8 0.137 0.26

wo+ 6 0.062 1.47

Wo+ 4 0.059 1.52

0%~ - 0.140 -

The spectrum (not shown) of the partially crystallised sam-
ple 3 (90TeO,-10PbO) (see Table 2) clearly shows the bands of
crystalline TeO5 at 657 and 773 cm™!, plus two weak shoulders
at about 633 and 695cm™!. When the PbO molar percentage
increases substituting TeO; in the samples 85TeO,-15PbO and
80TeO,-20PbO, both bands shift towards lower frequency and
they appear broader, in such a way they overlap with the two
weak shoulders mentioned above. This shift could be attributed
to the Pb%*-ions incorporation as network modifiers, which form
new non-bridging oxygens in Te-O~. . .Pb>*...~O-Te linkages.
The higher polarisability of such new non-bridging oxygens
explains the bands shift towards lower frequency, due to the
lower field intensity of Pb>*-ions (0.27) compared with that of
Te**-ions (0.71) (Table 4).

Tungsten ions have an intermediate behaviour between net-
work formers and modifiers. Thus, depending on the own nature
of the other glass components in the three-dimensional structure
and on their percentage, they could play the role of form-
ers or modifiers. In binary TeO,—WO3 glasses, tungsten ions
should play as network modifiers, while in ternary glasses
TeO,—WO3-PbO they could most likely play the role of network
formers.

The incorporation of WOj3 into tellurite glasses causes both
the diminishing of trigonal bipiramyds (tbp) and the forming of
non-bridging oxygens.®?*=3! In binary TeO,—WO; glasses the
band at 650 cm™! due to Te—O, vibrations also shifts slightly
towards lower frequencies. This can be attributed to the forma-
tion of non-bridging oxygens Te—O~ that, in addition, cause the
progressive band broadening.

Moreover, the incorporation of WO3 induces the appearing of
two shoulders at 700-800 and 800-860 cm™!, and a well defined
band in the 905-930cm™~! range. All the former vibrations
are included in the reference spectrum of y-WQOj3. The struc-
tural network of this compound is formed by octahedral [WOg]
units, which share their vertices. The shoulder at 860 cm™! is
assigned to the vibration of W—O—W linkages,?® while the band
at 905-930cm™! is due to tetrahedral [WO4] units or octa-
hedral [WOg] units, since it appears in crystalline tungstates
with small frequency variation for tungsten ions adopting tetra-
hedral or octahedral coordination.® This band shifts towards
higher frequency when the WO3 percentage increases and it was
attributed® to a change of tungsten coordination, from [WO4]
to [WOg] units. However, Charton et al.” concluded (by using
XPS and XANES spectroscopies in binary TeO,—WO3 glasses
containing up to 32.5mol%) that W% -ions are always incor-
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porated in tellurite glasses as octahedral [WOg] units, and the
observed shift towards higher frequency when WO3 concentra-
tion increases are only due to a great distortion of such octahedral
groups. El-Mallawany® assumed that the WOj3 incorporation
does not affect the coordination of [TeO4] groups.

Sokolov et al.!0 have studied the structure of WO3-TeO,
glasses by quantum-chemical simulation and Raman
spectroscopy, concluding that both oxides build a con-
tinuous network formed by three types of structural
groups: trigonal bypiramids, O=TeO,; pyramids, and
O=WOs5 octahedra, creating Te-O-Te, Te-O-W and W-
O-W bonds. These authors considered tetrahedral coordinations
[WO4] not necessary to form the glass network.

3.2.2. Ternary glasses

In ternary glasses the bands shifts observed are even more
important than in binary glasses when the WO3 concentration
varies. In this case, the simultaneous variation of a third compo-
nent induces for a more deformable network.

(a)

TeO,-WO,-PbO

80-0-20

70-10-20

60-20-20

50-30-20

40-40-20

733

665

1200 1000 800 600 400
Wavenumber (cm’1 )

All FTIR spectra of ternary glasses show the same features
described for binary glasses. The characteristic main band at
650cm™! always appears, although its exact position depends
on the composition. This indicates that the structure based on
trigonal bipiramyds [TeO4] (tbp) is maintained in all the glasses
studied. Nevertheless, the incorporation of both WO3 and PbO
diminish the [TeO4] (tbp)/[TeO3] (tp) ratio, as a consequence of
the increasing of non-bridging oxygens.

3.2.2.1. Ternary glasses with constant PbO content. For con-
stant [PbO], the decreasing of the [TeO;]/[WOs] ratio in
the series (90 — x)TeO,-xWO3-10PbO and (80 — x)TeO2-xWOs.
20PbO0, i.e. the substitution mol by mol of TeO, by WOs3, causes
an increase of networking oxygens, according to the proportion
3/2. Once incorporated into the glass network these oxygens
form new Te—O—W and W—-O-W linkages. Thus, the WOj3 incor-
poration yields a network distortion that can be monitored by
the progressive broadening of the band at 650 cm™! (Fig. 2a).
Simultaneously, a strong shift of the band from 638 to 665 cm ™!

(b)
80-0-20
0
c
3
g
S |60-20-20
<
40 - 40 - 20

1200 1000 800 600 400

Wavenumber (cm"'}

Fig. 2. (a) FTIR and (b) representative deconvoluted FTIR spectra of the ternary glass series (80 — x)TeO,-xWO3-20PbO. Note that in order to show clearer the

different bands, the deconvoluted spectra in (b) has sign reversed.
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occurs. This is due to the higher field intensity of the mixed
Te—O-W linkages, in which the oxygen is highly polarised, com-
pared with Te-O-Te linkages, since W% -ions possess higher
field intensity than Te**-ions. The band at 730 cm ™! correspond-
ing to Te-Ocq bonds does not vary its position.

In the former two glass series the progressive incorporation of
WOj3 gives rise to the appearing of the shoulder at 800-830 cm ™!
and the band at 905-930 cm ™!, both attributed to W—O bonds.
The shoulder does not vary in a great extent when WOj3 percent-
age increases; while the band clearly shifts towards 930 cm™!.
This shift has been also observed by Dimitrov> and Charton et
al.,” even though their interpretations are quite different, as is
said above.

Former qualitative discussion has been confirmed by decon-
volution of all the corresponding spectra. In Fig. 2b the most
representative deconvoluted spectra are shown.

3.2.2.2. Ternary glasses with constant TeO; content. In the
glass series 90TeO,-xWO3-(10 —x)PbO, 80TeO,-xWO3-

Te0,-WO,-PbO

80-10-10

644

T T T T T
1200 1000 800 600 400

Wavenumber (cm'1)

(20 —x)PbO (Fig. 3a), 70TeO2-xWO3-(30 —x)PbO and
60TeO,-xWO3-(40 — x)PbO the band at 650 cm™! assigned to
[TeO4](tbp) and [TeOs](tp) groups also shifts towards higher
frequency, when PbO is substituted by WO3. However, this
shift is smaller than the produced by the substitution of TeO;
by WOs. Therefore, in this case the network distortion is much
lower. On the other hand, both the shoulder at 800 cm ™! and the
band at 920 cm™!, assigned to W—O bonds, shift towards higher
wavenumbers. This is a consequence of the formation of new
octahedral [WOg] units, due to the higher number of oxygens
incorporated by the WO3 and by the higher field intensity of
Te—O-W and W-O-W linkages.

Fig. 3b shows some of the deconvoluted spectra of samples
with constant TeO, (80 mol%), which support this interpreta-
tion.

3.2.2.3. Ternary glasses with constant WO3 content. In the
glass series (80 — x)TeO,-20WO3-xPbO (Fig. 4a and b) both the
band at 650 cm™! and the shoulder at 750 cm™" slightly shift

(b)
80-0-20
0
c
=
g
2 80-10-10
<
80-20-0

T T T T T

1200 1000 800 600 400

Wavenumber (cm '1)

Fig. 3. (a) FTIR and (b) representative deconvoluted FTIR spectra of the ternary glass series 80TeO2-xWO3-(20 —x)PbO. Note that in order to show clearer the

different bands, the deconvoluted spectra in (b) has sign reversed.
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(b)
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Fig. 4. (a) FTIR and (b) representative deconvoluted FTIR spectra of the ternary glass series (80 — x)TeO,-20WO3-xPbO, (the sample 50-20-30 is partially
crystallised). Note that in order to show clearer the different bands, the deconvoluted spectra in (b) has sign reversed.

when PbO percentage increases. In this case the deformation of
the basic structure of the glass network is smaller, compared with
the distortion caused by the substitution of TeO, by WO3. When
TeO; is substituted mol by mol by PbO, the number of oxygens
in the glass network diminishes according to the ratio 2/1. Thus,
the glass network becomes less distorted, less stressed and more
closed. That is why for constant 20 mol% WOs3, the shoulder
at 800 cm ™! and the band at 905-930 cm™! shift towards lower
wavenumber. In other words, more tetrahedral [WO4] groups
have been formed, which yield lower network distortion. This
explanation agrees with the interpretation of Dimitrov.

3.3. Molar volume and oxygen molar volume

3.3.1. Molar volume

The molar volume is calculated as a function of the molar
fraction of each one of the three components. In Fig. 5 the varia-
tion of the molar volume as a function of X0, has been plotted
for different molar percentages of PbO and WO3. The molar
volume of glasses decreases linearly when WO3 is substituted
mol by mol by TeO, (Xppo = constant), but the slope progres-
sively decays in the series with 0, 10 and 20 mol% PbO. This
is explained because the substitution of WO3 by TeO, dimin-
ishes the number of oxygen atoms in the ratio 2/3, being more

important for the lowest TeO; contents. Thus, the highest value
(VM =29.25 cm3) corresponds to the glass 80TeO;,-20WOs3,
which is the glass with the highest percentage of oxygen atoms
(this is the component with highest molar volume). The lowest
value (27.43 cm?) corresponds to the glass 80TeO,-20PbO. Con-
sidering the variation of Vy as a function of Xwo,, the molar

29.5
— Constant Xp,o
== Constant Xyes ) Xppo = 0.00
29.0 ’
Yoz = 0.30 P ¥
L4 ’
— 4
5 285 /'\.’\-
5 285
£ s
™ ’l
=
& 280 %mo=010 L P
>E Xwoa=0.20 ! :N
’
27.5 4 AN
Kppe = 0.20 AweaiFi0.00
peo — Y-
27.0
T L] T ] T T T 1

v T - - v
0.4 0.5 0.6 0.7 0.8 0.9 1.0
XTeO2

Fig. 5. Variation of the molar volume of glasses as a function of the TeO, molar
fraction.
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14.5

14.0 4

3 -1
Vg (em” mol™)

13.5

13.0 +

Xuos = 0.00

/ XWDH

Slope

\\
/ 0.05  -443
. 010 -430

0.20 -3.65

Xebo Slope

0.00 4.10
0.10 5.23
0.20 5.36

Fig. 6. Variation of the oxygen molar volume of glasses as a function of the TeO, molar fraction. Continuous fitting lines correspond to constant Xppo and dashed

lines to constant Xwo, . Representative values of the obtained slopes are included.

volume increases with [WO3]. This component brings the higher
number of oxygens, i.e. of ions with the higher volume, despite
the WO*-ions have the smallest radius.

3.3.2. Oxygen molar volume
Oxygen molar volume has been calculated following the
expression:

xiM; 1
Vo= (Z p) <2x,»n,~) M

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

For constant PbO concentration, when TeO; is substituted
mol by mol by WOs3, the oxygen molar volume Vo decreases
linearly (Fig. 6). In other words, the glass structure becomes
more densified. The oxygen ions in the new mixed Te—-O-W
and W-O-W linkages are more polarised than the oxygen ions
in Te—O-Te linkages, due to the higher field intensity of W6*-
ions (1.47), respect to the field intensity of Te**-ions (0.71)
(Table 4). This yields a more compact packing of the oxy-
gen ions. For a constant PbO content (20 mol%), the resulting
decrease of Vg varies almost linearly between 4.5% and 3.6%
per each 10 mol TeO; that are substituted by 10 mol WO3. For
a given constant WO3 molar percentage (20 mol%), Vo dimin-
ishes with the molar percentage of TeO,, respect to the content
of PbO. This can be also explained by the higher field inten-
sity of Te**-ions (0.71), compared with the field intensity of
Pb**-ions (0.26-0.27; Table 4). For constant molar percentages
of WO3, the decrease of V varies between 3.8 and 3.9% per
each 10 mol PbO substituted by 10 mol TeO;. In Fig. 6 the
slopes of the linear fits for different values of Xppo and Xwo,
are indicated. The slope values increase with Xpypo while they
decrease when increasing Xwo,. In this case the difference of
their corresponding field intensities is higher than in former
cases.

The largest Vg decrease is observed when PbO is substituted
by WOj; for constant molar percentages of TeO;. In this case the

difference of their corresponding field intensities is higher than
in former cases.

3.4. Thermal properties

3.4.1. Glass transition temperature

The transition temperature (1) gives information on both
the strength of interatomic bonds and the glass network connec-
tivity, in a similar way that the melting temperature does it for
crystalline solids. T, of the glasses studied in the present work
varies linearly with the molar fraction of each one of the three
components (Fig. 7). The maximum variation occurs when TeO»
is substituted mol by mol by WOj3 in the glass series (80 — x)
TeO,-xWO3-20PbO. The corresponding Aty increases from 24
to 36 °C for each 10 mol TeO, substituted by 10 mol WO3. The
glasses of the composition series (90 — x)TeO,-xWO3-10PbO
(which contain 10 mol WO3 more and 10 mol PbO less) are dif-
ferent from the glasses of the former series in the sense that, for
the same TeO, molar percentages, they show higher T, values
(between 28 and 47 °C). Nevertheless, the slope of the corre-
sponding straight line is smaller, since the T, of glasses only
increases 25 °C for each 10mol TeO, substituted by 10 mol
WOj3. Therefore, both the substitution mol by mol of TeO; and
PbO by WOj3 yields an increase of Ty. The two former compo-
sition series clearly indicate that WO3 is the most contributing
oxide to increase the glass transition temperature. This confirms
that W®*-ions would be incorporated as network formers, either
with octahedral coordination [WOg] or tetrahedral coordination
[WOy], alternating with Te**-ions and forming mixed linkages
Te—O-W and W—O-W. In such groups W—O bonds are stronger,
due to their higher field intensity. Following Shaltout et al.® the
formation of mixed linkages Te—-O-W is favoured by the fact
that both ions possess similar electronegativity values.

In the glass series with constant molar percentage of WOs3,
the substitution of 10mol PbO mol by mol by 10mol TeO,
causes a slight decrease of AT,=6°C for 30mol% WOs3.
For 20mol% WO3 AT, slightly increases (2—4°C), and for
10mol% WO3 AT increases even more (11°C). That is,
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Fig. 7. Variation of the transition temperature Ty of glasses as a function of the TeO molar fraction. Continuous fitting lines correspond to constant Xpyo and dashed

lines to constant Xwo, . Representative values of the obtained slopes are included.

the lower the molar concentration of WOs3, the glass net-
work becomes more relaxed and the contribution of TeO,
to the increase of 7, becomes more important than that of
PbO. This is due to the higher field intensity of Te**-ions,
compared with the field intensity of Pb**-ions (Table 4). In
Fig. 7 the slopes of the linear fits for different values of
Xppo and Xwo, are indicated. In the glass series 80TeO,.
(20 — x)WO3-xPbO with constant 80 mol% TeO;, the transition
temperature always increases when PbO is substituted mol by
mol by WO3.

3.4.2. Thermal stability

The glass forming process needs to avoid any crystallisation
during the thermal range in which the forming process takes
place. The difference between the onset crystallisation temper-
ature T¢ and the glass transition temperature T} is usually taken
as an index to estimate the glass thermal stability. The wider the
thermal stability range, the most favoured is the glass forming
process.

Calculated thermal stability values for the glasses studied are
plotted in Fig. 8a. For a constant TeO, percentage, the ther-
mal stability increases when PbO is substituted mol by mol
by WOs3. The highest values are reached for glasses contain-
ing [WO3] > 10 mol%, which corresponds to the marked area
in Fig. 8b. This behaviour agrees with the fact that both WO3
and TeO, share the role of network formers in TeO,—WO3-PbO
glasses for a wide composition range.

3.4.3. Thermal expansion coefficient

In Fig. 9 linear thermal expansion coefficients «199_250°C are
plotted as a function of molar fraction Xte0,. In ternary com-
position series with constant PbO molar percentage, a strong o
decreasing is observed when TeO5 is substituted mol by mol by
WO3. This behaviour is coherent with the variation of 7. That s,
the glasses showing higher T, values are those with lower ther-
mal expansion coefficient. This confirms that W®*-ions play as
network formers.

For constant TeO, molar percentages, « decreases when PbO
is substituted by WOj3. On the contrary,  values increase with
the molar percentage of modifier Pb>*-ions, as a consequence of
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Fig. 8. (a) Thermal stability of the glasses calculated from onset 7. — T, as a
function of Xte0, and (b) thermal stability of the glasses calculated from onset
T. — T in the corresponding ternary diagram.
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Fig. 9. Variation of the thermal expansion coefficients of glasses as a function
of the TeO, molar fraction.

the network connectivity decreasing caused by the non-bridging
oxygens formation. For the same reason, in the binary system
TeO,—PbO, « values increase when the molar percentage of
PbO increases from 15 to 20 mol%. However, in TeO,—WO3
binary glass series, the WO3 molar percentage increasing causes
a decreasing of «. This fact indicates that Wo*-ions play as net-
work formers in binary compositions as well, since « should
increase if they would play as modifying ions.

The data presented in Fig. 9 show that thermal expansion
coefficients vary linearly with the molar percentage of each
component for each glass series, i.e. @ behaves as an addi-
tive magnitude. With the aim to evaluate the contribution of
each component to « values, the corresponding additive molar
factors have been calculated from a hyperabundant equations
system: freo, = (0.200 £ 0.001) x 1076, Jfwo; = (—0.005 +
0.004) x 1076, frbo =(0.275 £ 0.006) x 10°. According to
these results, WOs3 contribution to the glasses thermal expan-
sion coefficient is zero or slightly negative. This agrees with the
high strength of W—0O bond, as well as with the network form-
ing role of WOs attributed above, which yields W—O-W and
W-O-Te bonds.

3.5. Optical absorption

The glasses energy gap (Ej) values were calculated from
the wavelength of the ultraviolet cut-off. In glasses with con-
stant [PbO] (Fig. 10), the energy gap E, diminishes when the
TeO,/WOj5 ratio decreases. El Sayed Yousef et al.>? obtained the
same result and attributed the decrease of E; to the non-bridging
oxygen increase, caused by the WO3 incorporation. This expla-
nation works against the authors’ point of view, since the present
results demonstrate that Wo*-ions are incorporated as glass for-
mers, increasing the network connectivity and diminishing the
thermal expansion coefficient.

Although it could be expected the contrary, Eg values also
diminish slightly when the TeO,/PbO ratio increases in glasses
with constant [WO3] (Fig. 10), and this behaviour is even more
evident for high WO3 percentages. In other words, it happens
when the percentage of modifier ions Pb?* decreases, i.e. when

3,3
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Fig. 10. Variation of the energy gap E; of glasses as a function of the TeO;
molar fraction.

Table 5

Energy gap E; of the TeO,-WO3-PbO glass system components.

Oxide Cation polarisability o; Eg (eV)
TeO, 1.595 3.79
WO3 0.147 2.70
PbO 3.623 2.80

the number of non-bridging oxygens diminish (ions with the
higher polarisability). This explains why in both glass series the
energy gap does not depend exclusively on the oxygen polaris-
ability, nor on the cations polarisability (Table 5).33 For instance,
WOj; that has the less polarisable cation, contributes most to the
decrease of E,, while Pb?*-ions that are the more polarisable
contribute less to the decrease of Ej.

In glasses with constant [TeO;] the energy gap E;
also decreases from 80TeO,-20PbO to 80TeO,-20WO3, and
from 70TeO;,-10WO3-20PbO to 70TeO,-20WO3-10PbO. This
behaviour could be explained taking into account that the sub-
stitution of TeO, by WO3 incorporates into the glass network
one oxygen more than TeO,. On the same basis, it could be
explained that E; decreases when PbO is substituted by TeO>
or WOs, respectively. The higher the number of oxygen atoms,
the higher the glass polarisability and, therefore, the lower the
E, values.

4. Conclusions

WO _jons are incorporated into tellurite glasses as network
formers, alternating with Te**-ions and forming mixed link-
ages Te-O-W and W-O-W, which increase the glass network
connectivity. The basic trigonal bipyramids [TeO4] (tbp) struc-
ture, as well as the progressive formation of [TeO3] (tp) units,
is maintained in all the glasses studied, even for a TeO, con-
tent as low as 40 mol%. Nevertheless, the broadening of the
main FTIR band at 650 cm™! indicates an increasing network
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deformation. Such deformation increases as the TeO, content
diminishes and the WOj3 content increases. This is explained
either by the increase of the [WOg¢] groups or by the deeper
distortion of such octahedral groups.

Pb**-ions incorporation does not originate new FTIR bands
and their presence does not affect the position of the main
wide band at 650 cm™!, which is assigned to symmetric axial
vibrations of Te-O,x bonds. Moreover, Pb>*-ions strongly shift
the shoulder at 770 cm™! towards 730 cm™!, which could be
attributed to the higher polarisability of Pb—O-Te linkages.

The molar volume increases with the molar fraction of WO3
(the component that incorporates the higher number of oxygens)
and decreases with the molar fraction of PbO. However, the
oxygen molar volume decreases with the molar fraction of WO3,
due to the higher field intensity of W%*-ions (1.47), respect to
the corresponding values for Te**-ions (0.71) and for Pb>*-ions
(0.26-0.27), which causes a more compact packing of oxygen
ions.

The transition temperature of all glasses studied varies lin-
early with the molar fraction of each three components: WO3
is the oxide that contributes most to increase the glass transi-
tion temperature. This confirms that W®*-ions are incorporated
as network formers, alternating with Te**-ions, forming mixed
Te—O-W and W—O-W linkages. For the same reason, the higher
the molar percentage of WO3, the lower thermal expansion coef-
ficient.

From the point of view of thermal stability, the glasses with
wider temperature range to be formed without crystallisation
risk are those with high contents of both TeO, and WOs.

Finally, the energy gap E decreases when TeO; is substituted
mol by mol by WO3; while for constant TeO; concentration, Ey
increases by substituting WO3 mol by mol by PbO.
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