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Physical properties of new Sb,0;-V,05-K,0 glasses
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New heavy metal oxide glasses have been prepared and the compositional limits have been investigated in the Sb,0;-
V,05-K,0 ternary system. Chemical composition of glass samples was checked by EDS analysis. The influence of the
V,05/Sb,0; substitution on the physical properties of the (70-x) Sb,0;-xV,05-30K,0 glasses has been studied in the 0 < x
< 40 range. Density decreases linearly from 4.3 g cm™ to 3.4 g cm™ as V,0s replaces Sb,0;. However, the evolution of
the physical properties such as glass transition temperature, elastic modulus, thermal expansion and microhardness is not
monotonous. Tg increases for 0<x<5 , but it decreases for x>5 with a minimum value between 25% and 35% V,0s  This
unusual behavior suggests changes in the coordination number of the vanadium cations in relation to the network

topology.
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1. Introduction

Numerous studies have been implemented on
vanadium containing glasses [1-31].. While V705 was
considered as a potential glass former in the early paper of
Zachariasen[32] , various vanadate glasses have been
reported in which vanadium oxide was associated to alkali
cations[1,16], or divalent metals[33] such as Mg[24],
Ca[30], Sr[14], Ba[2] and PDb[12,17,22]. In addition,
binary and multicomponent glasses have been synthesized
with V705 and P05[4,11,13], B203[3,13,19,31],
GeO2[7] and Asp03[20] as major glass formers. More
recently, tellurovanadate glasses have been the subject of
numerous studies [6,15,21,26,29, 34-36].

As pointed out by Zachariasen [32], antimony oxide
Sby03 is also a glass progenitor. While this single oxide

has been reported to exist in the vitreous form [5,37,38],
various binary and multicomponent glasses are obtained
by the addition of alkali oxides[39-40]. Since the
pioneering work of Portier and Dubois [41-42], numerous
oxyhalide glasses based on SbpO3 have been studied [43-

45]. Such glasses are often referred to as antimonate
glasses, although this name should rather concern
compounds based on antimony(V) oxide SbyOs5.

Apart from infrared transmission, semi-conducting
properties makes the major interest of vanadium-rich
glasses. The conduction mechanism has been understood
by small polaron hopping (SPH) model [11,30,31,46]. The
hopping of electrons existing in the glass network
accompanies a valence change between V4t and V3t in
glasses. As in crystalline compounds, lower oxidation
states (e.g. V3+) are likely to exist in the glassy state[20] .

In the view of the respective positions of Te and Sb in

the periodic chart — Te4™ and Sb3T have the same

electronic structure- one may expect similarities between
the physical properties of tellurite and antimonite glasses.
Both have low phonon energy and refractive index in
excess of 2. Tellurites exhibit large non-linear optical
susceptibility (X®) coefficient[47] and this has also been
reported for antimonites[48]. This makes them suitable for
applications in non linear optical devices (e.g. ultra fast
optical switches and power limiters) and broad band
optical amplifiers operating around 1.5 um [49].

The present work is centered upon a new group of
potassium antimonite vanadate glasses. Few studies have
been made on glasses containing both SbpO3 and
V705[18,50]. In most cases, they concern electrical,
optical and magnetic properties. The potential application
as oxygen sensor has been reported[36]. However, in these
studies, V2O35 is a major component, or enters the glass
matrix in smaller quantities for doping. Taking into
account the large similarities between tellurite and
antimonite glasses, it appears logical to investigate
vitreous systems with SbpO3 as the major glass former.

The starting point of the study is the combination of
alkali vanadate and alkali antimonite glass. Potassium has
been chosen as the alkali cation because we had evidence
of vitreous KVO3. The other aim of the study is to

quantify the influence of V2Os5 on the physical properties.

2. Experimental

2.1 Glass preparation
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These glasses were synthesized by conventional
method. The starting materials used were:

- Antimony oxide SbpO3 (Acros ~99%).

- Vanadium oxide V205 ( Aldrich ~ 98%).

- Potassium carbonate KpCO3 (WWR-Merck
~99%).

Powders were mixed in appropriate proportions to
yield about 10g in silica tubes. Then, the batch was melted
at a temperature ranging from 700°C to 900°C for 10 min
to obtain homogeneous and clear liquid. Finally, the melt
was cooled at about 600 °C and cast in a brass mold
preheated below the glass transition temperature Tg (Tg —
20°C). Annealing was implemented at this temperature for
2 hours in order to minimize mechanical stress resulting
from thermal gradients upon cooling. The glasses were
finely polished using abrasive paper.

2.2 Physical measurements

Samples subject to wvarious physical

measurements. X-ray diffraction patterns were collected at

were

room temperature using Cu Ko radiation on Philips PW
1830 diffractometer. Characteristic temperatures (Tg for
glass transition, Tx for onset of crystallization and Tp for
maximum of crystallization peak) were determined by
differential scanning calorimetry (DSC) (Seiko DSC 220),
the measurement error being smaller than 2°C. The

heating rate was set to 10 K.min-l. The densities of
glasses were determined by Archimedean method using
CCly as an immersion liquid. Thermal expansion factor is
measured in TMA/SS Seiko set-up using samples with
thickness between 4 and 6mm. Infrared transmission
spectra were recorded at room temperature using a
BOMEM Michelson Spectrophotometer in the 400-4000

cm‘lrange. The chemical composition of glasses has been
checked by element analysis using energy dispersion
spectrometry (Oxford link ISIS) set up incorporated into a
JSM6400 Jeol scanning electron microscope.

3. Results
3.1. Vitreous domain

Glass forming area in the Sbp03-V205-K20O ternary
system is drawn in Fig. 1. It is limited by compositions
corresponding to quenched glasses. Antimony oxide
Sby0O3 forms binary glasses with the alkali oxide in the
20%-85% range, but only glass-ceramic and ceramics
were obtained in the SbpO3- V205 binary system. The
V205-K20 binary system form glass in one single point -

50% Sby0O3 and 50% V205 - which corresponds to
stoichiometric KVO3. Some of the ternary glasses are
hygroscopic when alkali content is large.
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Fig.1. Phase diagram in the Sb,05-V,05-K,0 ternary
system (cast glasses).

In order to study the effect of VO3 incorporation

on glass properties, compositions were chosen with a
constant percentage of alkali oxide K2O. Thus a series of

glass samples were prepared with the general formula:
(70-x) Sbp03-xV205-30K20. As vanadium content
increases, their color gradually changes. Initially yellow,
they turn green, brown, then darker and darker. Apart
from the 70Sbp03-30K20 glass, they are stable at room
atmosphere without surface alteration.

Typical diffraction patterns reproduced in Fig. 2
confirm the amorphous nature of the material and show no
presence of crystalline phases.
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Fig.2. XRD pattern of (70-x)Sb,0; xV,05 30K,0 glasses.

3.2. Thermal analysis

Characteristic temperatures were measured by DSC
up to 500°C.. They are reported in Table 1 and include the
stability factor AT = Tx — Tg [51]. In most cases (x < 30)
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crystallization peak is not observed, which means that
crystallization does not occur at 10 K/min heating rate, as
this appears in figure 3 for typical DSC curves. These data
suggest that glasses from this system are very resistant
against devitrification.
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Fig.3. DSC curves of glass samples in the (70-x) Sb,0;
xV,05 30K,50 system.

As one may expect, glass transition temperature Tg
depends on chemical composition. A first set of
measurements was carried out for increasing values of
vanadium oxide concentration x. The general trend is that
Tg decreases with increasing V205 content, from 284°C
(x =5) to 249°C (x = 35). Intriguingly, the evolution of
Tg versus composition was not monotonous. In particular,
Tg was lower than expected for x = 0 and higher for x =
40. The experimental values were confirmed by additional
measurements and intermediate compositions were
characterized ( x =1, 2, 3, 4, 7, 33, 37). As it appears in
Fig. 4, Tg increases for 0 < x < 5 and also for x > 35. This
anomalous behavior should be explained in relation to
glass structure.

Table 1. Characteristic temperatures. Tg is the temperature for glass transition, Tx for onset of crystallization, Tp for maximum

of crystallization peak
Glass no Sb,0; K,0 V,0; Tg Tc Tp AT (°C)
(mol%) (mol%) | (mol%) (°O) (°O) (°O)
SKV0 70 30 0 268 437 570 169
SKVS5 65 30 5 284 - - -
SKV10 60 30 10 282 - - -
SKV15 55 30 15 273 - - -
SKV20 50 30 20 264 - - -
SKV25 45 30 25 246 - - -
SKV30 40 30 30 254 - - -
SKV35 35 30 35 249 453 473 204
SKV40 30 30 40 254 324 335 70
oxygen concentration is limited. In addition, the oxygen
280 ; content is ruled by stoichiometry and can be deduced from
] P that of cations. As this appears in Table 2 differences
275+ ! ! between the nominal and analyzed composition are small,
1 ; which indicates that losses in the vapor phase during
270'_ EE processing are limited. Silicium traces — less than 1 at % -
5 254 i origiriating from crucible material are observed in current
< samples.
© 260 t P
255__ t : ' Table 2. Nominal and EDS analyzed atomic compositions of the
250 ; [ antimonite potassium vanadium glasses
245 T T T T T X Nominal Analyzed
0 10 20 30 40
Molar concentration of V,O, %Sb 70K %V %Sb 70K %V
15 |55 30 15 55.8 28.4 |159
Fig.4. Evolution of glass transition temperature versus 20 150 30 20 50.6 28.8 119.6
V205 concentration. 25 |45 30 25 454 28.1 |25.9
30 |40 30 30 39.0 29.2 |31.5
35 |35 30 35 34.6 29.0 |36.2

Some glasses were analyzed by energy dispersion
spectroscopy in a scanning electron microscope to
compare their chemical composition from that of the
batch. Only cations were considered as accuracy on

Concentration relates to 3 analyzed elements. Anionic oxygen is
not taken into account. The relative uncertainty in EDS results is
1%.
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3.3 Density

Density measurements have been implemented using
the same series of glasses ((70-x)Sby03 xV2035 30K50).

Results appear in figure 5: measured density decreases
almost linearly versus V2035 molar concentration. Limits

of variation are 4.3 g cm3 for vanadium free sample and
34¢g cm3 at 40 mol% V70s.
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Fig.5. Variation of density with V,Os concentration for Sb;03-
V,05-K,0glasses. Line is drawn as a guide for eye.

3.4 Thermal expansion

Thermal expansion was measured in the 100 - 225 °C
range for the same set of samples. The curve exemplifying
the variation of the coefficient of thermal expansion
(CTE) with V205 molar concentration (x) is shown in

Fig. 6. The CTE grows for 0 <x < 25, then it decreases for
x > 30.
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Fig.6. Evolution of Coefficient of Thermal Expansion versus
V,0s concentration. Line is drawn as a guide for eye.

3.5 Micro hardness and Elastic modulus

Microhardness is a bond sensitive property[52].
Yamane and Mackenzie[53] estimated the Vickers
hardness number (VHN) of glasses from the relation,

VHN = C VoBG (1)

Where C is a constant, o is the bond strength factor, B
is the bulk modulus and G is the shear modulus. The
decrease in VHN with a decrease in the elastic modulus as
predicted by relation (1) has been observed in many
glasses [54,55] .

The microhardness and the elastic modulus of (70-
x)Sb203.xV205.30K20 glasses versus V2035 content are
reported in Figs. 7 and 8.. They emphasize similar
behaviors: the value of these physical properties first
decreases with V2O35 content, reaching a minimum value

at 25% V20s5. Then it increases between 25% and 40%
V70s.
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Fig.7. Evolution of micro hardness versus V,0s
concentration. Line is drawn as a guide for eye.
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Fig.8. Variation of elastic modulus versus V,0s
concentration.
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Microhardness is related to dilatometric softening
point Td [55], and it has been confirmed that
microhardness of glasses decreases systematically with the
decrease of the softening point Td [56]. As the softening
point relates closely to glass transition temperature Tg ,
the microhardness evolution is consistent with Tg
measurements.

3. 6 Infrared transmission

Optical transmission of these glasses was recorded in
the infrared spectrum. Typical transmission spectra are
displayed in figure 9 for sample with increasing
concentration in V20s5. They show a large absorption

band around 3000 cm~! that originates from OH groups
due to water contamination during processing. A second
extrinsic absorption band is observed between 1700 and

1900 cml. It corresponds to the first overtone of the

fundamental Si-O vibration band at 984 cm~! and arises
from silicate anions from glass crucibles. The multiphonon
absorption edge cannot be identified in these conditions.
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Fig. 9. Infrared transmittance of glass samples in the
(70-x) Sb,0; xV,05 30K,0 system. Sample thickness:
Imm.

4. Discussion

This vitreous system exhibits several interesting
features. First, the glass forming range is very large, as it
encompasses both vanadium-free and antimony-free
compositions. This confirms the glass forming ability of
Sby03 and V705 oxides. In a general way, the stability

against devitrification decreases with increasing V,0s
content. Indeed, crystallization exotherm in DSC scans
appears only for x = 30, while the thermal stability range
Tx-Tg decreases from 204 °C to 70 °C when V,0s
concentration rises from 35 to 40 mol%.

Furthermore, the evolution of the physical properties
versus composition has been studied in the (70-x) SbpO3-

xV205-30K70 series of glasses. Following a common

rule, this evolution is expected to be linear as vanadium
oxide substitute’s antimony oxide. This is the case for

density that drops from 4.3 g cm™ to 3.4 g cm™ when x
varies between 0 and 40. Density may be expressed as:

M

Vin
Where M is molar weight and Vm is molar volume.
The composition rule leads to the linear decrease of M
with vanadium concentration as molar weight of V205 is

smaller than that of SbpO3 (181.9 g vs 291.4 g). In the

mean time, change in molar volume Vm should be small:
in the cr}ystalline state, molar volume of vanadium oxide is
54.3 cm’ while it ranges from 51.4 to 56 cm® for antimony
oxide, depending on the allotropic form. In these
conditions, density is expected to decrease as this is
observed. However Vm could vary in a non monotonous
way, according to the Coordination Number (CN) of the
Vanadium cation. The Vm variation results from the
chemical formula (oxygen atoms are more numerous as
V205 content increases) and also from the compactness

change of the glass structure induced by CN change. This

d=

later effect is limited for two reasons: first VO cation is
very small by comparison to oxygen anion; second, for
both CN, the ratio of the cationic and anionic ionic

radii[57] (R(V5+)/R(O:)) is close to the ideal value of the
close packing arrangement[58]. Therefore the structural
changes described above do not alter the linearity of the
density versus composition.

Surprisingly, the evolution is not monotonous for
most other physical properties glass transition temperature
such as micro hardness, elastic modulus, thermal
expansion, and glass transition temperature. Additional
and repeated synthesis and measurements confirmed it
was not an artefact resulting from erratic factors in
experiments. This behaviour cannot be explained simply
as several parameters may influence these physical
properties. For example, hardness relates to single bond
strength while glass transition occurs when thermal
motion leads to the breaking of chemical bonds. But
global structure has also a significant effect: higher
connectivity results in larger Tg and microhardness. Bond
strength depends not only on the nature of the elements,
but also on CN.

Therefore, one may think that changes in coordination
numbers and connectivity explain the increase and the
decrease of the physical parameters measured in the whole
composition range. Crystal chemistry of vanadium is
complex and rich [58]. The structure of vanadium (V)
oxide V705 relates to that of NbpOs5, but with some

distortion: while NbOg octahedra are regular, vanadium

cation shifts from the center of the octahedron, leading to
a shorter V-O bond ( 1.6) and a longer one ( 2.8) by
comparison to the four equatorial bonds ( from 1.8 to 2) .
In this respect, CN may be viewed either as 5 + 1 or 6.
The oxygen anion involved in the shorter V-O bond is also
bonded loosely to second vanadium, forming the longer
V-0 bond. This longer bond is weaker, and therefore more
sensitive to thermal motion. Vanadium tetrahedra are
observed in alkali vanadates, and there are reports of VO3

polyhedra in a few crystalline compounds such as
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KVO3,H7O. Note that the octahedral coordination is
classical for vanadium(IV): VO2 has the rutile (TiO2)
structure. Sodium and potassium have high CN — up to 12
in perovskites- but it is often smaller: in the view of ionic
radii[57], optimum compactness in oxides and fluorides
corresponds to CN = 8. Antimony(IIl) oxide Sby0O3 is
constructed from pyramidal units SbO3 sharing corners

and the same structural unit makes the basis of antimonite
glasses[42]. This coordination polyhedron should rather
be considered as a tetrahedron SbO3(LP), in which LP is a

lone pair of 5s electrons that occupies a volume similar to
that of an oxygen anion. Table 3 gives the values of the
single M-O bond energies of vanadium, antimony and
potassium for current CNs. These values have been
calculated by K. H. Sun as the ratio of dissociation energy
and coordination number[59]. From this table, it appears
that average V-O bond is stronger than Sb-O bond in VO4

tetrahedra and smaller in VOg octahedra. The structure of
the based glass 70Sby03-30K20 may be described as the

association of a Sb70123' network and 3 K% cations.
Accordingly, there are 3 non bridging O- oxygen anions
for 7 antimony cations in pyramidal units. When
vanadium oxide substitutes antimony oxide, one may
assume that SbO3 groups are replaced by VOg4 tetrahedra,
which gives one additional non-bridging oxygen per
vanadium. Like in vitreous P2O5 this non-bridging

oxygen does not bear any negative charge. The AR

Sb3* substitution raises the average bond strength, and
consequently increases Tg. This mechanism may explain
why Tg is larger for small additions of V2Os. However,
the reverse evolution is observed when V2035 content
exceeds 5 %! This suggests that a different mechanism
takes place. It could involve a change in vanadium CN.

Table 3. Single bond strength F, versus coordination number CN
for K, Sb and V (59).

Cation | Charge(Z | CN F,
) (Kcal/mol)
A% +5 4 112
A% +5 5 89
V* +5 6 74
Sb +3 3 78
K +1 8 14

* Note that the longer V-O bond has a weaker energy.

There are obviously several possibilities and
complementary characterizations are required to reach
reliable assessments. Structural investigations may rely on
vibrational spectroscopy (IR and Raman), °'V MAS-NMR
and X-ray absorption spectroscopy ( XANES, EXAFS).

4. Conclusion

The investigation of the SbpO3 -V205 -K»O ternary

system has evidenced a large glass forming system that
extends from Sbp03 to KVO3.. Some compositions

appear very stable against crystallization. Characteristic
temperatures, thermal expansion, density, micro hardness
and elastic modulus have been measured. In particular,
glasses with the (70-x)Sb203 xV205 30K>0O composition
allow to quantify the effect of the substitution of Sb203
by V205 in the 70SbpO3 -30KpO base glass. The

evolution of the physical properties versus vanadium
content is not monotonous, with changes at 5 mol % and
at 25-35 mol % V,0s. This behavior is probably related to
changes in coordination numbers of vanadium cations, and
to network topology. This hypothesis should be confirmed
by further structural investigations.
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