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Glasses of composition 0.8 [xBaO.(1− x)MgO]. 0.2TM.2TeO2 with TM: MoO3,WO3, V2O5 or Nb2O5 (x=mol con-
tent) were obtained by the melt quenching technique. Raman Spectroscopy, Density and Differential Scanning
Calorimetry were used to infer their microscopic structure and electrical properties were studied using Imped-
ance Spectroscopy. Some singularities in their electrical and structural properties appeared. Deviations from lin-
earity as a function of alkaline-earth oxide modifier content were observed both on the electrical and structural
properties. Theywere analyzed considering the intensity of the electrical field of themix of alkaline earth cations
which induced changes on the glassy matrix and the mixed alkaline-earth effect was considered. The observed
relationships between their electrical and structural properties and themix of alkaline earth cations were differ-
ent according to the transition metal oxide present.
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1. Introduction

Tellurite-based glasses are the subject of extensive research because
of their electrical and optical properties. Some of their main features in-
clude extended infrared transmittance, high non-linear optical indices
and low fusion temperature. Also, they constitute an excellent matrix
for active element doping [1].

Many oxide glasses modified with a mix of alkali oxides exhibit a
non-additive variation of certain properties. This is known as the
“mixed alkali effect (MAE)” and it is still an unsolved phenomenon in
glass science. The MAE especially manifests itself in non-additive dis-
crepancies in transport properties, such as diffusion, conductivity and
viscosity. These dynamical properties contrast with static properties
such as density, refractive index andmolar volume; all of which usually
exhibit relatively small deviations from linearity [2–3].

However, there is still much to understand about the “mixed
alkaline-earth effect (MAEE)”. MAEE seems to be phenomenologically
analogous toMAE considering that one alkaline-earth ion is partially re-
placed by another alkaline-earth ion. Deviations from linearity on their
property behavior as a function of the alkaline-earth ratio are observed
although certain dynamical properties behave differently depending on
the nature of the glassy matrix composition and the peer of alkaline-
earth cations mixed [4–16]. Since alkaline-earth cations affect the
glass properties in a non-predictive manner, it is important to study
this effect from both the scientific and the technological points of view.
Despite the technological and scientific relevance of tellurite
glasses, so far, there is no available data of this effect in the literature.
Then, the aim of this work is to study systematically the structural
and electrical properties of a family of glasses of general formula:
0.8[xBaO (1 − x)MgO] 0.2TM. 2TeO2 with TM = Nb2O5, V2O5, MoO3

or WO3. We carefully study how the materials' properties are affect-
ed by the partial replacement of MgO by BaO (i.e. when x mol con-
tent ➔ 0.0 the system composition is: 0.8 MgO 0.2TM. 2TeO2 and
when x mol content ➔ 1.0 the system composition is: 0.8 BaO
0.2TM. 2TeO2) and how the structure of the glassy framework varies
by changing the transition metal oxide which acts as a former-
modifying oxide, considering that TeO2 is a glass former oxide
while BaO and MgO are modifier oxides. These transition metal ox-
ides have been carefully chosen in order to change the ion size and
its electronic configuration, i.e. the kind of polyhedron that each
transition metal cation forms with the oxygen atoms.

2. Materials and methods

2.1. Sample preparation

The sampleswere prepared by a standardmelt quenching technique
using reagent grade chemicals of TeO2, MgCO3, BaCO3, MoO3, WO3,
Nb2O5 and V2O5. Starting from the nominal composition expressed
through the general formula, every component (all of chemical grade;
99.9%) was properly weighted with a laboratory scale sensitive to
0.1 mg in order to obtain (10.00 ± 0.01) g of each sample. Next, the
components were well mixed and placed in an alumina crucible and
the carbonate decarboxylation process (when carbonates were used)
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wasmade at a lower temperature than themixmelting point.When the
effervescence finished, the mix was heated to reach 1323 K and after
that, it was held for an hour in an electric furnace. During the process,
the crucible was shaken frequently to ensure homogenization. Then,
the molten material was poured on a preheated aluminum plate in
form of drops and held for annealing at 523 K during 2 h.

2.2. X-ray diffraction analysis (XRD)

The amorphous character of the samples was tested by X-Ray Dif-
fraction. The XRD patterns of powdered samples after the annealing
were collected with a Bruker D8 Advance Diffractometer at continuous
scan mode with a copper anode and 45 kV–30 mA for the tension and
electrical current generator respectively. The samples were exposed to
the Cu Kα radiation (λ = 1.54 Å) at room temperature in the 2θ
range: 10°–60°.

2.3. Glass transition temperature and isobaric heat capacity

DSC curves were recorded during heating rates using a SDT-Q600
calorimeter. We search the glass transition temperature (Tg) of each
sample with a heating rate of 10 K·min−1, starting from room temper-
ature up to 600 °C, using 15–20 mg of glass samples previously crashed
in an agate mortar. The Tg values were obtained from the middle point
of the Cp jump during the heating. The associated upper-limit error of
the temperature measurements is an interval of one degree according
to themiddle point procedure with the TQA software. The heat capacity
Fig. 1. XRD patterns for each compo
change at glass transition (ΔCp(Tg)) was measured from the DSC ther-
mogram for each composition.

2.4. Vickers micro-hardness

Every glass sample wasmirror like polished and Vickers microhard-
ness (HV) was measured using a Duramin 5 indenter (Struers A/S). A
total of 34 indentswere conducted on each sample using an indentation
time of 0.05 s and an indentation load of 500 mN. The measurements
were performed in a regular atmosphere, i.e. air (no gas composition
controlled) at room temperature.

2.5. Structural aspects

Raman spectrawere collected at room temperature on glass samples
in the 0–4000 cm−1 range using a Raman spectrometer with a 532 nm
green laser as the probing light source. The sample focalization was
done using a microscope with a ×20 objective. The measurements
were performed using a laser power of 42mW in order to avoid damage
or localized heating of the glasses. The obtained spectra were
deconvoluted using Gaussian fitting to determine the Raman peak
positions.

2.6. Electrical characterization

The samples were polished with very fine sand papers in order to
obtain glass disks with two parallel faces with thickness ranging
sition of every studied system.



Fig. 3. Tg values as function of the molar ratio [BaO]/([BaO] + [MgO]).

Fig. 2.Density values as function of themolar ratio [BaO]/([BaO]+ [MgO]) for every com-
position of each glass family.
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between 0.5 and 0.7mm. Each samplewas coated uniformlywith a thin
layer of silver paintwith the purpose of having proper electrical contact.
For the impedance determinations, a Solartron Impedance Analyzer
(model 1260)with a 1296Adielectric interfacewas used in the frequen-
cy range 1.10−2 Hz–1.107 Hz with an AC voltage amplitude of 1 V. For
each composition the spectra were carried in a temperature range
starting at 100 °C up to a temperature of 15 °C below Tg.
2.7. Density measurements

Room-temperature densities of the glasses were determined by
Archimede's principle using water as the immersion liquid, being
the informed values the average of three independent density
measures.
Table 1
Glass composition, ratio of alkaline earth oxides, OPD and VM values for every composition
of each glass family.

Glass composition Ratio
[BaO]/([BaO] +
[MgO])

OPD/Oxy.
mol.dm−3 ±
0.01

VM/cm3

± 0.01

0.8MgO.0.2V2O5.2TeO2 0.0 69.61 27.70
0.8[0.3BaO.0.7MgO].0.2V2O5.2TeO2 0.3 56.91 28.69
0.8[0.5BaO.0.5MgO].0.2V2O5.2TeO2 0.5 48.71 29.42
0.8[0.7BaO.0.3MgO].0.2V2O5.2TeO2 0.7 40.93 30.13
0.8BaO.0.2V2O5.2TeO2 1.0 29.72 31.39
0.8MgO.0.2Nb2O5.2TeO2 0.0 69.54 27.80
0.8[0.3BaO.0.7MgO].0.2Nb2O5.2TeO2 0.3 56.44 28.93
0.8[0.5BaO.0.5MgO].0.2Nb2O5.2TeO2 0.5 48.29 29.67
0.8[0.7BaO.0.3MgO].0.2Nb2O5.2TeO2 0.7 40.57 30.39
0.8BaO.0.2Nb2O5.2TeO2 1.0 29.49 31.63
0.8MgO.0.2MoO3.2TeO2 0.0 69.83 25.78
0.8[0.3BaO.0.7MgO].0.2MoO3.2TeO2 0.3 54.69 27.43
0.8[0.5BaO.0.5MgO].0.2MoO3.2TeO2 0.5 46.26 28.10
0.8[0.7BaO.0.3MgO].0.2MoO3.2TeO2 0.7 38.13 28.85
0.8BaO.0.2MoO3.2TeO2 1.0 26.59 30.08
0.8MgO.0.2WO3.2TeO2 0.0 68.30 26.35
0.8[0.3BaO.0.7MgO].0.2WO3.2TeO2 0.3 54.93 27.31
0.8[0.5BaO.0.5MgO].0.2WO3.2TeO2 0.5 46.41 28.01
0.8[0.7BaO.0.3MgO].0.2WO3.2TeO2 0.7 38.00 28.95
0.8BaO.0.2WO3.2TeO2 1.0 26.54 30.15
3. Results

3.1. X-ray diffraction

The amorphous state of the obtained samples was analyzed with
XRD and DSC. Fig. 1 shows the XRD patterns which confirm the glassy
nature of the samples as none of them exhibit sharp intense peaks. A
gradual emergence of two regions with increasing content of BaO is ob-
served. This behavior suggests that the glassy matrix mid-range struc-
tural arrangement is different when the content of BaO is high which
is not the same for every transition metal oxide in the glassy matrix.
Throughout the XRD, the molybdenum glass family shows the lowest
when changing the alkaline-earth oxide.

3.2. Density and oxygen packing density

Fig. 2 shows the density value for every composition as a function of
the molar ratio BaO/(BaO + MgO). We observe in every case an incre-
ment in density values as the ratio tends to 1 (when only BaO is
present).

On the other hand, when we compare the effect induced by the
transition metal oxide incorporated in each glassy matrix, we see a
major increment — near 8.32% — along the system [BaMg-V-Te]. Addi-
tionally, from these density values we estimate the molar volume
Fig. 4. ΔCp(Tg) values as function of the molar ratio [BaO]/([BaO] + [MgO]).



Fig. 5. Fragility parameter as function of the molar ratio [BaO]/([BaO] + [MgO]).
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(Vm = Mm/δ) and the oxygen packing density (OPD = oxygen mol
number/Vm). Both, OPD and Vm, values are listed in Table 1. From the
data in this table, we notice that Vm values increase and OPD values
decrease with the increasing of the BaO content. However, the effect
on the OPD is more pronounced when the transition metal oxide is
MoO3 or WO3 (elements from periodic table group VI).

3.3. Transition temperature, heat capacity and thermodynamic fragility

Fig. 3 shows the glass transition temperature (Tg) as a function of
the molar ratio [BaO]/([BaO] + [MgO]). These were obtained as the
temperature of the middle point in the jump of the Cp during the
heating. This Fig. shows a decrease in the Tg value as the BaO content
increases, no matter which transition metal oxide is present in the
glassy matrix. But, this diminution is very small, only about 2–3%.
Additionally, Fig. 4 shows the ΔCp(Tg) values as a function of the
molar ratio [BaO] / ([BaO] + [MgO]). We observe in this Fig. a stronger
non-linear behavior in comparison to the Tg behavior.

The thermodynamic fragility F is calculated through the formula:

F ¼ 0:151� x
0:151þ x

� �
ð1Þ

where x=ΔTg / Tg [17]. Fig. 5 shows the variation of thermodynamic
fragility parameter F as a function of the molar ratio [BaO] / ([BaO] +
Fig. 6. a) Vickers micro-hardness (Hv) as a function of the molar ratio [BaO] / ([BaO
[MgO]) of each system. Once again, a strong non-linear effect on its
behavior is observed except in the case of niobium family.

3.4. Vickers micro-hardness

Vickers hardness (HV) is determined by using the micro-
indentation method. Every micro-indentation experimenthas been
performed on the same indenter with the same indentation load
and time (500 mN and 0.05 s) ensuring crack free indents. Fig. 6a
shows Vickers micro-hardness plotted as a function of the molar ratio
[BaO] / ([BaO] + [MgO]) and Fig. 6b the indentation images of each of
the highest content BaO system.

3.5. Structural results

A Raman spectrum of every composition was performed at room
temperature in the range of 0–4000 cm−1. Through the results we
were able to find the fundamental bands which belong to the polyhe-
drons that build the structure of the glassy matrices. Fig. 7 shows the
band at ≈670 cm−1 which varies the most when magnesium oxide is
replaced progressively by barium oxide. According to the literature [1,
18,25–29] this band is associated with Te–O stretching vibration of
TeO4 in triangular bipyramidal units (tbp). In that figure a clear non-
linear behavior is observed on the four glassy matrices studied in the
present work. The strongest variations are observed for vanadium and
molybdenum families.

3.6. Electrical characterization

In order to study the characteristics of the electrical behavior, the
impedance (Z) and the phase angle (φ) of every sample has been mea-
sured as function of frequency at each temperature in the corresponding
range as it was pointed out before. The electrical conductivitymeasured
rises with increasing temperature and we can represent this behavior
through the Arrhenius-type equation as:

σdc ¼
σ0

T
:e

�Ea=k�T ð2Þ

where Ea is the activation energy of the conductivity process, σ0 is
the pre-exponential factor; k and T have their usual meaning.

Fig. 8 a, b, c and d shows the electrical conductivity of the four
systems [BaMg-V-Te; BaMg-Nb-Te; BaMg-Mo-Te; BaMg-W-Te] in an
Arrhenius plot, according to Eq. (2). We noticed in those figures that
] + [MgO]); b) indentation images of each of the highest content BaO system.



Fig. 7. Peak position wave number (ν) of the Raman signal near 670 cm−1 as a function of
the molar ratio [BaO] / ([BaO] + [MgO]).
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there is only one slope for each composition curve and this can be
interpreted as the samples having single activation energy.

Fig. 9 shows the electrical conductivity isotherms at T = 500 K. We
see in this fig. that the conductivity values augment as BaO content in-
creases. But, in the case of this electrical property, the non-linearity be-
havior is more marked on the Vanadium and Molybdenum families.
While, in the Niobium and Wolframium families the effect is quite
small or almost imperceptible.

Fig. 10 shows the Ea as a function of the molar ratio [BaO] / ([BaO] +
[MgO]). From this, we learn that the values diminish as BaO content in-
creases showing in every case a deviation from linearity. Here, we notice
also that BaMgVTe family is the one that shows smaller values than the
other three.

4. Discussion

The only magnesium containing glass has for every tellurite family
lower density and smaller molar volume compared to the barium con-
taining glass respectively (Fig. 2 and Table 1). When Mg2+ is partially
substituted by Ba2+ (which has a higher atomicweight) the glass density
Fig. 8. Arrhenius plots of measured conductiv
increases as it is expected. But, the difference in the molar volumes re-
flects amodification of the glass network structure. Molar volume dimin-
ishes by a tighter binding of oxygen to magnesium compared to barium.

The behavior of VM (Table 1) indicates that an expansion of the glass
network has taken place due to the partial substitution of MgO by BaO.
This has been confirmed by the behavior of the oxygen density packing
(Table 1)which decreaseswith increasingMgO substitution level. Then,
when VM increases due to an expansion of the glass network and OPD
decreases a consequent increment in the free volume is obtained. This
phenomenon has been related to differences in the field strength and
polarizing power of the exchanged cations. Thus, when Mg2+ is
substituted by a cation with lower field strength and polarizing
power, such as Ba2+, VM increases probably due to a weaker attraction
between the latter cations and the non-bridging oxygens (NBOs). In
other words, the expansion and the concomitant decrease in compact-
ness suffered by the glass structure have both been caused by an in-
creased distance between the modifying cations and the NBOs. The
fact that the largest increase in VM corresponds to the addition of pure
Ba2+, which is the cation that has the smallest field strength, agrees
with the findings of Barbieri et al. [20], who observed that VM decreases
when Ba2+ is substituted by other cations with higher field strength
(Fe3+, Cu2+ and Mn2+).

Furthermore, in Fig. 3, we see for all the studied glasses, a non-linear
behavior in glass transition temperature (Tg) when MgO is partially
substituted by BaO. This figure shows that Tg tends to decrease with in-
creasing content of BaO.

In addition to that, considering that the total concentration of the ex-
changed divalent modifier cations (Mg2+ and Ba2+) was kept constant
at all times, with variations only in their relative proportions, it indicates
together with the fact that the concentration of the other glass constit-
uents was not varied, that the number of NBOs could be safely assumed
to be constant in our glasses. Thus, the decrease in Tg observed here
with increasing BaO content cannot be attributed to a reduction in the
level of association of the glass network or to the creation of an in-
creased number of NBOs. Then, it seems to be reasonable to assume
that the trends observed in the values of VM and OPD indicate that a
change in the field strength of the cations is an important factor to
determine the behavior of Tg.

The liquid fragility is closely related to the microstructure of glasses
and liquids. Usually for oxide compositions, at temperatures above Tg,
ity of every composition of each system.



Fig. 9.Variation of electrical conductivity (T=500K) as a function ofmolar ratio of [BaO] /
([BaO] + [MgO]).
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strong liquids contain a high degree of connectivity and fragile ones, a
comparably low degree of connectivity [20]. More precisely, strong liq-
uids have amedium-range structurewhich ismore stable towards tem-
perature fluctuation around Tg. As shown in Fig. 5, the thermodynamic
fragilities exhibit an increase around x = 0.5 of cation ratio, except for
the system with WO3, in its composition which reaches a minimum.
As discussed above, the highest field strength of magnesium increases
the amount of rigid constraints at Tg and hence, it results in lower fragil-
ity indices when the cation ratio x➔ 0. This is supported by the Raman
spectroscopic data which implies stronger bonding in the magnesium
end-member composition.

The magnitude of heat capacity that jumps at Tg is generally indica-
tive of the nature of bonding in amaterial. Open-network liquids such as
SiO2 and GeO2 which are denominated strong liquids in Angell's classi-
fication, typically display a very small jump in the heat capacity at Tg.
The denominated fragile liquids, show large jumps. Fragile liquids
have glassy structures that may easily reorganize through fluctuations.
Strong liquids, on the other hand, intrinsically resist structural changes
and show little reorganization even over wide temperature ranges
[21,22]. In Fig. 4, we can observe that ΔCp values show a minimum
around cation ratio of x = 0.5. This suggest that the bonds of the mag-
nesium and barium in the middle of cation concentration has strong
Fig. 10. Activation energy as a function of molar ratio of [BaO] / ([BaO] + [MgO]).
liquid features than the other cation ratios, except for BaVTe composi-
tion that reaches a lower value when x ➔ 1 [23,24].

Fig. 6 shows the micro-hardness results and from the values this
Figure shows a quasi linear behavior with the ratio of cation content.
Glasses with higher field strength of modifier ions, like Mg2+ in the
studied systems in this work, have a more rigid structure and therefore
show higher values of hardness.

In Fig. 7, we see a minimum in the peak band position of TeO4 (tbp)
when cation ratio is close to 0.5. Since the oxygen coordination number
for Mg2+ is lower than that for Ba2+ [22], the number of affected oxy-
gen ions in the TeO4 network increaseswhen the BaO content increases.
This explains why the concentration of T\\O\\T bonds (T= tetrahedral
unit) decreases as barium BaO content increases. It is also well
established that the tetrahedrally coordinated Mg2+ can even act as
network former, contributing to an increased population of T\\O\\T
bonding at higher magnesium content [19], and that is what we see
when in the range x = 0.3 to x = 0.0.

Fig. 8 shows the Arrhenius type plots for every composition. From
the linear fitting of conductivity data, we obtain a quitewell adjustment
that indicates a single slope for every composition, which means that
unique activation energy (Fig. 10) for the migration process is present.
Therefore, in the conduction isotherm at 500 K (Fig. 9) we see that the
progressive replacement of MgO by BaO leads to an increase in their
total conductivity values. Considering the conductivity values of both
systems at the extremeswhen only oneof themodifier oxides is present
(MgO or BaO) the conduction mechanism of both modified systems
with only one alkaline earth oxide is analyzed in deep detail in Refs.
[23,24] and taking into account that both the Tg and OPD values de-
crease, it can be thought that increasing the BaO content creates a less
tight and packed structurewhich provides greatermobility to the larger
cation. It should be noted that in the conduction isotherm a deviation
from linearity more evident in the BaMgVTe and the BaMgMoTe sys-
tems suggest the existence of theMAEE. Unfortunately, MAEE in glasses
have involved less attention than MAE glasses and much less on glassy
matrices different to silicate glasses. Thus, what is reported up to now
is that MAEE is qualitatively similar mixed alkali effect although it is
less quantitatively pronounced. One of the explanation lies on the
lower mobility of the bivalent alkaline earth cations than alkaline cat-
ionswhichmove among a variety of sites because of the rearrangement
in a glassy matrix [14].
5. Conclusions

We have studied the effect of the partial replacement of two
alkaline-earth oxides (MgO and BaO) in four series of tellurite glasses.
The Mixed Alkaline-Earth Effect is qualitatively similar to the well-
known Mixed Alkali Effect but is less evident. The Mixed Alkaline-
Earth Effect manifests itself as a deviation from linearity in properties
like density, Tg, ΔCp, fragility, Raman peak band position, Vickers
micro-hardness, conductivity and activation energy values.

On the other hand, we have explored the influence on their glass
properties when the transition metal oxide is changed. Our results
show that even in transition metal ions with similar electronic configu-
ration the resulting glasses have differences in their structure and trans-
port properties.
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