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Introduction

OME sodium boro-vanadate glasses containing various halogen ions (chlorine,

bromine and iodine) were prepared. These glasses were characterized by measuring the
experimental densities, dc conductivities and volume-magnetic susceptibilities. Then the
empirical densities, experimental and empirical molar volume values, electrical activation
energies, mass- and molar-magnetic susceptibilities as well as the total mass attenuation
coefficients of all glasses were calculated. The gradual increase in halogen ions act todecrease
experimental density from 2.45 to 2.13 g/cm?, while it acts to increase the molar volume.It was
found that, the activation energy decreased around 0.3 eVas the halogen content was increased,
it decreased also ongoing from chlorine to iodine that can be ascribed to the differences in
ionic radii of halogen ions, and this was confirmed by the molar volume. It was supposed that
the increase in the paramagnetic character of the studied glasses with the increase of halogen
content may be due to the formation of VXO, groups. Also, the magnetic properties were
found to increase as the ionic radius of the introduced halogen ions increased, and this can
be attributed to the increase in the internal vacancies through the network. Correlations were
established between both the activation energy and molar susceptibility with molar volume.
According to the results of the mass attenuation coefficients, it was found that, the sample
contains 25 mol% Nal is the best one that can be used as y-ray attenuator, but only at gamma-
ray energies up to 356 keV.
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[9]. If some alkali oxides are introduced into

such glasses, ionic conduction is also present,

Vanadium containing glasses have early attracted
the attention of many workers, and hence many
articles have been published dealing with the
study of their structure and properties [1-6]. It
is observed that special interest has been paid to
the electronic transport properties of such glasses
due to their interesting applications in the field
of electronic devices [4-8]. It was found that
vanadium ions occupy V7, V¥ and/or V** in the
network of various oxide glasses [7]. Mott had
early concluded that the electronic conduction in
vanadium oxide containing glass may follow the
phonon assistance of electron hopping between
different localized states (small polaron hopping)

and the electrical conductivity of such glass is
markedly increased as the alkali oxide content
was increased [10, 11].

Only few studies on the structure and properties
of oxide glasses containing halogen ions have
been also performed. From these studies, it was
found that halogen ions increase the electrical
conductivity and decrease the activation energy,
and the gradual increase of halogen ions show
very slight increase in the magnetic susceptibility
values of glasses, [12-16].

On the other hand, glasses containing heavy
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metal ions (HMlIs) are also of special interest due
to their important applications, especially in the
field of ionizing radiation protection [17- 20]. In
spite of the published articles in these fields, the
problem still needs more investigation.

Therefore, in this article, the influence of the
gradual replacement of oxygen by halogen ions
(chlorine (CI), bromine (Br) or iodine (7)) on the
dc electrical conductivity, electrical activation
energy, density and molar volume as well as the
magnetic susceptibility of some sodium-boro-
vanadate glasses will be thoroughly studied.
The mass attenuation coefficients were also
calculated to chick the suitability of these glasses
to act as gamma-ray attenuators. Also, it was tried
to correlate the experimentally obtained molar
volume values with both the activation energy
and the molar magnetic susceptibility values of
all the studied glasses.

Experimental Work

Some sodium boro-vanadate glasses of the
following composition, [50 mol% B,0,-25
mol% V,0.- (25-Y) mol% Na,O- Y mol% NaX
(where, Y takes the values 0, 5, 10, 15, 20 and
25 mol%, where X represents the introduced
halogen ion (chlorine (CI), bromine (Br) and
iodine (/)).Analytical grade ingredients of H,BO,
(Purity 99.98 %), V,O, (Purity 99.9 %), Na,CO,
(Purity 99.98 %), NaCl (Purity 99.9 %), NaBr
(Purity 99.9 %) and Nal (Purity 99.9 %) were
used to prepare the glass. Pure grade chemicals
were used as raw materials for preparing the
supposed glasses and the batches were melted
in porcelain crucibles in an electrically heated
furnace at 1000 °C for 2hr. The melts were stirred
several times during melting to ensure complete
mixing and homogeneity. Melts were then casted
on a preheated stainless steel plate and after
just sitting they were directly transferred to the
annealing furnace at 300°C for 3hr. The furnace
was then turned off and was left to cool to room
temperature (RT) with a cooling rate of about
1°C/3 min.

Archimedes technique was applied to obtain
the experimental density values of the studied
glasses using xylene as an immersing liquid of
stable density value at RT [0.86 gm/cm®]. The
empirical densities as well as the experimental
and empirical molar volume values were also
calculated [21].

For dc electrical conductivity measurements,
the solid glasses were polished to obtain disks of 8
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mm diameter and 2 mm thickness, and both sides
were painted by silver paste to ensure complete
electrical contact. A 610 C keithley electrometer
and a DTC2 Oxford temperature stabilizer were
used to measure the electrical conduction through
a glass sample. The measurements were carried
out in the temperature range from 300 up to 600
K. The electrical activation energies were then
calculated using Arrhenius equation [8].

For magnetic susceptibility measurements,
pieces of the solid samples were powdered to
obtain particle size less than 200 mesh size.
Gouy method (an Oxford apparatus) outfitted
with one tesla electromagnet was used to obtain
the volume susceptibility values. The mass-
and molar- magnetic susceptibilities were then
calculated [22].

It is also of interest to calculate the mass
attenuation coefficients of the studied glasses,
since they contain bromine or iodine anions,
where these ions may also attenuate some ionizing
radiations. However, the total mass attenuation
coefficients (u, ) will be now calculated by
applying WIN-XCOM program based on the
mixture rule [23].

Results and Discussion

Density and Molar Volume

Density of amorphous and crystalline solids is
property of importance, since the density values
are needed to calculate the molar volume values,
number of ion density, the mass- and molar-
magnetic susceptibilities and some attenuation
parameters, as well asthe comparison between
the empirical and experimental values of both
density and molar volume can be used to confirm
the amorphous nature of the studied glasses.
Therefore, P, Was firstly measured by applying
Archimedes method and using Equation (1) [21]

M,
pexp=[ lpl

M,-M; (1)
where, M &M, are the weights of a sample in
air and liquid respectively, and p, is the density
of the emersion liquid. The experimental molar

volume values (Vm)yxp were then calculated using
Equation (2)[21],

(Vm )exp :Mm /pcxp (2)

where M is the main molecular weight in
(g/mol) of a glass sample. The empirical density
values (pmp) were also calculated using the
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following relation [24],
pempzzi piXi (3)

where p. are the densities of the oxides forming a
glass sample and X, are the mole fraction of each
oxide. The empirical molar volume VD emp values
were then calculated using equation (2) also, but
with replacing Py by Pemp [24].All the obtained
values are exhibited in Table 1.

Inspecting the obtained density and molar
volume values in Table 1 and comparing their
experimental and empirical values, it appeared
that the empirical density values are usually
higher than those obtained experimentally. On
the other hand, it appeared also that the empirical
molar volume values are usually lower than those
obtained experimentally. These comparisons
indicate that; all samples are characterized by
their randomness nature. Therefore, it can be
stated that all the studied glasses are in amorphous
glassy phase [23].

Figure 1, shows the change of the obtained
density values, while Fig. 2 represents the
variations of the calculated molar volume values
as a function of halogen content. It appeared that,
the density value of the base glass (halogen free
sample) is found to be equal 2.45 gm / cm®. As
halogen ions starts to enter the glass network,
a considerable decrease is observed, and more

increase of halogens replacing oxygen ions
makes the density values of all glass systems
decreased approximately linearly. It is found that
the glasses that contain chlorine ions represent
the highest density values, while the glasses that
contain iodine ions represent the smallest density
values. On the other hand, the molar volume
values represent a linear increase with the
increase of halogen ions. It is also shown that the
glass system that contains chlorine ions exhibits
the smallest molar volume values, but the system
which contains iodine ions represents the largest
molar volume values.

The observed decrease in density indicated
that the glass networks become open and the
internal free volume increased gradually with the
gradual increase of halogen content. This was
confirmed by the gradual increase of the molar
volume values of all the studied glass systems.
The higher density values of the glass system
containing CI, in comparison with the glass
system containing /, may be due to the larger
ionic radius of / ion in composition to both Br
and C/ ions. This implies higher free volume in
the system containing / than both other systems.
That is, it can be supposed that, the internal free
volume in all system takes the order, the glass
system containing /> that containing Br> that
containing CI.

TABLE 1. The obtained experimental and empirical density and molar volume values.

NaX mol % 0 5 10 15 20 25
I 2.37 228 2.23 2.17 2.13
iy
exp. 2.45
(g/em?) Br 2.39 2.33 227 2.23 2.18
cl 2.41 2.37 2.33 2.29 2.5
I 3.13 3.20 327 3.34 3.41
)y
. 3.06
(g/em?’) Br 3.11 3.15 3.20 325 330
cl 3.05 3.05 3.04 3.04 3.03
I 42.26 45.85 48.85 5222 55.26
3
Vi (ON2/m0lE) Br 39.09 40.93 42.86 44.90 46.62 48.63
cl 39.67 40.26 40.88 41.51 4.17
I 32.00 32.67 3331 33.93 34.52
3
V e, (c*/mole) Br 31.30 31.48 31.66 31.84 32.01 32.17
cl 31.29 31.29 31.29 31.28 31.28
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Fig. 1. The variation of density values versus NaX content.
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Fig. 2. The variation of molar volume values versus NaX content.

In spite of the above suppositions and
discussion, a question is floated now on the
surface, which is, what about the variation of
the number of ion densities of all the composing
elements?. However the number of ion densities
were then calculated applying Equation (4),

N =a[N p,X, /M, ] 4)

where « is the number of formula ions, Py is the
experimental density of a glass sample, X, is the
weight fraction of an elements in each sample,
M is the molecular weight of such glass samples

Egypt. J. Phy. Vol. 49 (2021)

and N, is Avogadro number. The obtained values
are presented in Table 2, for all the studied glass
systems.

It is appeared from Table 2 that, the number of
ion density of B, V, Na and O decreased gradually
when Na,0O was gradually replaced by NaX,
while that of halogens increased. The observed
decrease of Na and O as well as the increase of
halogen are logically accepted, but the decrease
of B and V ions can be attributed to the gradual
increase of the molar volume values which is due
to the increase of NaX content [13].
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TABLE 2. The number of ion densities of all elements in all the studied glasses.

NaX mol % 0 5 10 15 20 25
N(B) 10° I . 14.2 13.1 12.3 1.5 10.9
(em) Br ' 147 14.1 13.4 12.9 12.4
cl 15.2 15.0 14.7 14.5 143

NCV) 107 I . 7.1 6.6 6.2 5.8 5.4
(em) Br ' 7.4 7.0 6.7 6.5 6.2
cl 7.6 7.5 7.4 7.3 7.1

N(Na) 16% I . 6.4 53 43 3.5 27
(em?) Br ' 6.6 5.6 47 3.9 3.1
cl 6.8 6.0 5.2 44 3.6

NEK) 107 I o 0.7 13 1.8 23 27
(em?) Br ' 0.7 1.4 2.0 2.6 3.1
cl 0.8 1.5 22 2.9 3.6
N(O) 107 I s 42.7 39.4 37.0 34.6 32.7
(em?) Br ' 44.1 422 402 38.8 37.2
cl 455 44.9 442 435 428

DC Conductivity and Activation Energy

The dc electrical conductivity has been
measured in the temperature range from 300 to
600 K. The electrical conductivity values of all
these glasses were obtained at different fixed
temperatures. The calculated values of [/n (70)]
were plotted as a function of the reciprocal of
the absolute temperatures and Fig. 3, shows such
relations for the glass samples which contain
15 mol % NaX (X represents CI, Br or I). The
electrical conductivities of all glasses show
an increase as the temperature was gradually
elevated.

The activation energies were then calculated
for all the studied glasses by applying Arrhenius
equation (Equation 5) [4],

o =(o, /T )exp(-W/KkT) (5)

where ais the electrical conductivity of a sample,
o, is pre-exponential factor, k& is Boltzmann
constant, 7 is the absolute temperature and W is
the activation energy.The activation energy of
conduction for the investigated glasses show a
decrease as the sodium halide content is gradually

increased as shown in Fig. 4.

It is seen that the glass system containing
sodium iodide represents the lowest activation
energy values, while the glass system that

containing sodium chloride represents the highest
activation energy values. These results are found
to be in agreement with the change in the molar
volume values.

It is supposed that the gradual replacement
of oxygen ions by various halogen ions in these
glasses setup vacancies with different volumes
due to the differences of their ionic radii. The
halogens may act also as substitutional impurities
in these glasses. Accordingly, it can be supposed
that, the electrical conduction in these glass
systems may be due to the following factors :

(a) The mobility of the positively charged sodium
cations throughout the glass network [11].

(b) The electron hopping between the localized
states set forth by different oxidation states of
vanadium cations [8].

(c) The present negatively charged halogens,
which act as interstitial impurities and/or as
terminal non-bridging halogen ions, as well
as their effect of changing the volumes of
the interstitial vacancies in the glass-network
[25].

Since oxygen ions represent the smallest
ionic radius in comparison with the used halogen
ions, therefore vacancies of the smallest volume
have be formed in the base glass. Hence, the
mobility of the positively charged sodium

Egypt. J. Phy. Vol. 49 (2021)
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cations appeared in its lowest state [26]. But, it is
known that the ionic radius of chlorine is of the
smallest value when compared with those of the
other used halogens, therefore the glass samples
which contain chlorine ions, show the highest
activation energies with respect to the other glass
systems. The lowest activation energy values are
represented by glasses containing iodine ions
because this ion have the largest ionic radius and
consequently imposes the largest vacancies in the
glass network.

The addition of halogen ions act to form
terminal borate and/or terminal vanadate groups

of the form [VO,-X and/or BO,-X]. The presence
of such dangling and non-bridging halogen in
addition to the larger volume of halogen ions
(in comparison to oxygen) produces more open
glass network structure [25]. This may support
the suggestion that the increase of sodium halides
lead to increase the ionic conductivity which may
be due to the increase of the mobility of sodium
ions [27]. Also, the increase in the conductivity
with increasing halogen ions may be due to the
fact that Na-X bond strength is weaker than Na-O
bond [25].
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Fig. 3. The variation of In (To) versus 1000/T for the glass samples containing
15 mol % NaX, as representative figure.
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Fig. 4. The variation of the activation energy values versus NaX content.
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The calculated activation energies for the
glasses containing the same concentrations
of various halogen ions are found to decrease
gradually ongoing from glasses containing
chlorine to glasses containing iodine ions.
Such decrease in the activation energy with the
mentioned order is found in complete agreement
with the increase of the ionic radii of the introduced
halogen ions. In addition to this, since the field
strength of the halogen ions takes the order CI>
Br> I, this makes the strength of the B-X and / or
V-X bonds, follow also the same order [25].

Volume- Mass- and Molar- Magnetic Susceptibilities

The magnetic properties of glasses are of
special interest, and therefore Gouy method
was used here to measure the volume magnetic
susceptibility (k) of the studied glasses [22], by
using Equation (6),

k=2gAm/AH’ (6)

where g is the acceleration due to gravity, Am
is the change in the mass with the square value

of the applied magnetic field intensity (/?) and
A is the cross sectional area of the used tube,
respectively. The mass magnetic susceptibility
(M) and the molar magnetic susceptibility (¢)
were also calculated by applying Equations (7) &
(8) respectively,

M =k/p,, (7

d=k V, o (8)

All the obtained volume-, mass- and molar-
magnetic susceptibility are listed in Table (3).

Figure 5 shows the variation of the molar
magnetic susceptibility values as a function of
halogen ions content, in all the studied glass
systems. It appears that the molar magnetic
properties increased gradually with the gradual
increase of NaX content as well as ongoing from
glasses containing chlorine to glasses containing
iodine ions.

TABLE 3. The obtained magnetic susceptibility parameters for all the studied glasses.

1.69

0.69

25 20 15 10 5 0
2.00 1.91 1.84 1.77 1.70
2.27 2.10 2.00 1.85 1.74
2.40 2.25 2.03 1.92 1.80
0.94 0.88 0.83 0.78 0.72
1.04 0.94 0.88 0.79 0.73
1.07 0.98 0.87 0.81 0.75
110.52 99.74 89.88  8l1.16  71.85

66.07

110.38 9790 89.79  79.29  71.22
101.22 93.41 8298 7730  71.40

NaX mol %

I
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Fig. 5. The molar magnetic susceptibility values versus NaX content.
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Considering the prepared base glass
composition, it is supposed that boron cations
form BO, groups while vanadium cations form
VO,, VO, and VO groups, that is, both cations
act as network formers in these glasses. The
addition of halogens replacing oxygen ions form
some terminated halogens, with the presented
borate and vanadate groups. A deficiency in the
amount of oxygen ions will gradually takes place
as the halogen ions increase in the glass network
replacing oxygen ions. So, it is supposed that
some VXO, groups are formed instead of those
VO, that firstly formed. These groups are of
higher paramagnetic properties due to the small
cooperative interaction between the magnetic
moments of the atoms forming such groups [26].
The increase of the molar magnetic susceptibility
when going from glasses containing chlorine to
glasses containing iodine ions, can be attributed
to the increase in the magnetic interaction
between the magnetic moments of the transition
metal cations (V) and the surrounding oxygen and
halogen ions. This may be due also to the gradual
increase in the volumes of the internal vacancies
that increase in the same sequence [26].

It is early confirmed that the physical
properties of a glass is directly affected by
any change in its composition and hence in
its structure. It is usually stated that the dc

conductivity increases when the glass structure
becomes open [25], (due to an easier mobility of
the charge carriers). However, a relation between
the molar volume and activation energy values
are represented in Fig. 6. From this Figure, it
appears that the activation energy values show
approximate linear decrease, and the decreasing
rate differ from one glass to another. It was found
that the glass system containing chlorine exhibits
the highest decreasing rate, while the glass system
containing iodine exhibits the lowest decreasing
rate.

From another point of view, an attempt
is also made to correlate the molar magnetic
susceptibility with the molar volume values
of these glasses as shows in Fig. 7. From this
figure, the molar magnetic susceptibility values,
for each glass system, show an increasing trend
and the increasing rates differ from one glass
system to another, depending on the type of the
halogen ions. It is also appeared that, the highest
increasing rate is exhibited by the glass system
containing chlorine, while the lowest increasing
rate is exhibited by the glass system containing
iodine ions.

However, both these relations (W~V —and
@~V ) can be now established, since these
correlations were constructed from the obtained
experimental data.

0.50
0.45+
0.40

0.35-

W (eV)

0.30
0.25+

0.20

A 42 4

V. (cm’/mol)

Fig. 6. The change of W versus V .
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Fig. 7. The change of the molar magnetic susceptibility versus V_.

Gamma-Ray Mass Attenuation Coefficient (u ):
It was established that glasses containing
HMIs can be used now for ionizing radiation
protection, since glasses are transparent to visible
light as well as they are easy manufactured [23].
Since the studied glasses contain various amounts
of halogen ions (especially Br & [ ions) therefore,
the mass attenuation coefficients will be checked.

However, u,~ values were calculated by
applying Win X-COM program, based on the
mixture rule. The selected gamma-ray energies
were 356, 662, 1173 and 1332 keV, emitted from
133Ba (for 356 keV), ¥’Cs (for 662 keV) and “Co
(for both 1173 & 1332 keV) as low gamma-ray
energies. The obtained values of x4 are all then
exhibited in Table 4.

In order to clarify the suitability of the studied
glasses to act as shielding material for y-ray
energy, the obtained values of u  are plotted in
Fig. 8, as a function of NaX content, for all the
applied y-ray energies.

Inspecting the obtained values of u that
presented in Table 4, and represented graphically
in Fig. 8, it is appeared generally that, u
increased slightly for glasses containing / and Br
only at 356 keV y-ray energy. At 662 keV both
the above glasses appeared approximately stable
with the increase of 7 and Br content.It appeared
also that, u of the glasses containing C/ -at all
y-ray energies- and glasses containing / and Br at
y-ray energies of 1173 and 1332 keV, decreases
gradually with increasing halogen content.

According to the above obtained data, it can

be stated that, the glass sample containing 25
mol % Nal represent the best sample because it
has maximum g¢molar magnetic susceptibility
and minimum # and it can be used as shielding
material at low y-ray energy around 356 keV.

Conclusion

According to the above investigations and the
supposed discussion, it can be concluded that :

1- The gradual replacement of oxygen ions
by halogen ions leads to a decrease of the
activation energy values due to the formation
of some VO,—X and/or BO,-X groups with a
terminal non-bridging halogen, these groups
are found to be also of high paramagnetic

properties.
2- The activation energy values of
glassescontaining  NaClless  than  that

containing Nal,where the ionic radius of
iodine is large than chlorine.

3- The increase of the internal vacancies increases
directly the mobility of the charge carrying
ions (Na*ions).

4- A relation has been established between the
molar magnetic susceptibility and the molar
volume values of the studied glasses. Another
relation was also established between the
electrical activation energy and the molar
volume values of such glasses.

The calculated u indicated that the glass

sample containing 25 mol % Nal represent

the best sample that can be used as shielding
material but only at 356 keV O-ray energy.

6- The glass sample containing Nal can be used
as electro-radiation sensor at low energies.

Egypt. J. Phy. Vol. 49 (2021)
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TABLE 4. The total mass attenuation coefficient (x, ) values at different low g-ray energies for all the studied

glasses.
25 20 15 10 5 0 NaX mole %
E (keV)
103.6 102.2 100.8 99.5 98.1 1
356
97 96.9 96.9 96.8 96.7 96.7 Br
96.5 96.6 96.6 96.6 96.7 Cl
74.4 74.5 74.5 74.5 74.6 1
662
73.6 73.8 74 74.2 74.4 74.6 Br
74.4 74.5 74.5 74.5 74.6 Cl Hon
(mg.cm?)
55.8 56 56.2 56.4 56.6 1
1173
55.9 56.1 56.3 56.5 56.7 56.9 Br
56.7 56.7 56.8 56.8 56.8 Cl
52.3 52.5 52.7 52.9 53.1 1
1332
52.4 52.6 52.8 52.9 53.1 53.3 Br
53.2 53.2 53.2 533 533 Cl
100
A N— — 2
356 keV
904 —=—I
- —o—Br
WE ——Cl
é 801 662 keV/
£ » = — 8  » &
= 704
60 1173 keV
. —a ——8 —
a4 —e— &4
50+ 1332 keV
T T T T T T T T T T T
0 5 10 15 20 25
NaX mol%

Fig. 8. The variation of p_at different low y-ray energies versus NaX content, for all the studied glasses.
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