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Abstract: We report a correlation outcome for mechanical
and gamma-ray transmission properties of tellurite glasses by
increasing tungsten(vi) oxide concentration in glass structure.
The mechanical properties as well as Poisson’s ratio (o) of
the studied glasses are estimated by applying Makishima—
Mackenzie model. Gamma-ray attenuation properties using var-
ious fundamental parameters are determined in 0.015-15 MeV
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energy range. Poisson’s ratio (o) decreased from 0.43017 to
0.42711, while all elastic moduli increased linearly with the
molar increment of either [WOs] or [TeO,] in the molecular
structure of the glass network. Moreover, gamma-ray attenua-
tion properties are enhanced as a function of increasing WO5
substitution amount from 30 to 50% mol in the glass struc-
ture. Half-value layer values at 15MeV are found to be
between 2.648 and 2.8614 cm. 14 samples with a composition
of 20Te0,~50W05-30GdF; and density of 6.0530 g/cm® was
found to have superior material properties in terms of elastic
and gamma-ray attenuation properties. It can be concluded
that maximized WO; contribution into the tellurite glasses
may be considered as a critical tool in terms of establishing
a symmetry between mechanical and gamma-ray attenuation
properties for high-density tellurite glasses for their potential
utilization in nuclear waste management, radiation shielding,
and radioactive source transportation purposes.

Keywords: tellurite glasses, tungsten(vi) oxide, mechan-
ical properties, shielding

1 Introduction

Using radiation in medical and industrial applications
has resulted in significant benefits for scientific society.
Ionizing radiation, which can be used for medical pur-
poses, has risen to an indispensable position in medical
applications because of its revolutionary contributions to the
diagnosis and treatment of various diseases. Nevertheless,
the presence of these benefits does not indicate that the
detrimental biological consequences resulting from the
radiation’s ionizing qualities be ignored. In situations
other than the intended use of ionizing radiation, the
exposure should be reduced, and the essential application
procedures should be carried out with the lowest possible
dose exposure to the patients. In terms of the importance
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of separating the operating room from the device room and
providing radiation shielding, the diagnostic radiology
facilities may be seen as an important area in terms of
underlining the importance of transparent shielding mate-
rials. In general, separating the device operating room
from the device room with a glass absorber minimizes
the workers from being exposed in the control room to
X-rays [1]. Transparency of the glass material to be utilized
is crucial under these circumstances to ensure that patient
monitoring is maximally maintained [1,2]. In addition, sev-
eral application areas, such as the transportation and
storage of resources in nuclear medicine fields and the
protection of waste resources, may be cited as significant
aspects of medical radiation fields. Lead (Pb) and concrete
are two major shielding materials for X-rays and gamma-
rays, according to their traditional applications [3-6]. The
toxicity and lack of transparency, along with the disadvan-
taged material properties, put glass-based materials in the
spotlight as alternative radiation shielding materials after
showing great potential properties [7-12]. Despite the high
density of lead and its success in attenuating photon ener-
gies, the fact that it is toxic, heavy, and opaque material
has made it difficult to manufacture materials for eye
shielding, viewing box, and full body aprons. On the other
hand, concrete has proven its high durability and high
absorbing factor against X-ray and gamma rays, yet the
disadvantage of the possibility that it would fracture and
lose its moisture content made it challenging to ensure
high protection [13,14]. Furthermore, glass has been a
potential option to replace concrete, for its properties of
being transparent, easy to fabricate, high homogeneity,
and ability to accommodate a wide variety of heavy metal
components [15-17] in their matrix, shielding material
properties can be improved and maintained. Among dif-
ferent glasses, tellurium (TeO,) glass type made an obvious
place as a material in lasers, fibers, and non-linear optical
devices in recent years [18-21], due to its high density, high
dielectric constant feature, low melting point, and infrared
transmittance ability [22]. TeO, glass-forming oxide was
selected in this study due to its non-crystalline nature,
low transition temperature, and high chemical stability
[23], along with WO; as a second glass-forming oxide, since
TeO, requires secondary component to form glass. More-
over, WO3 is known widely in electrochromic, photo-
chromic, and gas sensing materials, along with other
applications due to its special physical and chemical prop-
erties [24], which may provide a good option to improve
the glass system, by ensuring anti-crystallization, main-
taining a high density and index of refraction, and increasing
the glass transition temperature. Comprehensive structural
study of tungsten oxide—tellurite binary glasses (TeO,—WOs)
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is found in the literature as one of the main studies on
this subject [25]. Radiation shielding properties of binary
Te0,-WOs; glasses were studied by Sayyed et al. [26]. In a
study carried out on the structural and physical properties
of TeO,-WO; glasses containing Li,0, an alkali oxide [27],
since the densities of the synthesized samples are lower
than the metal oxide doped TeO,-WO; glasses, we can say
that this is not advantageous with respect to radiation
shielding studies. Although PbO-doped tungsten oxide-
tellurite glasses [28] have the highest density among these
glass groups, it can be said that the density values are
close when compared to the gadolinium fluoride (GdFs)-
doped glasses discussed in this study and is more advan-
tageous considering the harmful effect of PbO to nature.
The last component in this study is GdF5 [29], since it has
been a good host of fluorescent materials, and exhibits
evidence of its potential properties including high density,
high transmission, and maintain glass stability. Unlike our
previous studies [30—32], in which we examined the radia-
tion properties of similar compositions including TeO,,
WOs;, and GdFs, in this study four glass samples with
higher WO5 (i.e., from 30 to 50 mol%) concentration and
gradually decreasing TeO, concentration (i.e., from 40 to
20 mol%) were examined. In an effort to accomplish this,
we have selected four distinct composition samples of
glass materials and analyzed their crucial elastic moduli,
mechanical properties, and gamma-ray shielding proper-
ties using theoretical approaches. The main purpose of this
study is to determine the effect of high mole ratio WO; on
the mechanical properties and gamma-ray attenuation coef-
ficient in tellurite glasses and to demonstrate its suitability
for radiation shielding applications.

2 Materials and methods

The absorber material’s gamma-ray attenuation proper-
ties are determined by dividing the incoming gamma-ray
intensity by the secondary gamma-ray intensity, which is
lowered by the material. The attenuation coefficient of
the substance may be calculated using this configuration.
One example of a transmission assembly is seen in Figure 1.
In this stage of the previous study, we have acquired essen-
tial data on the gamma-ray absorption capabilities of
TeO,—WO3-GdF; [29] glass samples and investigated it.
Four glass samples with different compositions were con-
sidered to determine their numerous gamma-ray shielding
properties and mechanical properties. Using Py-MLBUF soft-
ware [33], gamma-ray shielding parameters have been con-
cluded in the range of 0.015-15 MeV. Next, we demonstrated
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Primary Gamma-ray

Figure 1: Transmission setup for gamma-rays.

the findings through ORIGIN2018 software. Using a variety
of crucial parameters such as mass attenuation coefficient,
linear attenuation coefficient (u), half-value layer (HVL) for
each glass sample as a function of energy, a monotonic
impact of increasing WO; amount from 30 to 50% mol
against decreasing TeO, amount was investigated. Moreover,
additional calculations for evaluating the efficiency of glass
samples were performed using mean free path (mfp), effec-
tive electron conductivity (C.q), effective electron density
(Neg), and effective atomic number (Z.g) over a range of
photon energy between 0.0.15 and 15 MeV. Overall, through
our previous investigations and other published studies, one
may attain more detailed technical information, as well as
theoretical calculations related to these important factors for
gamma-ray attenuation properties.

3 Results and discussion

3.1 Transmission of gamma-ray through the
glass samples

In this study, four glass samples encoded as 11, 12, I3, and
14 along with different concentrations of WO5 were taken
separately for critical gamma-ray absorption parameter
calculations through Py-MLBUF program. In absorbing
gamma rays and X-rays, density (g/cm>) and the physical
characteristics of shielding materials are often correlated.
Due to the existence of high electrons in high-density
materials, incoming photons are effectively absorbed by
strong internal interactions, which are efficient at absorbing
this type of radiation. We focused on the glass densities
(Table 1) [29], where they revealed having distinct values
due to their different chemical compositions. Figure 2
demonstrates the densities of four glass samples, 14 with
20% of TeO,, 50% of W05, and 30% of GdF; sample proved
to have the highest density among all tested samples (i.e.,
6.053 g/cm’), where an obvious drop of density is seen in
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Secondary Gamma-ray

A
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I1 sample which contains 40% of TeO,, 30% of WO3, and
30% GdFs. 14’s WO5; composition was the greatest as 50%,
while I11’s WO3 composition was the lowest at 30%. The
density of the glass samples was therefore increased by the
presence of a significant WO; component. In addition,
coefficients of linear attenuation () from 0.015 to 15 MeV
have been determined. Figure 3 shows the linear attenua-
tion coefficient (u) values as a function of increasing
energy for the four glass samples. Low energy photons
are typically affected by the photoelectric effect owing
the predominancy of this effect in aforementioned energy
zone [34]. However, when the energy increases, a clear fall
in (u) values is seen owing to the predominating Compton
scattering effect. The graph demonstrates a decline from
0.04 followed by unstable high and low values of the four
samples around the k-absorption edge point, where a
steady decline started from 0.06 keV affecting Compton
effect [34]. 14 sample with the maximum WO; contribution
in glass configuration reported to have the highest value of
linear attenuation coefficient among almost all energy
levels. The results obtained indicate that the increase in
WOs-doping in the tellurite glass system leads to improve-
ments in both density and linear attenuation coefficient
values. Another essential gamma-ray absorbing para-
meter, mass attenuation coefficient (u,,), which repre-
sents the normalization of the materials density, would
be rather calculated by per unit mass that consider a
crucial data in determining the absorber performance.
Figure 4 represents the variation of p,, values in the

Table 1: Sample codes, molar compositions of compounds and
densities [29]

Sample TeO, Wo; GdF3 Density
code (mol%) (mol%) (mol%) (g/cm®)
11 40 30 30 5.8314
12 30 50 20 5.9453
13 30 40 30 5.9937
14 20 50 30 6.0530
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Figure 2: Variation of investigated glass densities.

range of 0.015-15 MeV, where the greatest values of u,
have been reported in the low energy range and the
lowest values have been reported in the high energy
range. Among all samples, 14 sample, with the high con-
centration of 50% WOs;, was observed with the maximum
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MUm Vvalues, due to the large atomic number of W that
enhanced the glass system properties in both linear and
mass attenuation coefficients in the used specific energy
scale. In addition, HVL investigation has been done which
covers a crucial position in shielding investigations as it
represents the lowest-possible absorber thickness required
to lower the intensity of the primary photons by its half-
value. Performance of a material may be assessed through
the halving of incident gamma-ray intensity within the
lowest material thickness possible. In Figure 5, the varia-
tions of HVL levels as a function of increasing energy are
seen for the four glass samples. The HVL values increase as
the energy of the incoming photon increased, demon-
strating different levels of values for material samples. 14
sample had the lowest HVL value among all glass samples
tested as the energy increases making it a superior sample
among all samples in determining the optimum radiation
shielding material. For instance, HVL values reported for
the four glass samples I1, 12, I3, and 14 at 15MeV are
2.8614, 2.7159, 2.728, and 2.648 cm, respectively. 14 glass
sample would decrease the initial intensity of an incoming
photons to half with the smallest possible thickness due to
the highest WO; amount in its composition. Another
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Figure 3: Variation of linear attenuation coefficient (cm™) with photon energy (MeV) for all 11-14 glasses.
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fundamental attenuation indicator is the mfp, which indi-
cates the average path of a moving gamma-ray between
interactions that might alter its direction or energy that
also demonstrates the attenuation radiation ability in a

material (Figure 6). Figure 7 indicates the relationship of
the mfp values (cm) with respect to increasing the incoming
photon energy. 14 has been proven to have the lowest mfp
among all energy levels due to the superior effect of high
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Figure 7: Variation of mfp (cm) with photon energy (MeV) for all I11-14 glasses.
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Figure 8: Variation of effective atomic number (Z.s) with photon energy (MeV) for all I11-14 glasses.

WO5 composition in gamma-ray absorption property, while
lower mfp values indicate the efficiency of the absorber.
Meanwhile, the term effective atomic number (Z.g) is
another important parameter to be considered in terms
of determining the attenuation properties of absorber
materials. It is widely recognized that the effective atomic
number demonstrates the quantity of electrons in the
nucleus orbit, with the Z number indicating the number
of electrons present. Thus, the atoms with the higher
number of Z values would result in having a high number
of electrons, and that the incoming photons may have a
high possibility to collide with electrons and reduce its
energy. The greater the collision, the greater the possibility
that the incoming photon energy would be absorbed
through an excitation or through the electron falling out
of orbit. Figure 8 displays the variation values of the effec-
tive atomic number at 0.015-15 MeV energy levels for 11, 12,
I3, and 14 glass samples. In the low energy level range of
0.015-0.3 MeV, the 14 sample exhibits the highest effective

atomic number. While, after increasing the energy level of
the incoming photon from 0.4 to 15MeV, 12 sample con-
taining 30% TeO,, 50% WOs, and 20% GdF; exhibited the
greatest effective atomic number. Both samples have the
greatest concentration of WOs, making their gamma-ray
absorption characteristics more effective.

3.2 Elastic-mechanical properties

As described in several reports the high atomic packing
for glasses is V; > 0.60 [35] and this value agrees with
good elastic moduli observed for these glasses [36,37].
Using the theoretical methods of Makishima—Mackenzie
[38], Young’s (E), shear (S), bulk (B), longitudinal (L)
elastic moduli, and micro-hardness (H) of the studied
glasses were calculated at various molar fractions of
GdF3, W03, and TeO, (Table 2). We referred to the published

Table 2: The mechanical parameters and elastic moduli of the investigated samples

Sample code  IV; (cm3/mol) G (kJ/ecm®)  V,(cm?/mol) E(GPa) B (GPa) S(GPa) L (GPa) o H (GPa)
11 17.043 48.18 0.50278777 48.449  29.231 19.795 44,077  0.43017  0.01628
12 18.242 54.26 0.52482053 56.954 35.868 23.051 53.157 0.42711 0.01703
13 17.703 49.56 0.517867896  51.331 31.899 20.836  47.526  0.42807  0.01679
14 18.363 50.94 0.524014044  53.387  33.570 21.615 49.781  0.42722  0.01700
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relations [38] to ascertain the mechanical parameters. The
estimated Poisson’s ratio and the anticipated elastic moduli
are presented in Table 2. By incorporating the calculated
numbers for the abovementioned parameters, we explain
and represent the assessed outcomes for other elastic-
mechanical parameters as follows. Researchers in material
physics frequently assess the various glasses’ strengths,
including those of glass—ceramic, inorganic, organic,
and metallic glasses, utilizing this important physical
characteristic [35,39]. It establishes a connection between
the mechanical properties of the glass and its chemical
composition, metallic transition temperature, and atomic
structures depicted in the glassy structure [35]. Moreover,
this ratio does not directly take into account the intera-
tomic bonds between the chemical components of glass,
instead, it depends on the atomic packing, cross-linking,
coordination number, and molecular organization of the
glass system under study [40]. In the current work, the
results demonstrate that Poisson’s glasses ratio changes
from 0.430 to 0.427 depending on the molar percentage
of GdF5, WOs, or TeO, present in the glasses. Table 2 also
shows the Gibbs free energy-encoded thermodynamic
characteristics of the glassy network (G). This metric’s
range of values is 48.18-50.94 kJ/cm>. A higher sample
density also corresponds with its progressive linear
expansion. Also, as shown in Table 2, the molar frac-
tions of WOs3 or TeO, in the molecular form of the glassy
structure rose linearly with increasing micro-hardness
(H) and other moduli. For instance, depending on
the molecular makeup of the substance, Young’s mod-
ulus of a given glass sample may range from 48.45 to
53.45.59 GPa. The interatomic-bonding strength, direc-
tional order parameter in the unit cell, and coordina-
tion number were responsible for these glasses’ elastic
properties [41].

4 Conclusion

In recent years, glass has been considered a potential
replacement for lead and concrete due to its transpar-
ency, ease of fabrication, high homogeneity, and capacity
to accommodate a wide range of heavy metal components
within its matrix, allowing for improved and maintained
shielding material properties. Using the melt quenching
method, various quantities of tellurite oxide, tungsten(iv)
oxide, and GdF; compounds have been previously synthe-
sized. The gamma-ray absorption capabilities of I1, 12, 13,
and I4 glass samples were determined by performing fun-
damental calculations on each sample. Distinct densities
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have been conducted for the four samples due to their

different composition rates, where 14 with 40% of TeO,,

50% of WOs;, and 30% of GdF; was reported with the

highest density value (i.e., 6.053 g/cm?). In the framework

of the results obtained from the study, the following pro-
positions were made:

e The high WO; concentration has greatly contributed to
the 14 sample’s high density. In addition, it has high
linear and mass attenuation coefficient of 0.37982 and
0.062749 at 1 MeV.

¢ When comparing the HVL values of the four samples,
I4 had the lowest HVL value at the greatest energy
of 15MeV, with a value of 2.648 cm, compared to
2.8614, 2.7159, and 2.728 cm for the other samples I1,
12, and I3.

¢ The mean free calculation reported 14 along with the
lowest value among all the samples, due to the positive
influence of WOj3 on the tellurite glass system.

During the investigation of Z.g, two glasses con-
taining the highest composition of W05 displayed inter-
esting outcomes. 14 with 20% of TeO,, 50% of WO;, and
30% of GdF; exhibited the highest effective atomic number
in the low energy ranges of 0.015-0.3 MeV, while 12 with
30% Te0,, 50% W05, and 20% GdF; exhibited the greatest
effective atomic number in the high energy ranges from
0.4 to 15 MeV. In the meantime, the results demonstrated
that o decreased while elastic moduli and micro-hardness
parameters increased linearly with the molar increase of
either WO; or TeO, in the glassy network’s molecular
structure. In conclusion, it is evident from our critical
examinations that increasing the quantity of WOs in the
tellurite glass system has improved its gamma-ray absorp-
tion capabilities as well as its mechanical properties, thereby
making it a useful instrument in radiation shielding technol-
ogies. Future research will determine whether WOs-con-
taining glasses of varying compositions exhibit comparable
effects. Due to its effect on density increase, WO; will be
considered as a doping agent in the synthesis of prospective
radiation-shielding materials.
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