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Abstract: We report the mechanical properties, elastic
moduli, and gamma ray attenuation properties of some
TeO,-WO5-GdF; glasses. Using the chemical composi-
tion of the selected glasses, the dissociation energy per
unit volume (G;) and the packing density (V;) were calcu-
lated. Using the G; and V; values, Young’s, Shear, Bulk,
Longitudinal Modulus, and Poisson’s ratio of the glasses
are calculated. Next several fundamental gamma ray atten-
uation properties such as linear and mass attenuation
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coefficients, half value layer, mean free path, effective
atomic number, effective electron density, effective con-
ductivity, exposure, and energy absorption buildup fac-
tors are calculated in 0.015-15MeV energy range. As a
consequence of WO5;—GdF;5 substitution, the glass densi-
ties are observed in different values. The overall gamma
ray attenuation properties are found to be enhanced
through WO; addition. Moreover, the increasing WO;
incorporation into glass configuration decreases the overall
elastic moduli of glasses. It can be concluded that increa-
sing WOs; may be a useful tool for enhancing the gamma
ray attenuation qualities and decreasing the elastic
moduli of TeO,—~WOs-GdF; in situations where a mate-
rial with versatile mechanical properties is required.

Keywords: mechanical properties, elastic moduli, gamma
ray, WOs, glass shields

1 Introduction

People are exposed to ionizing radiation on a daily basis
through natural radiation sources, including radioactive
materials found on earth soil, water, and air. In the past
years, people relied on man-made iodizing radiation to
serve multiple purposes. Man-made sources of ionizing
radiation include nuclear power plants, medical treat-
ment and diagnosis, scientific research, and agricultural
applications [1-3]. Despite the benefits of radiation use,
the risks and dangers cannot be ignored. Depending on
the kind and quantity of radiation dose absorbed, radia-
tion may cause serious harm to living biological tissues
and sensitive organs. A high dose of radiation may cause
erythema, tissue, and skin burns, or even in extreme
cases, death [4,5]. In addition to other situations, expo-
sure to constant radiation may cause cancer and other
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chromosomal abnormalities. Ionizing radiation is known
to induce direct and indirect harm to living tissues by
disrupting cell structure and damaging genetic informa-
tion (DNA) [6]. Therefore, the fundamental use of radia-
tion shielding is a must to provide safety to people and
the environment from radiation risks. Medical personnel
and patients are frequently exposed to radiation, requi-
ring commitment to radiation protection guidelines and
principles (ALARA), such as reducing exposure duration
and increasing distance from the radiation source, as well
as providing radiation shielding to prevent contact with
radiation source energy. Typically, traditional lead (Pb)
and some other materials may be incorporated as protective
structures into clothes, gloves, aprons, shielded glasses,
etc. [7-9]. However, due to the drawbacks of Pb and other
conventional protection materials, researchers have moved
their focus to glass materials due to its transparency, high
thermal and chemical stability, non-toxicity, and high
durability, which make them a good alternative option
as a shielding material for radiation protection purposes
[10-14]. Many types of glass materials have been inves-
tigated in respect of their gamma ray attenuation quali-
ties and suitability for such applications, according to the
literature review. Among the glass types, tellurite glass is
a glass-forming oxide, as it occurs in a wide range of
compositions in a variety of applications due to its non-
crystalline nature, as also known by its low melting point
and the lack of hygroscopic qualities [11,15,16]. It became
widespread in photonics technologies and in associated
fields by the fact of its high density and low transition
temperature [17]. Their optical properties have gained the
researchers interest, including high refractive and non-
linear index, high dielectric constant, in addition to its
high chemical stability and transmission of wide range of
infrared [18]. When employing tellurite as a composition
with other materials, it not only improved the glass-
forming ability but also the thermal stability [19]. In all
cases, when TeO, was used as a glass-forming agent,
its concentration was generally the highest, while the
other oxide materials being as a modified agent [20,21].
According to a number of published studies, the addition
of WOs to tellurite glasses synergistically improves a
number of parameters, including the quantity of gamma
absorption [22-24]. This wide scientific interest pushed
us to look into the differences in gamma ray absorption
properties as a function of the stages in which WO5 is
doped at different rates into tellurite glasses and GdF;
is added as a modifier at different rates [25]. Moreover,
in our study, tellurite was the first and dominant compo-
nent, while the second component GdF; was chosen as a
modifier due to its high density, high transmittance, and
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ability to provide high stability, all of which would
improve the glass network. GdFs is widely used as a
host in fluorescent materials, as well as the selection of
fluoride would improve the glass system’s anti-crystal-
lization abilities. The third component of the glass is
WOs;, while it is a glass former it would not only improve
the glass transition temperature but also would maintain
the high density and refraction index. The detailed out-
comes of this research may assist in understanding the
absorption properties of WO5-doped tellurite glasses modi-
fied through GdF;. Furthermore, the findings of this
research may lead to a comprehensive assessment of
similar glass mixtures reported in the scientific literature,
therefore simplifying the application of the optimum
useful configurations in the radiation protection process
employing glass shields.

2 Materials and methods

In this section of the investigation, we have gathered
crucial information about the gamma radiation shielding
capabilities of four TeO,—~WO;-GdF; glass samples [25].
The four glass samples were previously prepared using
the traditional method of melt-quenching, each sample
S1, S2, S3, and S4 had a unique composition in order
to identify various densities for evaluating gamma ray
absorption qualities between 0.015 and 15 MeV.

2.1 Gamma ray attenuation properties

Py-MLBUF software [26] was used to estimate the gamma
ray absorption characteristics of each prepared glass
sample, and ORIGIN software was afterwards utilized to
demonstrate the findings in detail. In this study, the mass
attenuation coefficient, linear attenuation coefficient (u),
half value layer (HVL) have been calculated and reported.
In addition, several critical data such as mean free path
(mfp), effective electron conductivity (Ceg), effective elec-
tron density (Neg), and effective atomic number (Zg)
were collected to assess the efficiency of the shielding
for a variety of photon energies from 0.015 MeV to 15 MeV,
respectively. Moreover, two crucial buildup factors such as
exposure (EBF) and energy absorption (EABF) were exten-
sively determined in 0.015-15MeV range for different mfp
values to assess the ratio of collided and un-collided photon
during the photon—matter interaction process as a function
of glass configuration. As seen in Table 1, four different
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Table 1: Four different proportions of TeO,—~WOs-GdF; glass system with their density values

Sample code mol% Density (g/cm®)

S1 Te0, (70%)-WO5 (0%)-GdF5 (30%) 5.4381

S2 TeO, (70%)-WOs (10%)—-GdF5 (20%) 5.4950

S3 TeO, (70%)-WOs3 (30%)-GdFs3 (0%) 5.5082

S4 TeO, (70%)-WOs3 (20%)—-GdF; (10%) 5.5113

proportions of TeO,-WO3-GdF; glass system have been g = Y 1 @)
26

listed along with their density (g/cm?) values. The com-
position of TeO, has by far the greatest mol% of 70, while
the mol% of GdF5; and WO; were varied from O to 30% to
study various densities and determine the optimal optical
and physical qualities for radiation protection purposes.
Through our prior investigations [27,28], as well as other
published materials [29,30], one could collect additional
specific data and theoretical calculation methodologies
about these identified important factors for mechanical
properties, elastic moduli, as well as gamma ray attenua-
tion parameters.

2.2 Mechanical properties and elastic
moduli

Mechanical properties of TeO,—~WO;-GdF; glasses were
obtained by Makishima and Mackenzie model [31]. With
the help of the chemical composition of the selected
glasses, the dissociation energy per unit volume (G,
and the packing density (V;) were calculated. Using the
G; and V; values, Young’s modulus (Y), Shear modulus
(G), Bulk modulus (K), Longitudinal modulus (L), and
Poisson’s ratio (o) of the glasses were calculated using
the following expressions [32,33];

V= Vim;xiVi, )
41t 3 3

Vi = NA(?)(XRA + YR), )
Y =9.38V,G; (GPa), 3)
K = 10V?G; (GPa), (4)

_ 30V2G,
©(10.2V; - 1) (GPa), ®
L=K+ (%) (GPa), ©)

where Ry and R, are the ionic radius of oxygen and
metal, respectively.

3 Results and discussion

3.1 Gamma ray attenuation properties of
investigated glasses

The gamma ray absorption properties of four distinct
compositions of the TeO,-WO5;-GdF; glass system were
investigated in this work. Separately, gamma ray absorp-
tion characteristics were evaluated via a sophisticated
calculation Py-MLBUF program [26]. Ionizing gamma
and X-ray absorption materials often have similarities
in density and absorption properties. High-density mate-
rials are more efficient in absorbing this kind of radia-
tion because the incident radiation is more likely to be
absorbed via internal interactions and to interact with
more electrons [34]. Using fundamental calculations, dif-
ferences in gamma ray attenuation qualities as a function
of analyzed glass structure have been determined. The
linear attenuation coefficient, also known as y, is a den-
sity-dependent parameter of a certain absorber material.
Using the Beer-Lambert equation, one can calculate the
u value using the following equation:

I=Iye™, (8)

where I, represents the intensity of the incoming beam, I
represent the intensity of the beam after transmission
through a thickness of x (cm), and u represents the
absorption coefficient (cm™) of the attenuator sample
[35]. Figure 1 depicts the physical appearance of a gamma
ray transmission setup, where the abovementioned para-
meters can be observed. Meanwhile, each of the four
glass samples displayed various densities. High density
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Figure 1: A typical setup for calculation of linear attenuation
coefficients.
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Figure 2: Variation in investigated glass densities (g/cm>).

is an essential parameter in radiation shielding studies,
this means that a material is having more atoms and
electrons per unit volume, which would make the mate-
rial ideal for blocking gamma rays, due to the high prob-
ability of interaction that would increase the shielding
effects. As seen in Figure 2, a considerable density differ-
ence exists between S1 and S4 samples. However, a small
difference was found between S4, which contains 70 mol%
TeO,, 20 mol% WO;, and 10 mol% GdF;, and S3, which
contains 70 mol% TeO, and 30 mol% WOs, resulting in a
density of 5.5113 (g/cm>) and 5.5082 (g/cm>). These adja-
cent densities would be explained by the high concentra-
tion of W05 in sample S3, while the addition of GdF; in
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S4 sample has encouraged to build up the structure,
resulting in the maximum density of the glass samples.
The measurement of gamma ray absorption properties as
a function of density change in the glass system would
be affected by the contribution of WO3. Figure 3 shows
the relationship between incident energy and the linear
attenuation coefficients (cm™) for the four tested mate-
rials (MeV). This fluctuation consequently represents the
behavior of the incoming photon energy as it is absorbed
or deflected by various interactions such as Compton
scattering and the photoelectric effect [36]. As the energy
increases, the effect of Compton scattering increases as
well, where a part of a photon’s energy is transferred to
an electron in the shielding material, contributing to a
reduction in the linear attenuation values at an energy of
0.05-5MeV. A rapid decline appeared in the graph in
energy from 0.04 to 8 MeV. However, our result proved
that S4 with the high WO; concentration sample along
with 10 mol% GdF; had the highest value of all the sam-
ples with a 77.9cm™ at 0.04 MeV as seen in Figure 3.
In addition, density-independent parameter MAC is an
additional crucial quantity for understanding the partial
absorption, which results in the removal of the incoming
gamma ray per unit mass [37-39]. Figure 4 demonstrates
that S4 with the large composition of WO5 sample has the
highest value in the low energy range, while it decreases
to become the lowest value of 0.0406 cm?/g at 1MeV.
HVL values are indicated in Figure 5 which represent
the thickness of the material samples needed to reduce
the incident photon energy to half. To determine the
optimal material sample, the thickness needed should
be as low as possible. There is a direct relationship
between photon energy and HVL, as the energy increases,
the HVL values increases as well. S4 with high WO; com-
position structure is proven to have the lowest HVL values
compared to the rest of the glass samples. For instance,
HVL values were reported as 3.275 cm, 3.1916 cm, 3.1395 cm,
and 3.0999 cm for S1, S2, S4, and, S4, respectively at 15 MeV
energy value. The inverse connection between linear
attenuation level and HVL successfully explains the beha-
vior of the S4 sample under these investigation parameters.
In addition, a common calculation of the mfp is done,
which shares the same concept as the HVL; however, it is
defined as the average distance between the two adjacent
photon interaction within the absorber material. Low mfp is
a good attenuation indicator, which explains that interac-
tions occurred at a short range. As seen in Figure 6, with the
increase in the energy, S4 sample is proven to have the
lowest mfp value compared to the rest of the sample’s
due to the positive effect of WO5; composition in gamma
ray absorption properties. Furthermore, effective atomic
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Figure 3: Variation in linear attenuation coefficient (cm™?) with photon energy (MeV) for all S1-S4 glasses.
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Figure 4: Variation in mass attenuation coefficients (cm?/g) with photon energy (MeV) for all S1-S4 glasses.

number (Z.g) is one of the important radiation absorption in the atom orbit [40,41]. Therefore, the larger the number,
parameters, which is related with the number of electrons the greater the collision with the atomic electron, resulting
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in a high absorption percentage due to the release of energy
in every collision of the incoming photon. Figure 7 shows a

rapid decline mainly where Compton scattering effect is
dominant, and S4 with the 20 mol% WO; and 10 mol%
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GdFs; is reported with the highest (Z.g) at all energies in
the utilized range (i.e., 0.015-15 MeV). For example, Z.g
values were reported as 51.8966, 52.5504, 53.1703, and
53.7746 for S1, S2, S3, and S4, respectively, at 0.04 MeV
photon energy. Meanwhile, effective conductivity (Ceg)
and electron density (Neg) are proportional to each other.
Figure 8 shows the variation in effective electron density
in the S1, S2, S3, and S4 glass samples. Effective electron
density is normally at its highest value in low energy
range, as it decreases when the energy starts to increase,
especially when photoelectric effect becomes dominant.
Among all glass samples, S4 sample with 30 mol% WO;
and 10 mol% GdFs, had the greatest electron density of
all glass samples, making it the sample with the highest
effective conductivity (Ceg) as well, with a value of 25.1652
(Cep) at 0.08 MeV. The buildup parameter is a crucial
element in nuclear physics and radiation shielding cal-
culations in particular. Due to a rise in radiation absorp-
tion, this number may approach minimum values. The
fluctuation of determined EBF and EABF values for S1,
S2, S3, and S4 glasses containing various amounts of
TeO,, W03, and GdF; at various mfp values from 0.5 to 40
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is seen in Figures 9 and 10, respectively. As seen by the
graphs, EBF and EABF levels have reached a minimum at
low mfp values. This demonstrates the excess rate of
photon interactions that the main photon experiences
after its penetration into the absorber material. As the
mfp value increased, the EBF and EABF numbers increased
as well. This circumstance begins with the material’s intro-
duction and continues onwards. Figures 9 and 10 also
demonstrate that the EBF and EABF values of the sample
with low WOs incorporation are much greater than those
of the sample with 20 mol% WO; and 10 mol% GdF; in
glass configuration. This indicates that the number of
photon interactions in 20 mol% WO; and 10 mol% GdF;
doped glass is considerable. The great number of inter-
actions is indeed a crucial indicator that the quantitative
absorption process may move ahead at a faster rate, as is
well-known. Among the examined glass samples, S4 was
determined to have the optimal composition for absorbing
energetic gamma rays along with the lowest EBF and
EABF values that are crucial markers for maximum photo-
n-matter interaction inside the absorber. This analysis was
conducted to determine the optimal radiation shielding
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Figure 11: Variation in EABF of investigated glasses at different mfp values.
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Table 2: Mechanical properties of the investigated glasses
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Sample code

Makishima-Mackenzie model (MMM)

g/mol V: G; Young’s modulus  Bulk modulus Shear modulus Longitudinal modulus Poisson’s
[\ Y (GPa) K (GPa) G (GPa) L (GPa) o

S1 32.361 0.502 16.391 68.839 41.367 30.091 81.488 0.224

S2 32.341 0.507 15.564  65.971 40.012 28.773 78.376 0.226

S3 32.893 0.507 13.909 58.965 35.767 25.717 70.056 0.226

S4 32.560 0.508 14.736 62.578 38.022 27.281 74.398 0.227

properties for the four glass samples; however, S4 exhibited
the maximum material density, yet the same sample with
20 mol% WO; and 10 mol% GdF; demonstrated consider-
able radiation shielding properties upon all materials sam-
ples, making it suitable for attenuating gamma radiation and
to provide shielding against ionizing radiation. Overall, our
analysis of the absorption properties of intense photons
revealed that they are consistent. As 30 mol% WO + 10 mol%
GdF; doped glass (i.e., S4) has been determined to have the
optimal composition for absorbing gamma rays among the
glass samples examined (Figure 11).

3.2 Mechanical properties of investigated
glasses

As a result of the calculations, the changes in elastic
properties due to the increased WO; contribution for
TeO,—~WO;-GdF; glasses according to the Makishima-
Mackenzie model were examined. Table 2 presents the
elastic modulus findings depending on the variation in
WO5—-GdF; concentrations of glasses. The Young’s mod-
ulus (Y) found ranged from 68.83 to 58.96 GPa, the long-
itudinal modulus (L) and mass modulus (K) ranged from
81.48 to 70.05 GPa and 41.36 to 35.76 GPa, respectively.
The shear modulus (S) decreased from 30.09 to 25.71 (GPa),
while the Poisson ratio () was found to be between 0.224
and 0.227. The replacement of WO; with GdF; decreased the
total elastic modulus of the glass network. This is because
the coordination index of W is lower than that of Gd. It is
evident that the elastic modulus of glasses is affected by the
atomic matrix’ looseness or density.

4 Conclusion

Due to the drawbacks of lead and other conventional
protection materials, researchers have moved their focus
to glass system materials due to its transparency, high

thermal and chemical stability, non-toxicity, and high
durability, which make it a good alternative option for
radiation protection. Our goal in this study is to investi-
gate the radiation shielding properties of four glass sam-
ples containing TeO,-WOs-GdF; in varying amounts.
Four glass samples of tellurite, tungsten(vi) oxide, and
gadolinium fluoride have been designed using conven-
tional melt-quenching process. Each sample of S1, S2, S3,
and S4 were made with different composition in order to
determine the distinct densities for studying the gamma
ray absorption properties in the range of 0.015-15 MeV.
S4 with 70 mol% TeO,, 20 mol% WOs, and 10 mol% GdF;
had the highest density of all samples, due to the high
composition of W05 that have advanced the glass struc-
ture qualities. S4 sample, which showed the highest
linear absorption coefficient values among the examined
glass materials, was reported as the sample with the
lowest values among the HVL values. For example, HVL
values for S1, S2, S3, and S4 samples were obtained as
3.275 cm, 3.1916 cm, 3.1395 cm, and 3.0999 cm, respectively.
On the other hand, S3 with 30% WO; sample proved to have
the lowest mfp value compared to the rest of the samples
due to the positive effect of WO5; composition in gamma ray
absorption properties, yet with a decreasing effect on the
total elastic modulus. It can be concluded that increasing
WO;5 may be a useful tool for enhancing the gamma ray
attenuation qualities and decreasing the elastic moduli of
TeO,-WO5-GdF; in situations where a material with versa-
tile mechanical properties is required.
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