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ARTICLE INFO ABSTRACT

Handling editor: Piotr Ulanski The mechanical behavior and gamma radiation attenuation features of borosilicate glasses with chemical
compositions 16Zn0-8Ba0-5.5510,-0.55b203-(70-x)B203/xBiz0O3 are extensively investigated. Makishima-
Mackenzie principle, Monte Carlo code, and Phy-X/PSD software are utilized in terms of determining these
properties. Our results showed that the total packing density (Vi) decreased from 0.634851 to 0.571458, while
the total dissociation energy increased from 26.612 (kJ/cm®) to 29.652 (kJ/cm®) for S1-glass (with 10 mol% of
Biz03) and S5-glass (with 30 mol% Biz03). All elastic moduli are enhanced by increasing the BizO3 additive in
the investigated glasses. Poisson’s ratio was decreased from 0.281226 for S1-glass to 0.256957 for S5-glass. In
terms of gamma-ray shielding parameters; linear (1) and mass attenuation (p,) coefficients for the rich glass
sample with BaO3 (S5) possess the highest values among all investigated (S1-S5) samples. The glass sample S5 is
reported with the lowest values of tenth (TVL) and half (HVL) value layers among all studied glasses. In addition,
the exposure (EBF) and energy absorption (EABF) bulidup factors were decreased with increasing the amount of
BiyO3 reinforcement for mean free path values from 0.5 to 40 mfp. The lowest possible levels of attenuation
(minimum transmission) were measured at a thickness of 3 cm for all of the glass samples.
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1. Introduction

Health, industry, and agriculture all benefit from the use of ionizing
radiation. Radiation leakage is one of the most serious threats to global
health and safety in this regard (Mgller and Mousseau, 2013). There are
several shielding applications where traditional concrete and lead (Pb)
have been employed for many years (AbuAlRoos et al., 2019; Zakaly
et al., 2020). Lead, on the other hand, has been related to several
long-term problems (Eid and Neurotoxicology, 2016; Hsiao et al., 2011;
Ogawa et al., 2008a). Lead in shielding applications, for example, may

produce “lead dust," which can be transported home and exposed to
children (Ogawa et al., 2008b).

Ongoing research continues to focus on developing radiation shields
that are both safe and environmentally friendly while also being
affordable. Various materials such, as polymers, metal alloys and glasses
show potential, to provide solutions for this purpose (Ahmed et al.,
2020; Han and Demir, 2009; Ilik et al., 2022; Kaur et al., 2019; Man-
junatha et al., 2019; Mann et al., 2015a; Sayyed, 2016). When consid-
ering materials, for radiation shields in the future one material that
stands out is borate oxide (Bi»O3). It is attractive due to its affordability,
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Table 1
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Samples code, elemental weight fraction, density, and molar volume of (70-x)B,03-16Zn0O-8Ba0-5.58i0,-0.5Sb,03- xBi»03: (x = 10, 15, 20, 25, 30 mol% glasses.

Samples Elemental weight fraction (Wt.%) Density, p (g/cm®)(Liuetal.,  Molar volume, V;,, (cm®/mol)(Liu
Code . R 2022) et al., 2022)
B (o} Si Zn Ba Sb Bi
S1 0.109547 0.333045 0.013045 0.08834 0.092779 0.010282 0.352962 4.111 28.8052
S2 0.086022 0.2853 0.011175 0.075676 0.079478 0.008808 0.453542 4.6973 29.4286
S3 0.068397 0.249527 0.009773 0.066187 0.069513 0.007704 0.528899 5.0905 31.048
S4 0.054698 0.221726 0.008684 0.058813 0.061768 0.006846 0.587465 5.5821 31.8641
S5 0.043747 0.199499 0.007814 0.052917 0.055576 0.006159 0.634288 5.8391 33.8555

ease of production transparency, and heat resistance several (Al-Buriahi
and Rammah, 2019; Alsaif et al., 2023; Boodaghi Malidarre et al.,
2023a; Gomaa et al., 2023; Kurudirek, 2017; Sayyed et al., 2018). The
hygroscopic nature of borate makes it difficult to produce a stable glass.
The issue may be resolved by using the relevant modifiers at the correct
concentrations. The high effective atomic number of some heavy mod-
ifiers, such as bismuth, barium, cadmium, molybdenum, and tungsten,
makes them excellent absorbers of ionizing radiation (Al-Hadeethi et al.,
2020; ALMisned et al., 2021a; Issa et al., 2022; Mostafa et al., 2024;
Tekin et al., 2022b; Zakaly et al., 2021b). Other light elements like so-
dium and calcium have also been utilized to increase the stability of a
product. Borosilicate glasses are those that include both SiO5 and B30s.
Due to its high constancy versus fracture strength and mechanical stress
at room temperature, silicate glass has gotten more attention, with high
constancy being a critical issue in shielding applications (Deliormanli
et al., 2021; Salem et al., 2023; Tekin et al., 2022e; Tekin et al., 2022a).
The combination of borate and silicate (borosilicate glass) is more
thermal shock resistant than silicate glass alone (Bois et al., 1995). In
comparison to other glasses, borosilicate glass has good mechanical
qualities (Bois et al., 1995; Chanthima and Kaewkhao, 2013; Singh et al.,
2014). Adding heavy metal oxides like bismuth oxide (Bi;O3) to boro-
silicate glasses reduces phonon energy, enhancing chemical durability
and radiation shielding effectiveness. Bi;O3 boasts several advantages:
low toxicity, low melting point, stable chemistry, and a PbO-like struc-
ture that improves adhesion and reduces softening (Khanna et al., 1996;
Singh et al., 2003, 2004). Antimony oxide (Sbo03) is another promising
modifier with desirable properties like high refractive index, polariz-
ability, and phonon emission. Studies combining Sb,O3 with borate
glass show potential in both optical and radiation shielding applications
(Kilic et al., 2021; Som and Karmakar, 2011). Antimony (Sb) acts as a
modifier to improve the stability and density of types of glasses. Barium
oxide (BaO) is known for its properties. Including BaO does not enhance
the density of the material. Also improves its mass attenuation coeffi-
cient, making it highly important, for applications involving radiation
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shieldin (He et al., 2019; Shaaban et al., 2009). ZnO-containing optical
materials have been getting a lot of interest from the scientific com-
munity all over the world because of their unique optical features as well
as their non-toxicity, non-hygroscopic nature, and reduced cost. Zinc
oxide (ZnO) is often combined with borate to increase the glass system’s
resilience to chemical degradation, thermal instability, and crystalliza-
tion (Alfryyan et al., 2023; Zaid et al., 2012). This study aimed to
investigate the mechanical behavior and radiation attenuation proper-
ties of several types of borosilicate glasses. The findings may help with
the investigation of the change in mechanical and gamma-ray attenua-
tion behaviors of glasses based on various kinds of modifications.

2. Research approach and methodology

This study focuses on evaluating the effects of incorporating bismuth
oxide into a borosilicate glass matrix, specifically targeting (i) the ma-
terial’s mechanical attributes and (ii) its efficiency in shielding against
gamma radiation. The choice of borosilicate glass as the foundational
material stems from its noted enhancement in mechanical strength upon
the addition of heavy metal oxides. The composition, including density
and molar volume, of the glass samples comprising BaO-Z-
n0O-Si02-Sby03-B203/Bis03, is documented in Table 1. The anticipated
outcome of introducing bismuth oxide into these glasses is a notable
increase in their density, which in turn is expected to bolster their ca-
pabilities in blocking gamma radiation.

Besides employing the Makishima-Mackenzie (MM) principle for
assessing mechanical attributes (Elkhoshkhany et al., 2020; Inaba et al.,
1999; Makishima and Mackenzie, 1973; Zakaly et al., 2023a, 2023b),
this study also engaged Monte Carlo simulations (computer code
Collection, R, 2002) and various theoretical analytical methods (Sakar
et al,, 2020)to evaluate the shielding properties and calculate the
gamma-ray transmission factor (TF) values. The visual representation of
the Monte Carlo N-Particle eXtended (MCNPX) simulation setup is
illustrated in Fig. 1, showcasing both two-dimensional and
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for Transmission Factors

Detector forSecondary Gamma-ray
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(b)

Fig. 1. (a) 2-D view of designed MCNPX simulation setup (b) 3-D illustration of designed MCNPX setup (2-D and 3-D views are obtained from MCNPX Visual

Editor VisedX228S).
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16Zn0-8Ba0-5.5Si02-0.5Sb203-(70-x)B203/xBi203
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Fig. 2. XRD pattern of the investigated glasses.

three-dimensional perspectives. Specifically, Fig. 1a provides a basic
view of the simulation environment, while the enhanced version created
using the MCNPX visual editor is presented, offering a more detailed and
rendered visualization of the simulation layout. Fig. 1b further illus-
trates the three-dimensional configuration of the experimental setup,
highlighting the placement of the glass sample used as a radiation
attenuator, alongside the zones allocated for detecting primary photons
emitted from the radiation source and secondary photons that have been
attenuated by passing through the glass sample.

In the current investigation, X-ray diffraction (XRD) was employed to
analyze the structural properties of the five bismuth borosilicate glass
samples, with a fundamental composition of 16Zn0O-8Ba0-5.5Si02-
0.5Sby03 and variable By03/BisO3 ratios. The BisO3 content in these
glasses ranged from 10 to 30 mol%, increasing in increments of 5 mol%,
as inspired by methodologies outlined in previous research (Liu et al.,
2022). Each sample was uniquely identified, with their respective den-
sities and molar volumes as follows: Sample S1 contained 10 mol%
Biy03, resulting in a density of 4.111 g/cm® and a molar volume of
28.8052 cm®/mol. Sample S2, with 15 mol% Bi»O3, had a density of
4.6973 g/cm® and a molar volume of 29.4286 cm®/mol. For sample S3,
the Bi,O3 content was 20 mol%, yielding a density of 5.0905 g/cm® and
a molar volume of 31.048 cm®/mol. Sample S4 comprised 25 mol%
Bi,O3, which contributed to its density of 5.5821 g/cm® and molar
volume of 31.8641 cm®/mol. Finally, sample S5, with the highest Bi,O3
concentration of 30 mol%, exhibited a density of 5.8391 g/cm® and a
molar volume of 33.8555 cm>/mol. The specific details regarding the
elemental weight fraction and additional characteristics of these sam-
ples were meticulously catalogued in Table 1. Fig. 2 illustrates the XRD
patterns of these investigated glasses, exhibiting the characteristic broad
humps and the absence of sharp peaks, which are indicative of their
amorphous nature. The broad humps increase in intensity with higher
BiyOs3 content, suggesting changes in the glass structure as more Bi203 is
incorporated. This absence of crystalline peaks confirms the amorphous
structure of all glass samples, with varying Bi»O3 concentrations having
no significant impact on the amorphous state of these materials.

2.1. Mechanical properties of bismuth borosilicate glasses (S1-S5)

In this study, the elastic moduli and Poisson’s ratio of the investi-
gated bismuth borosilicate glasses (S1-S5) were examined via
Makishima-Mackenzie (MM) principle (Inaba et al., 1999; Issa et al.,
2023; Makishima and Mackenzie, 1973; Zakaly et al., 2023a). The main
issue in the MM principle is calculating the total ionic packing density
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Table 2
Packing density factor (V;), and dissociation/bond energy per unit volume (G;)
of the oxides Bi,03, B203, BaO, ZnO, SiO,, and Sb,0s.

Oxide V; (cm®/mol) [39] G; (kJ/cm®) [39]
Bi,03 26.1 31.6
B203 20.8 16.4
BaO 13.1 40.6
ZnO 7.9 415
Si0, 14 64.5
Sb,04 23 35.3

(Vy) and the total dissociation energy per unit volume (Gy) for the glass
system oxides using the following relations (Inaba et al., 1999;
Makishima and Mackenzie, 1973; Zakaly et al., 2023b, 2023c):

V,= (VL)Z(V,»x,-) ey}

m A

G, = Z(Gix,») (kJ [ em?) (2

i

Where, (V)) is the packing density factor and (G;) is the dissociation
energy per unit volume of the contributed glass systems oxides.

Then, elastic moduli (Young’s (Epnm), bulk (Kynp), shear (Sym), and
longitudinal (Ly)) can be calculated in GPa unit via the next relations
(3-6), respectively (Inaba et al., 1999; Makishima and Mackenzie, 1973;
Zakaly et al., 2023b, 2023c):

Eyy = 2VrGt (3)
Ky =1.2V,Eyy 4)
Sy = (5)
M 9Ky — Eun)
4
Ly = Kum + §SMM (6)

Also, Poisson’s ratio (o) can be calculated via:

_( Eum
Omum = <2GMM) 1 @

3. Results and discussion

3.1. Assessment of mechanical properties (elastic moduli and Poisson’s
ratio)

We estimated the fundamental mechanical parameters of the
examined glasses using the fundamental calculation parameters re-
ported in Table 2. On the other hand, Table 3 displays the calculated
values of (Vy) and (Gy). Using data from Table 3, one can see that the (V)
and (Gy) values for S1-S5 glasses fall from 0.634851 for S1-glass (10 mol
% of Bi;O3) to 0.571458 for S5-glass (30 mol% of Bi;O3) Fig. 3. This drop
might be interpreted as a result of the reduced ionic radius of Bi,O3
compared to Bi;O3. Consequently, as shown in Fig. 3, the (Gt) of the
studied glasses rose with increasing the Bi;O3 concentration, from a low
of 26.612 (kJ/CIn3) for S1-glass (with 10 mol% of BizO3) to a high of
29.652 (kJ/cm3) for S5-glass (with 30 mol% of Bi»O3). The trend of the
(Gp) is due to the replacement of BoO3 with low dissociation energy
(16.4 kJ/cm®) by BipO3 with high dissociation energy (31.6 kJ/cm?). By
applying the obtained values of the (V) and (Gy) in relation (3), the
values of Young’s elastic modulus (Epz) can be obtained, its values were
changed from 33.78929 GPa to 34.60428 GPa. Then substituting by
(Emp) in relation (4), the bulk elastic modulus ((Kpz) of the investigated
S1-S5 glasses, its values varied from 23.23989 GPa to 24.86757 GPa.
Correspondingly, shear (Spmn) and longitudinal (Lpgy) elastic moduli
were computed via relations (5) and (6), respectively. Values of the
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Table 3

Radiation Physics and Chemistry 220 (2024) 111683

Total ionic packing density (Vy), total dissociation energy (Gy), Young’s modulus (Ep.m), bulk modulus (Ky.m), shear modulus (Sy-m), and Poisson’s ratio (oy.m) based
on Makishima-Mackenzie model of the studied glasses. The x; is mole fraction of the component i of an oxide glass and Vy, is the molar volume of the glass samples.

Parameters and elastic moduli S1 S2 S3 S4 S5
1 0.634851 0.630407 0.606062 0.598856 0.571458
V= () S
m i
G, = 3(Gixy) (kJ/cm®) 26.612 27.372 28.132 28.892 29.652
i
Eym = 2V,G, (GPa) 33.78929 34.51101 34.09945 34.60428 33.88975
Kym = 1.2V Epy (GPa) 25.74138 26.10718 24.79964 24.86757 23.23989
(3EmmKnmm) 13.18631 13.48419 13.41617 13.6444 13.48087
Sum = o (Gpa)
(9Kmm — Emmr)
4 43.27918 44.04116 42.64315 43.01462 41.16945
Ly = Kum + §SMM (Gpa)
E 0.281226 0.279684 0.270834 0.268076 0.256957
oum = (zcﬂ> ~1(GPa)
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Fig. 3. Variation of G and V as a function of Bi;O3 content mol% of the
investigated glasses.
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Fig. 4. Variation of elastic moduli as a function of Bi;O3 content mol% of the
investigated glasses.

shear (Sy) were changed from 13.18631 GPa to 13.6444 GPa, while
values of the (Lypy) were varied from 41.16945 GPa to 44.04116 GPa as
shown in Fig. 4. Poisson’s ratio of the studied S1-S5 glasses is computed
via relation (7), the values of (o) are decreased from 0.281226 for S1-
glass to 0.256957 for S5-glass as shown in Fig. 5. The observed variation
in the mechanical features of the studied glasses may be attributed to the
increase in vacancies, defects, and creation of a large number of non-
bridging oxygen (NBO) with increasing Bi»O3 content in glasses (Boo-
daghi Malidarre et al., 2023b; Issa et al., 2020; Rammah et al., 2021;
Zakaly et al., 2023a).

Bi, 0, content mol%

Fig. 5. Variation of Poisson’s ratio as a function of Bi,O3 content mol% of the
investigated glasses.
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3.2. Gamma-ray shielding properties

Five distinct glass samples were tested for shielding characteristics
against ionizing gamma rays in the second part of the study of the
examined bismuth borosilicate glass group. Fig. 6 depicts the change in
the density of the examined glass group. From sample S1 to sample S5,
the glass density increased, as seen in the figure. Due to a progressive
increase from sample to sample, the Bi additive rate in S5 (0.634288 wt
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% out of 1) is the highest of any sample studied. The S5 sample’s
maximum glass density was determined to be 5.8391 g/cm? due to the
impact of the highest Bi additive (Liu et al., 2022). To further investigate
the effect of material density on a key parameter, the phrase linear
attenuation coefficient (p) might be employed. Variations in linear
attenuation coefficient and representation as a function of increasing
energy values are shown in Fig. 7. In the interaction process of energetic
photons with matter, different mechanisms may become dominant. This
situation changes according to the magnitude of the energy possessed by
the photons interacting with the matter. When it comes to low-energy
photon interactions, for example, the photoelectric effect is by far the
most frequent (H. O. Tekin et al., 2022e; Tekin et al., 2021; Almisned
et al., 2021b). According to recent findings, the linear attenuation co-
efficients in the low-energy region have begun to decline dramatically,
as seen in Fig. 7. A k-absorption peak of Bi was also observed and linear
attenuation coefficient values continued their downward trend after this

o
o
L

Half Value Layer (cm)

o
o
=

Energy (MeV)

Fig. 9. Variations of half value layer (cm) with photon energy (MeV) for all
S1-S5 glasses.

drop. For the S5 glass sample, we found the highest linear attenuation
coefficients of all those examined. Because of the above-mentioned
maximum Bi contribution and the additive’s indirect influence on
glass density, this situation is reported for linear attenuation coefficients
(Khalil et al., 2024; Zakaly et al., 2021a). The mass attenuation coeffi-
cient (pp) was then calculated as a density-independent shielding
parameter. Fig. 8 displays the mass attenuation coefficients for all
glasses in the S1-S5 series. Our findings showed that the S5 sample
exhibited the highest mass attenuation coefficient among the evaluated
glasses. Mass attenuation coefficients for S5 may have been changed by
the increased proportion of Bi in the structure, as a result of Bi’s higher
atomic number (Ali et al., 2023). By altering the thickness of the ma-
terial, one may adjust the amount of gamma radiation that passes
through. The relative attenuation performances of different attenuator
samples relative to the same gamma-ray energy level is another standard
by which to evaluate attenuator samples. In order to determine a
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Fig. 10. Comparison of half-value layer (HVL) for S5 glass with Bi,O3 against
traditional and novel shielding materials.

shielding material’s half-value layer (HVL) value, directly measuring the
thickness of the material in centimetres at which the gamma ray’s en-
ergy is reduced by half. The HVL values of the glass samples investigated
in this study were determined at energies between 0.015 and 15 MeV for
samples S1, S2, S3, S4, and S5 are shown against incoming gamma-ray
energy in Fig. 9. With increasing half-value layer thickness, the glass
samples clearly exhibited different behaviors. For instance, half-value
thicknesses are very small in the low-energy zone and get gradually
bigger when energy is applied. All of the tested glass samples had
extremely low HVL needs for the low energy zone because of their
density and weight. These HVL values, however, soared to higher values
(cm) in the high-energy zone, as seen in the graph Among all energy
levels, the S5 sample has the lowest HVL values, as can be seen in Fig. 9.
Particularly concerning the effect of BioO3 augmentation on borosilicate
glass properties and their comparison to similar glass compositions and
traditional shielding materials Fig. 10, our study undertakes an
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extensive evaluation. We have incorporated detailed comparative fig-
ures to elucidate the half-value layer (HVL) values of our most effective
glass sample (S5), juxtaposed against an array of other shielding mate-
rials. These include conventional options such as lead and various forms
of concrete—ordinary, (HSC), and (ILC)—as well as innovative mate-
rials like iron limonite (IL), steel slag concrete (SSC), and two distinct
glass formulations, G1 and G2 (Bashter, 1997; Issa et al., 2018). This
comparative analysis aims to underscore the gamma-ray attenuation
prowess of our S5 sample, delineating its superiority or competitive
stance vis-a-vis both traditional and novel shielding contenders. By
integrating this comparison alongside an analytical discourse, we aim to
illuminate the transformative influence of Bi;O3 integration on the ra-
diation shielding efficacy of borosilicate glasses. This approach ad-
dresses the previously highlighted gap and enriches the manuscript by
casting our results against a broader scholarly backdrop. The juxtapo-
sition delineates the promising potential of Bi;Os-doped borosilicate
glasses as an innovative substitute for age-old radiation shielding ma-
terials, shedding light on their practical benefits and positioning within
the spectrum of radiation protection solutions.

On the other hand, it is possible to employ a tenth value layer (TVL)
to construct a new component that is similar to the half-value layer and
provides equal operational information. Like HVL, this metric specifies
how thick a layer of material must be to reduce radiation intensity by
10% (Rammah et al., 2020; H. O. Tekin et al., 2022¢). The tested TVL
values for heavy metal oxide glasses are shown to change as a function of
energy in Fig. 11. The tenth value layer values are quantitatively greater
than the half-value layer values for the identical energy values. This
occurs often, and additional shielding material is required to lower the
radiation by one-tenth. While the quantitative values for qualities like
these are different for comparable energy values, it turns out that the S5
sample has the lowest values in one-tenth value thickness. Once radia-
tion has made first contact with the shielding material and penetrated
into the interior areas, individual photons will interact with atoms inside
the substance. Incoming radiation undergoes these interactions, which
result in its energy being completely absorbed. Mean free path (mfp) is a
parameter used to calculate the minimum distance between two
consecutive photon interactions in a material. For a given energy value,
calculating the mean free path gives valuable insight into how variations
in addition to incorporation and chemical composition affect the
following contact distance between the photon and matter, making it an
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for all S1-S5 glasses.

invaluable tool for comparative studies. Fig. 12 depicts the variation in
the mean free path for different photon energies for glasses in the S1-S5
range (MeV). The measured mean free path values for the glass samples
vary with the photon energy (see Fig. 12). This seems to indicate a
correlation between the average range of a gamma ray and its ability to
penetrate matter. Gamma radiation has increasing mean free path
values with increasing energy, however, the S5 sample had the lowest
mean free path values for any given gamma radiation energy. To put it
another way, the S5 sample is more efficient at absorbing gamma rays of
a given energy when they are nearby. In general, an effective atomic
number (Zg) is used to calculate the mean atomic number of a com-
pound or mixture of substances. Moreover, Z is helpful not just for
comprehending why electrons farther out from the nucleus are so much
weaker coupled than those closer to the nucleus, but also for deter-
mining when to utilize simpler techniques for computing other charac-
teristics and interactions (ALMisned et al., 2021a; Mahmoud et al.,
2021; Mann et al., 2015b; Tekin et al., 2022d; Zakaly et al., 2022). In this
study, Z.g values of S1, S2, S3, S4, and S5 samples were determined in
0.015-15 MeV energy range. Zf shifts as a function of photon energy
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are seen in Fig. 13 for all S1-S5 glasses. Z¢gr values were found to be
greatest in the low-energy zone, where the photoelectric effect between
the incoming photon and matter was most prevalent. Zeg increased
significantly in the lowest energy range as a result of increasing Bi
contribution in the glass structure. This can be explained by the high
atomic number (i.e., 81) of Bi element. After that, the intensity of
Compton scattering within the mid-energy band dramatically reduced
the Zgs values. The results obtained indicated that the S5 sample had the
highest Zeff values because it included the highest mass attenuation
coefficients and the highest Bi incorporation in the glass matrix. The
effective electron density (Negf) is strongly linked to the effective atomic
number. For all glasses, the effective electron density (electrons/g) is
shown in Fig. 14. A similar trend in the energy-dependent variation of
the Nggr values may be attributed to the fact that the values of the
effective atomic number and electron density, known as Ze¢r and Neg, are
exactly proportional. Our results revealed that the S5 sample, which has
the highest effective atomic number among the examined glass samples,
also has the highest effective electron density. A common term for the
proportion of one’s overall exposure that comes from unscattered radi-
ation is build-up factor (E,x). Accordingly, the buildup factor has to be
considered while designing shielding for radioactive sources like nuclear
reactors. Medical radiation barriers need to compensate for the build-up
factor so that they can better understand how the shield material reacts
to incoming gamma rays. When the scattering cross section is small
relative to the absorption cross section, the build-up factors become
large, sometimes even surpassing zero. Fig. 15 and Fig. 16 depict the
gamma-ray energy (MeV) over the mean free path (MFP) dependence of
the energy absorption build-up factor (EABF). Absorption of incoming
gamma rays is dominated by photoelectric interaction, as shown by the
very small EBF and EABF values in the low gamma ray energy area.
Compton Scattering, however, causes a significant increase in both the
EBF and EABF values by around 0.1 MeV. Increasing the amount of
BiyO3 reinforcement decreased the EBF and EABF values for all mean
free pathways, as shown by our findings. As the amount of Bi in the glass
samples grows from S1 to S4, the collision rate of incoming gamma rays
increases considerably.

The gamma-ray transmission factor (TF), a crucial parameter for
assessing the effectiveness of shielding materials, was evaluated across a
range of energies corresponding to common radioisotopes. These en-
ergies included 0.0086 MeV, 0.0093 MeV, and 0.1840 MeV for Gallium-
67 (¥’Ga); 0.0144 MeV, 0.1221 MeV, and 0.1365 MeV for Cobalt-57
(*’Co); 0.5110 MeV and 0.8108 MeV for Cobalt-58 (*3Co); 1.1732
MeV and 1.3325 MeV for Cobalt-60 (6°Co); a series of energies 0.0532
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Fig. 15. Variation of exposure buildup factors (EBF) of investigated glasses at different mean free path values.

MeV, 0.0796 MeV, 0.0810 MeV, 0.2764 MeV, 0.3029 MeV, 0.3560 MeV,
and 0.3838 MeV for Barium-133 (*33Ba); 0.0710 MeV, 0.1350 MeV, and
0.1670 MeV for Thallium-201 (*°'TD); 0.0230 MeV, 0.2450 MeV, and
0.1710 MeV for Indium-111 (Hlln); and for Iodine-131 (1311), the en-
ergies were 0.2843 MeV, 0.3645 MeV, 0.6370 MeV, and 0.7229 MeV.
Additionally, Technetium-99 m (gngc) was tested at 0.1405 MeV,
Chromium-51 (°'Cr) at 0.3201 MeV, and Cesium-137 (**’Cs) at 0.6617
MeV. These specific energy levels were chosen to comprehensively un-
derstand the shielding material’s performance across a broad spectrum
of gamma-ray energies encountered in various radiological applications.
Fig. 17 shows the radioisotope energy (MeV) for different glass thick-
nesses based on the TFs of the studied glasses. The radioisotope’s energy
causes the transmission factor to increase as well, from 0.0086 MeV to

1.3326 MeV. The glass samples’ TF values were the lowest across the
board at low energy levels. This is because to the thick samples’ superior
attenuation of low-energy gamma rays. Nevertheless, at about 0.1 MeV,
a distinction becomes evident. The reaction to gamma rays with energy
greater than 0.1 MeV varies over a range of glass thicknesses. All of the
glasses were tested at a thickness of 3 cm to determine their minimum
attenuation (also called minimum transmission). Shielding materials’
attenuation capacities may be modified by shield thickness; hence,
increasing shield thickness improves the attenuation of inbound gamma
rays.
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4. Conclusion

This study systematically investigated the impact of increasing BizO3
content (10-30 mol%) on the mechanical and gamma-ray attenuation
properties of borosilicate glasses. Five compositions were synthesized
and analyzed using theoretical tools and simulations. To this end,
Makishima-Mackenzie principle, Monte Carlo code, and Phy-X/PSD
software were applied. Our findings revealed that.

e Packing density Decreased, and dissociation energy Increased, sug-
gesting enhanced structural stability with Bi;Osaddition.

o Elastic moduli: All (Young’s, Shear, Bulk, and Longitudinal) signifi-
cantly increased with Bi;O3 content, indicating improved mechani-
cal strength.

e Gamma-ray shielding: Glass with the highest Bi;O3 (S5) showed
superior performance and higher linear (p) and mass attenuation
(pm) coefficients. Lower tenth (TVL) and half (HVL) value layers for
more efficient absorption (e.g., TVL decreased from 2.92 cm (S1) to
2.25 cm (S5)).

e In addition, the exposure (EBF) and energy absorption (EABF)
buildup factors were decreased with increasing the amount of BizO3
reinforcement for all mean free path values.

Based upon incorporating Bi»Os3 into glasses significantly enhances
their nuclear radiation shielding, with the S5 sample exhibiting superior
absorption. While promising, further optimization and research on the
material properties’ influence are crucial for achieving the suggested
glass system’s full potential. This work provides a foundation for future
investigations into optimizing and enhancing radiation-shielding
glasses.
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