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Abstract: Elastic moduli were theoretically computed using the Makishima–Mackenzie model
for SiO2–Na2O–CaO glasses doped with Sb2O3 contents. The calculated elastic moduli (Young’s,
bulk, shear, and longitudinal modulus) were observed to increase with an increase in the Sb2O3

contents. The microhardness showed an increase, while Poisson’s ratio decreased with the rise of the
Sb2O3 contents. In addition, gamma-ray and neutron shielding parameters were evaluated for the
investigated glasses. The linear attenuation coefficient (LAC) was simulated using the Monte Carlo N-
particle transport code (MCNP-5). Other parameters, such as the mass attenuation coefficient (MAC),
transmission factor (TF), and half-value layer, were calculated based on the simulated LAC. The
addition of Sb2O3 content was observed to enhance the investigated glasses’ shielding parameters,
where the highest LAC was achieved for the SCNSb10 glass with 10 mol% Sb2O3 and decreased from
0.441 to 0.154 cm−1 at gamma energies between 0.248 and 1.406 MeV. Furthermore, the fast neutron
effective removal cross-section (∑R) was computed theoretically. The calculated results showed that
the highest ∑R was equal to 0.0341 cm2g−1 and was obtained for the SCNSb0 glass, which had no
Sb2O3 content, while the lowest ∑R was equal to 0.0286 cm2 g−1 for the SCNSb10 glass sample. The
present work was carried out to examine the advantages of the soda–lime glasses with different
Sb2O3 contents in several photon shielding applications, especially for radiation safety in nuclear
installations.

Keywords: glass-based hybrid material; mechanical properties; softening temperature; gamma-ray
shielding features; Monte Carlo simulation

1. Introduction

Various glass-based systems have their own medical, industrial, and technological
applications due to their intrinsic magnetic, optical, physical, structural, and mechanical
features. These properties, in principle, can be measured in house-based laboratories due
to their ease of modification and access for certain experimental setups [1–4]. On the
other hand, radiation–matter interactions may be best performed at synchrotron-based
facilities such as the Deutsches Elektronen-Synchrotron (DESY) (Hamburg, Germany), Eu-
ropean Synchrotron Radiation Facility (ESRF) (Grenoble, France), or National Synchrotron
Light Source (NSLS) (Brookhaven, NY, USA). Unfortunately, access to these worldwide
state-of-art laboratories is very restricted for users due to their tight beam time schedule.
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Therefore, theoretical calculations or numerical simulations may be used as one alterna-
tive to overcome these experimental deficiencies in order to shed light on X-ray or γ-ray
radiation–matter interactions. For this purpose, the study will focus on calculations and
simulations of SiO2–Na2O–CaO glasses with different contents of Sb2O3 (see below), which
have emerged in different applications [5]. Heavy metal oxide (HMO) glasses, such as
Bi2O3, Sb2O3, and PbO, have been investigated due to their interesting properties in in-
frared and nonlinear optics [6]. Additionally, soda–lime–silica glasses are currently the
subject of extensive research because of their various applications in medical and dental
fields, in addition to their utilization in industrial applications [7,8]. Moreover, soda–lime–
silica glasses have been utilized as radiation-sensitive dosimeters and are desirable glasses
for the preparation of cheap integrated optical amplifiers [9].

However, some studies have exemplified the different types of glass systems for
their potential use as shielding materials. Singh et al. [10] estimated several attenuation
parameters of barium borate–flyash glass samples at different photon energies using an
experimental setup. The authors reported that these samples are better photon shields in
comparison to some types of concretes. Manohara et al. [11] evaluated the effective atomic
number and other relevant quantities for borate glasses with Bi2O3, PbO, CaO, and SrO,
using photon interaction cross-sections. They found that the glass samples with both PbO
and Bi2O3 were promising photon shielding mediums due to the high Zeff of these HMOs,
which leads to a high absorption of photons. They also concluded that Bi2O3 is an excellent
alternative to PbO for radiological protection. Kurtulus and Kavaz [12] have investigated
the shielding factors of waste soda–lime–silica glasses with several amounts of SrO using
a computer program called Phy-X. They found that the glass with 15 wt% of SrO had
the highest attenuation factors (both mass and linear) and the lowest half-value thickness.
Sallam et al. [13] fabricated bismuth borate glass samples doped with Ni, Cu, and Co
using a traditional melting technique and reported the radiation shielding characteristics
using an experimental method at four energies (between 662 and 1333 keV). They found
that the addition of 0.7% of Ni, Cu, and Co to the bismuth borate glasses enhanced the
fabricated samples’ shielding ability because these transition metal oxides can have several
valance numbers. Al-Hadeethi and Sayyed [14] applied Geant4 simulation to determine
the gamma attenuation features for borosilicate systems doped with TiO2, Bi2O3, and BaO.
They studied the influence of each of these three heavy metal oxides on the half-value
layer of the samples at 0.347 and 1.275 MeV. They also compared the radiation shielding
parameters for the undoped glass with the glasses doped with TiO2, Bi2O3, and BaO to
understand the effect of these oxides on the shielding features of the borosilicate glasses.
Sayyed and Lakshminarayana [15] fabricated five glass samples containing a fixed content
of TeO2 (5 mol%) and different amounts of BaO (5 to 25 mol%), and studied the physical
and attenuation characteristics of these glasses using several techniques. They concluded
that the glass with 25 mol% of BaO has a thinner half-value layer than the other samples.

All of the aforementioned studies indicated that the inclusion of heavy metal oxides
such as PbO, BaO, Bi2O3 and Sb2O3 may help to enhance the shielding capability of the
glass system. In fact, adding Sb2O3 to the glasses leads to the enhancement of the physical
properties such as the density, refractive index, thermal and mechanical durability etc. [16].
Additionally, glasses with Sb2O3 exhibit novel optical properties with high transparency to
infrared radiation making them potential candidate materials for non-linear optical devices.
Moreover, the addition of Sb2O3 to the glasses may cause glasses to be more resistant to
the formation of high energy radiation-induced defects [5]. Furthermore, the addition
of Sb2O3 has an important role to enhance the attenuation performance of the glasses
against ionizing radiation [5]. In the current work, the effects of antimony on the radiation
shielding and mechanical features of soda–lime–silica glasses were investigated. The
mass/linear attenuation parameters, transmission factor, dose rate, and the half-value layer
of all compounds were evaluated to evaluate the glasses’ radiation shielding efficiency.

These properties reveal the interactions between γ-rays and these glasses for uses in
medical and industrial applications. All of the previously reported studies evaluating some
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systems’ shielding features have been carried out either experimentally or theoretically
based on XCOM software. However, there are a limited number of studies in the literature
that have used the MCNP-5 code to investigate the shielding characteristics of glass
samples [7–19]. This comprehensive study may stimulate scientists working in synchrotron-
based facilities to perform experimental studies on these compounds to compare these
results with their future experimental data on these samples. This theoretical study may
also help people working in industrial and medical applications to design new related
compounds for tunable radiation resistance devices.

In this work, the mechanical and shielding features for soda–lime–silica glasses were
reported. The effects of Sb2O3 on the mechanical and shielding parameters of the selected
soda–lime–silica glasses were also investigated.

2. Materials and Methods
2.1. Mechanical Properties Calculations Using Makishima–Mackenzie Model

The Makishima–Mackenzie model was applied to predict the elastic properties of
the SiO2–Na2O–MgO–CaO–Al2O glasses doped with Sb2O3 content. The present glass
samples were collected from reference [5]. The composition, density, molecular weight,
and molecular volume of the studied samples are presented in Table 1.

Table 1. The chemical composition, density molecular weight, and molar volume of the investigated glasses.

Glass Code
Chemical Composition (wt%) Density

(g/cm3)
Molecular

Weight (g/mol)
Molar Volume

(cm3/mol)Al2O3 CaO MgO Na2O Si2O Sb2O3

SCBSb0 1.305 9.410 2.675 14.002 72.608 0.000 2.499 59.358 23.753
SCBSb0.5 1.630 9.124 2.558 13.671 70.662 2.355 2.537 60.661 23.911
SCBSb1 1.943 8.829 2.506 13.202 68.813 4.708 2.603 61.924 23.790
SCBSb5 9.516 6.667 1.827 10.060 51.309 20.621 2.839 74.360 26.192

SCBSb10 13.364 4.807 1.337 7.592 38.243 34.657 3.002 88.657 29.509

The elastic moduli were theoretically predicted for the silicate glasses using Makishima-
Mackenzie’s model [20,21]. The Makishima–Mackenzie model reports that Young’s modu-
lus depends on the values of dissociation energy (Gt) and the packing density (Vt) of the
metal oxides constituting the glass network:

Gt

(
kJ cm−3

)
= ∑

i
Xi Gi (1)

where Xi and Gi refer to the molar fraction and the dissociation energy of the ith constituting
compound. The Gi is related to the standard heat of formation (∆Hf) for each compound
and determined from Equation (2).

Gi

(
kJ cm−3

)
=

ρi
Mi

(
X∆H f (metal) + Y∆H f (oxygen)− ∆H f (compound)− (X + Y)RT

)
(2)

where ρi, Mi, ∆H f (metal), ∆H f (oxygen), ∆H f (compound), X, and Y are the density
of compound, molar weight of the compound, enthalpy of metal, enthalpy of oxygen,
enthalpy of compound, the number of atoms of metal and oxygen, respectively, at the room
temperature.

Vt

(
cm3 mol−1

)
=

ρ

M ∑
i

Xi Vi (3)

where Vi represents the packing factor of the ith constituent compound in the glass network.
Based on the values of Gt and Vt, the elastic properties (Young’s modulus (Y), bulk

modulus (B), shear modulus (S), longitudinal modulus (L), Poisson’s ratio (µ), micro-
hardness (H), and softening temperature (Tg) can be evaluated through the following
formulas.

Y = 2VtG (4)
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B = 1.2 VtE (5)

S =
3 YB

(9B − Y)
(6)

L = B +
3
4

S (7)

µ =
Y

2 S
− 1 (8)

H =
(1 − 2µ)

6(1 + µ)
(9)

Tg =
M

0.5074 ρ v2
s

(10)

2.2. Radiation Shielding Properties Using MCNP-5 Code

Monte Carlo code with continuous-energy nuclear and atomic data libraries was
applied to simulate the studied samples’ radiation shielding properties. The MCNP
nuclear database’s main sources are ENDF, ACTI, ENDL, ACTI, and T-16 files [22]. An
input file was formatted to estimate the simulated average track lengths of the incoming
photons in the studied glasses. This input file contained all the information about the
glass samples (density, chemical composition, and dimensions), detector, source, and
geometry. The geometry used in the present study is described in Figure 1, where the
studied samples were placed between the radioisotopes and the F4 tally detector [23–25].
In the present study, various sources such as Th-228 (E = 0.24 MeV), Rn-222 (E = 0.51 MeV),
Cs-137 (E = 0.66 MeV), Co-60 (E = 1.17 and 1.33 MeV), and Eu-152 (E = 1.40 MeV) were
used. Photons emitted from the source were collimated using a lead collimator.
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After that, the shielding parameters such as linear and mass attenuation coefficients
(LAC/MAC), half-value layer (HVL), transmission factor (TF), dose rate, and radiation
protection efficiency (RPE) were determined using the simulated data with the help of the
following equations.

LAC
(

cm−1
)
=

1
x

ln
(

Io

I

)
(11)

µm =
LAC

(
cm−1)

ρ (g cm−3)
(12)
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TF =
I
Io

= exp(−LAC ∗ x) (13)

HVL =
ln(2)

LAC (cm−1)
(14)

MFP =
1

LAC (cm−1)
(15)

where Io/I, x, ρ and wi, represent the incoming/transmitted photon intensities, glass
thickness, glass density and fractional weight of the ith constituent element, respectively.

Equations (16) and (17) were utilized to theoretically calculate the fast neutron signifi-
cant removal cross-section ∑

R

(
cm2g−1) using the atomic number of the constituent metal

oxides [26].
∑
R

= 0.190 Z−0.743 (Z ≤ 8) (16)

∑
R

= 0.125 Z−0.565 (Z > 8) (17)

3. Results and Discussion
3.1. Mechanical Properties

The elastic moduli (Young’s, bulk, shear, and longitudinal), Poisson’s ratio (µ), micro-
hardness (H), and softening temperature were evaluated theoretically at room temperature
(298 K) based on the Makishima–Mackenzie theory. According to this theory, the packing
factor (Vi) and dissociation energy per unit volume (Gt, kJ/cm3) are the essential parameters
used to predict glassy systems’ mechanical properties. The calculated data of Gt, Vi, and
packing density (Vt) are summarized in Table 2. Figure 2 illustrated the calculated values
of Gt and packing density (cm3/mol) of the studied SCNSb samples. The results revealed
that the behavior of the calculated dissociation energy (Gt, kJ/cm3) with the Sb2O3 content
is opposite to that of the packing density (Vt). The calculated values of dissociation energy
for the SCNSb samples increased gradually from 63.980 to 68.297 kJ/cm3, while the Vt
decreased from 0.545 to 0.538 cm3/mol, raising the Sb2O3 content from 0 to 10 mol % and
Al2O3 from 0.76 to 11.72 mol %. The sudden increase in the Gt is due to the high rise in
the Sb2O3 and Al2O3 contents in the last two samples, SCNSb 5 and SCNSb 10. The Al2O3
jumped from 1.18 mol % (for SCNSb 1) to 6.94 mol % (for SCBSb 5), and then 11.72 mol %
(for SCNSb 10). Moreover, the Sb2O3 contents jumped from 1 mol % (for SCNSb 1), to
5.26 mol % (for SCNSb 5), and then to 10.54 mol % (for SCNSb 10).

Table 2. The mechanical properties of the investigated glasses.

Glass
Code

The Mechanical Properties

Vi
(cm3/mol)

G
(kJ/cm3) Vt E (GPa) B (GPa) S (GPa) µ H (GPa) L (GPa) Softening

Temperature (◦C)

SCBSb0 12.939 63.980 0.545 69.707 45.568 27.994 0.2450 4.758 82.893 524.395

SCBSb0.5 13.023 64.015 0.545 69.732 45.576 28.005 0.2450 4.761 82.915 520.176

SCBSb1 13.093 64.047 0.544 70.498 46.560 28.253 0.2446 4.753 84.230 512.424

SCBSb5 13.996 66.678 0.542 72.264 46.991 29.052 0.2437 4.964 85.727 508.887

SCBSb10 14.919 68.297 0.538 73.553 47.528 29.609 0.2421 5.091 87.007 506.031



Appl. Sci. 2021, 11, 326 6 of 15
Appl. Sci. 2021, 11, x FOR PEER REVIEW 6 of 16 
 

 
Figure 2. Variation of the dissociation energy per unit volume and the packing density of the stud-
ied glasses as a function of Sb2O3 contents. 

Table 2. The mechanical properties of the investigated glasses. 

Glass 
Code 

The Mechanical Properties 
Vi 

(cm3/
mol) 

G 
(kJ/cm3) Vt E (GPa) B 

(GPa) 
S 

(GPa) µ 
H 

(GPa) 
L 

(GPa) 

Softening 
Temperat
ure (°C) 

SCBSb0 12.939 63.980 0.545 69.707 45.568 27.994 0.2450 4.758 82.893 524.395 
SCBSb0.5 13.023 64.015 0.545 69.732 45.576 28.005 0.2450 4.761 82.915 520.176 
SCBSb1 13.093 64.047 0.544 70.498 46.560 28.253 0.2446 4.753 84.230 512.424 
SCBSb5 13.996 66.678 0.542 72.264 46.991 29.052 0.2437 4.964 85.727 508.887 

SCBSb10 14.919 68.297 0.538 73.553 47.528 29.609 0.2421 5.091 87.007 506.031 

The theoretical results of elastic moduli (Young’s, bulk, shear, and longitudinal) are 
also listed in Table 2. As mentioned in Equations (3)–(6), the elastic moduli are directly 
proportional to Vt and Gt. In the present study, this is true for dissociation energy, where 
the elastic moduli are directly proportional to the Gt, while being inversely proportional 
to the packing factor Vi for all the studied glasses. Figure 3 depicts the variation of elastic 
moduli against the Sb2O3 contents. The estimated values of elastic moduli demonstrated 
a strong dependence on the oxides’ composition in the SCNSb glass network. Young’s, 
bulk, shear, and longitudinal moduli increase proportionally with the Sb2O3 content. The 
straight red lines in Figure 3 represent the linear fitting of the calculated results, where the 
values of R-squared are 0.962, 0.812, 0.971, and 0.920 for Y, B, S, and L moduli, respec-
tively. 

Figure 2. Variation of the dissociation energy per unit volume and the packing density of the studied
glasses as a function of Sb2O3 contents.

The increase in Gt is also related to the replacement of the SiO2 (Gi= 68 kJ/cm3 and
Vi = 14 cm3/mol), CaO (Gi = 64.1 kJ/cm3 and Vi = 9.4 cm3/mol), Na2O (Gi = 31.9 kJ/cm3

and Vi = 11.2 cm3/mol), and MgO (Gi = 90 kJ/cm3 and Vi = 7.6 cm3/mol) by Sb2O3
(Gi = 35.3 kJ/cm3 and Vi = 23 cm3/mol) [27], and Al2O3 (Gi = 131 kJ/cm3 and
Vi = 21 cm3/mol). The mentioned values of the dissociation energy are related to the
standard heat of formation (enthalpy) for each constituting compound, which is described
by Equation (2).

The theoretical results of elastic moduli (Young’s, bulk, shear, and longitudinal) are
also listed in Table 2. As mentioned in Equations (3)–(6), the elastic moduli are directly
proportional to Vt and Gt. In the present study, this is true for dissociation energy, where
the elastic moduli are directly proportional to the Gt, while being inversely proportional to
the packing factor Vi for all the studied glasses. Figure 3 depicts the variation of elastic
moduli against the Sb2O3 contents. The estimated values of elastic moduli demonstrated
a strong dependence on the oxides’ composition in the SCNSb glass network. Young’s,
bulk, shear, and longitudinal moduli increase proportionally with the Sb2O3 content. The
straight red lines in Figure 3 represent the linear fitting of the calculated results, where the
values of R-squared are 0.962, 0.812, 0.971, and 0.920 for Y, B, S, and L moduli, respectively.

As mentioned in Equation (8), Poisson’s ratio is directly proportional to Young’s
modulus. Thus, Figure 4 depicts that Poisson’s ratio (µ) for the chosen samples decreases
with an increase in the Sb2O3 content. The calculated results showed that Poisson’s ratio
reduced from 0.2450 to 0.2421 as the content of Sb2O3 changed from 0 to 10 mol%. In
comparison, the micro-hardness increases gradually with an increase in the Sb2O3 content.
It is increased from 4.758 to 5.091 GPa with an increase in the Sb2O3 content between
0 and 10 mol%. The reason for this increase is the inverse proportionality between the
micro-hardness and Poisson’s ratio (see Equation (9)).

The softening temperature (Tg) is a critical temperature in which the glass transition
takes place. The Tg for the studied SCNSb samples is shown in Figure 5. The calculated
values of Tg decreased gradually with the insertion of Sb2O3 content. The Tg values
decreased from 524.39 to 506.031 ◦C. This was due to the replacement of SiO2, which
has a high melting temperature (T = 1710 ◦C), with Sb2O3, which has a lower melting
temperature (T = 656 ◦C). The obtained results agreed with reference [28] reported by
Bloomfield. Bloomfield concluded that for alkaline-based silicate glasses, the oxygen
and metal atoms in the alkaline structure are held together by ionic bonds rather than
covalent bonds. The metal atoms lose electrons while the oxygen atom takes these electrons.
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Thus, a mixture of positively charged metal ions and negatively charged oxygen ions are
produced. After that, the oxygen atom binds with one silicon atom, and no bridge is formed
between pairs of silicon atoms. Hence, the melting temperature and softening temperature
decreased considerably.
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Figure 3. The variation of elastic moduli versus the Sb2O3 content.
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Figure 4. Variation of Poisson’s ratio and micro-hardness of the studied glasses as a function of the
Sb2O3 contents.
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3.2. Radiation Shielding Attributes

The LAC was simulated using MCNP-5 and plotted in Figure 6. The simulated LAC
values are affected by two significant parameters. The incoming gamma photon energy
is the first. The simulated values of LAC decreased when the incoming radiation energy
increased. The LAC’s highest values were recorded for gamma energy of 0.248 MeV
and varied in the range between 0.288–0.441 cm−1 for glasses BCNSb0 and BCNSb10,
respectively. Furthermore, an increase in the incoming photon energy resulted in a more
significant decrease in LAC values. This decrease is related to the interaction type of gamma
photons with the glass atoms. In the studied energy zone (0.248–1.406 MeV), Compton
scattering interactions (CS) are predominant, and the CS cross-section is opposite to the
incoming photon energy (σcom ∝ 1

E .) [29]. Around 1.406 MeV, the LAC’s lowest values
were recorded, and they varied in the range between 0.132–0.154 cm−1 for glasses SCNSb0
and SCNSb10, respectively.
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The chemical composition of the studied glasses (Sb2O3 insertion) represents the
second factor that affects the LAC values. As mentioned in Figure 6, the replacement of the
SiO2 by Sb2O3 increases the studied glasses’ simulated LAC. This trend is related to SiO2
having a lower density and molecular weight (ρ = 2.65 g cm−3 and MW = 60.08 g mol−1)
being replaced by Sb2O3 (for this oxide, ρ = 5.2 g cm−3 and MW = 291.52 g mol−1). The
greatest LAC was achieved for SCNSb10 glass with 10 mol % Sb2O3 content and varied
in the range between 0.154–0.441 cm−1, while the lower LAC obtained for glass SCNSb0
without Sb2O3 and changed between 0.132–0.288 cm−1 at gamma photon energies between
0.248–1.406 MeV, respectively. The recorded increase is related to CS interactions, where
the CS cross-section linearly increases with an increase in the Zeff of the studied samples
(σcom ∝ Ze f f ).

The MAC was determined from the simulated LAC, according to Equation (11). It was
also calculated theoretically using the XCOM program reported by Bereg and Hubell [30].
Figure 7 showed that the MAC has a trend line similar to the one discussed earlier regarding
the LAC and is also affected by the incoming gamma photon energy and the glass chemical
composition. The highest MAC was achieved at lower energies (0.248 MeV) and varied
in the range between 0.115–0.147 cm2/g, but the smallest MAC was found at higher
energies (1.406 MeV) and ranged between 0.0531–0.0513 cm2g−1 for the studied SCNSb0
and SCNSb10 glasses, respectively. Figure 8 showed that the simulated and theoretical
MAC are close together, with the correlation coefficient (R-squared) being equal to 0.999
for SCNSb10 as an example. This reflected the accuracy of the simulation process.
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The transmission factor (TF) is an important parameter that predicts the number of
photons that penetrate the investigated sample. The TF changes for all SCNSb0–SCNSb10
glass samples with the glass thickness and incoming photon energies are illustrated in
Figure 9. The incoming photon energy represents the TF’s main parameter, where the TF
values increase linearly with an increase in photon energy. A lower TF was predicted at
low energies (0.248 MeV), which decreased in range 74.941–64.314% for glasses SCNSb0
and SCNSb10, respectively, for a thickness of 1 cm (as an example). On the other hand,
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the highest TF was achieved at higher gamma photon energies (1.406 MeV) and varied in
the range of 85.720–87.563% for glasses SCNSb0 and SCNSb10, respectively. The direct
proportion between the TF and the incoming energy results from the photon penetration
power (PP) that increases with an increase in the incoming photon energy and a decrease
in the photon wavelength (λ) (PP ∝ E

λ ). The glass thickness is another factor that has
a significant effect on the value of TF. As mentioned in Figure 9, the TF is inversely
proportional to the sample thickness. Thus, the biggest TF was reported for thinner glasses,
while the lowest TF was achieved for thicker glasses. For the SCNSb10 glass (as an example),
the TF decreased from 64.314 to 11.003% when the thickness increased from 1 to 5 cm,
respectively, at 0.248 MeV. The inverse relation between the glass thickness and the TF
is related to the number of collisions between the photons and the glass atoms in each
thickness. The number of collisions for thicker glasses is greater than those of the thinner
samples.
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The HVL predicts the glass material’s width needed to minimize the photon intensity
to half of its incoming value. As shown in Figure 10, the HVL is affected by the incoming
photon energy and the material composition. Figure 10 illustrates a positive correlation
between the simulated HVL and the photon energies. As previously mentioned, the
straight proportion is due to CS interactions. The thinnest HVL was noticed at 0.248 MeV,
while the thickest HVL was achieved at high energy (1.406 MeV). The thinner values of
the HVL varied between 1.570–2.402 cm, while the thickest HVL varied between 4.498–
5.219 cm for glasses SCNSb10 and SCNSb0, respectively. The material composition also
has a remarkable effect on the predicted HVL values. The replacement of SiO2 with Sb2O3
helps to enhance the material density and the electron density of the investigated samples.
Thus, the number of gamma photon collisions increases, resulting in more attenuation
of the incoming photons. As mentioned in Figure 10, the thinnest HVL was achieved
for SCNSb10 glasses with 10 mol % Sb2O3, while the thickest HVL was achieved for the
SCNSb0 glass without Sb2O3 content.
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The mean free path (MFP) is used to predict the average distance between two gamma
collisions. We can connect the MFP with the HVL via the relationship (MFP = HVL

ln(2) ). Thus,
the MFP’s estimated values have a similar trend and discussion, as presented in the HVL
section (see Figure 11). The smallest distance between two gamma collisions was achieved
for the SCNSb10 glass and varied in the range 2.265–6.490 cm, while the most significant
distance obtained varied in the range between 3.466–7.529 cm and was achieved for the
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SCNSb0 sample. To check the effectiveness of the current glass systems, the MFP of the
studied glasses has been compared to a commercial shielding material (RS253-G18) and
a previously prepared shielding material (Borax 40) [31]. As illustrated in Figure 11, the
highest MFP was achieved for the Borax 40 glass, while the lowest MFP was achieved
for SCNSb10 glass samples. The comparison proved that the studied glasses, SCNSb0-
SCNSb10, have MFP values lower than that of Borax 40 and the commercial shielding
material RS253-G18.
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The dose rate received by exposure from a radioactive source without protection is
assumed to be 100 µSv/h. The dose rate received from a shielded radioactive source was
calculated and plotted in Figure 12. Two factors appear to affect the dose rate received
from the radioactive source. The incoming gamma photon energy is considered as the
first factor. The received dose rate is directly proportional to the incoming photon energy.
For glasses with a thickness of 5 cm, for example, the dose rate received varied in the
range between 23.638–51.476 µSv/h at gamma energies between 0.248–1.406 MeV. The
direct correlation between the dose rate and the incoming energy is related to the photons’
penetration power. The penetration power increases with an increase in photon energies.
Thus, the incoming photons spend a short time in the glass material. The photons lose a
small part of their incoming energies before passing through the shielding material, so the
passing photons’ dose rate will be high. The glass thickness is the second parameter that
affected the received dose rate. The dose rate is exponentially decreased with an increase
in the thickness. Figure 12 depicts the high dose rate received from thinner glasses, with
the thicker glasses providing better protection.

The SCNSb samples’ effectiveness to absorb fast neutrons was studied through the
calculation of ∑R (cm2/g) (see Figure 13). It is known that materials doped with light
elements and compounds such as C, B, and water (H2O) absorb fast neutrons better than
those doped with heavy compounds such as PbO and Sb2O3. In the present work, the
glass with a higher ratio of Sb2O3 possessed a lower fast neutron removal cross-section
than the glasses with lower amounts of Sb2O3. Thus, the SCNSb10 glass with 10 mol %
Sb2O3 has an ∑R = 0.0286 cm2/g, which is lower than the ∑R = 0.0341 cm2/g recorded
SCNSb0 glass, which has no Sb2O3 content. The effective removal cross-section affected
by the energy of the projected neutrons besides the chemical composition for the studied
glass samples. Figure 13 depicts that the ∑R (cm2/g) is exponentially decreased with the
increasing of the Sb2O3 content in the investigated glasses. The partial substitution of the
SiO2 by Sb2O3 causes an increase in the effective atomic weight of the investigated glass.
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Hence, Equations (16) and (17) showed an inversely relationship between the ∑R (cm2/g)
and the Z of the investigated glass samples, so the ∑R (cm2/g) decreased exponentially
with the increasing of the Zeff.
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4. Conclusions

The elastic moduli and radiation shielding ability for five soda–lime–silica glasses
doped with Sb2O3 were evaluated. The elastic moduli were calculated using the Makishima–
Mackenzie model, and the obtained results depicted that Young’s modulus enhanced from
69.707 to 73.553 GPa with an increase in the Sb2O3 ratio between 0–10 mol %. The bulk,
shear, and longitudinal moduli were observed to have the same variation trend with the
Sb2O3 consent as Young’s modulus. The micro-hardness was observed to increase from
4.7558 GPa to 5.091 GPa, while Poisson’s ratio was reduced from 0.245 to 0.242 for the
investigated glasses. Thus, a partial replacement of SiO2 with Sb2O3 and/or the Sb2O3
dopant enhanced the mechanical features of the soda–lime–silica glasses. MCNP-5 code
was utilized to evaluate the gamma-ray shielding features between 0.248–0.1.406 MeV. The
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simulated linear attenuation coefficient had the highest values for SCNSb10 glasses and
varied in the range between 0.154–0.441 cm−1, while the lowest values varied between
0.132–0.288 cm−1 for the SCNSb0 glasses. Other shielding properties such as the mass
attenuation coefficient, half-value layer, mean free path, transmission factor, and dose rate
were calculated based on the simulated linear attenuation coefficient. Finally, the effec-
tive removal cross-section (∑R) was theoretically estimated based on the atomic number
of the glass system compounds. The ∑R varied in the range between 0.0284–0.0341 for
glasses SCNSb10 and SCNSb0. This study reveals that the radiation shielding efficiency of
soda–lime glass increases with increasing the Sb2O3 content. Experimental investigation is
surely an important task to obtain the real information of radiation interaction parameters.
However, such a task may not be always possible due to some limitations. This work con-
tained only simulation results, and it is expected that the present results will assist further
experiments in the comparison of the measured data and obtain a clear understanding on
radiation–material interactions and associated phenomena.
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